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1. Introduction

The widespread use of digital broadband communications generates a huge amount of data
to be processed and transmitted in the fastest possible way. To this end, the development of
new electronic devices, digital and analog, able to perform data processing at ultra-high bit
rates and to transmit at high frequency is necessary. In the last decade, higher frequencies
have been obtained when downscaling traditional HEMTs with high In content InGaAs
channels providing cut-off frequencies above 1 THz [Lai et al., 2007]. However, the
reduction of the gate length below 30 nm does not provide an improvement of the device
performance, obstructed by the influence of the device parasitics and the appearance of
important short channel effects. A wide variety of alternatives have been proposed in order
to continue improving high frequency performance of electronic devices. One promising
solution is the use of new nanometer-scale ballistic transport devices based on high mobility
[I-V compound heterostructures. The use of advanced electron-beam lithography tools and
conventional epitaxial growth techniques for III-V materials also allows the fabrication of a
two-dimensional electron gas (2DEG) structures with sizes smaller than the electron mean
free path (ln). In these new devices, by smartly custom-made geometries, electrons move
like billiard balls, guided by strategically placed shapes, edges and internal deflectors rather
than applied voltages [Song, 2004]. The nano-scale dimension of these devices facilitates
electron transport with almost no scattering event and is referred as ballistic transport or at
least quasi-ballistic and can be observed even at room temperature (RT). This involves not
only the presence of velocity overshoot, which can improve the cut-off frequency of classical
FET devices, but also gives birth to some new effects and applications with specially
designed structures. The great performance of these nanodevices obtained with InGaAs in
the channel can be even better, providing higher cut-off frequencies, by using narrow
bandgap semiconductors like InAs and InSb [Suyatin et al., 2008].

Now, we introduce some examples of this family of nanostructures. In particular, Three-
Branch Junctions [Fig. 1(a)] (TBJs, T- and Y-shaped) [Palm & Thylen, 1992; Palm & Thylen,
1996; Worschech et al., 2001a; Shorubalko et al., 2001; Xu, 2001] exhibit a parabolic negative
potential at the central branch when biasing in push-pull fashion the left and right branches
(in contrast with the zero central potential expected for diffusive structures) [Mateos et al.,
2003a; Mateos et al., 2004; Rashmi et al., 2005; Bednarz et al., 2006; fﬁiguez—de-la-Torre etal.,
2007]. Similar effects take place in ballistic rectifying devices achieved by inserting an
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obstacle (antidot) of triangular or diamond shape in the centre of a ballistic cross junction
[Song et al., 1998; Song et al., 2001, Vasallo et al., 2004; Gonzalez et al., 2004]. This type of
geometry has also recently been improved by attaching two strategically placed in-plane
gates for the fabrication of the so called Ballistic Deflection Transistors (BDT) [Wesstrom,
1999; Hieke & Ulfward 2000; Diduck et al., 2009; Kaushal et al., 2010]. Ultrafast rectifying
nano-diodes, named Self-Switching Diodes (SSDs) [Fig. 1(b)], made with a single-step
lithographic process that breaks the symmetry of a narrow channel, have also been
successfully fabricated [Song et al., 2003] and simulated [Mateos et al., 2005]. As a
consequence of their nonlinear properties, all of these devices have demonstrated manifold
functionalities as: wave rectification, frequency doubling and Boolean logic operation, and
can work at very high frequencies. Perhaps, most important from the point of view of circuit
applications, is that they work at RT. For example, SSDs have been shown to operate as
detectors even reaching the THz range [Balocco et al., 2005; Balocco et al., 2008]. However,
due to its large impedance and the influence of contact parasitic capacitances, mixing and
frequency doubling in TBJs at RT have only been measured below the GHz range [Lewén et
al., 2002], and the rectifying effect up to 20 GHz [Worschech et al., 2001b; Worschech et al.,
2002] (up to 40 GHz in a double Y branch configuration [Bednarz et al., 2005]). This new
family of ballistic nanodevices are ideal candidates to constitute the base for the fabrication
of analog/digital circuits to process and transmit data at THz frequencies and at RT.
Moreover, these material systems ensure a full compatibility with HEMT technology, which
can be used for the post-processing of the output signals.

Fig. 1. (a) Atomic force micrographs of a typical (a) TBJ and (b) SSD.

When such new and promising strategies are explored, the test-and-error approach is not
efficient at all. At this point, the development of theoretical models and numerical simulations
can be of great help. Under these ballistic or quasiballistic conditions, the classic drift-diffusion
or hydrodynamic models, traditionally used for device simulation and design, are not
appropriate any more. Even if some theoretical descriptions of the operation of ballistic
devices have been proposed, always starting from a coherent transport model based on the
Landauer-Biittiker formalism [Landauer, 1957; Bittiker, 1986; Song, 1999], the most adequate
numerical technique is the Monte Carlo (MC) method [Jacoboni & Lugli, 1989], especially for
RT operation. In particular, the MC technique incorporates in a natural way all the scattering
mechanisms, so it is able to correctly account for ballistic or quasi-ballistic transport and
provide not only static results but also the dynamic and noise behaviour of the devices. Monte
Carlo simulations have been proven as an exceptional useful tool for the optimization of the
ballistic nanodevices like cross junctions [Gonzalez et al., 2004], BDTs [Kaushal et al., 2010],
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or the TBJ-based multiplexor/de-multiplexor [Mateos et al., 2003a]. In this chapter, by means
of our Monte Carlo simulators, we will focus our attention on designing and optimizing TBJs
and SSDs to operate at sub-millimetre frequencies and RT. Taking as a base the knowledge of
the internal microscopic processes, we will exploit the ballistic effects when the size of the
structures is reduced below the electron mean free path. Monte Carlo simulations are able to
identify and explain the physical origin of the nonlinear effects in this family of
nanostructures: (i) electrostatic effects typically associated with the presence of surface
charges and (ii) asymmetrical charge distributions related to ballistic transport. Due to the
nanometer length associated with ballistic transport, intrinsic operation up to THz
frequencies is expected [Mateos et al., 2003b]. However, to really exploit the estimated
intrinsic high speed these technologies require more efforts directed towards a proper
design of accesses. Reduce cross-talk (extrinsic) capacitances and extrinsic resistances or
fabricating devices in parallel in order to reduce the intrinsic impedance without increasing
the capacitance will be one of the main challenges. In addition, as the size of electronic
devices is reduced, the surface/volume ratio considerably increases and, in strong contrast
to conventional devices, when sizes reach the nanometer scale, surface effects can get to
have a remarkable importance on electron transport, even becoming decisive in the device
behaviour. Also, at this nanometer scale, modelling of the contacts has proven to be crucial.
The specific models implemented in the Monte Carlo simulators to deal with these devices
as dynamic surface charge models [[figuez-de-la-Torre et al., 2007], injection statistics
[Gonzalez et al., 1999], etc, will be explained in this chapter.

The outline of this chapter is as follows. Firstly, in Section II the physical model used for the
MC simulation of the ballistic structures is explained. We put special emphasis on the
modelling of the surface charge, providing the details of the algorithm. Section III is
dedicated to examine the dependence of the well-known parabolic behaviour of the output
voltage of TBJs on the size of their branches. Results concerning to the frequency response
are also discussed. In Section IV we successfully apply our model to explain the physics
underlying the SSD rectifying behaviour and to analyze the AC response and noise spectra
dependence on the topology of the devices. A systematic study of channel length and width
of the trenches is shown to provide design indications to improve their performance. Finally
the main conclusions of the present work are summarized.

2. Monte Carlo method. Methodology

In this chapter, the ballistic nanodevices have been studied by analyzing the results obtained
using a semi-classical ensemble MC simulator self-consistently coupled with a 2D Poisson
solver (PS) [Jacoboni & Lugli, 1989]. The transport model locally takes into account the effect
of degeneracy and electron heating by using the rejection technique and the self-consistent
calculation of the local electronic temperature and Fermi level [Mateos et al., 2000a]. The
surface charges appearing at the boundaries of the semiconductors in contact with
dielectrics are also considered in the model [Mateos et al., 1999]. The validity of this
simulation model has been checked in previous works by means of the comparison with
experimental results of static characteristics, small signal behaviour and noise performance
of a 0.1 pm gate AllnAs/InGaAs lattice matched HEMT (InP-based) [Mateos et al., 2000b].

2.1 Generalities
The basic philosophy of the single particle Monte Carlo technique, applied to charge
transport in semiconductors, consist of simulating the motion of a charged carrier inside the
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crystal. It is intended to study the free flight of the particle accelerated by an applied electric
field between instantaneous random scattering events. Describing in more detail [Fig. 2(a)],
the algorithm generates random free flight times for each particle, determines the state after
each free flight, randomly chooses from amongst the different scattering mechanisms at the
end of the free flight, computes the final energy and momentum of the particle after
scattering, and finally reiterates the routine for the subsequent free flight. By monitoring the
particle motion during the simulation, it is possible to statistically estimate the magnitude of
several physical parameters for the particle such as the distribution function, average drift
velocity, average energy, etc.
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Fig. 2. (a) Simple diagram of the particle motion in the real space under a uniform electric
field applied in the x direction. (b) 2D device simulator scheme.

In order to study transient behaviour, a synchronous simulation of a reasonable number of
particles is indispensable. This is called ensemble Monte Carlo, in which the above algorithm
is repeated for each particle. Every given time step in which, the individual carriers are
simulated independent of the others, the quantities of interest are sampled and averaged.
However, within a real semiconductor device, it is also essential to consider the internal
electric potential obtained from the solution of the Poisson equation, as this is also an
accelerating source for the particles. Consequently, it becomes necessary to couple both, the
transport kernel, and the field solver to each other. For this purpose, a spatial grid is needed
to solve the Poisson equation. In this frame, the simulation of the particle-based ensemble is
carried out over a reasonably small time step, under the action of a self-consistent electric
field (solution of Poisson equation) with the appropriate boundary conditions. At the end of
each time interval, Poisson equation for the next time-step is solved again using the
configuration of charges obtained from the ensemble Monte Carlo [Fig. 2(b)].

The electric field is computed (neglecting the inductive magnetic effects) by LU
decomposition of the Poisson equation in a finite differences approach. Accurate scattering
probabilities models for ionized impurity, alloy, polar and non-polar optical phonon,
acoustic phonon and intervalley scattering (I'-L-X) with a non-parabolic spherical valleys
and effective mass approximation are used. As the size of our devices is larger than the
de-Broglie electron wave length, quantum mechanical non-local effects are not taken into
account. Neumann boundary conditions (the difference between the normal components of
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the respective electric displacement vectors must be equal to any surface charge) are
imposed in the semiconductor/dielectric boundaries, so that current only flows in/out of
the device through the contacts, in which a Dirichlet condition (the potential is fixed) is
imposed.

Concerning the analysis of noise, in the simulation we follow the standard scheme. The
instantaneous current is calculated using the generalized Ramo-Shockley theorem [Kim et
al., 1991], which evaluates the simultaneous contribution of all particles involved in the MC
simulation to the total electrode current. The mathematical quantity employed for the
characterization of noise is the autocorrelation function of current fluctuations. Then, by the
Wiener-Kintchine theorem, the autocorrelation function is related to the noise spectra.
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Fig. 3. Three-dimensional (3D) geometry and layer structure of a T-branch junction and
scheme of the 2-D front-view (FV) and top view (TV) Monte Carlo simulations.

2.2 Simulations of channels: Three dimensional (3D) to two dimensional (2D)
approach

For the correct modelling of nanodevices, a 3D simulation would be necessary in order to
take into account the effect of the lateral surface charges and the real geometry of the
structures. However, for the moment, only a 2D MC model has been developed, and some
simplifications and assumptions must be made [Mateos et al., 2003a; Mateos et al., 2003b].
To account for the top geometry of the devices (for TBJs, YB]Js, or ballistic diodes in our
case), top-view (TV) simulations will be carried out [see Fig. 3]. They are performed in the xy
plane; therefore, the real layer structure is not included, and only the channel will be
simulated. In order to account for the fixed positive charges of the whole layer structure, a
net doping Ngp is assigned to the channel in TV simulations, but impurity scattering is
switched off. In this way, the electron transport through the undoped channel is well
reproduced, since this is a “virtual” doping Ngp associated with the charges of the cap and
6-doped layers. On the other hand, a negative surface charge density o is assigned to the
semiconductor-air interfaces to account for the influence of the surface states originated by
the etching processes. The non-simulated dimension Z (used for the comparison of the
simulated values of current with those measured in real devices) was estimated as
Z=n,/Ngp, with ns the value of sheet electron density in the fabricated channels. In addition,
our approach has recently been further validated by the results of [Sadi et al., 2009]. Using a
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3D model they have almost perfectly replicated the results obtained with our 2D model for
the same set of TBJ junctions. Typically, InGaAs is the high-speed material used for the
channel in the InP based heterojunctions. However, two different narrow band gap
semiconductors, InAs and InSb, and their associated heterostructures, AlSb/InAs and
AlInSb/InSb provide much higher values of mobility associated to their very small electron
effective masses in the bottom of I" valley (0.023 and 0.014 respectively). Our tool has been
also properly adapted for these two high mobility semiconductors materials by carefully
adjusting the simulation parameters in the single particle MC simulator. Experimental bulk
mobilities have been reproduced by simulations: p=28000 cm?2/Vs for InAs and p=67000
cm2/Vs for InSb [Rodilla et al., 2009].

2.3 Injection and physical model for the contacts

Since contact injection is a critical point when dealing with ballistic transport, the velocity
distribution and time statistics of injected carriers will be accurately modelled [Gonzélez &
Pardo, 1996; Gonzélez et al., 1999].

To compute the velocity distribution for the injected carrier, finy(Vv), since the injected carriers
are crossing the boundary between the contact and the adjacent cell inside the device, the
thermal distribution, fwn(v), should be weighted by the perpendicular velocity
£y (V) =v-£f, (v). In this way, we account for the higher probability of particles with a large
velocity to enter the device. In general the thermal distribution is the Fermi-Dirac (FD),
however for non-degenerate material can be replaced by the Maxwell-Boltzmann one. A
rejection method is used in case of FD because is not analytically integrable.

As concerns the time statistics, we first need to compute the number of carriers per unit of
time entering in the device; witch is the injection rate I'. For a degenerate reservoir the
injection statistics is a binomial distribution. However, for a non-degenerate reservoir, it is
possible to use global Poissonian statistics in which the time between two consecutive
electron injections, t;, is generated with a probability per unit time P(t)=Te™".

2.4 Surface charge modelling

The surface-to-volume ratio in nanoelectronic devices increases as the geometries are scaled
down, so that, the device behaviour is more and more affected by the physical properties of
the surfaces. Sidewall surface charge provokes the depletion of part of the conducting
semiconductor channel as a consequence of coulombian repulsion and thus lowers the
carrier density near the interface with the dielectric. In the total depletion approximation,
the depletion width originated by a surface charge o is Wyq=0/Ng, at each side of the
channel. Therefore, the effective conduction width is Weg=W-2W4, with W the total width of
the channel [Fig. 4(a)]. With the aim of extracting the experimental lateral depletion width
Wy, the electrical characterization of channels with different length and width has been
made. A value of Wy about 40 nm (£10 nm) for IngyGagsAs channels [Galloo et al., 2004],
corresponding in MC to a surface charge density of o/q=(0.4 + 0.1)x1012 cm?2 (using
Ngp=1017 cm-3), has been obtained near equilibrium conditions.

A simple way to include the influence of this surface charge in MC simulations is to
consider a model in which o is fixed to the experimentally-extracted equilibrium value, and
kept constant independently of the topology of the structure, position along the interface,
bias and time. We will call this model as constant surface charge model. The surface charge
is included as a Neumann boundary condition for the Poisson equation, ¢,E; —¢E} =0,
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with g; the permittivity and E{ the normal electric field in the i-th material. The applicability
of this model becomes doubtful when the semiconductor becomes totally depleted (for W
lower than 80 nm, so that Weg becomes negative). Indeed, the physical origin of the surface
charges is the trapping of electrons in surface states (located in the middle of the gap), but if
the region near the surface is completely depleted, no electron would be able to reach the
surface and the surface charge should decrease. In such a case (We<0), if this model is used,
the background doping Ng», can not compensate the negative surface charge, charge
neutrality is not ensured and unphysical high negative potentials are obtained in the
simulation, providing incorrect results.

) Nab (b)

‘t l > Nfront>Nhigh - 0=0+AC

Ni:
Weter =W-2Wjq high

< > Nlow<Nfront<Nhigh - 0=0
Niow

¢ » Ntront<Niow = 0=0-A0

Fig. 4. (a) Effective channel width due to lateral depletion. (b) Surface charge self-consistent
model.

Some features of the surface charges make difficult the possibility to implement them
precisely in a MC simulator. The occupation of the surface states depends not only on its
energy level but also on the potential profile and the Fermi energy in the surrounding
region. Moreover, surface physical and chemical properties, fabrication processes, surface
oxidation, composition and roughness determine the properties of the surface states and, as
a consequence, the responses of nanometer scale devices. In addition, the capture and
emission mean times of surface states (with values typically in the ps range) are much
higher than scattering times, thus preventing their detailed treatment in a microscopic MC
scheme, since a huge CPU-time would be necessary to take into account the correct
dynamics of these states. For all these reasons, we have developed a new model [[fAiguez-de-
la-Torre et al., 2007], based on the depletion induced by traps and not on their statistics, in
which the local value of the surface charge is updated self-consistently with the carrier
dynamics near the interface during the simulation. This model so called self-consistent
charge model completes and improves the previous works where a constant surface charge
density (neither depending on the position nor on the applied potential) was considered at
the semiconductor-dielectric interfaces associated with the presence of surface states.

The philosophy of our new self-consistent model is based on the adaptation of the value of
the surface charge to the carrier density in the nearby region [Fig. 4(b)]. First, we evaluate
the carrier concentration next to the boundary (Ngont) as an average over a given number of
iterations Ni. Then, it is checked if Ngont has a value in the range [Niow, Nhign] which
represent the limits to which we try to adapt the electron concentration next to the interface.
If the concentration (Ngont) is higher than the upper limit (Nhign), we increase the surface
charge in a given amount Ao, so that its repulsive effect provokes stronger channel depletion
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and thus the concentration should diminish. On the other hand if Non is smaller than the
lower limit (Niow), the surface charge is decreased in the same density Ao to reduce the (too
large) induced depletion. The choice of the limits Niow, Nhigh is constrained by the level of
statistical resolution achievable by the simulation (which depends on the number of
simulated electrons). If the lower limit is too low (the forced depletion level is too strong),
below the value of electron concentration that MC simulations can reliably estimate, wrong
results would be obtained. More details of the values of the parameters can be found in
[liiguez-de-la-Torre et al., 2007].

To conclude, it is important to remark that evidently this “ad-hoc” surface charge 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. We will apply this self-consistent model to
study T-shaped three-terminal ballistic junctions (TBJs) based on InAlAs/InGaAs layers and
compare the results with experimental measurements, achieving a satisfactory agreement.

3. Three-branch junctions

The device structure of the Three-Branch Junction (TBJ) is very simple. The TBJ is a three-
terminal device consisting of a T-shape (or Y-shape) conductor with three contacts at the
end of each branch. The conductor is typically made of a 2DEG formed in a modulation-
doped heterostructure wafer. Employing high resolution resins, electron-beam lithography
and dry or wet etching, the 2DEG wafer is patterned into a T-or Y-shape structure with a
dimension comparable to the mean free path (1,~100-300 nm) at RT [Cappy et al., 2005].

L
330 nm

600 nm

440 nm  3B0nm_ 440 nm

330 nm

Fig. 5. (a) SEM image of a double Y-Branch junction topology with coplanar waveguide
(CPW) accesses. (b) Top-view geometry (sizes correspond to the real YBJ) of the single YB]
used in the MC simulations.

Figure 5(a) shows a scanning electron microscopy (SEM) image of a typical device structure.
Bright regions and dark regions indicate 2DEG layer and etched away material respectively.
We also see the accesses connecting the Y-shape structure with the ohmic contacts and metal
interconnects pads for DC probing (or are a part of planar transmission lines for high-
frequency measurements [Irie et al., 2010]). Figure 5(b) is a screenshot of our MC tool.

3.1 Overview and working principle

TBJs operation is described as follows. Input voltages are applied to the L- and R-terminals,
while the C- terminal is used as the output terminal. In big devices, where 1., is smaller than
the distance between contacts, each branch can be represented by a resistance [Fig. 6(a)]. So,
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if we apply two separate potentials with opposite sign to the right and left terminals (push-
pull fashion), the potential in the middle of the junction is zero. In this ohmic transport
regime, the potential measured at the bottom of the open-circuited central branch (stem), Vc,
is also zero [Fig. 6(c)]. However, when the lengths of the branches, L, are smaller than I,
transport can not be anymore considered diffusive, but ballistic or quasiballistic. In this
regime, the horizontal branches can be understood as non-linear resistances R(V), Fig. 6(b),
and; as shown by the experiments [Shorubalko et al., 2001] and theory [Xu, 2001], Vc is
always negative and presents a quadratic down-bending shape Vc=aV?, Fig. 6(c). The non-
linear effect can be enhanced by decreasing the temperature of operation because the
reduction in the number of scattering mechanisms [Irie et al., 2008].
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Fig. 6. Sketch of the (a) ohmic and (b) ballistic regimes of transport in TBJs and the (c) Vc
response for both types of transport.

The negative values of Vc have been reproduced by Monte Carlo simulations of TBJs
[Fig. 7(a)]. The explanation is related to space-charge effects originated by the joint action of
(i) the surface charge at the semiconductor-air interfaces, (ii) the background positive fixed
charge Nap, and (iii) the inhomogeneous charge distribution associated with the ballistic
motion of carriers injected at the contacts. The different resistance of the left and right
branches due to the asymmetric profile of electron concentration along the horizontal
branches, being higher near the negative electrode [Fig. 7(c)], is the consequence of the
above effects. The surface charge lowers the electric potential when moving away from the
contacts provoking the progressive depletion of the channel, thus leading to the typical
minimum of potential and concentration in the middle of the structure, characteristic of
space charge limited conditions [Fig. 7(d)]. When the TBJ is biased, the concentration shows
an asymmetric shape (higher near the negative electrode due to the electron ballistic motion)
leading to a shift of the potential minimum towards the negative electrode. As a
consequence, the potential at the centre of the longitudinal channel is always negative
(increasing with larger V) and propagates to the bottom of the vertical branch, thus leading
to the characteristic bell-shaped values of Vc. It is to be noted that we are using the constant
surface charge model. In Fig. 7(a), we can also observe that the negative values of V¢ reach a
maximum for an intermediate value of o, just when the width of the channel coincides with
the lateral depletion induced by the surface charge (for o/q=0.25%1012 cm2, W3=25 nm, and
the theoretical effective width of the channel Weg=W-2W4 becomes 0). In the next section we
show how the self-consistent surface charge model (explained in section 2.4) introduce an
extra asymmetry in the concentration leading to more negative values of Vc.
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Fig. 7. (a) Electric potential at the bottom of the central branch of the TBJ and (b) normalized
horizontal current when simulating with a constant surface charge model for different
values. The inset shows the geometry of the TBJ with 50-nm-wide and 75-nm-long branches.
(c) Horizontal electron concentration and (d) electric potential profiles of the TBJ for
different bias conditions. The insets show the vertical potential profile in the middle of the
central branch for several biasing, and the values of the potential at the bottom of this
branch V¢ and at the centre of the junction Vic as a function of V.
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Fig. 8. (a) Profiles of electron concentration and (b) electric potential along the horizontal
branch of the TB]J.

It is important to remark that, as sketched in Fig. 6(c), when increasing the bias (V>0.25 V~
AErL/2e), even in the ballistic TBJs, the response of Vc becomes linear with V due to the
appearance of I'-L intervalley scattering mechanisms. That leads to the emergence of an
accumulation domain near the positive electrode [Fig. 8(a)] completely screening the
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variation of the potential drop between the central branch and the negative electrode [Fig.
8(b)]. This mechanism is also responsible for the saturation of the current [Fig. 7(b)] and the
surprising negative values of Vc (since they are expected to be ohmic) measured in large
TBJs [Mateos et al., 2004; Irie et al., 2008].

3.2 Self-consistent surface charge model. Stem width

As showed in experiments and contrary to the expectations, the central branch is not exactly
a potential probe which measures the potential at the middle of the TBJ and therefore Vc
depends on the stem width [fﬁiguez—de-la-Torre et al., 2007]. Five TBJs with different widths
of the vertical branch, Wygr=66, 78, 84, 94 and 108 nm, have been fabricated and simulated
in our MC tool with the self-consistent charge model (explained in section 2.4). Fig. 9(a)
shows the MC values of V¢ and the current I flowing through the horizontal branches in the
TBJs when biased in push-pull fashion. The parabolic behaviour of V¢ is strengthened when
reducing the width of the vertical branch. This is in principle an unexpected result, since the
vertical branch was believed to be only a measure (passive) element, in such manner that the
value of V¢ should be independent of its width Wygr. The inset of Fig. 9(a) shows how, as
expected, the current is independent of Wygg, since the horizontal branch is identical for the
different TBJs. The calculations performed with MC are consistent with the experimental
results showing the same trend and a satisfactory quantitative agreement [[fiiguez-de-la-
Torre et al., 2007].
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Fig. 9. (a) MC values of the bottom potential Vc and current (inset) in the TBJ junctions with
66, 78, 84, 94 and 108 nm wide vertical branches (denoted as T66, T78, T84, T94 and T108,
respectively) as a function of the push-pull bias V. (b) Surface charges in the sidewalls of the
vertical branch under equilibrium conditions (V=0).

The proposed self-consistent surface charge model allows for the variation of the surface
charge o along the position in the interface in accordance with the surrounding free carrier
concentration. This possibility of self-adaptation permits the surface charge in the narrowest
junction (called T66) to reach values that approximately cause total depletion of the vertical
branch, 0/q=0.3x1012 cm?2. In contrast, in the widest junction (called T108) the surface
charge is limited by a value close to that obtained in the experimental measurements,
0/q=(0.4£0.1)x1012 cm2 [Fig. 9(b)]. Furthermore, the surface charges take a value practically
constant near the bottom of the vertical branch, which indicates that the results will not
change if this branch is made longer.
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In previous works, within the constant charge model, the vertical branch was considered as
a voltage probe, providing at its bottom (V¢) the variations of Vic (potential at the centre of
the horizontal branch) [inset 7(d)]. However, within the self-consistent model, the surface
charge at the sidewalls of the vertical branch and the carrier penetration inside it change
with the bias (like in Y-Junctions), which provokes that Vc is no longer a faithful reflection
of the Vyc variations and it is necessary to consider the electric potential difference AVy
between V¢ and Vuc, which is not equal for all the biasing. Therefore, the values of V¢ can
be considered as the result of two combined effects: a horizontal one (given by Vuc) and a
vertical one (given by AVy).
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Fig. 10. (a) Vic and V¢ as a function of the applied voltage for the TBJs with Wygr=66 and
108 nm. Vyc for a channel without the vertical branch is also plotted for comparison. The
inset shows Vyc calculated in the channel without the vertical branch with the constant
charge model (0/q=0.4x1012 cm~2) and self-consistent charge model. (b) Profiles of carrier
concentration along the centre of the horizontal branch and surface charge along the top
boundary of the T66 for V=Vg=-V1=0.25 V.

We analyze the horizontal effect, that is, the values of Vyc. In Fig. 10(a) we plot the values
obtained with the MC simulations for Vic in T66 and T108, together with those calculated in
a channel without vertical branch. It can be observed that, as expected, the values of Vuc
practically coincide in the three structures (transport takes place in horizontal direction and
the width and length of the horizontal branch are practically the same). The inset of Fig.
10(a) also compares the values of Vyc in a simple channel (without vertical branch) obtained
with the constant and self-consistent charge models. The self-consistent model leads to a
considerable enhancement of the negative values of Vuc, which is the signature of an
enhanced electron charge asymmetry in the horizontal direction, especially for high biasing,
as can be shown in Fig. 10(b) for V=0.25 V. A strong depletion of carriers takes place at the
anode side of the horizontal branch. This region becomes highly resistive, so that most of the
applied potential drops here and leads to the high negative values of Vuc. The origin of the
increase of the surface charge with the applied voltage near the anode lies in the fact that,
due to the ballistic motion of electrons, their longitudinal energy increases significantly as
they approach the right contact. Scattering mechanisms, even if there are very few, produce
some energy redistribution, and thus make the transversal energy component also increase.
In this way electrons are able to approach the boundaries of the TBJ (in spite of the repulsive
effect of the surface charge) and contribute to raise the value of o.
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3.3 Influence of the horizontal branch

Our self-consistent surface charge model can also be applied to explain the behaviour when
the length Lyor and the width Whor of the horizontal branches are modified [Fig. 11]. When
the length of the horizontal branches Lyor is changed we found that the values of Vyc are
very similar for all the structures. This is due to the analogous horizontal concentration
profiles found for the different lengths. As in the previous TBJs, it is the presence of the
vertical branch and the associated surface charges which leads to different values of Vc in
each of the structures. Like in the case of the experimental results [Irie et al., 2008] we found
that the down-bending behaviour of Vc is stronger for shorter junctions. This result is
expected because of the more ballistic character of transport in shorter structures, but our
results indicate that surface charges and the presence of the vertical branch also play a role.
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Fig. 11. (a) Vuc-V and V-V for TBJs with Lor=150, 250, and 400 nm. (b) Vuc-V and V-V
for TBJs with Wyor=120, 170, and 240 nm.

Concerning the width of the horizontal branch Whog, the values of V¢ are higher (more
negative) as the width is decreased, in accordance with the trend found in our experiments
[[higuez-de-la-Torre et al., 2009a]. However, since the length is identical, the origin must be
related not only to ballistic transport. Results can be interpreted in terms of a new factor: the
strength of surface charge effects. Remarkably, and in contrast with the behaviour found
when modifying Wyer and Luogr, in this case the values of the potential at the centre of the
junction Vic exhibit a strong dependence on Wror. The narrower the horizontal branch, the
lower the free carrier concentration due to the stronger depletion induced by the enhanced
surface charge. For this reason the horizontal potential profile is different in each junction
and also the value of Vyc. The dependence of Vuc on Whor is smoothed in the bottom
potential V¢ by surface charge adaptation in the vertical branch as explained in the previous
section. Therefore, it is the role played by surface charge and the associated depletion what
leads to the observed variations between structures with different Wror. The surface charge
influence on V¢ is much stronger than that of ballistic transport in the case of small Wxogr,
but decays sharply for wide TBJs in agreement with the experimental findings [[figuez-de-
la-Torre et al.,, 2009a]. Finally we want to remark that in the wider TBJs, for the lowest
applied voltages, Vuc gets slightly positive values before becoming negative. MC
microscopic results indicate that under such bias conditions the branch contacted to the
cathode is more resistive than the anode one providing these positive values. It is due to a
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velocity overshoot effect (more pronounced near the cathode) taking place for weak enough
surface charge effects.

Overall, we can conclude that the parabolic response (associated with ballistic transport)
sharply decreases for larger Luor, and increases in efficiency for narrower channels (Wver
and Whor). Experiments also shown an unexpected significant degree of ballistic transport
even in TBJs with Lpor=2 pm>>1,, [Irie et al., 2008] and Wor=2 pm [fﬁiguez—de—la—Torre et
al., 2009a]. This robustness of the TBJs nonlinear response is a unique advantage in terms of
realizing a room-temperature integrated circuitry using TBJs over a wide range of channel
sizes.
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Fig. 12. (a) lllustration of detection and frequency doubling of RF signals in TBJs, (b) logic
truth table for a symmetric TBJ device, operated as an AND gate, when defining positive
voltage as the binary value of 1 and (c) MC time domain simulation of a TBJ for different
frequencies of a push-pull input signal of amplitude 100 mV: 1, 10 and 100 GHz.

3.4 Rectification and doubling in TBJs

The nonlinear response of TBJs can be exploited to perform several analog and digital
functions as illustrated in Fig. 12. An example is high-frequency signal rectification [Bednarz
et al, 2005] and second-harmonic generation [Lewén et al., 2002]. Frequency mixing,
doubling and phase detection have also been demonstrated [Shorubalko et al., 2002; Sun et
al., 2007; Gardes et al., 2008]. Another example of application is as logic gate for digital
electronics [Rahman et al., 2009]. It is clear, for example [Fig. 12 (b)], that if we use left and
right branches as inputs, the central branch output will perform the logic AND operation
(Vc has high voltage only when both Vi and Vr are high and low voltage in other cases) [Xu,
2002]. It was reported that with more complicated structures of several TBJs can work as
NAND [Reitzenstein et al., 2002, Xu et al.,, 2004], NOR [Miiller et al., 2007], half adder
[Worschech et al., 2003; Reitzenstein et al., 2004], full adder [Lau et al., 2006] or SR latch [Sun
et al., 2008], etc.
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response of V¢ (normalized to the input amplitude and in dB) to signals of amplitude 100
mV applied in push-pull to the inputs in T-shaped junctions with different Wygr and Wrxor
and in a Y-shaped junction. For a better comparison, the low-frequency value has been
subtracted to each curve.

In this section we study the effect of the geometry (Wnor, Wver) and shape on the
performance of three-branch junctions operating as detectors and frequency doublers [Fig.
12(a)]. To this end, we apply 100 mV sinusoidal signals in push-pull fashion. In Fig. 12(c) the
time domain evolution of the stem output voltage Vc is represented when the frequency of
the input signal is 1, 10 and 100 GHz. It can be observed that the device has an excellent
performance as frequency doubler at least up to 100 GHz. Fig. 13 shows the values for the
amplitude, Vca, and the average DC value V. of the response of V¢, as a function of
frequency for the different simulated junctions (for the sake of clarity the low-frequency
value has been subtracted). As a general feature, the cut-off for Vc.. appears at much lower
frequencies than for the mean value, V., taking place around 1 THz [Fig. 13(a)]. For the T-
shapes junctions as the value of V. is mainly related to the electron horizontal transport, its
cut-off is hardly influenced by the width of the vertical branch. On the other hand, Vc, is
controlled by the penetration of carriers into the stem, so that its width (Wygr) clearly
changes its cut-off frequency (higher frequencies for wider stems, in which carriers enter
more easily). Nevertheless, wider stems provide less negative values of V¢ at low-frequency.
As a consequence, for an optimized response Wygr must be chosen depending on the
required type of operation and frequency. On the other hand, when reducing Wog, a slight
increase of the cut-off frequency is observed in both quantities; however, the matching to the
typical 50 Q lines would be worse due to the higher impedance of the TB]. Concerning the
shape, the Y geometry much improves the global performance of the device as a result of an
enhanced vertical electric field and a stronger injection of carriers into the stem (having a
more pronounced influence on the cut-off of Vc,, associated with frequency doubling
applications). Moreover, better performances are expected if the angle between left and right
branches of the junction is further decreased.

It is to be noted that in these high-frequency MC simulations the profile of the surface
charge is frozen to that previously calculated under equilibrium conditions, since the typical
capture/emission times of the surface states are about 1 ps, several orders of magnitude
longer than the maximum period used for exciting the junctions (1 ns). In fact, a low
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frequency plateau should be observed in experiments with a cut-off corresponding to the
inverse characteristic lifetime of the surface charge traps.

4. Self-switching diodes

The second nanometer-scale nonlinear device that we study in detail in this chapter was
proposed in 2003 by A. M. Song and named Self-Switching Diode. The key point in the
fabrication of the device is the etching of the two L-shaped insulating grooves defining a
narrow semiconductor channel [Fig. 1(b)]. An applied voltage V not only changes the
potential profile along the channel direction, but also either widens or narrows the effective
channel depending on the sign of V. This results in a diode-like characteristic, but without
the use of any doping junction or barrier structure.

“
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> <« > <

Lacc Lc Lacc g

Fig. 14. (a) Depletion region formed close to the etched boundaries in equilibrium.
Depending on the sign of the applied voltage the effective channel width will (b) increase or
(c) reduce. (d) SSD geometry for the MC simulations.

The two-terminal structure allows SSD-based circuits to be realized by a simple single step
lithographic process, so that its size can be easily reduced to the nanometer-range. Thus, by
using fast III-V materials, the high frequency performance of SSDs can be dramatically
boosted thanks to a much shorter transit time, due not only to a smaller channel length but
also to an enhanced electron velocity associated to ballistic transport. And last but not least,
the planar geometry of the SSDs allows placing the two contacts with long separation, so
that parasitic crosstalk capacitances can be drastically reduced. These facts, together with
the intrinsically high electron velocity channels, should permit the fabrication of SSDs
working in the THz range.

4.1 Overview, working principle and I-V curves

The voltage applied to the anode (right contact) of the SSD propagates to the vicinity of the
channel, while in the cathode region (at the left of the trenches) the potential is always
essentially zero. In equilibrium, the channel is closed due to the depletion induced by the
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surface charges located at the lateral walls [Fig. 14(a)], which lead to the appearance of a
longitudinal potential barrier. When V>0, the positive voltage reaches the lateral regions of
the SSD channel, so that the potential barrier is lowered (or even removed), thus allowing
the electron flow (the channel is open) [Fig. 14(b)]. On the contrary, when V<0, the potential
profile in the right part of the device is almost unchanged with respect to the equilibrium
situation (it is just shifted to lower values), the channel thus remaining closed [Fig. 14(c)].
We analyze I-V curves, noise spectra and rectification when some parameters of the diode
geometry are modified (keeping the others constant). The reference SSD for all the
simulations will be the one with: Wc=50 nm, Lc=250 nm, Wp=W,=5 nm and L,.=175 nm. In
general terms the forward current shows an exponential dependence on the applied voltage
for low values of V (as long as the barrier is present), and then becomes linear (resistive
behaviour), with a tendency to saturation at the highest applied voltages due to hot-carrier
effects [insets Fig. 16].

For devices with smaller channel width, W¢, inset Fig. 16(a), the turn-on voltage is larger
due to a larger barrier at equilibrium, which needs a higher applied voltage to disappear.
The length of the channel, L, is also found to largely influence the device behaviour. As
observed in the inset of Fig. 16(b), short-channel effects appear when the aspect ratio of the
channel (Lc/Wc) decreases. In such a case, under reverse bias, the potential of the lateral
regions is not able to deplete the channel, so that the barrier preventing the current flow
disappears and an inverse leakage current flows (as observed for Lc=100 nm). The very thin
trenches of the devices not only prevent the presence of inverse leakage current for very
short channels (it only appears for Lc=100 nm), but also the forward current is much
improved, inset Fig. 16(c). As observed in the inset of Fig. 16(c) and Fig. 16(d), the turn-on
voltage is influenced by the width of the horizontal (and not by the vertical) trenches,
decreasing for smaller Wy. This is due to the stronger transverse electric field present for
smaller Wy, which enables a more efficient control of the opening and closing of the
nanochannel when biasing the anode.

Therefore, the operation principle of this device is similar to that of an enhanced mode field
effect transistor (pinched off at equilibrium) in which lateral gates (in this case short
circuited to the drain) control the current flow through the channel. From the point of view
of applications, the non-linear response of the diodes and the ultra fast ballistic transport
opens the possibility of fabricating circuits for rectification, detection or even harmonic
generation at very high frequencies.

4.2 Noise spectra

By downscaling the device dimensions, the detection properties of an array of SSDs has
been proved up to 110 GHz at RT [Balocco et al., 2005] and up to 2.5 THz at 10 K [Balocco et
al., 2008]. At so high frequencies, the intrinsic noise generated by the diodes becomes a
performance limitation, and must be carefully analyzed in order to reduce its level as much
as possible. Initial studies [[fiiguez-de-la-Torre et al., 2008] of the spectral density of current
fluctuations at low-frequency Si(0) (in the plateau beyond the 1/f range) compared to the
2ql value (with q the electron charge) have evidence the presence of full shot noise not only
under inverse but also under direct bias below a certain threshold potential, above which
the level of noise is lower than 2ql [Fig. 15(a)]. Full shot noise (both under forward and
reverse bias) appears when the transport is barrier controlled and the current is provided by
uncorrelated carriers surpassing the barrier. The noise temperature is close to half the value
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of the lattice temperature associated with an ideal exponential dependence of the forward
current, which usually goes along with the previously commented full shot-noise behaviour.
At high forward bias the barrier is lowered or even disappears, the channel resistance
decreases, and the diffusive accesses to the channel become more important and the noise
temperature increases significantly over the lattice temperature due to a strong electron
heating.
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Fig. 15. (a) MC values of Si(0), compared to 2ql, as a function of the applied voltage (left
axis). The Fano factor Si(0)/2ql is also plotted (right axis). The inset shows the I-V curve of
the diode in linear scale. (b) Si( f) for several bias conditions in the reference SSD. The case in
which the PS is switched off is also shown for V=0.2 V. The inset illustrates the f2
dependence of the noise spectrum for V=0.0 V. Reference SSD.

For high frequency the current noise spectra Si(f) for the reference SSD is shown in the
Figure 15(b). Two main peaks are observed in the spectra. 3D plasma oscillations are at the
origin of the one appearing at the highest frequencies (above 3 THz). When the PS is
switched off plasma oscillations are not present and this peak disappears. The other peak,
between 1-2 THz, is attributed to returning-carrier effects taking place in the space-charge
regions originated by the surface charge at both sides of the vertical trenches. It exhibits the
characteristic f2 behaviour [inset of Figure 15(b)] already found in other devices like
Schottky-barrier diodes, revealing a capacitive coupling of the returning carrier fluctuations
to the noise at the terminals. But more interesting, and in contrast with the other peak, the
frequency of this one depends on the geometry of the SSD as we can see in Figure 16.

As observed, the level of noise at high frequency is higher the larger is the impedance of the
accesses as compared to that of the channel. This explains, for example, why Si(f) is higher
when decreasing Lc or increasing Wc or L., while it remains with similar amplitude when
changing Wy, or W,. The increase of Si(f) originated by the peak at lower frequency could
limit the frequency range of potential applications. Thus, a first possibility to reduce the
noise related to the returning-carriers peak is to decrease the resistance of the accesses
relative to that of the channel. The best choice to this end is shortening L... [see Fig. 16(e)],
which is always desirable to reduce parasitic resistances but may increase the parasitic
capacitance between electrodes. Decreasing Wc, Fig. 16(a), or increasing Lc; Fig. 16(b),
would enhance the channel resistance and reduce the current level, both undesirable effects.
Moreover, a longer channel leads to lower cut-off frequency. A second possibility is to try to
move the peak to higher frequencies, thus reducing the amplitude of the noise in the range
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of interest (around 1 THz). As observed in Fig. 16, by modifying Wc, Lc or La, the

frequency of the maximum hardly changes. In contrast, an increase

vertical trenches Wy, shifts the peak to higher frequencies, Fig. 16(d).
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Fig. 16. Current-noise spectra at equilibrium when some parameters of the topology of the
diode are modified: (a) Wc=40, 50 and 60 nm, (b) Lc=100, 200, 250, 300, 500 and 1000 nm, (c)
Wy=5, 10 and 20 nm, (d) W,=5, 10, 20 and 50 nm and (e) length of the accesses L...=275, 175
and 75 nm. The insets show the corresponding I-V characteristics.
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4.3 Rectification to AC signals

We have analyzed the dynamic behaviour of SSDs in terms of their AC to DC rectification
(RF detection) as the main application of the device [ffiiguez-de-la-Torre et al., 2009b].
Harmonic voltage signals V=Vysin(2nft) of increasing frequency f are applied between the
contacts and the mean value of the output current is evaluated for the same “set” of SSDs
than in the previous section [Fig. 17]. After a flat region at the lower frequencies, the
rectified current exhibits a pronounced peak, f,, just before the decay in the response. As
expected, f, depends on the channel length Lc, Fig. 17(a), being lower for longer channels.
The SSD with Lc=100 nm is correctly responding up to frequencies over 2.0 THz, thus
making possible the operation of these devices as, for example, power detectors of THz
waves. We also observe that f, is highly sensitive to the properties of the vertical trench
width W, [Fig. 17(c)] but insensitive to that the horizontal trenches, Wy, [Fig. 17(b)].
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Fig. 17. Mean response current to a periodic input voltage (with amplitude of 0.25 V)
applied to SSDs: (a) Lc=100, 200, 250, 300, 500 and 1000 nm, (b) Wx=5, 10 and 20 nm, (c)
W,=5, 10, 20 and 50 nm.

Signifincantly, the behaviour of the low frequency peak in the noise spectra and its relative
amplitude [Fig. 16] is in principle surprisingly similar to the f, corresponding to the
dynamic response of the rectified current [Fig. 17]. This indicates that we are observing the
same microscopic phenomenon reflected in different macroscopic quantities. Let us explain
this behaviour. The origin of the low frequency peak and f; is related to the dynamics of the
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reflected carriers (returning carriers) in the region close to both sidewalls of the vertical
trenches, which capacitive couple to the current at the terminals. This coupling is modulated
by two capacitors, one associated to the depletion regions at both sides of the trenches, and
the other due to the vertical trenches themselves, C,=¢e,/W, (e, is the permittivity of the
vertical trench). A more detail analysis of the effect of the insulator material filling the
trenches can be found in [[fiiguez-de-la-Torre et al., 2009b]. That means that a typical noise
mechanism, which is a collective charge fluctuation, is coupled due to the geometry
provoking a resonant peak f, in the AC to DC rectification. However the rectified current is
phase shifted by the horizontal capacitor, while the noise is only influenced by the vertical
one (with no need of the presence of a conducting channel), thus explaining why the
frequency of the peak does not coincide exactly in both quantities. In addition the spectral
density at equilibrium is proportional to the small signal admittance of the device, whereas
the DC response current is caused by the diode rectification and corresponds to large signal
conditions.

4.4 InAs and InSb SSDs

The quite useful tuneable-by-geometry detection in the terahertz range observed in InGaAs
SSD exhibit however a low amplitude and quality factor. In this section we will show how
the low effective mass of InAs and InSb in relation to InGaAs enhances ballistic transport
inside the diode, thus improving the detection sensitivity. A clear enhancement in the
resonance and shifting f, to higher frequencies is observed for these two narrow band gap
materials [Fig. 18]. The resonance in the rectified DC current exhibits a remarkable quality
factor, much higher than in InGaAs, with amplitude more than a hundred times the low
frequency value in the case of InSb SSDs and also at higher frequency tuning range.
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Fig. 18. Mean current response to a periodic input voltage (with amplitude of 0.15 V)
applied to InAs-based SSD and (b) InSb-based SSD. The insets show the corresponding I-V
curves.

To corroborate the clear link between the peak in the rectified DC current and the similar
one present in the noise spectral density, in Fig. 19(a) we plot the noise spectra at
equilibrium for SSDs based on three high mobility semiconductors: InGaAs, InAs and InSb
(for Wy=20 nm). In Fig. 19(b), the frequency form noise peaks together with f; of Fig. 17(c),
18(a) and 18(b) are plotted for each material. The three frequencies exhibit a similar relative
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variation between the different materials, mainly affected by their effective masses and
dielectric constants (0.014 and 17.65, respectively, for InSb, 0.023 and 15.15 for InAs and
0.042 and 13.88 for Ing47Gaos3As [Rodilla et al., 2009]) thus revealing a common origin linked
with plasma effects. Remarkably, the peak in the rectified DC current has the same
tendency, certifying our previous conjecture that a noise mechanism is coupled via the
particular geometry of the SSD to the DC to AC response and enhances the performance of
the device.

16
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14 ¢
~ 12 135 o
o 3
NE 10 F * 3D plasma peak (Fig. 19a) 130 =
< L] Low frequency peak (Fig. 19a) o
= 8F O DC resonance peak, fp, (Fig.17(c), 18(a) & 18b) g
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o 6F e o
- _.0 =
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Frequency (THz) II-V Semiconductor

Fig. 19. (a) Current noise spectra at equilibrium for InGaAs, InAs and InSb diodes
(Wy=20 nm). (b) Comparison of the frequency peaks in the noise spectra with those of Fig.
17(c), 18(a) and 18(b).

5. Conclusion

Nowadays fabrication of narrow channels with a length of few nanometers is possible.
Electrons move without suffering losses in their momentum and energy, leading to several
new transport phenomena like ballistic transport. Our MC model treats the electrons in a
billiard ball-like manner (classical), but it locally takes into account the effect of degeneracy
by using the rejection technique (the scattering mechanisms are rejected when the final
energy state is likely to be occupied). It is to be noted that as our study is focused on room
temperature operation, quantum effects such as energy quantization can be initially
neglected.

Monte Carlo simulations have significant advantages over other methods: there are no
adjustable parameters (only material related microscopic parameters), it gives precise
information about internal quantities (including scattering) and it is able to describe non-
local non-static processes like ballistic transport and collective phenomena like plasma
oscillations. In summary;, it is able to provide static, dynamic and noise results with the only
drawback of CPU intensive and slow simulations.

Monte Carlo simulations have shown that ballistic nanodevices like TBJs and SSDs have
unique and striking high-frequency operation capability. However, there are significant
problems to be solved. The reduction in length (so that the transport is almost purely
ballistic) and width of the branches (enhancing the space charge effects), to optimize the
performance of applications, greatly increases the impedance of the devices (to the range of
kQ). As a consequence even very small parasitic capacitances (of the order of fF) prevent the
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extrinsic cut-off frequencies of the devices to reach the THz range. Therefore, design
guidelines for the reduction of the device parasitics, together with other ways of
improvement as the use of more than one device in parallel must be used.

From a technological point of view the compatibility of these ballistic devices with the well-
established high electron mobility transistors (HEMTs) circuitry should bring versatility for
many practical applications, i.e. by allowing the processing of the signals generated by the
ballistic devices. However, the final objective to potentially replace the conventional CMOS
design flow and enable high performance analog and digital circuit design using this family
of ballistic nanodevices, will require much more efforts directed towards the development
of a logic compatible device, smaller interconnections, lower routing complexity, higher
fabrication throughput, higher reliability, etc.
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