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Circuits and simulations at 1 THz

By CHRISTOPHER M. SNOWDEN AND D. PAUL STEENSON

Microwave and Terahertz Technology Group, Department of Electronic and
Electrical Engineering, University of Leeds, Leeds LS2 9JT, UK

P 9

The current state-of-the-art in device and circuit simulation, design and application
for semiconductor devices operating in the terahertz regime is reviewed. The evolu-
tion of physical models to describe and investigate tunnelling and other ultra-small
device structures is described. Simulations based on quantum hydrodynamic models
and self-consistent solutions of the Poisson and Schrodinger equations, using analyt-
ical and numerical techniques are considered. Equivalent circuit extraction methods
are considered, together with device models up to 2 THz. Examples of results ob-
tained from simulations of terahertz devices are given, including resonant tunnelling
structures. The design and modelling of circuits incorporating semiconductor tun-
nelling devices is discussed and illustrated with examples of recent developments. The
challenges facing circuit designers and the potential applications for this technology
are highlighted.
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1. Introduction

The current major driving forces behind terahertz technology development remain
the interest from space exploration authorities, remote sensing and future commu-
nications systems. A subtle change in the nature of the technology has been the
shift in emphasis from detection of terahertz signals to the generation of power from
local oscillators. This reflects the fact that the biggest challenge facing the terahertz
community is the requirement for a solid-state RF source with useful output power
and efficiency (typically greater than 100 pW and 1% for receiver applications), with
acceptable noise performance. This will then allow the construction of compact low-
power receivers and transmitters without the need for bulky external sources such
as far-infrared lasers or travelling wave tubes. At present the advances in receiver
design have already led to the development of 600 GHz quasi-optical SIS systems,
and interest in developing non-cryogenically cooled systems is increasing rapidly.
The focus of this paper is to address the design and modelling of circuits and
devices operating in the terahertz regime, with emphasis on tunnelling devices. One
of the difficulties in developing a systematic method of designing both devices and
circuits based on semiconductor tunnelling structures is the need to bridge the gap
between theoretical principles and practical solutions. It is only relatively recently
that physical models have begun to find a role in contemporary engineering design for
more conventional devices (for example, microwave diodes and transistors). Physical
models, based on hydrodynamic transport equations, have been shown to provide
good agreement with experimental data for transferred electron devices and het-
erostructure barrier varactor diodes operating at frequencies up to 300 GHz (Curow
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1995; Zybura et al. 1994, 1995). These simulations have provided a useful insight
into both device and circuit design, linking the device model to the circuit model
through a harmonic balance algorithm. At the present time, useful physical mod-
els are appearing which satisfactorily describe the operation of tunnelling structures
suitable for terahertz applications. However, these models have still not found a place
in circuit design because of their essentially qualitative results. In contrast, equiva-
lent circuit models, which have long been the basis of design at lower frequencies,
remain a key tool for submillimetre-wave circuit design. Results from the successful
application of semiconductor tunnelling devices at terahertz frequencies are still very
limited, although there has been considerable progress in demonstrating their oper-
ation at lower frequencies (for example, Steenson et al. 1994; Boric-Lubecke et al.
1995). Consequently, it is useful to consider the methods used for modelling and cir-
cuit design with ‘conventional’ devices, such as Schottky varactor diodes, operating
at higher frequencies, as these may be applicable to tunnelling devices.

2. Diode simulation and circuits

(a) Resonant tunnelling diodes

The modelling of resonant tunnelling diodes (RTDs) is often considered in terms of
either the static characteristics (including the I/V current—voltage characteristics)
or the high-frequency properties. The majority of the effort to-date from a physi-
cal standpoint has been applied to the former, whilst the circuit designer desires a
greater emphasis on the latter. The simulation of quantum semiconductor devices is
usually based on one of four techniques: self-consistent quantum mechanical models
(Liou & Roblin 1994), the density matrix method (Frensley 1985, 1988), Wigner
function (Kluksdahl et al. 1989) or the quantum hydrodynamic method (Grubin &
Kreskovsky 1989). The latter method has distinct advantages—it is computationally
less intensive, the quantum hydrodynamic equations follow the form of the classical
fluid dynamic quantities, and finally, well understood (classical) boundary conditions
are used to simulate quantum devices. This approach has been successfully applied to
the simulation of resonant tunnelling diodes with single and multiple regions of nega-
tive differential resistance (Gardner 1994, 1995). The quantum hydrodynamic model
is based on the following equations for conservation of electron density, momentum
and energy, respectively, coupled to the Poisson equation,

on 0
B + 8—x,~(nui) =0, (2.1)
0 oV mnu;
a(mnuj) + %—i(uimnuj - Py) = —na—xj - (2.2)
ow 0 B oV (W —2/3nTy)
'79‘%_ + %:(UZW — UJPU + qz) - —nUial‘i — ——_—?w—'——, (23)
V- (eVV) = ¢*(np — Ny —n), (2.4)

where n is the electron density, u is the velocity, m is the effective electron mass,
t,J are spatial indices and the potential energy V is given by V = —qv where 4 is
the electrostatic potential. The stress tensor P;; and energy density W incorporate
quantum mechanical effects, which following the work of Ancona & co-workers (1987,
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Figure 1. Doping profile of a double-barrier GaAs—AlGaAs resonant tunnelling diode (Chen et
al. 1995).

1989) and Gardner (1994), and assuming the O(h?) momentum-shifted thermal equi-
librium Wigner distribution function (Wigner 1932) yields

h 0?

n
Py = -—nT6;+ 4 .
nTo;; + 12m D02, log(n) + O(R™), (2.5)
3 1 h*n
W = 20T + ~mnu? — =2 v2 4, .
5T + gmnu 24mV log(n) + O(h™) (2.6)

It should be noted that this model retains the relaxation time approximation in the
classical collision terms of equations (2.2) and (2.3) and that the heat flux follows
the relation ¢ = —kVT (Fourier’s law), where T is the electron temperature.

In one dimension the quantum hydrodynamic model has two Schrédinger modes
(a parabolic and an elliptic mode), requiring eight boundary conditions. In the case
of the resonant tunnelling diode Gardner suggests the following boundary conditions:

on oT

n = Np Fy 0 T 0 at boundaries x1, and zgy, (2.7)

V(zr) = Tlog (ﬁ

n
where n; is the intrinsic electron concentration and AV is the bias voltage across the
device.

Chen et al. (1995) have used the quantum hydrodynamic model to investigate the
operation of GaAs resonant-tunnelling diodes with double barriers (figure 1). Typical
conduction band energy, electron density results obtained from this simulation are
shown in figure 2. The I-V characteristics of the resonant-tunnelling diode are shown
in figure 3. Hysteresis was observed in the simulated results and this is depicted in
figures 1-3 by arrows and the use of dark and lighter lines.

Liou & Roblin (1994) have described a high-frequency simulation of resonant tun-
nelling diodes based on a self-consistent Poisson—Schrédinger solution. The Pois-
son and Schrodinger equations are solved self-consistently for each harmonic using
a harmonic-balance technique. They confirmed that the RTD exhibits an increased
capacitance in the negative differential conductance region in agreement with exper-
imental data. They also concluded that the derivation of the RTD capacitance from a
quasi-static analysis using the differential variation of the bc charge in the RTD is not

?

) . V(zr) = Tlog (nﬁ) LAV, (2.8)

7
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Figure 2. (a) Conduction band energy and (b) electron density for AV = 0.135 V (Chen et al.
1995).
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Figure 3. I-V characteristics of the RTD in figure 1 (Chen et al. 1995).

applicable because the RTD well charges through the cathode, but discharges through
the anode. They also obtained a variation in conductance and susceptance similar to
that observed in experimental data. A large frequency dependence of the admittance
is only observed when the RTD is biased in the negative differential conductance re-
gion and a reduction in the RTD conductance and capacitance is observed. These
observations illustrate the need for fully self-consistent time-dependent analyses in
relation to devices reliant on quantum transport effects. The frequency dependence
is modelled in an equivalent circuit by using a quantum inductance in series with
the negative resistance of the RTD, figure 4.

The work of Liou & Roblin (1994) indicates that for the RTD structures they con-
sidered, a useful negative conductance (G « 0.02 S) is observable to beyond 1.6 THz.
They also observed a decrease in |G| with increasing frequency occurring at as little
as 150 GHz. However, this phenomenological decrease in |G| was accompanied by a
simultaneous reduction in capacitance C with frequency. The combined effect was
a weaker frequency dependence than would otherwise have been expected. Another,
significant finding from their analysis is that, under large signal (¢V,. > hw/27) con-
ditions, |G| decreases with increasing signal amplitude, in a similar fashion to trends
observed in other two-terminal negative resistance devices (TEDs, IMPATT diodes),
which is consistent with basic one-port oscillator theory. These effects have an obvi-
ous relevance to the high-frequency application of such devices. The frequency limit
for oscillation in the simulation of Liou & Roblin (1994) was dictated by the series
resistance Rg, and the frequency dependence of the negative conductance. Smith et
al. (1994) have addressed the issue of Rg experimentally and have developed tech-
niques to extend the working frequency range of GaAs—AlAs RTD’s to 900 GHz using
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Figure 4. Equivalent circuit models of resonant tunnelling diodes: (a) low-frequency model; (b)
large-signal model with frequency-independent elements (after Brown et al. 1989).

a Schottky collector contact. The use of Schottky collector contacts also favours im-
proved heat-sinking and simplifies the processing considerably but may increase the
noise figure of such devices if used as detectors rather than oscillators.

The rigorous design of terahertz circuits incorporating tunnelling devices is per-
haps less well explored than their physics and modelling, despite the clear potential
of these devices being known for several years (see, for example, Brown et al. 1991;
Smith et al. 1994). In the case of RTDs, a fundamental difficulty faced by circuit
designers is the relatively low output powers obtainable. This has led to considerable
effort in examining methods of achieving efficient power combining. Boric-Lubecke et
al. (1995) have shown that connecting several RTDs in series is a feasible method for
increasing power output when these devices are configured as oscillators, although
results have been limited to a proof-of-concept experiment at 2 GHz.

Steenson et al. (1994) have demonstrated coherent power combining of two RTD de-
vices in the W-band, using a Kurokawa (1978) type approach, and have investigated
the possibility of hierarchical combining which could be extended to encompass,
layer level (such as the Boric-Lubecke, series connection), chip level (lumped cir-
cuit) and circuit level (distributed) combining. An alternative method of obtaining
higher output powers may be to utilize planar arrays of diodes and transistors in
a single waveguide cavity (Adams et al. 1995). This has also been shown to work
for Gunn diodes, configured to act as a frequency doubler, generating power at
170 GHz (Tuovinen & Erickson 1995). Unfortunately, at frequencies much above
100 GHz metallic waveguide dimensions become restrictive; for example, at 200 GHz
the waveguide dimensions are 1.3 x 0.65 mm?. These limitations favour novel ap-
proaches, such as dielectric waveguides, quasi-optics (Kim et al. 1993), integrated
on-chip low-loss rectangular waveguides (Treen & Cronin 1993; Brown et al. 1994)
or more probably, combinations of technologies which exploit the strengths of each.

(b) Schottky diodes and heterostructure barrier varactor diodes

Schottky diodes form a key element in submillimetre-wave receivers configured as
detectors or multipliers (varactor diodes). In these very small devices the diameter of
the diode is relatively small and comparable to the device thickness (figure 6). This
leads to a non-uniform potential distribution and curved depletion layer boundaries
(reverse bias) as the edge effects and surface depletion (in compound semiconductor
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|
SSN@P) devices) substantially modify the characteristics of the diode, which are especially
O significant with shrinking dimensions.
=w The majority of engineering models used in circuit designs are based on equivalent

g g g

circuit models. At terahertz frequencies these models must account for carrier inertia
and dielectric displacement current effects, in addition to edge effects (Crowe 1989).
Louhi & Raisanen (1995) have developed a Schottky varactor diode model, shown in
figure 7, which accounts for edge effects and non-uniform charge distributions asso-
ciated with the junction capacitance and series resistance. Furthermore, they have
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Figure 7. Terahertz Schottky varactor diode equivalent circuit model (after Louhi & Raisanen
1995).

investigated the role of velocity saturation (first considered by Kollberg et al. 1992)
in determining the maximum output power of the Schottky varactor frequency mul-
tipliers at submillimetre wavelengths. They conclude that edge effects and velocity
saturation significantly affect the modelling of these diodes and verified their model
for a balanced doubler operating at 160 GHz. They also predicted that the maximum
theoretical output power of a Schottky varactor diode triplet operating at 1 THz is
in the region of 250 pW.

East (1995) has considered the impact of current saturation effects on limiting the
high-frequency performance of Schottky barrier mixers and multipliers. The signif-
icance of this effect was observed four years previously and reported at the Second
International Conference on Space Terahertz Technology (Pasadena, CA). East has
applied a large-signal time-dependent Monte Carlo simulation to the modelling of
Schottky barrier mixers and varactor diodes. The results of this study reveal that
GaAs varactor diodes operating above 100 GHz are limited by valley transfer effects,
resulting in an accumulation of hot electrons in the neutral region of the device in
the high-voltage portion of the RF cycle. These electrons do not have sufficient time
to thermalize in the remaining part of the cycle, which leads to an increases in the
resistance and a reduction in RF performance. Furthermore, in the case of mixers,
operating in forward bias, an inductive current delay causes an under-damped res-
onant current flow at the device terminals. An inductive delay occurs in a material
when the electron motion cannot follow a rapidly changing field. In the case of GaAs
this effect becomes significant above 500 GHz.

The role of tunnelling in the operation of heterostructure barrier varactor diodes
(uBVs) has been considered recently by Jones et al. (1995). This work is based on a
hydrodynamic simulation which incorporates bulk transport, transport across het-
erointerfaces (thermionic and thermionic-field emission) and barrier tunnelling. HBV
simulations were performed at 100 GHz and demonstrated the feasibility of extract-
ing power at the third harmonic.

(¢) Circuits
The design and modelling of circuits above 200 GHz is still relatively uncommon,
other than for applications in radio astronomy. The typical modelling approaches
are extensions of existing analytical techniques for strip transmission line systems,
with complementary information supplied from scale models, usually at an order of
magnitude lower in frequency. Recently, finite-difference time-domain (FDTD) electro-
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magnetic analysis techniques (Siegel et al. 1991; Oswald et al. 1994) have been used to
determine the embedding impedance of waveguide mount structures at terahertz fre-
quencies, and have shown a marked improvement on the previous solutions based on
simplified solutions of dyadic Green’s functions (Eisenhart & Khan 1971). The FDTD
technique is also applicable to strip transmission lines, and in the future should allow
system level designs to be analysed and extended to nonlinear components. Promising
transmission line environments for terahertz circuits are: planar circuits on low dielec-
tric constant—low-loss membranes, metal-pipe on-wafer waveguides, image-guide and
quasi-optics. The propagation velocities in some typical planar guided-wave struc-
tures at 200 GHz are shown here for comparison, normalized to the speed of light:
0.375 for coplanar waveguide (cPw) on GaAs, 0.9 for a SiO2 membrane (Cheng et
al. 1994), 0.73 for elevated cPw on polyimide (Bhattacharya et al. 1995). Mathemat-
ical techniques already exist for modelling ‘conventional’ guided-wave environments,
but further development is required to make available more general electromagnetic
analytical techniques, such as spectral domain, finite-element, finite-difference time-
domain, transmission line matrix (AlBasha et al. 1995) methods, which can be used
for sensitivity and optimization analysis of general, but complex, three-dimensional
problems. Similarly, techniques for modelling quasi-optic circuits are relatively well
established (Martin & Bowen 1993; York 1993). From the point of view of true tera-
hertz device and circuit embedding techniques, it would be desirable to use integrated
lumped element tuning circuits where ‘active’ devices could be used as shunt tun-
ing capacitors, and electrically short lengths of line, as inductors (Zmuidzinas et al.
1994), it may also prove possible to exploit carrier inertia effects as series or shunt
tuning inductances.

3. Transistor circuits for terahertz applications

One of the issues surrounding solid-state terahertz technology is the question of
whether transistor circuits will ever be able to offer useful levels of power at these
frequencies. Until recently, it was widely held that transistors would be unable to
satisfy system requirements above 100 GHz. InP HEMT technology has begun to show
promise for applications above this frequency, with cut-off frequencies higher than
300 GHz being obtained for 0.1 pm gate length rFETs (Wojtowicz et al. 1994). It has
already been successfully demonstrated that 50 nm gate length AllnAs-GalnAs-InP
HEMTs can provided useful power at 13 GHz when configured as an oscillator in a
quasi-optical circuit (Rosenbaum et al. 1995).

There is considerable emphasis currently being placed on developing transistors
for operation at frequencies above 100 GHz. The extension of heterojunction bipo-
lar transistors into the millimetre and submillimetre wave regimes includes work on
hot electron transistors, which reduce transit times by injecting hot electrons into
the base region, which traverse this region ballistically (Ingram et al. 1995). Double-
heterojunction InP-InGaAs bipolar transistors with Dc current gains in excess of 200,
have demonstrated current gain cut-off frequencies of up to 155 GHz (Kurishima et
al. 1994), utilizing compositionally step-graded InGaAsP layers between the InGaAs
base and InP collector to suppress current blocking effects. A key aspect of this de-
velopment was the demonstration of the significant role of non-equilibrium transport
in determining the high-frequency performance.

Recently, resonant tunnelling bipolar transistors (RTBTS) have begun to demon-
strate potential for microwave applications, with unity gain cut-off frequencies of
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above 20 GHz (Koch et al. 1994), but have not shown the necessary cut-off fre-
quencies appropriate for terahertz circuits. In the InGaAs transistor of Koch et al.,
the base behaves as a coupled quantum well, with a base transit time of approx-
imately 4 ps (the principal limiting factor in this design). Similar high-frequency
performance has been reported by Moise et al. (1994) who have developed an in-
tegrated amplifiers with resonant-tunnelling transistors and tunnelling hot-electron
transistors. These circuits were found to have current gain cut-off frequencies in the
region of 20 GHz. Seabaugh et al. (1993) have reported integrated circuits incorpo-
rating resonant tunnelling and double-heterojunction transistors on the same die,
with an fiax of 21 GHz. These circuits and those of Moise et al. (1993), both from
Texas Instruments, were aimed at high-speed logic circuit applications, where the
NDR aspect of the devices is suited to multi-state logic together with the advantage
of reduced component count. Novel applications are also possible using the InGaAs
coupled-quantum-well base transistor (Koch et al. 1994), such as a phototransistor
with apparent photo-bistability. The maximum operating frequency of such devices
needs to be extended and will require accurate device models to help accomplish
this.

The modelling of RTBTs has addressed both self-consistent calculation of the tun-
nelling current (see, for example, Bigelow et al. (1994), who self-consistently solve
the Poisson and Schrodinger equations with a transfer-Hamiltonian formalism), and
distributed effects (Taniyama et al. (1994), who developed a two-dimensional quan-
tum distributed model). Two-dimensional simulations have shown spatial variations
in the current density and that the resonance of the collector current is reduced when
the spatial variation of the well potential is large.

4. Conclusions and the future

The simulation and design of semiconductor tunnelling devices and their appli-
cation in circuits intended for operation at terahertz frequencies is still at an early
stage. Quantum device models are providing useful tools for both device and device-
circuit interaction studies. Such models must cater for pseudomorphic material inter-
faces, and increasingly complex time-dependent carrier transport phenomena. The
majority of engineering solutions are still based on equivalent circuit models, suit-
ably adapted to reflect the device behaviour at terahertz frequencies. The increasing
utilization of three-dimensional electromagnetic field solvers provides the terahertz
circuit designer with a powerful tool to investigate passive structures, which ideally
requires interfacing to suitable active device simulators.

The utilization of semiconductor tunnelling devices at terahertz frequencies will
depend on their ability to meet the system performance requirements together with
the availability of accurate modelling and design techniques, coupled to suitable
circuit technologies. At the present time simulation and modelling techniques are
providing greater insight into the operation of these devices and have the potential
to provide circuit designers with a useful basis for developing subsystems.

The authors acknowledge contributions from J. Jerome of Northwest University, C. Gardner of
Duke University, J. East and G. Rebeiz from the University of Michigan.
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Discussion

D. LirpENS (Institut d’Electronique et de Microélectronique du Nord, Université des
Sciences et Technologies de Villeneuve d’Ascq, France). The intrinsic high-frequency
characteristics of resonant tunnelling diodes (RTDs) are still an open issue. The key
question is whether the reactive feature of RTDs is inductive or capacitive. Early
on, it was recognized that the current flowing through such a quantum structure
cannot basically follow a very fast voltage modulation due to the finite lifetime (7)
of the carriers in the quantum well. Until now, several equivalent circuits have been
proposed to account for these effects, notably with the addition of an intrinsic self-
inductance in series with the negative differential resistance (NDR) (Brown et al.
1989). The main problem concerning this kind of lumped circuit is that the intrinsic
inductance Ly, (equal to R7) is negative in the NDR bias region and under these
conditions the physical meaning is not straightforward. Experimentally however,
it was demonstrated that such an equivalent circuit is able to provide an accurate
description of the frequency evolution of impedance of thick-barrier RTDs and hence
with long carrier lifetimes in the well. Also, it can be shown that other circuit schemes,
notably in the configuration of two RC subcircuits in series, according to the sequential
picture of the resonant tunnelling effect, can also reproduce the impedance data
versus frequency (Vanbésian et al. 1992). In this context an ambiguity still exists.
Also, theoretically the subject remains controversial as shown in Fernando & Frensley
(1995), who have found a complex frequency and bias dependence of the reactive
current component.
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igure 5. W-bond waveguide circuit for power combining three resonant tunelling diodes
(Steenson et al. 1994).
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