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Abstract—This work analyzes some of the physical aspects that
must be dealt with for terahertz circuit design based on Schottky
diodes beyond 1 THz. The high operation frequencies and the
small dimensions that will be required for the devices make
it essential to employ physics-based numerical simulatorsfor
the device optimization. We present an overview of the possible
alternatives and discuss the most adequate ones considering both
accuracy and simulation time. As a reference, we employ a Monte
Carlo simulator because it provides a numerical solution tothe
Boltzmann Transport Equation. Since high doping levels will be
necessary at these frequencies, the MC analyses should be based
on Fermi-Dirac statistics. An efficient method for the inclusion
of Fermi-Dirac statistics in MC simulators for non-homogeneous
devices is also outlined and the effects of using Fermi-Dirac
statistics instead of Maxwell-Boltzmann in Schottky diodemodels
are analyzed.

I. I NTRODUCTION

In the recent years, great advances are being made in
millimeter-wave solid-state sources resulting in a rapid in-
crease of the available local oscillator (LO) power at frequen-
cies around 100 GHz. Current state-of-the-art LO sources can
provide around 400 mW at W-band, and up to several watts
can be achieved in the near future [1]. This clearly opens
the possibility for the development of LO sources and mixers
based on Schottky diodes beyond 2 THz. However, the tradi-
tional methods widely employed by designers so far, which
are generally based on simple analytical diode models, will
not be appropriate for THz circuit design beyond 1-2 THz. At
these frequencies, even the validity of those physical models
based on simplifications of the Boltzmann Transport Equation
(BTE), like Drift-Diffusion (DD) and Hydro-Dynamic models
(HD), has to be confirmed.

Therefore, accurate physics-based semiconductor models
must be employed for the next generation of both Schottky
diode based LO sources and frequency mixers at the THz
range. The high operation frequency, the small dimensions that
will be required for these devices (with epilayer thicknesses of
100 nm or less) and the high doping concentrations necessary
to mitigate carrier velocity saturation will make it crucial to
employ very accurate models accounting for the limiting phys-
ical mechanisms connected with these device characteristics.
However, computational cost must also be accounted for and
a trade-off between accuracy and simulation time has to be
found.

The goal of this paper is to analyze some of the physical
aspects that must be dealt with for terahertz circuit design

based on Schottky diodes beyond 1 THz. The main approach
consists in using an harmonic balance simulator coupled with
a physics-based drift-diffusion model to analyze the device in
a self-consistent way together with the embedding circuit [2].
In order to check this approach beyond 1 THz (with short
devices and high doping concentrations) we employ a Monte
Carlo (MC) simulator as a reference because it provides a
numerical solution to the BTE [3]. Moreover, the MC device
analysis should be based on Fermi-Dirac statistics in order
to account for the semiconductor degeneracy. Fermi-Dirac
statistics needs to be implemented by using the energy moment
distribution function f(k) at every instant of time insteadof the
equilibrium Fermi-Dirac distribution function to well control
the energy transitions during the MC simulation [4]. Thus,
non-equilibrium conditions can be well accounted for during
high-frequency RF simulations using MC. An efficient method
for the inclusion of Fermi-Dirac statistics in MC simulators for
non-homogeneous devices is outlined and the effects of using
Fermi-Dirac statistics instead of Maxwell-Boltzmann within
the Schottky diode analysis are presented.

It is important to remark that the use of MC device models
for terahertz circuit design with harmonic balance methods
is prohibitive due to its high computational cost. However,it
allows to evaluate and improve other physics-based models
that might work reasonably well at THz frequencies with an
affordable computational cost.

II. SCHOTTKY DIODE MODELING FORTHZ CIRCUIT

DESIGN. ACCURACY AND SIMULATION TIME .

The selection of the most adequate method for semi-
conductor device simulation depends on two important factors:
Accuracy and simulation time. Generally, the more complex
the selected model, the higher the computational cost will
be. Hence, it is important to choose an adequate approach
for the device under study and to appreciate its limits and
range of validity. So far the most widely employed method for
millimeter-wave and submillimeter-wave Schottky diode based
circuit design consist of an harmonic balance (HB) circuit
optimization using either simple analytical models available
in commercial simulators [5] or more complex physics-based
numerical models [2], [6], [7]. In either case, the computa-
tional cost of the employed device model acquires a major
significance because of the iterative nature of the HB methods,
which involves several executions of the nonlinear analysis of
the device.
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The accuracy in the device simulation is normally de-
termined by how accurately carrier transport is described
[3]. Analytical device models based on equivalent circuits
(generally included in commercial simulators such as ADS
from Agilent) assume that the capacitance and current are
function of the present value of the internal voltage. For
Schottky diodes, this quasi-static approach has been proved to
be valid only up to a few hundred GHz [8] so some empirical
adjustments are often necessary for submillimeter-wave circuit
design [9]. The advantage of analytical models is their very
low computational cost.

The key advantage of physical-based numerical models over
analytical ones lies in the fact that they are self-consistent
and no empirical adjustment is necessary. Most widely used
physical models for semiconductor devices are those based on
the Boltzmann Transport Equation, which can be used either
directly or through its moments [10]. The BTE formulation
(Eq. 1) assumes that the electron dynamics are described by a
distribution functionf = f(~r, ~p, t), where~p is the momentum
and ~r is the position of the particle. The term∂f/∂t|coll
has to do with the variation of the distribution function as
a consequence of particle collisions inside the device. Once
the distribution functionf is known, all the parameters of
interest (carrier drift velocities, energy distribution,diffusion
coefficients, etc.) can be derived from it. However, finding the
exact solution to the Boltzmann’s equation is a very difficult
task, so approximate approaches are generally employed to
simplify the problem [10].

∂f/∂t+ ~v · ∇rf + ∂~p/∂t · ∇pf = ∂f/∂t|coll (1)

On the one hand, HD numerical models consist of the first
three moments of the BTE that give respectively the continuity
equations, the current flow equations and the energy balance
equations for both electrons and holes. The current flow
equations are introduced in the continuity equations resulting
in four equations that together with Poisson’s equation andthe
corresponding boundary conditions, define the HD method.
Hence, the HD method involves the numerical solving of
five coupled nonlinear partial differential equations [3].On
the other hand, DD numerical models consider only the two
first moments of the BTE (electron conservation and an ap-
proximate form of themomentum conservation). In this case,
only three coupled nonlinear partial differential equations must
be numerically solved to simulate the device [11]. However,
neglecting energy conservation prevents DD models from
reproducing nonlocal effects such as the velocity overshoot.
This may represent a problem at high frequencies because
velocity overshoot might increase the current and modify the
high frequency performance of the semiconductor device [3].

In contrast to DD and HD models that are based on sim-
plifications of the BTE, MC simulation provides a numerical
solution to the BTE. Thus, all the simplifying approximations
can be removed and the real shape of the distribution functions
can be computed. In addition, MC simulation accounts for the
scattering mechanisms occurring inside the device and may
include a more detailed physical description of the energy band
structure [3], [12].

A rough estimation of the valid operation ranges for the
different available physics-based model was given by M.
Lundstrom in [3] (see Fig. 1). Nevertheless, the actual validity
of a specific model has to be verified for the device and
operation conditions under study. Obviously, the best way for
this task is by direct comparison between measurements and
simulation results [2]. However, MC results are in very close
agreement with experimental results [3] and can be employed
to validate other device models.

Fig. 1. Estimation of the valid operation range of physics-based semiconduc-
tor models by M. Lundstrom [3].

Unfortunately, the excessive simulation time required for
MC simulations makes it prohibitive to use MC analysis
for the optimization of THz circuits like frequency mixers
and multipliers. This is shown in Table I with a comparison
between HB simulation times employing both physics-based
MC and DD Schottky diode models. Single analysis refers to
a Schottky multiplier/mixer simulation for a single operation
point whereas circuit optimization involves the joint optimiza-
tion of all the design parameters (embedding impedances,
epilayer thickness and doping, anode area, bias, etc.) in order
to maximize the performance at a certain input power and
frequency. Note that the computational cost for mixer analysis
is much larger than for multipliers. The reason for this is
that the time-domain nonlinear response of the diode has to
be analyzed along one period of the intermediate frequency
resulting in a larger number of voltage samples [13]. Moreover,
HB mixer analysis involves a larger number of frequencies,
and thereby more HB iterations, because of the necessity to
account for both LO and RF harmonics and their intermodu-
lation products [13].

In order to illustrate the usefulness of MC simulators to
test other device models, Fig. 2a shows the evolution of
the electron velocity as a function of the epilayer thickness
for a typical Schottky diode used at millimeter/submillimeter
wavelengths. It can be noticed the important increase in the
velocity overshoot as the device shrinks from 480 nm to
90 nm according to MC simulations. As already discussed,
velocity overshoot is not taken into account in DD models. The
difference between MC results (solid curves) and DD results
(dashed curves) becomes more evident as the device shrinks.
Therefore, DD models seemsa priori inadequate for terahertz
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TABLE I
ANALYSIS AND OPTIMIZATION TIME FOR SCHOTTKY DIODE BASED

MIXERS AND MULTIPLIERS USING HARMONIC BALANCE TOGETHER WITH

EITHER A MC DEVICE MODEL OR A DD DEVICE MODEL.

circuit design were epilayer thicknesses of the order of 100
nm will be employed. These results are also in agreement
with the range of validity predicted in Fig. 1. Moreover, not
accounting for velocity overshoot has a notable impact on the
simulated Shottky diode I-V curves, which is manifest by the
early current saturation in DD results with regard to MC results
(Fig. 2b).
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Fig. 2. MC analysis of the limitations of DD models with device shrinkage:
Velocity overshoot (a) and I-V curves (b). MC analysis (solid curves) and DD
analysis (dashed curves).

Nevertheless, velocity overshoot occurs at the flatband
regime and these operation conditions are not reached in
general for Schottky diode based multipliers. On the contrary,
minimum conversion losses for Schottky mixers are obtained
when flatband voltages are slightly exceeded [14]. Hence,
traditional DD simulations are not longer adequate for mixer
design due to the limitations shown in Fig. 1. As discussed
before, HD models do not experience these limitations but
imply the numerical solution of a five-equation system (two
more than in DD models), which increases the computational
cost. We proposed in [15] an intermediate approach consisting
in using MC simulation to redefine the mobility-field char-
acteristics and recombination velocity used in DD Schottky
diode models beyond flatband. As illustrated in Fig. 3, our
enhanced DD model overcomes the problems shown in Fig. 2
and extends the validity of traditional DD models to submicron
devices without adding any extra simulation time.
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Fig. 3. MC analysis of the performance of our enhanced DD model presented
in [15]: RF current response to a 165 GHz voltage excitation for MC, DD
and enhanced DD (a), and I-V curves obtained with MC -solid lines- and DD
-dashed lines- (b).

The use of a HB circuit simulator together with our en-
hanced DD model offers a good trade-off between accuracy
and simulation time and might be employed as a first attempt
to well optimize Schottky-based circuits beyond 1-2 THz. MC
simulations can be used not only to check the validity of the
approach but also to analyze other aspects like the evolution
of the electron temperature within the device as exemplified
in Fig. 4.
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Fig. 4. Electron temperature (Te) obtained by means of MC simulation
(Maxwell-Boltzmann and Fermi-Dirac statistics). Electron temperature is
equal to lattice temperature in DD simulations (300 K in thiscase).

It is important to remark that the electron temperature
(Te) actually represents the average random kinetic energy
of the electrons. This corresponds to a temperature only for
a non-degenerate Maxwellian distribution function (Maxwell-
Boltzmann statistics). For Fermi-Dirac statistics, this quantity
accounts for an increase in the electrochemical potential due
to degeneracy plus a real-temperature effect [4]. Noise canbe
as well easily analyzed with MC simulation since it is inherent
to MC simulators [16].

III. A N EFFICIENT IMPLEMENTATION OF FERMI-DIRAC

STATISTICS ON SCHOTTKY DIODE MC SIMULATORS

MC simulators have a semiclassical nature as they simulate
the electron as a classical particle affected byscattering
mechanisms whose probabilities are obtained according to
principles from quantum mechanics. The electrons within the
semiconductor behave likefermions and consequently the
Pauli Exclusion Principle should be included. In this case,the
electronic states are described by the Fermi-Dirac statistics
instead of by Maxwell-Boltzmann statistics. For MC analysis
at terahertz frequencies, where Schottky diodes with highly
doped epilayers are necessary, semiconductor degeneracy has
to be taken into account. For GaAs, degeneracy occurs for
doping levels higher than4− 5 · 1017 cm−3.

The MC code employed herein has been developed at
the Tor Vergata University of Rome (Italy). It consists of
a band structure with three valleys at the conduction band
(the central valleyΓ, and the two satellite valleysL and
X), and three valence bands (heavy-holes, light-holes and
spin-orbit). Spherical constant-energy surfaces are assumed
and non-parabolicity correction factors are applied for the
calculations [12]. The following scattering events are included:
acoustic phonon interaction, polar-optical phonon interaction,
electron-plasmon interaction, impurity scattering, electron-
hole scattering, intervalley scattering and impact ionization.

The implementation of Fermi-Dirac statistics presented in
this section is based on the rejection method proposed by
P. Lugli and D.K. Ferry in 1985 for homogeneous devices
[4]. MC simulation allows to know the distribution function
even in the transient phase. Hence, the actual Fermi-Dirac

distribution function f(k), which evolves during the MC
simulation (i.e. in RF simulations), can be computed at every
instant of time during the MC simulation and employed to
control the accepted/rejected energy transitions according to
Pauli Exclusion Principle. This technique avoids to use the
analytical expression for the equilibrium Fermi-Dirac distribu-
tion function (only valida priori in the stationary regime). The
method described in this work is an extension of [4] to ensem-
ble MC simulation of heterostructure devices (e.g. Schottky
diodes) and performs well even when weighted particles and
particle multiplication/cut algorithms are considered within
the MC simulation. Note that the use of weighted particles
(i.e. one particle represents several electrons) improvesMC
convergence.

The key point of the algorithm is the adequate normalization
of the distribution functionf(k) by the maximum number
of allowed states (Nc) to properly allow/reject the electron
moment transitions after each scattering event [4]. The prob-
ability of an electronic transition from statek to statek’ is
proportional to the probability that the final statek’ is unoccu-
pied: P (k, k’ ∝ f(t, k’ )/Nc(t). SinceNc(t) depends on the
electron concentrationn, independent distribution functions
are considered for each device layer i (epilayer,n+-layer and
buffer in the case of Schottky diodes):

Nc(t, i) =
2 · Ωc(t, i) · V (t, i)

8 · π3
(2)

Ωc(t, i) = ∆kx(t, i) · ∆ky(t, i) · ∆kz(t, i) being the unitary
k-space volume cell for the MC simulation andV (t, i) =
Nelectrons(t, i)/n(i) being the effective volume in layeri (Nc

is derived from the Heisenberg Uncertainty Principle). Thein-
dex t in the previous equations indicates that these parameters
are dynamically recalculated during the MC analysis in order
to improve the efficiency of the algorithm. On the one hand,
at least 50 particles are always guaranteed for each k-space
mesh cell in order to have an accurate enough calculation
of the distribution function. Hence, the mesh cell volume
Ωc(t, i) is dynamically recalculated each time the distribution
function is re-evaluated. In addition, maximum and minimum
values for the electron moment (kx,ky,kz) are monitored along
the analysis in order to well determine the limits for the
dynamical definition of thek-space mesh. To avoid unwanted
effects when particles with different weights are present in the
simulation, especially at the interphases between layers,the
effective volume and the number of allowed states are made
dependant in the proposed algorithm on the average weight of
the electrons within the layer.

On the other hand, the efficiency of the algorithm in terms of
simulation time depends on how often the distribution function
is recalculated. Fig. 5 shows the performance of the proposed
algorithm as a function of the number of MC iterations (NFD)
between re-evaluations of the distribution function. It can be
seen that good results are obtained forNFD values below 100
MC iterations. Obviously, consideringNFD > 1 implies that
some energy states become slightly overpopulated for small
periods of time throughout the analysis. The MC simulation
itself rapidly corrects these anomalies so the effect is not
noticeable in the overall MC simulation. ForNFD > 200,
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overpopulated energy states are not longer under control and
the algorithm fails as can be seen in Fig. 5. Note that a very
good accuracy is achieved forNFD = 50 with almost no
extra time added to the simulation with regard to the use of
Maxwell-Boltzmann statistics (see Table II).
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TABLE II
FERMI-DIRAC MONTE CARLO SIMULATION TIME AS A FUNCTION OF THE

NUMBER OF MC ITERATIONSNFD BETWEEN RECALCULATIONS OF THE

OF THE DISTRIBUTION FUNCTION.

To conclude this section, Fig. 6 shows a comparison be-
tween the I-V curves obtained with both Maxwell-Boltzmann
statistics (blue curves) and Fermi-Dirac statistics (red curves)
for two Schottky diodes with epilayer dopings of1 ·1018cm−3

andn+ − layer dopings of2 · 1018cm−3 and5 · 1018cm−3.
From these results, it is evident that Fermi-Dirac statistics must
be accounted for in order to well determine the I-V response
of highly-doped Schottky diodes. Note that when a low-doped
homogeneous diode (ND = 1 · 1016cm−3) is simulated,
both Fermi-Dirac and Maxwell-Boltzmann statistics yield the
same results since the semiconductor is not degenerated in
this case. It can be observed in Fig. 7 that for low dopings
similar distribution functions are obtained with both statistics.
However, if the doping is increased toND = 1 · 1018

(degenerate conditions) the MC results obtained with each
of the statistics differ significantly. In the case of the Fermi-
Dirac statistics, the Pauli exclusion principle forces a large
portion of the electrons located in the lower-energy statesto
move towards higher energy states so the energy distribution
function tends to broaden and diminish in comparison to the
Maxwell-Boltzmann distribution.
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Fig. 6. Performance of the proposed Fermi-Dirac implementation: Monte
Carlo simulated I-V curves.
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Fig. 7. Resultant energy distribution functions for a low-doped layer (non-
degeneracy case) -left- and a highly-doped layer (degeneracy case) -right-.
MC results with Maxwell-Boltzmann statistics (blue curves) and Fermi-Dirac
statistics (red curves). Dashed lines represent the initial distribution functions
employed for the MC simulations.

IV. PHYSICAL SCHOTTKY-BASED CIRCUIT DESIGN

BEYOND 1 THZ

To exemplify those aspects that have been dealt with in the
previous sections, we present here a brief study on the theo-
retically achievable performance of Schottky based frequency
doublers at 2.4 THz and 4.8 THz. The analysis are performed
by means of the HB circuit simulator coupled with the physics-
based enhanced DD model described in [2], [15]. In order to
investigate the adequacy of this approach beyond 1 THz we
have firstly compared the predicted Schottky diode responses
obtained with both the MC and the DD Schottky diode model.
A sinusoidal voltage excitation,V = −2 + 2.85 · sin(ω0t),
has been considered since it provides a good representative
case where the diodes are driven covering almost the whole
range between breakdown and forward conduction. It can
be noticed in Fig. 8 that the results are quite similar with
both simulators. For example, peak to peak amplitudes and
waveform slopes are identical. A certain difference can be
appreciated at the maximum current peaks. Nevertheless, the
general good agreement leads us to think that the considered
method may represent a good approach to well estimate the
achievable multiplier performances at these frequency ranges.
Note that both Maxwell-Boltzmann and Fermi-Dirac statistics
provides similar results for these specific devices.

It is well known that for multiplier design above 1-2 THz,
where the available input power is very low to provide a
sufficient voltage swing of the nonlinear C-V curve, best per-
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(a)

(b)

Fig. 8. MC and DD Schottky diode model response to a voltage excitation
of 1.2 THz(a) and 2.4 THz (b):V = −2 + 2.85 · sin(ω0t) Volts (T=300
K). GaAs Schottky diodes feature:A = 0.5µm2, Lepi = 100nm, ND =
1 · 1018cm−3, Nn+ = 5 · 1018cm−3).

formance will be obtained for biasless or slightly forward bias
designs because of the higher nonlinearity of the capacitance
under these circumstances. High doping concentrations (5·1017

cm−3 or higher) need to be considered to mitigate the effect of
carrier velocity saturation leading to very short space charge
regions. Hence, epilayer thicknesses must be as shorter as
possible to reduce the contribution of the non-depleted region
of the epilayer to the overall series resistance [2].

Simulation results for a 2.4 THz Schottky diode doubler
and a 4.8 THz doubler are respectively shown in Figs. 9 and
10. We have considered and epilayer thickness of 100 nm
for the 2.4 THz doubler and a 75 nm epilayer for the 4.8
THz doubler. Epilayer doping concentrations from5 · 1017

cm−3 to 1 ·1018 cm−3 are analyzed. Then+−layer doping is
5 ·1018 cm−3 in all the cases. Two important conclusions can
be derived from these results. On the one hand, worse results
are obtained when using a1·1018 cm−3 doping level due to the
reduction of the space charge region that causes an increase
in the series resistance. On the other hand, a very precise
definition of the optimum values for the design parameters is
mandatory, especially for the 4.8 THz doubler.

For the 2.4 THz doubler, a maximum efficiency of 4%
could be theoretically achieved for a 0.5µm2 anode area
assuming a 1 mW input power per anode (Rs = 35Ω, Cj0 =
1.16fF ). For the 4.8 THz doubler much lower anode areas are
necessary due to the lower available input power (40µW per
anode assumed in this work). We have assumed a minimum
limit for the anode area of 0.2µm2 (Rs = 80Ω, Cj0 =
0.47fF ) and tried to compensate the high required input power
by varying the DC bias voltage (towards forward conduction).
Note that the peak efficiency is obtained at a lower input power
as bias voltage is increased. For 0.8 V, the efficiency drops
due to the change between varactor and varistor modes of
operation as shown in Fig. 10. This transition coincides with
an increase in both the real part and the imaginary part of

the optimum resistance at the fundamental frequency (shown
impedances are matched for each analyzed input power). This
factor is also responsible of the fast degradation of the doubler
efficiency beyond a certain input power level.

Fig. 9. Theoretically achievable performance for Schottkydoublers at 2.4
THz for a 2 mW input power at 1.2 THz (1 mw per anode) and 300 K.
Impedances are referred to a single anode (impedances seen from device
terminals).

Fig. 10. Theoretically achievable performance for Schottky doublers at 4.8
THz for a 80µW (-11 dBm) input power at 2.4 THz (40µW per anode)
and 300 K. Impedances are referred to a single anode (impedances seen from
device terminals).

To summarize, the low available input power and the circuit
sensitivity makes it essential to utilize very accurate device
models able to well determine the correct device impedances
and properly optimize the circuits. Due to the high sensitivity
of the circuit optimization, tuning elements like using DC bias
to compensate possible circuit imbalance will not be effective
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if the employed model for the circuit design does not guarantee
a sufficient accuracy.

Once the device has been optimized by means of HB
simulation, MC codes can be employed to evaluate additional
aspects like the evolution of the electron temperature within
the device. To exemplify this, Fig. 11 shows that the electron
temperature remains almost constant (and equal to the lattice
temperature:Te = Tl = 300K) along the RF current cycle.
However, electron temperature within the active layer vary
between 400K and 700K for the 2.4 THz case, and from 350K
to 400K for the 4.8 THz due to the lower input power. For
these analyses, the MC simulator has been driven with the
actual voltage RF waveforms at the Schottky diode terminals
resulting from the HB simulation (assuming 1 mW/anode at
2.4 THz and 40µW /anode at 4.8 THz).

Fig. 11. MC simulation of the RF electron temperature for theanalyzed 2.4
THz and 4.8 THz doublers over the RF voltage swing.

V. CONCLUSION

The use of harmonic balance simulators together with
accurate physics-based device models represents the most
appropriate way for terahertz circuit design since both the
external circuit and the device structure can be simultaneously
optimized in a self-consistent way. In this work we have briefly
discussed several available device models and its suitability
for Schottky based circuit design and optimization beyond
1 THz in terms of accuracy and computational cost. Our
harmonic balance simulator featuring an enhanced DD model
with improved definition of the mobility-field characteristics
offers a good trade-off between simulation time and accuracy.
According to HB simulation results, a theoretically achievable
performance of∼ 4 % might be achieved for 2.4 THz dou-
blers, and∼ 2 % for 4.8 THz doublers. MC simulation results
have been used to give confidence to the results obtained with
this approach. Moreover, an efficient implementation of Fermi-
Dirac statistics in the MC simulator has been presented and

the impact of using Fermi-Dirac statistics instead of Maxwell-
Boltzmann statistics in the simulation of highly-doped n-GaAs
Schottky diodes has been discussed.
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