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Abstract—This work analyzes some of the physical aspects that based on Schottky diodes beyond 1 THz. The main approach

must be dealt with for terahertz circuit design based on Schitky
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 simulatorgor
the device optimization. We present an overview of the podsie
alternatives and discuss the most adequate ones considagiboth
accuracy and simulation time. As a reference, we employ a Mda
Carlo simulator because it provides a numerical solution tothe
Boltzmann Transport Equation. Since high doping levels wil be
necessary at these frequencies, the MC analyses should besed
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-Dica
statistics instead of Maxwell-Boltzmann in Schottky diodemodels
are analyzed.

|. INTRODUCTION

consists in using an harmonic balance simulator coupleld wit
a physics-based drift-diffusion model to analyze the dewic

a self-consistent way together with the embedding cir@jit [

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 momen
distribution function f(k) at every instant of time insteafithe
equilibrium Fermi-Dirac distribution function to well ctmol

the energy transitions during the MC simulation [4]. Thus,
non-equilibrium conditions can be well accounted for dgrin
high-frequency RF simulations using MC. An efficient method

In the recent years, great advances are being madefdnthe inclusion of Fermi-Dirac statistics in MC simulasdor
millimeter-wave solid-state sources resulting in a rapid i non-homogeneous devices is outlined and the effects ofusin

crease of the available local oscillator (LO) power at fremu

Fermi-Dirac statistics instead of Maxwell-Boltzmann viith

cies around 100 GHz. Current state-of-the-art LO sources dae Schottky diode analysis are presented.

provide around 400 mW at W-band, and up to several wattslt is important to remark that the use of MC device models
can be achieved in the near future [1]. This clearly opefier terahertz circuit design with harmonic balance methods
the possibility for the development of LO sources and mixeis prohibitive due to its high computational cost. However,
based on Schottky diodes beyond 2 THz. However, the traditows to evaluate and improve other physics-based models
tional methods widely employed by designers so far, whidghat might work reasonably well at THz frequencies with an
are generally based on simple analytical diode models, wéffordable computational cost.

not be appropriate for THz circuit design beyond 1-2 THz. At

these frequencies, even the validity of those physical isode
based on simplifications of the Boltzmann Transport Equatio
(BTE), like Drift-Diffusion (DD) and Hydro-Dynamic models

(HD), has to be confirmed.

Il. 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 facto

Therefore, accurate physics-based semiconductor modétsuracy and simulation time. Generally, the more complex

must be employed for the next generation of both Schottklye selected model, the higher the computational cost will
diode based LO sources and frequency mixers at the THe. Hence, it is important to choose an adequate approach
range. The high operation frequency, the small dimensiuats tfor the device under study and to appreciate its limits and
will be required for these devices (with epilayer thickressef range of validity. So far the most widely employed method for
100 nm or less) and the high doping concentrations necessanillimeter-wave and submillimeter-wave Schottky diodséddd
to mitigate carrier velocity saturation will make it cructa circuit design consist of an harmonic balance (HB) circuit
employ very accurate models accounting for the limitingghyoptimization using either simple analytical models avazga
ical mechanisms connected with these device charactsristin commercial simulators [5] or more complex physics-based
However, computational cost must also be accounted for amgmerical models [2], [6], [7]. In either case, the computa-
a trade-off between accuracy and simulation time has to tkenal cost of the employed device model acquires a major
found. significance because of the iterative nature of the HB method
The goal of this paper is to analyze some of the physicahich involves several executions of the nonlinear analg$i
aspects that must be dealt with for terahertz circuit desigime device.
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The accuracy in the device simulation is normally de- A rough estimation of the valid operation ranges for the
termined by how accurately carrier transport is describelifferent available physics-based model was given by M.
[3]. Analytical device models based on equivalent circuitsundstrom in [3] (see Fig. 1). Nevertheless, the actualigli
(generally included in commercial simulators such as AD& a specific model has to be verified for the device and
from Agilent) assume that the capacitance and current argeration conditions under study. Obviously, the best vaay f
function of the present value of the internal voltage. Fdhis task is by direct comparison between measurements and
Schottky diodes, this quasi-static approach has been gitove simulation results [2]. However, MC results are in very elos
be valid only up to a few hundred GHz [8] so some empiricalgreement with experimental results [3] and can be employed
adjustments are often necessary for submillimeter-waeeiti to validate other device models.
design [9]. The advantage of analytical models is their very

low computational cost. Siticon Srsenide
The key advantage of physical-based numerical models o 10 pm

analytical ones lies in the fact that they are self-consiste

and no empirical adjustment is necessary. Most widely use b Drift—diffusion

physical models for semiconductor devices are those based 7 | o ' m

Momentum/energy balance
or Monte Carlo

the Boltzmann Transport Equation, which can be used eithe
directly or through its moments [10]. The BTE formulation

Characteristic dimension

100 A 300 A
(Eq. 1) assumes that the electron dynamics are described by Effective mass wave equation
distribution functionf = f (7, p,t), wherep'is the momentum 10 A
and 7 is the position of the particle. The ter@f/dt|con Vave equation
has to do with the variation of the distribution function as 14 . . 10 pe e

a consequence of particle collisions inside the device.eOnc
the distribution functionf is known, all the parameters of
interest (carrier drift velocities, energy distributiadiffusion
coefficients, etc.) can be derived from it. However, finding t Fig. 1. Estimation of the valid operation range of physiesdsl semiconduc-
exact solution to the Boltzmann’s equation is a very difticuf®” Medels by M. Lundstrom [3].
task, so approximate approaches are generally employed to
simplify the problem [10]. Unfortunately, the excessive simulation time required for
MC simulations makes it prohibitive to use MC analysis
Of Ot + T - Vo f + 0p/0t - Vyf = Of Ot con (1) for the o_pt?mizatio.n Qf THz circuits like fr_equency mix_ers
and multipliers. This is shown in Table | with a comparison
On the one hand, HD numerical models consist of the firlsetween HB simulation times employing both physics-based
three moments of the BTE that give respectively the conynuiMC and DD Schottky diode models. Single analysis refers to
equations, the current flow equations and the energy balamc&chottky multiplier/mixer simulation for a single opéoat
equations for both electrons and holes. The current flgmoint whereas circuit optimization involves the joint opiza-
equations are introduced in the continuity equations tiegul tion of all the design parameters (embedding impedances,
in four equations that together with Poisson’s equationtaed epilayer thickness and doping, anode area, bias, etc.)dier or
corresponding boundary conditions, define the HD methdd. maximize the performance at a certain input power and
Hence, the HD method involves the numerical solving dfequency. Note that the computational cost for mixer asialy
five coupled nonlinear partial differential equations [8n is much larger than for multipliers. The reason for this is
the other hand, DD numerical models consider only the tvibat the time-domain nonlinear response of the diode has to
first moments of the BTEgectron conservation and an ap- be analyzed along one period of the intermediate frequency
proximate form of themomentum conservation). In this case, resulting in a larger number of voltage samples [13]. Moezpv
only three coupled nonlinear partial differential equasionust HB mixer analysis involves a larger number of frequencies,
be numerically solved to simulate the device [11]. Howeveand thereby more HB iterations, because of the necessity to
neglecting energy conservation prevents DD models from account for both LO and RF harmonics and their intermodu-
reproducing nonlocal effects such as the velocity overshotation products [13].
This may represent a problem at high frequencies becausén order to illustrate the usefulness of MC simulators to
velocity overshoot might increase the current and modi& thest other device models, Fig. 2a shows the evolution of
high frequency performance of the semiconductor device [3he electron velocity as a function of the epilayer thiclnes
In contrast to DD and HD models that are based on sirfor a typical Schottky diode used at millimeter/submilliteie
plifications of the BTE, MC simulation provides a numericalvavelengths. It can be noticed the important increase in the
solution to the BTE. Thus, all the simplifying approximais velocity overshoot as the device shrinks from 480 nm to
can be removed and the real shape of the distribution fumetid®®d0 nm according to MC simulations. As already discussed,
can be computed. In addition, MC simulation accounts for theelocity overshoot is not taken into account in DD modelse Th
scattering mechanisms occurring inside the device and malifference between MC results (solid curves) and DD results
include a more detailed physical description of the enereqnydb (dashed curves) becomes more evident as the device shrinks.
structure [3], [12]. Therefore, DD models seemaspriori inadequate for terahertz

Characteristic time
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TABLE |
ANALYSIS AND OPTIMIZATION TIME FOR SCHOTTKY DIODE BASED
MIXERS AND MULTIPLIERS USING HARMONIC BALANCE TOGETHER WITH
EITHER A MC DEVICE MODEL OR ADD DEVICE MODEL.

CIRCUIT SIEs
Analysis

Circuit
Optimization
(for 1500 analyses)

DD MULTIPLIER 0.5 min ~12.5 h
Enhanced DD MIXER 40 min ~ 1000 h
MULTIPLIER 140 min ~ 3500 h
MIXER 3500 min ~ 87500 h

« Simulation Platform: Intel P4 3.0 GHz with 4 GB RAM
* Circuit optimization times are indicative (refered to a full optimization
involving the analysis of 1500 different operation points)

Time per # Voltage samples #HB iterations # Electrons
Voltage Sample (per HB iteration) (per analyzed operation point) | (MCsimulation)
oooss 28 —

~5000 ~80

circuit design were epilayer thicknesses of the order of 1C
nm will be employed. These results are also in agreeme
with the range of validity predicted in Fig. 1. Moreover, not ?l
accounting for velocity overshoot has a notable impact en ttz 8
simulated Shottky diode I-V curves, which is manifest by thiz
early current saturation in DD results with regard to MC t&ssu

(Fig. 2b).
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Fig. 2. MC analysis of the limitations of DD models with dewishrinkage:
Velocity overshoot (a) and I-V curves (b). MC analysis (@aurves) 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 cowptra
minimum conversion losses for Schottky mixers are obtained
when flatband voltages are slightly exceeded [14]. Hence,
traditional DD simulations are not longer adequate for mixe
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 congisti
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 submicr
devices without adding any extra simulation time.
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Fig. 3. MC analysis of the performance of our enhanced DD inodsented
in [15]: RF current response to a 165 GHz voltage excitationMC, DD
and enhanced DD (a), and |-V curves obtained with MC -sofiddi 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 evolutio
of the electron temperature within the device as exemplified
in Fig. 4.
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500 ‘%20-85VvA:1-°f‘m2' epi=000 1. '\fD:LlOle‘cm > '“n*fs'lom“f‘3 distribution function f(k), which evolves during the MC
—Vapp 07V Lattice temperature, T=300 K simulation (i.e. in RF simulations), can be computed atever
700 —zappfi'ziz instant of time during the MC simulation and employed to
o | control the accepted/rejected energy transitions acegrth

600 Pauli Exclusion Principle. This technique avoids to use the

analytical expression for the equilibrium Fermi-Diractdizu-

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. Sclyottk
diodes) and performs well even when weighted particles and

5001

~ .'\
400 Fermi-Dirac Statistics

Electron Temperature, T (K)

300p~

Maxwel-Bolzmant Statsics particle multiplication/cut algorithms are consideredthin
%00 20 30 400 (nm)séo 600 700 the MC simulation. Note that the use of weighted particles
P (i.e. one particle represents several electrons) imprd#€s
convergence.

Fig. 4. Electron temperaturel{) obtained by means of MC simulation . . . P
(Maxwell-Boltzmann and Fermi-Dirac statistics). Electrdaemperature is The key point of the algorlthm is the adequate normalization

equal to lattice temperature in DD simulations (300 K in ttése). of the distribution functionf (k) by the maximum number
of allowed states /{.) to properly allow/reject the electron
moment transitions after each scattering event [4]. Thé{pro
It is important to remark that the electron temperaturgnility of an electronic transition from state to statek’ is
(T¢) actually represents the average random kinetic enefgibportional to the probability that the final stateis unoccu-
of the electrons. This corresponds to a temperature only {gled: P(k,k’ o f(t,k')/N.(t). Since N.(t) depends on the
a non-degenerate Maxwellian distribution function (Makwe electron concentratiom, independent distribution functions

Boltzmann statistics). For Fermi-Dirac statistics, thliﬁqtity are considered for each device |ayer i (epi]ayefn.]ayer and
accounts for an increase in the electrochemical potential chyffer in the case of Schottky diodes):

to degeneracy plus a real-temperature effect [4]. Noisebean
as well easily analyzed with MC simulation since it is inhere No(t,1) = 2-Q(t,0) - V(¢,49) @)
to MC simulators [16]. o 8. m3
Qc(t,i) = Aky(t,1) - Aky(t, 1) - Ak, (t,i) being the unitary
I11. AN EFFICIENT IMPLEMENTATION OF FERMI-DIRAC k-space volume cell for the MC simulation ard(t,i) =
STATISTICS ON SCHOTTKY DIODE MC SIMULATORS Neleetrons(t,7)/n(i) being the effective volume in layer(V,
MC simulators have a semiclassical nature as they simuléederived from the Heisenberg Uncertainty Principle). e
the electron as a classical particle affected dmpttering dext in the previous equations indicates that these parameters
mechanisms whose probabilities are obtained accordingaie dynamically recalculated during the MC analysis in orde
principles from quantum mechanics. The electrons withi ttio improve the efficiency of the algorithm. On the one hand,
semiconductor behave likéermions and consequently the at least 50 particles are always guaranteed for each k-space
Pauli Exclusion Principle should be included. In this cabe, mesh cell in order to have an accurate enough calculation
electronic states are described by the Fermi-Dirac statistof the distribution function. Hence, the mesh cell volume
instead of by Maxwell-Boltzmann statistics. For MC anadysiQ).(¢,) is dynamically recalculated each time the distribution
at terahertz frequencies, where Schottky diodes with kighiunction is re-evaluated. In addition, maximum and minimum
doped epilayers are necessary, semiconductor degeneaacyvalues for the electron momerit,(k,.k.) are monitored along
to be taken into account. For GaAs, degeneracy occurs fbe analysis in order to well determine the limits for the
doping levels higher tham — 5 - 107 cm 3. dynamical definition of thé:-space mesh. To avoid unwanted
The MC code employed herein has been developed aifects when particles with different weights are preserihe
the Tor Vergata University of Rome (Italy). It consists okimulation, especially at the interphases between laybes,
a band structure with three valleys at the conduction baeffective volume and the number of allowed states are made
(the central valleyl', and the two satellite valleyd, and dependant in the proposed algorithm on the average weight of
X), and three valence bands (heavy-holes, light-holes atié electrons within the layer.
spin-orbit). Spherical constant-energy surfaces aremasgu  On the other hand, the efficiency of the algorithm in terms of
and non-parabolicity correction factors are applied foe thsimulation time depends on how often the distribution fiorct
calculations [12]. The following scattering events arduded: is recalculated. Fig. 5 shows the performance of the prapose
acoustic phonon interaction, polar-optical phonon irtéoa, algorithm as a function of the number of MC iterationéx(p)
electron-plasmon interaction, impurity scattering, &f@c- between re-evaluations of the distribution function. Ib dze
hole scattering, intervalley scattering and impact iotiwa  seen that good results are obtained #g+p values below 100
The implementation of Fermi-Dirac statistics presented MC iterations. Obviously, consideriny=p > 1 implies that
this section is based on the rejection method proposed fyme energy states become slightly overpopulated for small
P. Lugli and D.K. Ferry in 1985 for homogeneous devicgseriods of time throughout the analysis. The MC simulation
[4]. MC simulation allows to know the distribution functionitself rapidly corrects these anomalies so the effect is not
even in the transient phase. Hence, the actual Fermi-Dinaaticeable in the overall MC simulation. Fa¥zp > 200,
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GaAs Schottky Diode: L__=600 nm, T=300 K
overpopulated energy states are not longer under contcbl ai ‘ chotlly Biode: Lep=600 .
the algorithm fails as can be seen in Fig. 5. Note that a ver | N=10"em™ N, 510" e g 085
good accuracy is achieved faVypp = 50 with almost no

extra time added to the simulation with regard to the use o§:
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TABLE Il (@ Np =1-1016 em=3 (b) Np =1-10'® em=—3
FERMI-DIRAC MONTE CARLO SIMULATION TIME AS A FUNCTION OF THE
NUMBER OF MC ITERATIONS N BETWEEN RECALCULATIONS OF THE

OF THE DISTRIBUTION FUNGTION Fig. 7. Resultant energy distribution functions for a loopdd layer (non-

degeneracy case) -left- and a highly-doped layer (degeyperase) -right-.

MC results with Maxwell-Boltzmann statistics (blue curyesd Fermi-Dirac

# MIC iterati . statistics (red curves). Dashed lines represent thelidiigéribution functions
iteration between Time to

re-evaluation of Fermi- perform 1000 employed for the MC simulations.
Dirac distribution function MC iterations

Monte Carlo
(Maxwell-Boltzmann) 54 sec
58 sec IV. PHYSICAL SCHOTTKY-BASED CIRCUIT DESIGN
] ical ermi-| rac

oo e BEYOND 1 THz

e SR E2kas To exemplify those aspects that have been dealt with in the
S previous sections, we present here a brief study on the theo-
retically achievable performance of Schottky based fraque
doublers at 2.4 THz and 4.8 THz. The analysis are performed
To conclude this section, Fig. 6 shows a comparison bley means of the HB circuit simulator coupled with the physics
tween the |-V curves obtained with both Maxwell-Boltzmanbased enhanced DD model described in [2], [15]. In order to
statistics (blue curves) and Fermi-Dirac statistics (recdves) investigate the adequacy of this approach beyond 1 THz we
for two Schottky diodes with epilayer dopings bfl0'cm =2  have firstly compared the predicted Schottky diode resgonse
andnt — layer dopings of2 - 10'%¢m =3 and5 - 10'%e¢m 2. obtained with both the MC and the DD Schottky diode model.
From these results, it is evident that Fermi-Dirac statisthust A sinusoidal voltage excitationly = —2 4 2.85 - sin(wot),
be accounted for in order to well determine the I-V respon$@s been considered since it provides a good representative
of highly-doped Schottky diodes. Note that when a low-dopedise where the diodes are driven covering almost the whole
homogeneous diodeN[p = 1 - 10'%¢m—3) is simulated, range between breakdown and forward conduction. It can
both Fermi-Dirac and Maxwell-Boltzmann statistics yielett be noticed in Fig. 8 that the results are quite similar with
same results since the semiconductor is not degenerateddth simulators. For example, peak to peak amplitudes and
this case. It can be observed in Fig. 7 that for low dopinggaveform slopes are identical. A certain difference can be
similar distribution functions are obtained with both Ett¢s. appreciated at the maximum current peaks. Nevertheless, th
However, if the doping is increased t&p = 1 - 10'® general good agreement leads us to think that the considered
(degenerate conditions) the MC results obtained with eanfethod may represent a good approach to well estimate the
of the statistics differ significantly. In the case of the iARer achievable multiplier performances at these frequencgean
Dirac statistics, the Pauli exclusion principle forces mgyéa Note that both Maxwell-Boltzmann and Fermi-Dirac statisti
portion of the electrons located in the lower-energy states provides similar results for these specific devices.
move towards higher energy states so the energy distributio It is well known that for multiplier design above 1-2 THz,
function tends to broaden and diminish in comparison to thehere the available input power is very low to provide a
Maxwell-Boltzmann distribution. sufficient voltage swing of the nonlinear C-V curve, best per

130 sec
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o2 . the optimum resistance at the fundamental frequency (shown

g e impedances are matched for each analyzed input power). This
factor is also responsible of the fast degradation of thebtiwu
efficiency beyond a certain input power level.
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formance will be obtained for biasless or slightly forwaids

designs because of the higher nonlinearity of the capamte _ .

der these circumstances. High dopin concentratB)m@1(7 Fig. 9. Theoretically achievable performance for Schottloublers at 2.4
unaer > - Hig : ping o THz for a 2 mW input power at 1.2 THz (1 mw per anode) and 300 K.
cm ™3 or higher) need to be considered to mitigate the effec Impedances are referred to a single anode (impedances sgendevice
carrier velocity saturation leading to very short spacergha terminals).
regions. Hence, epilayer thicknesses must be as shorter as
possible to reduce the contribution of the non-depletetbreg

. . . 4.8 THz Doubler: $ =0.86 V, L__=75 N =5-10"® cm™, T=300 K
of the epilayer to the overall series resistance [2]. LR 4y *epi 12 MMM N et

Simulation results for a 2.4 THz Schottky diode double 2’_”D=5’°::°"‘fz‘ Veias™OV | ATERERE W
and a 4.8 THz doubler are respectively shown in Figs. 9 a3 4 5| _ " ooy =00l 7
10. We have considered and epilayer thickness of 100 r & | —n_-s107em®, v, =08V
for the 2.4 THz doubler and a 75 nm epilayer for the 4. & [ Np=110" em, vy 0.6 v | ETT
THz doubler. Epilayer doping concentrations fram 107 u%
em 310 1-10'8 ¢ 3 are analyzed. The*t —layer dopingis 1

5-10'® ¢m ™3 in all the cases. Two important conclusions ca _q
be derived from these results. On the one hand, worse resi___
are obtained when usinglal0'8 ¢m 3 doping level due to the £ 150

reduction of the space charge region that causes an increg

in the series resistance. On the other hand, a Very prec =100\« e e m e

definition of the optimum values for the design parameters == [ %

mandatory, especially for the 4.8 THz doubler. s 50E= ;,,,,:,,R;[Zw i
For the 2.4 THz doubler, a maximum efficiency of% ImI£(1g)] = dashed|ines

could be theoretically achieved for a 0;6n? anode area -15 -12.5 -10 7.5 -5

assuming a 1 mW input power per anode, (= 3592, Cjp = Input Power(dBm)

1.16 f F). For the 4.8 THz doubler much lower anode areas a

necessary due to the lower available input power (10 per Fig. 10. Theoretically achievable performance for Schottkublers at 4.8
anode assumed in this work). We have assumed a minimg cton o0yt e 0 e A0S e anode (mpesiasen from
limit for the anode area of 0.2zm? (Rs = 80Q,Cjo = device terminals).

0.47 f F') and tried to compensate the high required input power

by varying the DC bias voltage (towards forward conduction) To summarize, the low available input power and the circuit
Note that the peak efficiency is obtained at a lower input powsensitivity makes it essential to utilize very accurateickev

as bias voltage is increased. For 0.8 V, the efficiency dropsdels able to well determine the correct device impedances
due to the change between varactor and varistor modesaofl properly optimize the circuits. Due to the high senigytiv
operation as shown in Fig. 10. This transition coincideswibf the circuit optimization, tuning elements like using Da$

an increase in both the real part and the imaginary part tof compensate possible circuit imbalance will not be eiffect
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if the employed model for the circuit design does not gua@ntthe impact of using Fermi-Dirac statistics instead of Mabwe

a sufficient accuracy. Boltzmann statistics in the simulation of highly-doped aAS
Once the device has been optimized by means of HEhottky diodes has been discussed.
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