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Abstract
This paper presents a comprehensive study of the behavior of surface charges in ballistic
deflection transistors, at room temperature, where the in-plane geometry associating two drains
with two gates in push–pull modes allows the control of electron path. Monte Carlo simulations
were performed and compared with experimental data by using different models for accounting
for surface charge effects. The simple model which assumes a constant and uniform value of the
surface charge provides good results at equilibrium, but it is not able to correctly reproduce the
BDT’s complex behavior when biased. We have confirmed that for a correct description of the
device operation it is necessary to use a model allowing the surface charge to adapt itself locally
to the carrier concentration in its surroundings.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The field effect transistor is a 50 year old well-known elec-
tronic component, originally proposed by Shockley in 1952
[1]. In 1990, Wieck and Ploog [2] developed an in-plane
transistor by digging insulating trenches into semiconductor
heterostructures containing a two-dimensional electron gas.
The effective channel width is then modulated electro-
statically by the gate. Since then, this planar technology has
given birth to several new nanometric devices such as the
simple self-switching diode (SSD), which has proven to have
very good efficiency at ultra-high frequency [3].

The ballistic deflection transistor (BDT) [4] is another
planar device which combines a steering effect [5], produced
by two strategically placed gates, and the use of a dielectric
deflector to bounce electrons as if on a billiard board [6]. This
device has two advantages: the first is the ability to modify
the carrier flow from one contact to another, which opens a
wide field of applications for digital and analog systems; the
second is its nonlinear behavior, which allows signal detec-
tion and frequency doubling, and may compete with other
devices to reach the Terahertz domain [7].

The aim of this work is to model a real BDT using Monte
Carlo (MC) simulations and compare a simple constant
charge model (CCM) with an improved self-consistent sur-
face charge model (SCCM), which is able to reproduce the
complex BDT nonlinear behavior. The CCM was already
used for the MC simulation of BDTs and it provided a correct
qualitative description of the operation of BDTs, but thresh-
old voltages and current levels where not correctly pre-
dicted [8, 9].

The validity of our SCCM has already been proven for
other types of nanodevices such as T-shaped [10, 11], and
Y-shaped [12] three-terminal junctions and SSDs [13, 14],
fabricated on both InGaAs and GaN. This model is applied
here for the first time to BDTs.

2. Physical and MC models

Figure 1(a) shows a scanning electron microscope (SEM)
image of a BDT with a 300 nm wide channel [8]. The device
was fabricated on an InGaAs/InAlAs lattice-matched het-
erostructure grown on InP substrate. The geometry was
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defined by electron beam lithography and ion mill etching.
More details about the fabrication process can be found in [8].
Figure 1(b) shows the simulated BDT, whose geometry was
designed directly over the SEM image, keeping all dimen-
sions identical. Access regions have been removed for redu-
cing the computation times and only the active region is
simulated.

The BDT has six contacts: the source is grounded, the
three drains (VTD, VLD and VRD) are biased with 1.0 V and the
two lateral gates are biased in push–pull mode
(VLG=−VRG). The top drain is just a pull-up terminal, while
the left and right drains are output terminals. When the two
gates are biased with 0.0 V, the electron flux is divided
equally between the two lateral drains. When a negative
voltage is applied to one gate, the enhanced electric field
progressively pinches off the corresponding drain channel and
increases the electron flow on the opposite side by pushing
the electrons towards the positively biased gate. When the
gate push–pull bias is too high, the current decreases again
(thus reaching a maximum at intermediate gate bias) due to
the depletion of the source channel induced by the negatively
biased gate. A symmetric response will occur on the opposite
drain contact, by applying the negative bias to the other
gate [8, 9].

The MC simulator (presented in [15]), used to perform
top-view simulations of the device, figure 1(b), consists of an
ensemble MC code which simulates the electron dynamics
(using the Maxwell–Boltzmann statistics) self-consistently
with the solution of the 2D Poisson equation. A background
doping Ndb=5×1016 cm−3 is considered; the size of
meshes is 5×5 nm and the time step is 1 fs (below the
Debye length and dielectric relaxation times, respectively, for
the designated concentration, thus allowing a higher accuracy
of the simulation). The value of the permittivity used for the
dielectrics in the MC simulations was adjusted to obtain the
best agreement with the experimental I–V curves. In principle,
since the trenches of the real device are empty, we should use

ε=1, but the simulated z direction is considered to be infi-
nite and therefore the solution of the Poisson equation does
not take into account the presence of the semiconductor
substrate. A larger value for ε is then assumed to correctly
capture the gate-to-channel coupling of the electric field,
ε=10 providing the best fit with the experimental mea-
surements (an intermediate value between those of the air,
ε=1, and the semiconductor, ε=13.8 for InGaAs) [16]. All
experiments and simulations have been performed at room
temperature.

3. Results

Figure 2(a) shows the comparison of the experimental right
drain current as a function of the left gate voltage [5] and the
MC results obtained with the CCM for different σ (the
symmetric behavior of the left drain current is not plotted for
the sake of clarity). The value of the surface charge σ can be
estimated at equilibrium
(VLG=VRG=VTD=VLD=VRD=0 V) by taking into
account the experimental depletion width induced by the
surface charges located at the semiconductor–dielectric
interfaces, measured to be about 40 nm in [17, 18].
The depletion width produced in the simulations by a
surface charge σ (assuming total depletion) is Wd=σ/Ndb

at each side of the channel, so that a value of
σ/q=0.2×1012 cm−2 should be employed (q being the
electron charge and using Ndb=5×1016 cm−3). In our case,
the drains are biased at 1.0 V, thus a higher value of
σ/q=0.3×1012 cm−2 is required to correctly reproduce the
value of the experimental current at VLG=VRG=0.0 V (see
figure 2(a)). However, even if the qualitative behavior of the
BDT operation is well captured, these simulations fail to
reproduce the sharp current decrease when VLG is negative.
Figure 2(a) also shows the results of simulations made with
higher values of σ which provide smaller currents and with a

Figure 1. (a) SEM image of BDT and (b) sketch of simulated device. All dimensions are in nanometers.
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maximum shifted to lower negative values of VLG; however,
the agreement with the experimental results is not enhanced.
When using the CCM, it is not possible to find a value for σ
able to correctly reproduce the experimental dependence of
the drain currents. To solve this problem, we are applying for
the first time the SCCM to the MC simulation of BDTs, since
this model is able to reproduce more closely the surface
charge effects when the bias is not null. When the SCCM is
used in MC simulations, the surface charge at the semi-
conductor–dielectric interface is locally updated according to
the carrier density in the corresponding semiconductor mesh
[10, 11]: if the carrier concentration is higher than a chosen
upper limit, which is a parameter of the model, the value of
the surface charge is increased, so that its repulsive effect
induces a stronger channel depletion. The opposite effect will
occur if the density is smaller than a lower limit, thus
decreasing the surface charge value to reduce the depletion.
As a result, the value of the surface charge is self-consistently
adapted to the electron concentration near the interfaces. This

model is not able to reproduce the statistics of occupation of
surface states, but it does describe correctly the global effect
of the surface charge. More details about the SCCM can be
found in [10].

In figure 2(b) we plot the comparison of the experimental
right (exactly the same values as in figure 2(a)) and left drain
currents with those obtained using the MC-SCCM simula-
tions. The x-axis scale has been shortened for better visibility.
It can be seen that both experimental currents are not com-
pletely symmetric; subtle differences in the current levels
occur due to the different geometry of the drain channels and
the distances to the lateral gates obtained with the technolo-
gical process [8]. The key fact is that in this case a much
better agreement between measurements and the MC-SCCM
results is found, not only qualitatively but also quantitatively.
Interestingly, the position of the drain current maximum at
around VLG=VRG=0.0 V as well as the sharp current drop
at both sides of the maximum are well reproduced.

In order to understand more closely the differences
between the two models, figure 3 shows the two-dimensional
maps of the electron density in the whole device (whose
outline is designed in white), for the two models: CCM with
σ/q=0.3×1012 cm−2 and SCCM, and for three key values
of the gate voltages VLG=−VRG=0.0, 1.5 and 4.0 V.

For VLG=−VRG=0.0 V, figures 3(a) and (d), the dis-
tribution of the electron density in both drain channels is
completely symmetric, as expected, thus providing the same
current ILD=IRD. The only difference between the results
obtained with the CCM and the SCCM appears around the
deflector and the top interfaces of the drain channels, with an
enhanced depletion provided by the SCCM, due to the effect
of the drain biases. The SCCM provides an enhanced value of
the surface charge at those interfaces due to the electric field
created by the positive drain voltages, thus accelerating the
electrons, which approach the top interfaces and force to
increase the surface charge at those points.

When increasing the gate bias from
VLG=−VRG=0.0 V to 1.5 V, figure 2(b), ILD remains quite
the same while IRD is decreasing. This behavior can be
explained using the plots of figures 3(b) and (e). The negative
voltage applied to the right gate depletes the right drain
channel due to the steering of the electrons towards the left
drain contact. While the concentration and the current of the
right drain are similar for both surface charge models,
important differences between the two cases appear in the
right gate, the left drain channel and the left part of the source
channel, where the CCM overestimates the carrier con-
centration. As a consequence, while the CCM predicts an
increase of ILD, in contradiction with the experimental find-
ings, the SCCM correctly provides its decrease. This is
because the surface charges within the SCCM react to the rise
in the amount of electrons in their vicinity, thus increasing in
order to maintain a depletion region near the interfaces. For
VLG=−VRG=4.0 V, figures 3(c) and (f), the differences
between the CCM and the SCCM are enhanced. Within the
CCM the fixed value of the surface charges is not enough to
repel the carriers from the interfaces, so that the depletion
region on the left side of the source channel disappears so that

Figure 2. (a) Experimental values of the right drain current compared
with the results obtained with MC simulations using the CCM (dots)
for different values of constant surface charge σ (the left drain
current is not drawn for more clarity). (b) shows the much better
agreement between the experimental current of both lateral drains
and the results obtained with the SCCM.
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Figure 3. 2D density maps (in m−3) obtained by MC simulations. The CCM is used in (a), (b) and (c) and the SCCM is used in (d), (e) and
(f). VLG=−VRG is 0.0 V in (a) and (d); 1.5 V in (b) and (e); and 4.0 V in (c) and (f).
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the electron concentration in that region is highly over-
estimated and as a consequence also the current. Within the
SCCM, the source channel is practically pinched off by the
increase of the surface charges, thus correctly describing the
experimental decrease of both drain currents shown in
figure 2(b).

Figure 4 shows the spatial distribution of the values of
the surface charge when using the SCCM along the three key
semiconductor–dielectric interfaces: (a) the sides of the
source channel, (b) the bottom interface of the drain channel
and (c) the deflector. The value of σ/q=0.3×1012 cm−2,
providing the best agreement with the measured I–V curves
using the CCM, is also plotted as a reference. Figures 4(a) and
(b) show the expected increase of the value of the surface
charges all along the left side of the source channel and the
bottom of the left drain when the left gate voltage is
increased, thus pushing the trajectories of the electrons
towards the left side of the BDT. For VLG=−VRG=0.0 V
the SCCM provides values of σ around the equilibrium value
of 0.3×1012 cm−2 in the source channel and reaches values
above 1.2×1012 cm−2 (more than a factor of ×4) when
increasing VLG to 4.0 V. A slightly lower value at the drain

channel is due to the electron inertia towards the top drain
which decreases the carrier concentration in that region. We
can also note that σ is increasing near the source and drain
electrodes to compensate for the high amount of electrons
nearby which are injected through the ohmic contacts. The
values of σ at the right side of the source channel and right
drain have not been plotted because for
VLG=−VRG=0.0 V, they coincide with the plotted values
at the corresponding left side, and they become null when the
bias is increased, due to the depletion induced by the negative
left gate potential.

Figure 4(c) shows the behavior of the surface charges at
the deflector, with very high values of σ, more than 10 times
the equilibrium value at the tip of the deflector. This occurs
because ballistic electrons arriving from the source contact
and accelerated by the electric field created by the drain
contacts reach the tip of the deflector before they are deviated.
When the gate voltage is increased, the electron trajectories
are more effectively bent, thus decreasing the value of σ at the
center point, increasing it at the left flank of the deflector and
decreasing it at the right side. In summary, the variations of
the surface charges obtained by using the simple SSCM
counteract the effect of the external voltages on the carrier
distribution near the interfaces, thus correctly mimicking the
well-known physical effect of Fermi level pinning imposed
by the presence of surface states at the semiconductor–
dielectric interfaces.

4. Conclusion

In conclusion, we have presented MC simulations performed
on BDT devices using two models to account for the surface
charges located at the semiconductor–dielectric interfaces.
The CCM imposes a constant value of σ while within the
SCCM this value is locally self-consistently updated as a
function of the nearby carrier concentration. Our study shows
that the CCM is not able to capture the internal mechanisms at
the origin of the BDT operation, mainly concerning the sur-
face depletion and electron deflection. On the other hand the
SCCM, used here for the first time in BDT simulations, is
able to correctly reproduce the complex nonlinear behavior of
this device. This demonstrates that the adoption of a SCCM is
of crucial importance for the adequate modelling of the
operation of not only BDTs, but many other types of nano-
devices, where surface effects play a key role.
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