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Abstract

The Transmission Line Matrix (TLM) method has been demonstrated to be capable
of simulating the electromagnetic propagation in passive com,.aents of monolithic
microwave integrated circuits (MMICs), such as microstrip lines, air-bridges, and spiral
inductors. The full simulation of MMICs by TLM is hindered by the lack of a GaAs
MESFET model. Although SPICE-type lumped element models can be embedded, they
are not sufficiently accurate to describe the time dependent response, and they defeat
the method since TLM distinguishes itself by being capabie of simulating physical
structures. In addition, the TLM method cannot simulate a physics-based MESFET model
since it cannot mode! fixed charges in the depletion region, nor can it model the highly
non-inear field interactions in the conducting region. The TLM method requires a
background solver to assist physics-based MESFET modeliing.

This thesis presents a novel method for enabling the TLM method to simulate the
active region of the MESFET. The device is treated as a two-port where the depletion
region is the input, and the channel region is the output. The input of the two-port is fed
electric field signals from the gate transmission line. An internal GaAs MESFET solver
transforms the input electric field into a voltage waveform, and the channei current and
the depletion-channel boundary profile are caiculated at every time instant by
consideration of the channel doping and geometry. Via suitable interface parameters, the
calculated outputs are transformed by individual TLM systems filing the channel into
output electric and magnetic fields.

The first part of the thesis derives a novel two-dimensional formulation of the TLM
method enabling it to simulate a vertical section of the MESFET channel whose thickness
is chosen small enough such that the electric field can be considered to be uniform. By
controlling the TLM pulse energy, nodes conductivities, and section length, these three
interface parameters enable the resutant TLM system to transform the physical
characteristics of any infinitesimal section of the channel into electric and magnetic fields.

The second part of the thesis derives a numerical time-domain quasi two-



dimensional model of a GaAs MESFET with several novel aspects. Time-domain
simulation is derived from non-stationary electron velocity response to the electric field.
A new method is introduced, called the voltage balance method, to numerically solve the
Poisson and curren: continuity equations at every time instant. In addition, a new time-
domain treatment of the dielectric relaxation time constants of the drain and gate circuits
enable the method to adopt variable time steps. When these three procedures are
combined together, they result in a non-linear GaAs MESFET model which can offer
sufficient accuracy and substantial time savings over other techniques.

Several practical examples are presented showing TLM computations of (i) the
non-stationary carrier velocity response to applied field, (i) the transient field response
to an application of biases into the MESFET, and (iii) the field response to an applied
electric field sinusoidal waveform at 10 GHZ. The thesis conciudes with several
recommendations for future work. The key one is to link this work with the 3-dimensional
TLM method by augmenting the output channel fields with those computed by TLM for
the passive field interactions in the MESFET source, gate, and drain electrodes.
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CHAPTER 1

Introduction

1.1 Review of MMIC Analysis Methods

Modeliing of GaAs MMICs which directly integrate passive and active components
into a single semiconductor requires simulation of the amplifying MESFETs together with
the surrounding passive structures, such as single and multi-coupled conductors, spiral
inductors, and thin film capacitors. As more components are integrated into a single chip
and the frequency of operation increases, the feature size becomes comparable to the
guided wavelength and electromagnetic energy starts to couple more strongly between
components. Hybrid MIC design techniques which are engineering labor intensive and
based on a low volume cut and try approach cannot be used for MMICs. In hybrid MICs,
a preliminary design is built by epoxying discrete passive and active components into an
insulating substrate and connecting them together by wirebonding. The circuit is tested
and tuned by optimizing wire bond lengths and shorting portions of resistors and
transnission lines. The required specifications are achieved with following re-design and
assembly iterations. This approach is not compatible with MMIC technology since they
cannot be tuned after fabrication, and the associated time and costs per design and
fabrication iteration are very high.

MMICs are primarily simulated either with linear and non-linear electrical-network
computer-aided design (CAD) tools which offer rapid design of rough accuracy, or with
full-wave numerical electromagnetic analysis which is very slow but offers high accuracy
in passive device modelling. Despite the availability of these tools, research and
development continue for a circuit analysis technique which offers the best compromise
between, on the one hand, speed of analysis and flexibility of circuit optimization, and, on
the other hand, the best possible modelling accuracy. As a result, electrical-network CAD
techniques have been undergoing development for improved modelling accuracy. Onthe
other hand numerical analysis techniques have been undergoing development for



integrating active device modeliing using SPICE type equivalent circuits.

The electrical-network CAD tools, which were originally developed for the transient
and steady-state analysis of electronic circuits, are pre-dominantly chosen for speed and
flexibility of analysis. Linear CAD tools simulate MMICs by treating the monolithic elements
as discrete components and representing them as lumped-element circuits. During steady
state analysis, the elements are reduced into one of abcd, admittance, or scattering
matrices which are cascaded to produce a frequency dependent output. Non-linear CAD
tools, such as SPICE [1.1,1.2] and the Harmonic Balance Method (HBM) [1 3,1.4], can
best model the impact of mild non-linearities of the active device on the steady state
performance. In SPICE, models of nonlinear capacitors and inductors are described in
terms of a state vector of capacitor voltages, inductor currents, voltages of the
transmission line ports, and non-linear resistor contro} variables. Kirchhoff's laws are
combined with the voltage-current relationships of the circuit components to produce a
set of coupléd differehtial, difference, and algebraic equations with constant coefficients.
By using the results of dc analysis as the starting point, the set of equations is then
solved in the time domain with a suitable integration technique, and the voltages and
currents of the nodal circuit are calculated at each node for a transient time response. On
the other hand, HBM is particularly useful in electric circuits that exhibit widely-separated
time constants which makes it time-wise expensive for SPICE to continue to analyze until
the transient response has vanished. With HBM, the circuit’s steady-state response is
assumed to consist of sums of sinusoids, and proceeds to find the coefficient of the
sinusoids that satisfies the circuit system’s differential equations. By dividing the system
into two portions where the linear components are analyzed in the frequency domain, and
the nonlinear elements are analyzed in the time domain, the nonlinear integro-differential
equations are convertéd into a system of nonlinear algebraic equations whose solution-
typically obtained by Newton’s method-is the coefficient of the sinusoids that makes up
the steady-state response. If the signals in the circuit are periodic, the discrete Fourier
transform provides the needed conversion between the two domains. Hence, HBM
computes the steady-state sclution directly while avoiding any transients.

Full-wave electromagnetic analysis is predominantly applied to modeling passive
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MMIC structures. To simulate the entire structure, lumped element models of active
structures are incorporated. Though analysis of passive structures is far more accurately
modelled than with electrical-network CAD tools, the analysis time is much slower. As a
general rule in numerical electromagnetic analysis, the complexity of a circuit is not
determined by the circuit geometry, but rather by the number of mesh points or
subsections into which the structure is divided. Coarse discretization yielding approximate
solutions is necessary for gains in computational speed. Though dozens of numerical
electromagnetic tools [1.5] are currently in use in various laboratories, there are three
commercialized frequency domain tools based on the spectral domain approach (SDA)
[1.6], the method of moments (MoM) [1.7], and the finite element method (FEM) [1.8],
and two commercialized time domain tools based on the finite-difference time-domain
method (FDTD} [1.9], and the two-dimensional transmission line matrix method (TLM)
[1.10]. The SDA method [1.11] formalizes the integral equation of the structure in the
Fourier transform or spectral domain which is then solved by the Galerkin’s method to
yield the propagation constant and the current distribution from which the characteristic
impedance is derived. This tool is numerically efficient since significant pre-processing
time is required to generate the integral equation itself, but it is restricted in general to
solving well-shaped planar and lossless transmission lines. MoM [1.12] is used to solve
the integral equation of a MMIC structure by employing rooftop functions for the planar
metaliizations such as microstrip lines and pulse functions for the vertical metallizations
such as vias. The number of basis functions assigned to the structure is typically
optimized for speed; for example, more basis functions are utilized around microstrip
discontinuities to model the current variations, and conversely, fewer basis functions are
assigned away from discontinuities. This method solves the propagation constant and
impedance of the electrical component and automatically accounts for the
electromagnetic coupling. With FEM [1.13], the cross-section is divided into a large
number of polygons where the field in each polygon is represented by a polynomial. By
imposing field continuity at the polygon interfaces, the resulting matrix equations are
solved for the relevant parameters of the structure. This method can solve the most
complex MMIC passive structures, but at the expense of far more computer memory and
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speed resources than SDA or MoM.

Numerical time domain methods, on the other hand, have the advantage over the
numerical frequency domain methods by being able to account for active device
transients and nonlinearities using physical-based models which also incorporate time-
dependent electron transport behavior. Their disadvantage is that they are far slower
since time is also discretized. FDTD [1.14] is a mathematical procedure where the time-
dependent partial differential equations are replaced by a set of finite difference
equations. These equations are solved iteratively at each point in the mesh placed over
the structure via a volume-gridding technique. In contrast, the TLM technique [1.15]isa
physical procedure where current and voltage waves propagating in two- or three-
dimensional lumped element networks have direct equivalences to the electric and
magnetic fields in the simulated medium. TLtM lumped element networks are constructed
with ()} nodes which simulate the propagation of the electromagnetic fields in an
unbounded medium, and (i) a system enclosing the nodes, boundaries, and the TLM
energy sources which can simulate the various propagation modes in the bounded
medium. Both FDTD and TLM have demonstrated similarities in solving the wave equation
[1.16], and hence are considered as viable tools for the computation of the
electromagnetic fields in waveguide and transmission line structures well into the
millimeter wavelengths.

1.2 MMIC Modelling Tasks

There are three aspects of modeliing tasks required for the comprehensive and
accurate analysis of MMIC structures. These pertain to (i) passive structure modeliing, (i)
active device modelling, and (jii) coupling between passive structures to active devices.
The capabilities of electrical-network CAD tools and numerical electromagnetic methods
to best model these aspects will be evaluated and assessed. The conclusions of this
section will determine the objective and tasks of this thesis.

1.2.1 Passive Structures Modeling
In passive MMIC structures, the analysis of single and muttiple coupled
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transmission lines must take into account changes in strip width, strip bends, and strip
discontinuities in multiple dielectric media, as well as the electromagnetic coupling
between components. Typical structures include spiral inductors, monolithic transformers,
metal-dielectric-metal capacitors, thin film resistors, and single and multi-coupled
microstrips covered with single or double dielectric layers. To accurately model these
structures, the electromagnetic field propagation in these structures and the appropriate
boundary conditions must be taken into account. This type of analysis lends itself to
numerical electromagnetic analysis as demonstrated, for example, by the simulation of
spiral inductors [1.7], metal-dielectric-metal capacitors [1.17], interdigital capacitors
[1.18), multi-coupled microstrip lines [1.19], and microstrip discontinuities [1.20]. The
accuracy of the numerical analysis is limited by the discretization. As the mesh size
approaches zero or the number of subsections approaches infinity, the numerical solution
approaches the analytical prediction. Conversely, the solution of passive MMIC structures
departs from full accuracy with coarser discretization.

Since electrical-network CAD tools compute electrical voltages and currents rather
than the electromagnetic fields described by Maxwell equations, it has been necessary
to equip them, as has happened in recent years, with some hybrid MIC models based
on curve-fitting to the results of full-wave numerical methods and empirical formulae. For
example, modelling of single and two coupled microstrip lines based on TEM-wave
propagation in a single dielectric are provided in closed form expressions using
interpolated spectral domain numerical analysis results for various substrate thicknesses,
conductor widths, and dielectric constants [1.21-1.23]. Close to X-band frequencies,
however, the transverse dimensions begin to represent a significant fraction of the guide
wavelength and the fields begin to concentrate in the dielectric, so that the propagation
departs from TEM mode. To take into account the loss of validity of the assumption of
TEM propagation, a closed-form dispersion expression describing afrequency dependent
effective dielectric constant has been appended to single and multiple coupled line
models. Microstrip discontinuities are provided in terms of lumped elements models
based on, for example, Babinet equivalence to waveguide for the microstrip slit model
[1.24], and the resonator method for microstrip bends [1.25]. Lumped element models
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for spiral inductors [1.26], and interdigital capacitors [1 .27] based on iow frequency or
quasi-static approaches have also been provided. Despite these additions, electrical-
network CAD tools cannot treat a large class of MMIC passive structures, for example,
single and coupled microstrip transmission lines embedded in multi-dielectric media,
microstrip dispersion effects in discontinuities, distributed effects in spiral inductors, and
the electromagnetic coupling between structures.

1.2.2 Active Device Modeling

Analysis of GaAs MESFETs must accurately represent their operation under both
small and large input signal levels. At present, the two principal methods for theoretically
characterizing the operation of semiconductor devices make use of equivalent circuit
models and physical device models.

Equivalent circuit models describe the electrical properties of the active device, and
can be derived from theoretical considerations of the device operation or from
experimental results. Device modelling in linear CAD programs is most commonly
accomplished with a lumped-element circuit-type model derived from measurement of
scattering parameters carried out at a group of frequencies, small RF drive level, single
bias point, and with the device embedded in a fixed impedance system. Fundamental to
the analysis is the assumption that the RF drive level is small enough that the MESFET
remains at the bias point. In non-linear CAD tools, the same GaAs FET is simulated under
large RF signal levels which causes significant voltage swings about the bias level. Thus,
modelling large-signal MESFETS [1.28] consists of extraction of a large-signal model from
DC measurements and optimization of a lumped element model which closely follows the
actual device operation covering the saturation region, pinch-off region, and the drain-to-
gate breakdown region, as well as the current-voltage characteristics in between. The
advantages of the equivalent circuit models are their speed of analysis and the ease with
which they can be integrated into CAD simulators. The disadvantages are several; for
example, equivalent circuit models become increasingly complex and difficult to relate to
the physical structure at frequencies higher than a few GHz. Also, the strong dependence
of the model elements on multiple operating parameters such as bias conditions, signal
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levels, and circuit impedance levels makes it very difficult to obtain a large-signal device
mode! which accurately models the transient characteristics of the device.

Physical based GaAs MESFET modelling pertains to the description of the electron
transport properties in any two-dimensional cross-section of the active channel
undemeath the gate electrode. Data on the device geometry, doping density, and bias
conditions are used in solving the transport equations (particle, energy, and momentum
conservation equations) which govern the fields in the conducting region and the Poisson
equation which governs the fields in the depletion region together with a non-linear
velocity-electric field relationship [1.29, 1.30]. Owing to the complexity of the two-
dimensional analysis which arises from the planar placement of the electrodes, a single
comprehensive analysis technique accounting for all the two-dimensional effects is not
practical since it requires large computer resources. For this reason dozens of MESFET
analysis techniques have been developed in the last few decades adopting various
simplifying assumptions.

MESFET models can be classified into one-dimensional models, two-dimensional
models, and “one and a half' or quasi two-dimensional models. A one-dimensional
MESFET model is the simplest. The device's currents and voltages are expressed in a
analytical closed form expressions which can be solved for quickly. This type of model,
originally considered by Shockley [1.31] in the gradual channel approximation, adopts
the following 8 assumptions:
® the regions are divided into fully-depleted and fully conductive layers,
®  one-dimensional analysis of the Poisson equation
e one-dimensional analysis of the current continuity equation
® the source and drain contacts are rotated 90° to become perpendicular to the

current fiow,

® the velocity-field relationship is approximated with discrete linear segments or
closed form expressions,

[ the doping parameters are idealized,

® the fringing effects at either side of the gate electrode are neglected, and,

® the source and drain ohmic regions are idealized or neglected.



Despite its fimitations, the gradual channel approximation was used to characterize low
frequency MESFETs with long gate lengths {typically > 3um). Full two-dimensional
analysis, on the other hand, is much more rigorous and cannot be formulated in a closed
form, but must be carried out numerically with a finite-difference or finite-element
formulation and using Monte Carlo analysis results for the electron transport properties.
Since the execution speed is slow and extensive memory resources are required, this
analysis technique is virtually confined to main-frame computers. In a full two-dimensional
MESFET analysis, such as in the treatments of Snowden and Loret [1.32], Feng and Hintz
[1.33], Ghazaly and ltoh [1.34], and Yoganathan and Banerjee [1.35], assumptions 1 to
8 are treated with the following corresponding analysis effects:

® gradual light conduction in the depletion region and a depletion/conducting
channel transition region,

two-dimensional analysis of the Poisson equation

two-dimensional analysis of the current continuity equation to take into account the
velocity rotation vector towards the drain electrode

planar electrodes geometry

doping dependent velocity field relationship,

arbitrary doping and mobility dependence,

two-dimensional analysis of the fringe region in the gate-drain region, and,
surface and substrate effects and their influence on the ohmic region, respectively.

5 66 0 0690

addition, the following analysis effects are considered:
gate recess,
influence of velocity overshoot effects,
the influence of the buffer layer, and,

the full form of Bolzmanm’s transport equation which includes the effects of
diffusion and temperature.

Quasi two-dimensional MESFET modeling has been widely accepted as a viable
alternative since it offers optimal mix of accuracy and analysis speed. It replaces some
or all of Shockley's one-dimensional assumptions with the corresponding full two-
dimensional analysis, but not alt the two-dimensional effects are taken into account. This
type of model can therefore vary in complexity and execution speed according to the
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adopted set of assumptions and analysis effects. There are two quasi two-dimensional
MESFET modeliing approaches, and they are based on either (1) analytical closed form
expressions of the device's currents and voltages, or (2) numerical solutions. Both type
of approaches offer their own execution speed versus modeliing accuracy tradeoffs.

Analytical quasi two-dimensional analysis emerged as an enhanced accuracy
alternative to the gradual channel approximation. Shockley's model was initially improved
in the works of Grebene and Ghandi [1.29] by including the effects of velocity saturation
and two-dimensional Poisson equation analysis. The works of Lehovec and Zuleeg [1.30]
included the effects of interaction between the drain and gate potentials and the
associated fringe regions. The accuracy of analytical modelling was further extended by
including the effects of the static dipole and the formation of Gunn domain under the
channel in the works Lehovec and Miller {1 .36] and Shur [1.37]. Closed-form solutions
for jon-implanted doping profiles were given by Tayior et al. {1 .38] and Weng [1.39]. A
time-dependent velocity-field relationship was included in the work of Carnez et al. [1.40]
by coupling a closed-form solution of the simplified electron energy and momentum
conservation equations {which excludéd the effects of temperature and diffusion) to the
MESFET analysis. The effects of surface states on the MESFET mode! were accounted
for by Hariu et al. {1.41], and the effects of electrode voltages on the source and drain
ohmic regions were also accounted for in the work of Byun et al. [1.42]. The velocity-field
analytical form, including overshoot effects, was included in the works of Chang and Day
[1.43] to formulate a versatile MESFET model for arbitrary doped channels. Finally, a
doping-mobility relationship was included by Mohammad et al. [1.44] to describe heavily
doped MESFET channels.

At some point, the adoption of additional analysis effects or complex MESFET
structures precludes 7a closed form solution, and numerical formulation is the only
alternative. Numerical quasi two-dimensional analysis has emerged as aless accurate but
faster execution alternative to the full two-dimensional analysis which enables MESFET
modeling in computer workstations. Early works in numerical modelling of MESFETSs by
Kennedy and Q'Brien [1.45], Himsworth [1.46], Yamaguchi and Kodera [1.47], and Reiser
[1.48] evaluated a solution of Poisson and current continuity equations with stationary
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velocity-versus-electric-field dependence which excluded a time dependence. This type
of analysis facilitated the description of a gradual depletion-to-conduction transition, two-
dimensional current continuity, and velocity rotation vector. The same class of analysis
was further extended by including the diffusion-field dependence by Wada and Frey
[1.49). A simplified non-stationary or time-dependent velocity-field relationship was taken
into account by Curtice and Yun [1.50] by including the solution of Boltzmann’s
conservation equations which included temperature dependence. Higgins and Pattanayak
[1.51] used a simplified non-stationary analysis by using a closed form expression for
velocity of the carriers versus time, and Halkias et al. [1.52] used simplified electron
energy and momentum conservation equations (which excluded diffusion and
temperature to derive time-dependent velocity-versus-electric-field dependence) for time
domain MESFET analysis.

Despite improvements in physical GaAs MESFET models, their use in electrical-
network CAD tools and numerical electromagnetic MMIC simulators has been limited.
Published results, while exactly fitting the measured transistor under study, almost always
fail to predict another transistor man'ufactured elsewhere. The reason for this is that
published results rely mainly on the reported geometrical and doping parameters to
generate a model. Additional MESFET parameters crucial to the accuracy, such as the
density of surface and interface states, the density of bulk and buffer traps, exact gate
recess depth, metallization contact resistances, and the doping-dependent velocity-field
relation, are almost always unavailable and must be assumed. These limitations, however,
can be easily overcome by incorporating specialized test structures in a process-control
monitor [1.53, 1.54] to characterize and extract the missing MESFET parameters.

Compared to small-signal equivalent circuit models, steady-state physics-based
MESFET analysis is more compact. Compared to SPICE time domain MESFET analysis,
physically-based MESFET modeliing incorporating non-stationary  velocity-field
dependence can inherently describe the device operation under any type of circuit
condition including non-linear large-signal operation.
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1.2.3 Modelling the Coupling Between Passive Structures and Active Devices

The dynamic electromagnetic coupling between passive and active components
must be accurately represented. For example, there are cases for which electromagnetic
field high-frequency components produced by signals applied to the device, and fed to
the surrounding passive structures, are coupled back to the active region. This effect has
not yet been reported in the literature since it can only be taken into account by an
electromagnetic treatment of MMICs which must include physics-based field modeling of
MESFETs. For example, linear and non-linear electrical-network CAD tools simulate the
MMIC structures as non-physical discrete equivalent circuits and therefore they cannot
take the effects of dynamic coupling into account. The spectral domain based numerical
electromagnetic simulator [1.6], which can calculate the effects of coupling between
passive components, adopts a non-electromagnetic link to active devices for using linear
or SPICE-type lumped circuit models which prevents it from simulating passive to active
device coupling. In addition, the numerical finite difference time domain method is
primarily used to calculate equi-potential distributions and current-voltage characteristics
of MESFETs. These are used to extract a SPICE model for large signal CAD MMIC
analysis. On the other hand, simulation of microwave integrated circuits is facilitated by
electromagnetic field analysis since these are directly computed in passive structures.
Hence the need for an electromagnetic field treatment for GaAs MESFETSs in order to
interface them with the non-active surrounding structures has emerged. In conclusion, the
three MMIC modeling tasks can be accomplished with numerical electromagnetic time-
dornain analysis which must incorporate a physical based GaAs MESFET model. Two
time-domain electromagnetic technigues are available which can potentially be adopted
for the task of GaAs MMIC modeliing: FDTD and TLM. Though FDTD can be developed
to meet this objective; there are some advantages in using the TLM technique, such as
insights into physical wave propagation and its efficient compatibility with Diakoptics via
the John's Matrix [1.55]. Unlike FDTD, however, a TLM procedure for physical analysis
of GaAs MESFETSs has not yet been demonstrated. In addition, electromagnetic analysis
of the MESFET active layer have yet to be developed. These two issues will form the
substance of this thesis.
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1.3 The Objectives of the Thesis

The objective of this thesis is to formulate a physics-based GaAs MESFET
modelling technigue into the TLM method. There are two types of approaches. The first
is a direct modeling approach in which the TLM network is embedded within an
environment consisting of wires, stubs, and lumped elements such that the behavior of
the TLM medium resembles the corresponding physical system. This type of formulation
must first be explored.

Let us examine first the MESFET’s depletion region. After the gate metallization is
deposited on the lightly-doped GaAs channel, electrons diffuse from the bulk of the
semiconductor and form a dense layer of mobile carriers at the interface leaving behind
uncovered positive fixed charges. Eventually, their population will build up to the point
where the field they set up will counteract the diffusion current. Within the depletion
region, no mobile electrons exist, and a normal electric field exists. This field is a
maximum at the metal-semiconductor interface and linearly decays to zero at the interface
between the depletion layer and the cpnducting channel. Application of a negative bias
will increase the width of the space charge layer since the field across the junction is
increased. More fixed charges will be exposed retarding the diffusion current until a
balance is reached. The TLM method cannot model the depletion region principally
because it cannot simulate fixed charges. It is, though, possible to conceive of an
implementation where the entire nodes are considered as energy sources which emulate
fixed charges, and some of the boundaries would be non-stationary. An algorithm can
be embedded such that in response to the boundary conditions, the energy sources
would launch pulses of various magnitudes and polarities and the volume of the region
would expand or contract such that the Poisson equation is satisfied. However, MESFET
operation also involves the behavior of mobile electrons in the conducting channel. This
must be investigated. The field interactions there are highly non-linear since (i) the carrier
velocity does not respond instantly or linearly to the applied field and (ii) the electron
concentration in various parts of the channe! undergoes accumulation and partial
depletion in the high field region. The TLM method can not model these complex
interactions either. There are also other limitations in the TLM method which make direct
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physical GaAs MESFET modelling impractical. Let’s suppose that a new two-dimensional
TLM formulation of the MESFET active region has been realized by supplanting the nodes
with the necessary additional hardware and algorithms. We are not concerned with how
the method has been arrived at, but we would like to determine the time required for a
MESFET response, for example, to a 10-GHz signal. Suppose that the MESFET has a
gate length of 0.7 um, source-drain spacing of § um, and a channel depth of 1200 A
Typically, high field conditions reduce the channel opening to roughly 10% of the channel
depth, and at least 10 nodes are required to simulate the region with reasonabie
accuracy. This requires a space discretization of 10 A, and the active area is filled with
600,000 nodes. Space and time discretization are related by the speed of light in the
medium, and hence At=1.2 x 10" seconds. Assuming that a computer is available which
can execute the TLM scattering matrix of more than half a million nodes at a rate of 5
times a second, the same computer will need 19 days to execute 8.3 million time steps
covering only one cycle of the signal. Using a non-uniform space mesh has been
reported to improve the computer run time for certain class of problems by 80%. Under
present conditions, dense meshing would be required for the high field region whose
area is a time variable and can extend roughly by 150% of the gate length. Using the
reported percentage time reduction, the run time of this problem reduces to 4 days. This
figure deteriorates quickly for power GaAs MESFETSs which use much wider source-drain
spacings and deeper channels. This discussion shows another limitation. The linkage of
the TLM time step to the space discretization severely restricts its scope. In GaAs
MESFETs, when the voltages are applied to both electrodes, the gate-source and drain-
source circuits charge according to their R-C time constants. The drain time constant is
the lower one and is typically in the order of z,=10"* seconds. The time domain response
can be adequately characterized choosing At between 0.01z, to 0.1z,. In contrast, the
TLM method presets At between 1x10%z, to 1x10z, resulting in excessively large run
times. It becomes clear from this discussion that the direct approach to physical TLM
formulation of GaAs MESFETs is neither possible nor practical.

The second type of approach is novel, and presents an indirect physical TLM
formutation for GaAs MESFETSs. In this approach, the MESFET is treated as a two-port
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Figure 1.1: Two-port mode! of the GaAs MESFET.

structure shown in Figure 1.1 where the depletion region is the input. The output consists
of the conducting channe! at the vicinity of the drain electrode which is shown as the
horizontally shaded region in Figure 1.1. However, the parameters of the entire
conducting channel can also be comhuted if needed. The electric field is treated as the
input signal to the gate electrode, and the output electric and magnetic field emerging
from the drain electrode is computed. The rationale of this type of indirect implementation
is that in MMIC analysis, an electromagnetic wave propagating at the MESFET’s gate
electrode stimulates after a time delay another wave at the drain electrode. One is
therefore less concerned with TLM simulation of the depletion region. However, the TLM
simulation of the channel behavior and particularly that part in the vicinity of the drain
electrode is more important since it shapes the output response. TLM formulation
proceeds in two steps as shown in Figure 1.2. In the first step, a non-TLM, numerical
GaAs MESFET analysis engine is implemented which responds to the electrode voltages
and the electric field signal at the gate electrode, and computes the output channel
current and the profiles of the depletion and conducting regions at every time step. The
solving method is based on the solution of the Poisson and current continuity equations
under a non-stationary carrier velocity. In the second step, the output of the analysis
engine is transformed into the electromagnetic response in the channel by a new TLM
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Figure 1.2: Block diagram of the two-port GaAs MESFET model.

formulation. The simulation by TLM is achieved by discretizing the channel into vertical
sections small encugh in width such that the electric field can be considered uniform
within any section. Using the channel current, conductivity, and the length of the channel
sections obtained by the GaAs MESFET analysis engine at every time step, the new TLM
formulation transforms this output into an electromagnetic field response at any linearized
section,

Interfacing a physical GaAs MESFET model into TLM using the indirect approach
of this thesis offers several possibilities. For example, the GaAs MESFET analysis engine
allows decoupling the time step and space discretization linkage, and enables the time
step to be chosen more efficiently. Aiso, the engine allows non-uniform space
discretization within the two axes and in different regions such that high field regions can
be finely meshed while low field regions can be coarsely gridded. The combination of
larger time steps and 'non-uniforrn discretizations greatly speeds computer run time and
enhances the accuracy of the results. In addition, two unique possibilities are presented
here. 1) Since the engine’s time step can be coarser than that of the corresponding TLM
network, this necessitates that the interface parameters, (i) the channel currerit. (i)
conductivity, and (i) the length of the channel sections obtained by the GaAs MESFET
analysis engine at every time step must be interpolated to fit the time step of the TLM
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network: and 2) the TLM network simulating a particular conducting channel section can
also be coarser than that simulated by the engine, and hence the interface parameters
must also be spatially interpolated. Finally, much time saving is also obtained by confining
the TLM simulation into the portion of the conducting channel in close vicinity to the drain
electrode.

1.4 The Scope of the Thesis

This thesis will develop the two components of Figure 1.2, the GaAs MESFET
analysis engine and the TLM network which simulates the conducting channel. This will
result in an interface between the active portion of the GaAs MESFET and the two
dimensional TLM method. The MESFET model encompasses any two-dimensional ¢ross-
section of the semiconductor along the gate width and underneath the gate electrode.
The gate, drain, and source metallizations are not taken into account since their analysis
must be taken in the context of a future three-dimensional analysis.

The thesis is organized as follows. Chapter 2 outlines a novel TLM formulation
capable of modeling the local condL:ctivity at any point in a MESFET channel with
arbitrary doping profile. A two-dimensional shunt node previously used for simulating
diffusion phenomena [1.56] has been re-formulated and adapted, for the first time, to
simulate the wave propagation in the semiconductor medium, taking the jocal conductivity
into account. Both the TLM node characteristics and the errors will be analyzed.

Chapter 3 derives an appropriate TLM system which can simulate a conducting
channel section. It also derives interfacing parameters which enables the TLM system to
transform the channel current, conductivity, and channel section length (computed by the
GaAs MESFET analysis engine) into an electromagnetic field response. Unlike the
predominant methods of using lumped elements and stubs to modify the wave
propagation, a novel approach is used where the required response is obtained by
modulating (i) the TLM energy sources, (i) the TLM node conductivity, and (iii) the TLM
system length. Several examples will be investigated. These will demonstrate the
agreement of both the transient and the steady state responses produced by the TLM
system with theoretical predictions.
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Chapter 4 describes the theory behind the GaAs MESFET analysis engine. A
numerical, physically based, and quasi-two-dimensional time-domain analysis is utilized.
The time response is derived from non-stationary carrier velocity dependence coupled
with the semiconductor's dielectric relaxation time constants. Poisson and current
continuity equations and the carrier velocity dependence are solved at every time step
using a nove! voltage balance method (VBM). The chapter concludes with a discussion
of the sources of errors in the MESFET model.

Chapter 5 is divided into two sections. The first section is devoted to verifying the
GaAs MESFET analysis engine. The time domain velocity response is first verified against
Monte Carlo results, and the VBM method is verified against two experimentally measured
MESFETs reported in the literature. In the second section, three examples are presented
showing TLM computations of (i) the non-stationary carrier velocity response 10 an
applied field, (ii) the transient field response to an application of biases to the MESFET,
and {jii) the field response to an applied electric field sinusoidal waveform at 10 GHz.

The thesis concludes in Chapter 6 with several recommendations for future work.
The key one is to link this work with the 3-dimensional TLM method by augmenting the
output channel fields with those computed by TLM for the passive field interactions in the
MESFET source, gate, and drain electrodes.
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CHAPTER 2

Two-Dimensional TLM Node

2.1 Introduction

As explained in the first chapter, the proposed GaAs MESFET to TLM interface
necessitates the treatment of the active device as a two-port network where the input port
is the depletion region, and the output port is the conducting channel. This is a logical
model since the applied electric field signal at the gate electrode is not ampiified, but
rather the flowing current and the associated magnetic field in the conducting channel are
modulated by the rapid expansion and contraction of the depletion region and as a result
they adopt the characteristics of the signal. The GaAs MESFET to TLM interface is
concemed with formulating a TLM network which can model the conducting channel
characteristics.

The GaAs MESFET conducting channel is a region with time-dependent and
spatially non-uniform conductivity coupled with moving boundaries. Figure 2.1 shows a
physical model of the MESFET conducting channel. It is bounded by the n* source and
drain contacts, the channel-substrate interface at the bottom, the free recessed surface
denoted by paths a-b and c-d, and the conducting channei-depletion interface denoted
by the path b-c. The boundary conditions are fixed voltages at the electrode contacts, an
abrupt conductive to semi-insulating transition at the channel-substrate interface, and
electric fields due to electronic states at the surface. The electrons originate from the
source metal electrode-n* contact and get collected at the n* contact-drain electrode.
When a high frequency signal is applied to the gate, the path b-¢c becomes mobile. The
vertices b and ¢ can move sideways along the z-direction, and the path in between
moves up and down along the x-axis, as well as sideways along z. Under the general
conditions that the voltages are fixed at the source and drain electrodes, the electric field
increases rapidly underneath the depletion layer. The deeper the depletion layer
penetration, the higher the electric field rises. Under these condition, the conductivity
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Figure 2.1: Physical model of the MESFET conducting channel.

versus electric field relationship is linear in the low field region, but the relationship
becomes highly nonlinear well into the depletion tayer because current continuity is
maintained.

Let us consider that we are given at some time step t=t, the structure in Figure 2.1
with known doping conditions, fixed voltages, and fixed boundaries. The requirement is
to develop a TLM network to simulate the entire conducting channel. If we properly
translate the boundaries to electromagnetic equivalents, apply Maxwell equations of the
lossy medium to the node formulation, and launch energy pulses at the source contact,
we quickly find that the TLM system cannot simulate the intended structure since (i) the
voltage-current characteristics between the source and drain are not ohmid, (i) the
conductivity must be allowed to vary according to both the electric field distribution and
its time history, and (iii) there is no mechanism capable of enforcing current continuity.
Clearly any TLM formulation must take into account (i) through (jii) above.

We thus consider the channel as sub-divided into a collection of segments whose
voltage-current characteristics are ohmic, and we segment the channel into rectangular
sections of single node width A¢, and length b(z,x) as shown in Figure 2.2. The section
width A¢, is chosen such that the electric field variations
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are small enough to be considered uniform. Within each section the current-voltage
relationship is ohmic, and the electric and magnetic fields are inter-related by the local
conductivity and section length. In addition, we simplify the task of formulating the TLM
network by requiring that we know in advance both the conductivity distribution and the
channel current. Therefore, if a TLM network simulating such a discrete channel! section
can be formulated, then the MESFET’s conducting channel can be modelled by TLM
networks fitting the entire channel cross-section.

Prior to this work, such a TLM network had not been formulated. However, the
electromagnetic field ‘distribution within a discrete section of the MESFET conducting
channel where the electric field is uniform and the current-voltage relationship is ohmic
has been investigated by N.N. Rao [2.1] as a parallel-plate structure with a lossy medium
between the plates and driven by a voltage source, as shown in Figure 2.3. The two-
dimensional curl Maxwell equations in the structure are:
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Figure 2.3: A parallel-plate structure with lossy medium between the plates and
driven by a voltage source. Device dimensions are: d= the channel width, b= the
height of the channel, and W= gate width. From Rao [2.1].
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The electric and magnetic fields between the plates for a constant voltage source have
been calculated and are shown in Figure 2.4. The eiectric field is uniform along the width
of the section, whereas the current density is zero at the depletion-conducting channel
interface and rises to maximum at the base of the channel. At the various sections in the
conducting channel, the magnitudes of the electric and magnetic fields vary but follow the
same general distribution shown in Figure 2.4. The work in this and the next chapter is
devoted to the derivation of a TLM network which can model this structure.

The TLM simulation of any structure requires both a TLM node which simulates the
wave propagation in an unbounded homogeneous and lossy medium, and a TLM system
which simulates the wave propagation in the medium bounded by electromagnetic walls
and embedded with calibrated energy sources. A two-dimensional shunt node previously
used for simulating diffusion phenomena has been re-formulated in this work and
adapted, for the first time, to simulate the wave propagation in the semiconductor medium
taking the local conductivity into account. This chapter begins with a formulation of the
TLM node. This includes the assignment of the two-dimensional fields to the node and
the resulting scattering parameters. In addition, both the associated errors and dispersion
will be analyzed. The next chapter completes the TLM network formulation by deriving the
required TLM system.

2.2 TLM Node Formulation

A TLM node can be synthesized by directly linking the voltages and currents of a
suitable lumped element network to the MESFET electric and magnetic fields [2.2, 2.3].
Consider the two-dimensional shunt TLM node in Figure 2.5, originally used for modelling
carrier diffusion [2.4]. lts transmission-line partial differential equations are found by
applying Kirchhoff’s law:
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The field terms and constants of (2.1-2.3) and the voltage-current terms and constants
of (2.4-2.6) are linked by using the following correspondences:

(a) the node current, 1,, simulates the MESFET's electric field, -E,,

(b) the node current, |, simulates the MESFET's electric field, E,,

(c) the node voltage, V,, simulates the longitudinal magnetic field, H,,

(d) the node resistance, r, simulates the local conductivity, o,

(e) the node inductance, L, simulates the MESFET's dielectric constant, €., and,

{f) the node capacitance, C, simulates the MESFET's permeability, y, ..

By using the above correspondences and eliminating the electric field in (2.1-2.3), one
obtains a 2-D wave equation for H:

FH &H FH 3H, 2
+ ! -~pe I -pno ? = .
e o7 [t THH

which is the wave equation governing the magnetic field in a conducting medium. The
incident and reflected voltage and current impulses at every node in a TLM mesh in the
x-2 plane are given by [2.4]:

vl 2 | o+[B22l vi 1-1.4 (2.8)
ksl | R"'Z k R“'Z P

where
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k is the time step, the number subscripts in the voltage terms refer to the branch
numbers of the TLM node, as shown in Figure 25, and theiand r superscripts refer to
the incident and reflected voltages, respectively. Z is the impedance, which consists of
the shunt capacitance and the series inductance of any branch of the TLM node,
simulating the lossless medium’s characteristic admittance. Finally, R is the TLM node
resistance that simulates the medium’s conductivity. Hence,

Z-= l\r (2.10)
y

R=22° (2.11)

Em

N|[>
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Since the MESFET's dielectric constant and permeability are assumed not to change
inside the medium, the reflected impulses simply become incident impulses on the
neighboring nodes:

Vi(z,x) = Vi(z,x-1) (2.12)
e (2,x) = Vi(z-1,x) (2.13)
aVi(z,x) =, Vi(z,x+1) (2.14)
Jiz,x) = Vi(z+1,x) . (2.15)

Using the correspondences written before, the field components in the MESFET are
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Figure 2.5: TLM node for MESFET analysis.

calculated from the TLM node voltages and currents as follows:

= _Yg¢ i
kV, = kHy - E E th (2'16)
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where Y is the reciprocal of Z. Finally, the single time step is determined by the node-to-
node spacing:

A 2 BEVER (2.19)

where ¢ is the speed of light in vacuum.

2.3 TLM Node Losses

The losses at each point in the_physical semiconductor space are shared by the
node's branch resistors, and, therefore are properly localized. There are, however, three
important considerations related to the size of the localized losses:
(1) The Debye length L, which is the mean carrier distance for semiconductor analysis
in a cloud of particles, must be the upper limit for the node-to-node spacing, A¢:

L - |EXT (2.20)
D q;ND

The Debye length is displayed graphically in Figure 2.6. For typical GaAs MESFET doping
concentrations ranging between 10" to 10" atoms/cm?®, the Debye length varies between
150 to 50 Angstroms.

(2) Considering (2.8), the TLM system will undergo oscillations if the reflection coefficient
is non-negative [2.5]. Hence R must be maintained much less than (Z/2). Using (2.10)
and (2.11) the following condition must be enforced:
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However, using the Debye length as the node-to-node spaving, it can be readily verified
that R remains at least an order of magnitude smaller than (Z/2) for all practical doping
levels.,

(3) To ensure that the conduction current losses do not distort the shape of the TLM
impulses, the loss tangent should be kept well below unity. This is achieved by
maintaining the Debye length, L,, as the upper limit of the node-to-riode spacing A¢:
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The relation of the Debye length to doping in GaAs, as shown in Figure 2.6, is used to
calculate the loss tangent at 30 GHz. Figure 2.7 shows that the loss tangent is well below
unity for standard doping levels.

2.4 TLM Node Dispersion Characteristics

Maximum dispersion is introduced by axial propagation of a simulated wavefront,
that is, along the x- or z- direction. It is evaluated by plotting the ratio of the attenuation
(a) and phase (B,= B,V(e, 1,)) constants of the mesh line, to the ones simulated by the
TLM network’s a,, and B, as a function of the normalized frequency (A¢/4). The wave
propagation over a distance of one node in a periodic mesh structure results in the
following transmission (ABCD} matrix:

ARES v
3 AR (2.23)
I.' 0 e is1
where the propagation constant of the simulated wave is
Y, =q +j8 . (2.24)

The propagation constant in the mesh lines is obtained by calculating the transmission
matrix of the TLM node in Figure 2.5 relating the input-output voltages and currents of
branches 2 and 4. Branches 1 and 3 are terminated by electric walls and, according to
the present TLM node formulation, they are treated as open circuited stubs of length A £/2.
The circuit complexity of this node necessitates the use of a circuit analysis program to
generate the ABCD matrix which is then equated with (2.23). The attenuation and phase
dispersion at 10 GHz for resistance values corresponding to the following doping levels:
10", 10Y, and 10™ atoms/cm® are calculated and shown in Figures 2.8, 2.9, and 2.10
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respectively. The errors in attenuation and phase are given as [2.5]:
1 &
e = — =~ -1 (2.25a)
= ﬁ a'
B
e = — = -1 (2.25b)
vz B,

In contrast to the TLM simulation of passive structures, which are typically discretized
such that A¢ is one tenth to one hundredth of a wavelength, in a GaAs MESFET the
channel must be discretized such that A¢ is at least six orders of magnitude smaller than
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the wavelength. The maximum attenuation dispersion error of the semiconductor node
when adhering to the Debye length is less than 0.05 % and 0.16% at 10" and 10%
atoms/cm® doping levels respectively. Under the same conditions, the maximum phase
dispersion error is less than 0.007 % and 0.2% respectively.
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CHAPTER 3

Two-Dimensional TLM System

3.1 Introduction

In the previous chapter, we set the objective of formulating a TLM network capable
of simulating the GaAs MESFET conducting channel, given that at any time instant, the
following parameters are known in advance:
® the voltages and fields at the boundaries
® the boundary profile of the channel.
In addition, we divided the channel into discrete vertical sections where the width is small
enough such that the local current-voltage relationship is ohmic, and we required to know
in advance both the conductivity distribution and the channel current. A TLM node was
then formulated to describe the electromagnetic fields propagation in an unbounded
" semiconductor medium. In this chapter a TLM system, which is defined as a medium
bounded by electromagnetic walls and embedded with calibrated energy sources, is
formulated to describe the electromagnetic fields in a rectangular section of a discretized
MESFET channel, such as those described in Figures 2.3-2.4. The issues investigated are
the translation of the conducting channel's physical boundaries into an electromagnetic
equivalent, and the translation of the electrical current into a TLM energy source (or
sources). The calibration of the TLM energy source(s) will also be investigated in three
examples. These are chosen to represent general MESFET conducting channel
conditions, such as, varying doping profiles and channel heights. Based on these resuits,
the TLM model will be completed.

3.2 Formulation of Electromagnetic Boundaries

The parameters of the TLM system enclosure are obtained by translating the
physical boundaries of the MESFET channel into magnetic or electric walls [3.1, 3.2). An
electric wall requires the tangential electric field E,, and the normal magnetic field H,, to
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be zero:

nxE O-E'=0,E_¢0
(3.1}

n.H

0 = H =0, Ha»0

while a magnetic wall requires the tangential magnetic field, H,, and the normal electric
field, E,, to vanish:
n.E=0 - E =0, E=»0

. (3.2)
nxH=0 ~ H=0, H«+0

In our two-port MESFET model, we implied that the channel is to be divided into two
distinct regions. The depletion regionis carrier free, and the conducting channel is charge
free. To satisfy these conditions, it is required that in the depletion layer and at the
conducting channe! boundary, both H, and E, are zero [3.3, 3.4] and the boundary is a
magnetic wall. The vertical or constant-z boundaries in the channel are translated into
electric walls since E, and H, are zero. A complication arises when attempting to model
the base of the channel at the channel/semi-insulating interface where E, and H, are both
non-zero, and hence have no electromagnetic equivalent. This complication is avoided
by mirroring the structure at the channel/semi-insulating interface. Thus, in a rectangular
section of the MESFET channel, the vertical boundaries becorne perfect electric walls, and
the horizontal boundaries become perfect magnetic walls. To attain the maximum
magnetic field at the bottom of the MESFET channel the DC voltage is applied at a single
point half-way between the metal plates. With this formulation, modeling an infinitesimal
MESFET channel section of Figure 2.3 and the associated electromagnetic field of Figure
24 are transformed into the mirrored structure depicted in Figure 3.1. The
electromagnetic fields of the mirrored structure were calculated by following the work of
Rao [3.3].
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Figure 3.1: Mirrored MESFET channel section and the associated electromagnetic
fields. d= the channel width, b= the height of the channel, and W= gate width.
Arrows: electric field, and o,x symbols: magnetic field.

3.3 Construction of the TLM Energy Sources

it remains to determine the distribution of the electromagnetic energy sources and
the locations of the nodes wnere they are to be positioned within the TLM system, so that
the electromagnetic fields of Figure 3.1 can be simulated. Some experimentation is
necessary to arrive at the proper configuration. This process, however, is facilitated by
having the TLM system mimic the physical system. For example, since a point voltage is
appiied at the center of the stiucture half-way between the magnetic walls, a single-point
energy injection is applied at the point where the battery is connected. Also, the time-
continuous nature of the electron current is implemented as a time-continuous pulse
injection, in other words, a square waveform of infinite time duration. Finally, by injecting
the energy pulses into a single obranch of the TLM node, which is oriented in the same

43



direction as the current flow in the physical system, this results in the desired response.

Figure 3.2 depicts the TLM system which shows terminology used by the TLM
simulator. In the system, the dielectric box encloses TLM nodes which describe the
dielectric constant and conductivity. It is bounded by the magnetic and electric walls
which are located half-\;vay between nodes. Since the physical wall boundaries are
located half-way between nodes, the exact point where the DC voltage is applied is
inaccessible. Hence the input energy sources must be located at two nodes about the

center of the box.

3.4 Analysis of the TLM System

Thus far, we have formulated a TLM system by modelling the physical boundaries,
the voltage source, and the characteristics of the MESFET’s conducting channel medium.
We still do not know how the TLM energy sources are related to the channel current. The
relationship will be investigated in this section by theoretical analysis of the TLM system
and comparison with several computational examples. We begin first by deriving the
electromagnetic fielas of the mirrored structure of Figure 3.1 for the general case of
arbitrary conductivity distribution o(x}). Let the width of the channel section be A¢. The
steady-state electric field is one-dimensional and uniform at any point along z according
to the applied constant voltage:

14

E, = - (3.3)

The steady-state magnetic field arising from the conduction current density is:

. -g(x)E, (3.4)
ax

which upon integration and enforcement of the boundary conditions that the current
density on the horizontal boundaries must be zero leads to:
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Figure 3.2: The components of the TLM system.

H = -E, “La(x) dx = A_Ve :la(x) dc forx< 0 (3.9)
H = -E, .la(x) dr = ZV? J;a(x) dr  forx >0 - (36)

The transient field responses, on the other hand, are obtained by treating the MESFET
channel as a constant-current source. The rectangular section can equivalently be awso
modeled as a constant-current source feeding a lossy dielectric represented by a parallel
resistor-capacitor network. The electric field response can be shown to be:

E(t) = A_Ve [1 - e'(%)] : (3.7)
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The time constant is obtained in terms of the resistance and capacitance per width:

A 2¢b €
=RC = = = .
’ 20_b A¢ o, (38)
where g,,, is the average conductivity:
b
feera= (3.9)
c =
- 2b

The theoretical and exf:erimental responses of three TLM systems to an identical
DC current step simulated by a time continuous impulse energy excitation are next
presented. The parameters of the infinitesimal MESFET channel segments being
simulated in these examples are listed in Table 3.1. Example 1 describes a uniformly-
doped section. The theoretical and numerical steady-state spatial magnetic and electric
field responses to the energy excitation in Figures 3.3 and 3.4 show virtually exact
agreement. The magnitude of the magnetic field increases linearly to a maximum at the
center of the rectangle where the point voltage is applied, while the electric fieid is
spatially constant. The linear distribution of the magnetic field arises from the integration
of constant conductivity. The measured electric field transient response in Figure 3.5, on
the other hand, exhibits a first-order response superimposed on decaying second-order
oscillations. The transient magnetic field response which otherwise shouid be constant
also exhibits oscillatory disturbances, as shown in Figure 3.6 for the spatial point x=0.5A¢.
When the high-frequency components of these ripples are filtered from the transient
electric field, the entire calculated response, including its time constant, agrees with the
theoretical response.

The period of each of the second-order oscillations in the electric field response
are directly correlated to the distance between the energy sources and the magnetic wali
boundaries. In the limit when this distance is reduced to a single node, the second order
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l TLM System Parameter Example 1 | Example 2 | Example 3 l

| Conductivity, o [/ @-m] 10800 10800 o= 108x |
(x in [A])

b {A] 1000 50 1000

TLM Distance Step, A¢ [A] | 50 50 50

TLM time step, At [S] 60x107 |60x10" |6.0x 10V

" Pulse energy magnitude, A | 1.0x 10*® { 1.0x 10** | 1.0x 10"

TABLE 3.1: TLM system parameters for three examples
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Figure 3.3: Steady-state spatial magnetic field in uniformly conducting dielectric.
Solid line: calculated results, circle symbols: TLM results.
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oscillations in the electric field should vanish. Thus, the simulated MESFET channel
section is reduced in length to a single node in Example 2. The resulting transient electric
field response, as obtained by TLM and shown in Figure 3.7, is indeed much smoother
and is free of second-order oscillations. On the other hand, the magnetic field response,
as calculated by TLM and shown in Figure 3.8, is a single second-order oscillation
decaying sinusoid oscillating about the steady state.

The evolution of the decaying oscillations in Example 1 can be traced by examining
the TLM node circuit. Closer examination of the distribution of the pulses in the TLM node
branches reveals that their magnitude after any time step equals the externally applied
pulse, since all the scattered pulses cancel. Hence, the equivalent circuit of the TLM node
is that of a step pulse injection at time t=0 into the RLC network shown in Figure 3.9. The
voltage time response v(t) across the capacitor is proportional to the magnetic field
described in (2.16). Consider the voltage time response v(t), in the RLC network to an
applied step of magnitude V. The differential equations of the left-hand 8LC circuit are:

v _ 1, (3.10)
dt CA¢E
&, 2 yIri2V (3.11)
dt L A¢ L LA¢
The eigenvalues of the voltage response are:
1=-L+j‘J[’T_ 2 - g+j8 (3.12)
' 2L 2L L C (A¢)
r .|(rY 2 . 3.13)
LI A R T @
2% 77 JJZL L C (aey: !
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Figure 3.7: TLM-computed transient response of E,(t) for the reduced length
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The circuit is underdamped since from (2.11) and (2.21):

R< 22 |L (3.14)
ac \ T

and the voltage response to the impulse excitation is:

Wy =v|1- _._lc_. e~ sin[Bt . tan"{g]] 315

1-—

4

1,

The function v(t) sketched in Figure 3.10 shows an initial overshoot and a decaying

sinusoid around the steady-state value. The frequency of oscillations IS

o= 2 . (3.16)
\l L C (A8

and the time constant of the envelop is:

2L (3.17)

The maxima occur at:

ve) =V (1 +e =) where t = (2n+1) g for n=0,1,2 .. (3.18)

Using the following values for the TLM node from the correspondences (e-f) in Section

2.2:

r= 10800 Q/M

56



V)

)
i
P
3
K
o

Figure 3.10: Second-order response of the TLM network.

57



C= 47107 F/M
L= 13 x 8.854x10™ HM
the following decaying sinusoid parameters are calculated:
a= 2.35x10*™
8= 2.35x10*"
o= 2.35x10*" rad/seconds
7 (envelope)= 2.13x10™ seconds
(2n+1)7/B= 1.34x10™, 4.00x10™, 6.70x10™ seconds.
By inspection, the predicted time constant of the envelope agrees with the TLM response
of Figure 3.8. Also, as shown by Figure 3.11, in which a close-up view of the first few TLM
time iterations is displayed, it can be seen that the peaks in the magnetic field response
show close agreement with the calculated values.
in Example 1, the pulse energy magnitude at the source nodes is constant until
the energy pulses return to the source nodes from the first reflection at the boundaries.
At that point in time, new second order oscillations are generated which add to the
previous ones. Hence, the magnetic field response of Figure 3.6, which initially exhibits
a single second order response, also shows increasing disorder with increasing number
of time iterations after the first reflection at the boundaries after 40 time steps.
Consider now Example 3, which is the case of a linearly, doped MESFET channel
with the parameters shown in Table 3.1. The theoretical and numerical steady-state spatial
magnetic and electric field responses in Figures 3.12 and 3.13 also show virtually exact
agreement. In this case, the magnitude of the magnetic field increases quadratically to
a maximum at the center of the slab while the electric field remains spatially constant. The
quadratic distribution of the magnetic field arises from the integration of a linearly-
increasing conductivity. The analytical and numerical electric field transient response to
a constant current is shown in Figure 3.14. Good agreement can be seen, considering
that the superimposed second-order sinusoids have relatively low amplitude and can be
easily filtered out. '
We have discussed how TLM produces decaying second-order osciliations, but
not how they originated. TLM, being a physical modelling too! has in fact computed the
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expected response for the type of non-physical excitation used in these examples. We
have applied ideal current steps instantly rising to the steady-state level. In real situations,
the TLM system would charge to the steady-state according to its dielectric relaxation
time constant derived in {3.8). In Chapter S, several examples will be presented to show
the TLM response to excitations where the dielectric relaxation time constant is used to
simulate the behavior of physical device. In these cases, the TLM responses will be seen
to be free from second-order osciliations.

in the three examples of this Chapter, the injected current, which is computed from
the magnetic field at x=0, is found to be constant and independent of the section’s
conductivity distribution and length. In these examples, and using the values of the
magnetic field at x=0, the injected current is related to the TLM energy magnitude A, the
gate width W, and the relative dielectric constant ¢,, by the following expression:

I=265x10°A W e - (3.19)

This relationship can be used to determine the amount of TLM energy necessary to
simulate the channel current in a TLM system. It can also be used to enforce current
continuity at any point in the MESFET channel since (3.19) is independent of the
conductivity distribution and channel height.

The formulation of a TLM network to simulate the GaAs MESFET conducting
channel of Figure 2.1 is now complete. By having the GaAs MESFET analysis engine
(which will be described next in Chapter 4) make available the following conducting
channel parameters at every time instant:
® the profile of paths a to d in Figure 2.1,

e the conductivity at every point in the conducting channel space, and,

® the channel current,

then in Figure 3.15, the TLM sections’ lengths, TLM nodes’ conductivity distributions, and
the TLM energies, are all injected into the TLM systems and the electromagnetic
responses can then be computed. We have effectively used TLM to transform the current-
voltage characteristics produced by the GaAs MESFET analysis engine into

63



Drain

’/f’”/////ﬁ//

N\

Source

Figure 3.15: Simulation of the GaAs MESFET conducting channel by a collection of

discrete TLM systems.

electromagnetic tields.



3.5 References

3.1

3.2

3.3

3.4

S.F. Dindo and M.M. Ney, "Two-Dimensional Transmission Line Matrix (TLM)
Simulation of the Electromagnetic Fields in a Rectangular Section of a Discretized
GaAs MESFET Channel With Arbitrary Doping Profile," IEEE MTT-S Iinternational
Microwave Symposium, Atlanta, 1455-1458, {1993).

S.F. Dindo, M.M. Ney, and R.G. Harrison, "A New Two-Dimensional Transmission
Line Matrix (TLM) Node Formulation For Thin Semiconductor Samples,” Submitted
for publication to the International Journa! For Numerical Modeliing.

N.N. Rao, Elements of Engineering Electromagnetics, Prentice-Hall, Inc. 1977. pp.
357-364.

C. Chang and D. Day, "Analytical Theory for Current-Voltage Characteristics and
Field Distribution of GaAs MESFET's", IEEE Trans. Electron Devices, vol. 36, No.
2, pp. 269-280 February 1989.

65



CHAPTER 4

The GaAs MESFET Analysis Engine

4.1 Introduction

The function of the GaAs MESFET analysis engine is to supply the interface
parameters discussed in Chapter 3. These parameters enable the TLM network to
simulate the electromagnetic fields in the conducting channel. The analysis engine
embodies a numerical, physically based, non-stationary, quasi two-dimensional time-
domain model which has several major merits. Firstly, being a physically based model,
it enables the engine to predict the nonlinear response to large signals for a wide class
of MESFET structures. Secondly, the response can be characterized as a function of
geometry, material doping, and bias levels. Thirdly, adopting non-stationary analysis,
where the velocity/time history of the carriers in addition to their field dependence are
considered, allows a true transient time analysis of sub-micron gate length structures. And
fourthly, it is capable of predicting more accurately high frequency transconductance and
gain than steady-state methods.

Before launching into the model derivation, it is useful to examine the effects of the
drain-to-source voltage V,, and gate-to-source voltage V¢ on the properties of the active
layer at a tirne t at which the transient velocity has achieved steady state. The active layer,
which contains both the depletion and the conducting channel regions, undergoes
modulation due to the drain current characteristics, los(Vqe Vos)- Analysis of the MESFET
behavior consists of resolving the precise interface between the two regions under the
gate electrode by the self-consistent solution of (i) the two-dimensional Poisson equation
which yields the height of the depletion region, (i) the two-dimensional time-space
relationship between electron velocity in the channel to the applied field, and (i) the
continuity of the current density equation in the conducting channel. The effects of the
surface states are also taken into account to resolve the interface in the ohmic access
regions of the channel. In the process of resolving the interface, all other parameters,
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such as the channel current, channel voitage, and the electric field, are also computed.

The l55(Vee,Vos) characteristics are sketched in Figure 4.1 for a single fixed V.
Three regions are identified which affect the active region differently: region I, or the
ohmic region, where the MESFET behaves like a resistor; region ll, or the knee region,
where the drain current begins to saturate; and region lll, or the saturation region, where
the current increases slowly with V..

REGION | Figure 4.2 sketches the MESFET cross-section showing the interface
profile, represented by the path cdfh, between the depleted regions and the conducting
channel. The device is biased for chmic operation where the electror: velocity is linearly
proportional to the applied field. The surface states are considered to be have been
caused during layer growth and device fabrication and are non-variant with applied
biases; therefore, the depletion layer maintains the same height at the source and drain
contacts. The ohmic depletion regions are defined by the polygons 1 and 3. It is the
region under the gate defined by the polygon 2 which undergoes modulation by the
applied biases. In this case, the channel voltage adds to the gate voltage to increase the
height of the depletion region at f further than d. In the entire channel, E,<E,, where E,
is the electric field at any point in the channel, and E, is defined as the maximum electric
field above which the velocity-field relationship is no longer linear.

REGION Il In Figure 4.3, the drain voltage is increased to the knee region, where
the electron velocity increasingly saturates with applied field. There are now two regions
under the gate: polygon 2 where E,<E,, and polygon 3 where E,<E;. E; is defined as
the peak electric field above which negative differential velocity is exhibited. The electric
field is E_ along the segment ef. The interface between the depletion and conducting
channel regions along the segment fh is no longer linear. This reflects the saturating
velocity-field dependence.

REGION Il In Figure 4.4, the crain voltage is further increased well into the
saturation region. The electron velocity is now fully saturated, and does not vary with
increased field. Polygon 2 defines the region where E,<E,, polygon 3 defines the region
where E,<E;, and polygons 4 and 5 define the high-field regions where E,zE,. The field
is E_ along the segment ef, and E; along the segment gh, at which the velocity peaks.
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In the high-field regions, the depth of the depletion region is substantially constant, and
the electron velocity relaxes to a saturated value. Current continuity is maintained by
electron accumulation in polygons 4 and part of 5, to be balanced by partial electron
depletion in the rest of region 5. At the segment ki, the field drops back to E;, at which
the electron velocity peaks again. Further inside polygon 6, the field drops as the distance
from the gate increases, and the velocity decreases again. The depleted part of the
channel can be approximated by the one-dimensional Poisson equation whenever E <E;.
In the high field region, an additional field component extending from the drain to the
source is taken into account by two-dimensional treatment of the Poisson equation.

At greater drain-source voltages outside the saturation region, the high-field region
extends further from the gate and approaches the drain electrode. In addition, the high-
field region extends to encompass most of the gate region. If sufficiently large negative
gate-source bias is also applied, the depth of the depletion region extends further into
the conducting channel. In ali these cases, large currents flow and device breakdown
becomes imminent.

The MESFET model implemeﬁted in this thesis describes the operation of the
device in the ohmic, knee, and saturation regions of the current-voltage characteristics.
The operation boundaries are defined by the onset of the drain and gate voitages

sufficient to initiate the process of leakage drain currents prior to device breakdown.

4.2 The GaAs MESFET Model

The MESFET model amalgamates two separate components. The first model
component extracts the time dependence by computing both the carrier velocities across
the channel and the charging voltages at the gate and drain electrodes. The second
model component receives these results at each time step and computes the TLM
interface parameters: (i) the channel current |, (ii) the channel conductivity o(2.x), and (jii)
the depletion/conducting-channel interface profile h,(zx). Non-stationary electron
dynamics and their effects on velocity are accounted for by the self-consistent solution
of the electron-energy and momentum-balance equations using published results of
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relaxation effects derived from Monte Carlo' calculations. Voltage-charging effects are
obtained by calculating the resistance-capacitance time constants z, and z, of the
MESFET drain and gate equivalent circuits, respectively. The time step is chosen to be
a constant fraction of the lower of 7, and z,. But since the two time constants are time-
varying, the model features a variable time step, which is a unique treatment. The second
mode! component utilizes the time-dependent velocities and charging voltages and
numerically solves the Poisson and current continuity-equations in the channel using a
new Voltage Balance Method.

The model adopts several assumptions. Some are dictated by the TLM network, -
and others are chosen to avoid excessive computer time and memory. The basic
assumptions used for the construction of the model are:
® the depleted regions are carrier free

e the conductive channel contains no fixed charges

® There is negligible residual diffusion current after the drift-diffusion mechanisms
have settled .

® room temperature analysis.

The first two assumptions arise since the TLM system modelled after the work of Rao
[4.1] imposes an abrupt depletion to conducting region transition. In actual devices, the
transition is gradual and is of the order of one to three Debye lengths [4.2]. The related
error is minimal in MESFETs whose gate lengths are greater than their channel depth
[4.3, 4.4]. The third assumption is adopted on the premise that the material is
substantially free of traps and is operating in a dark environment at room temperature so
that the residual diffusion current in the depletion-conducting channel interface is
negligible. The MESFET model is capable of adopting the following analysis effects by
virtue of the Voltage Balance Method:

® two-dimensional analysis of the Poisson equation,

' Turn to Appendix A for a brief introduction into Monte Carlo Methods.
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arbitrary doping and mobility dependence in the x-direction,

multiple doping profiles in the z-direction,

two-dimensional analysis of the fringe region in the gate-drain region,
surface states and their influence on the ohmic region,

gate recess,

influence of velocity overshoot effects, and,

the influence of the buffer layer and the n* contacts.
The entire MESFET model can be outlined in the process flow chart shown in Figure 4.5.
The process begins with the definition of the geometry and doping of the test structure
followed by spatial discretization of the active layer into a mesh of nodes. The initial
conditions, such as starting voltages and input signal, are evaluated. The starting
conditions most commonly consist of ground or zero biases at the drain and gate
electrodes. The device is then transitioned into bias conditions chosen for system usage.
Following the evaluation of the drain and gate time constants, the time step is chosen,
and they are all used to evaluate the charging voltages and the two dimensional non-
stationary velocities. The new Voltage Balance Method is then used to obtain the channel
current and conductivity as well as the depletion/conducting-channel profile. At this point,
the TLM interface parameters for the entire MESFET channel are evaluated. The new time
constants are then re-evaluated and the process cycle repeats until the final time is
reached.

The Voltage Balance Methad is outlined in the process flow chart shown in Figure
46 {4.5). This new technique combines numerical computations with analytical
formulations to obtain quasi two-dimensional analysis which is optimized for high
computational speeds and good accuracy. In this method, the region between the source
and drain contacts is segmented into rectangular sections each of single node thickness,
and each section in tum is discretized into nodes. For given gate and drain voltages at
any time t, a trial current, L, is applied to ali the segments. The interface boundary
between the depletion layer and the conducting channel, h,(z,x), for each segment is
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obtained by solving the voltage equation arising from the Poisson and current continuity
equations and the surface voltage for each channel section at h,. Newton’s method is
used to minimize the ensuing error functions ¢,(x.2) for each section. Using I, and h,(z,x),
the channel voltage at the drain contact, V , is calculated and compared with the
charging drain voltage, V,(t). This time, the bisection method is used to minimize the other
ensuing error function, J.. Upon minimization of §(x.z) and 4, the MESFET voltages are
balanced and the solutions for |, and h,(z.x) are reached.

4.2.1 Space Discretization

The present MESFET model allows non-uniform space discretization, and as in
TLM, it requires the maximum node-to-node space not to exceed the Debye length. The
active region can be meshed, for example, differently along the x- and z-axes, or non-
uniformly along a given axis. However, in the case where the GaAs MESFET analysis
engine is to be synchronized with the TLM analysis, then the general discretization rule
that the physical boundaries are located halfway between nodes must be applied. For
example, Figure 3.15 shows a general sub-sectioning of the MESFET channel into a
collection of discrete TLM systems. The components of any one system is described in
Figure 3.2. Each system encloses a vertical line of nodes and is completely enclosed with
electromagnetic boundaries halfway between nodes. Figure 4.7 shows a practical
discretization arrangement for the MESFET analysis engine which is also compatibie with
the TLM descritization scheme of Figure 3.15. The high-field region is meshed with a finer
x-z grid than the low field regions. The close-up of the gate region in Figure 4.8 shows
that, in addition, the x grid is finer than the z grid in both the low and the high field
regions. The size of the grids are typically chosentobe a compromise between computer
memory limitations and execution speed. It is noted that in the current MESFET analysis,
the buffer and the n* contact regions are not meshed since their effects are included in
the analysis as bulk effects. This will be discussed in Section 4.2.8.

4.2.2 GaAs MESFET Charging Time Constants
When a semiconductor is subjected to an electric field, the conductivity responds
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Figure 4.8: Closeup of the discretization in the gate region
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in a finite time dictated by a dielectric relaxation time constant [4.6] given as:

(4.1}

Qlm

This can be represented by an RC equivalent circuit of a lossy medium. In a GaAs
MESFET, two dielectric relaxation time constants dictate the charging time behavior: z,
and z,. 7, is given by the product of the capacitance of the depletion region under the
gate electrode and the resistance of the channel in the linear region [4.7]. 7, is the
product of the drain-to-source capacitance and resistance of the enclosed conducting -
channel sections. In the present MESFET model, once the time constants are calculated,
the time step is chosen to be a fraction of the lesser of the two, typically .025z to .05z.
The charging drain and gate voltages are then calculated by discretizing the differential
equation of an applied voltage, V,,, charging an RC network. The charging voltage?, V{t),
can be shown to be:

Ve = V,-(,,,(‘t) (1 - e-;) + V_(0) (e"g) (4.2)

where At is the time discretization and the subscripts i and i-1 refer to the present and
previous time iterations. The time step is directly dependent on the dynamic gate and
drain time constants z, and z,. Since z, in the active region is at least an order of
magnitude smaller than z,, the device charges to the drain voltage faster than to the gate
voltage. Hence, before the drain voitage charges to 98% of the final voltage, Atis chosen
as a fraction (typically one tenth to one twentieth) of 7, and thereafter, At is chosen as
a fraction of 7.

2 The MESFET model outlined in this thesis distinguishes between the applied and charging voltagcs_. The
applied voliage is the source voltage feeding an equivalent series RC network, and the charging voltage is that
measured across the capacitor.
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4.2.3 Non-stationary Electron Velocity

Non-stationary electron dynamics in submicron gate length GaAs MESFETs are
necessary to account for rapid changes in the electric fields and their effects on the
material’s conductivity. For example, when a voltage or electric field step is applied to a
GaAs sample, the electron energy w, and electron momentum P, do not follow the
applied field instantly, and the conductivity is no longer constant [4.8]. Instead, the
system reaches equilibrium or steady-state conditions after a time determined by the
electron energy relaxation time constant, z, (w), the momentum relaxation time constant,
7,(w), and the energy and momentum conservation equations:

dw _dx W-W

% T Tw @3
P . P
rr 9 T, (W) (44)

where w, is the thermal-equilibrium energy. z,(w) and z,(w) are found by considering
steady-state conditions by setting each of the left-hand sides of (4.3) and (4.4) to zero:

Tw) = e (4.5)
= gE (wyv (W) '
_ P (w)
T (W) = TE) (4.6)

where the ss subscripts in the velocity, energy, and momentum terms denote steady-state
quantities. The electron momentum is related to the velocity by the normalized effective
electron mass m,(w):

P (w)=m:(w)v_(w) . 4.7)
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The average drift velocity, electron energy, and electron effective mass as a function of
the steady-state electric field have been calculated by Carnez et al. [4.9] using Monte
Carlo simulations, for carrier doping concentrations ranging from 1x107 to 3x10"
atoms/cm®. The relationships are displayed graphically in Figures 4.9, 4.10, and 4.11
respectively. For a given electric field in the MESFET <hannel, z,(w) and 7, (w) can be
calculated form (4.5) and (4.6) using Figures 4.9 to 4.11, and the velocity at any time
instant becomes the only unknown in (4.3) anc (4.4) which can then be solved for and
determined.

4.2.4 The Voltage Balance Method

The Voltage Balance Method, outlined in the flow-chart of Figure 4.6, utilizes two
different optimizers to balance two MESFET voltage systems and obtain the solutions for
I, 6(z.%), and h {z,x) [4.5]. The MESFET active layer shown in Figure 4.4 is considered
to be divided between the source and drain n* contacts into i sub-sections normal to the
z-direction, and each section is meshed in the same manner as in Figure 4.7. The
dimensions of any section | are z=f.\'l.’i and x=a, where a is the channel depth which
extends from the surface to the base of the channel. The method begins by selecting a
trial channel current, L. The first MESFET system voltages to be balanced are along

h.{z,x). This consists of finding the depletion depth at every z such that the voltages at
h are balanced:

Voo = Vs - (4.8)

The depletion layer potential Ve iS found from the solution of the Poisson equation
taking into account the surface voltage V, 4,.,- The channel voltage V..., at any section
z is the product of the channel current |, and the sum of the resistances of the conducting
channel sections from the source contact to z. The surface voltage includes the free
surface potential as well as the gate electrode voltage. Because of the discretization, the
precise value of h, is not realized, and instead the error terms:

é‘ = Vd-w‘m'm- Vot (4.9)

82



— — -

‘ 7
Vi (107 em.s-')

Figure 4.9: Steady-state mean drift velocity versus electric field for GaAs;
Carnez et al. [4.9]. Solid line N,=1x10" cm™; dashed line N,=3x10" cm>.



Figure 4.10: Steady-state mean energy versus electric field; Carnez et al.
[4.9]. Solid fine N,=1x10" cm™, dashed line N,=3x10" cm®.
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Figure 4.11: Normalized steady-state electron mass versus electric field;
Carnez et al. [4.9]. Solid line N,=1x10" cm®; dashed line N,=3x10" cm®.



are minimized for all the i sections. The second MESFET system voltages are then
balanced:

Vs = VD (4.10}

where V... iS the channel voltage at section i, and V,(t) is the charging voltage at the
drain electrode at time t. If not balanced, the entire procedure is repeated by choosing
different values of I until the following error function is minimized:

6=V -V, - (4.11)

The minimization of §, and ¢, terms can be carried out using any optimization technique.
In this work, 6, and §, minimizations are conveniently carried out using Newton’s method
and the Bisection method, respectively. The expressions for the conducting channel

voltage V..., depletion fayer voltage Ve and the surface voltage V.., are
evaluated in the following sections.

4.2.5 The Conducting Channel Voltage

The channel potential V..., at any section k is the product of the channel current
I, and the sum of the conducting channel resistances of the first k sections:

* I AL
V., = < i (4.12)
—- 3%
where W is the gate width. g; at section j is:
hﬂ
o = I‘J v(zx) nx) ;. (4.13)
J p E"

where E; is the electric field at section j. v(z.x) are the non-stationary velocities in the
channel, and n(x) is obtained from the solution of the Poisson equation at h,:
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gV
€ Deplation
nx) = N(x) + = . (4.14)
®) D( ) q oz

Expressions (4.12) and (4.13) are valid for any point in the channel, and they take into
account arbitrary doping and mobility dependencies.

4.2.6 The Depletion Layer Voltage
The general two-dimensional form of the Poisson equation® is:

Voot , TV ogin Ao (4.15)
o0z* ax? €

When operating in the ohmic and knee regions, E, exhibits much smaller variations along
z compared with E, variations along x, and the depletion regions are treated by the one-
dimensional Poisson equation. Hence the depletion regions in Figures 4.2 and 4.3, as well
as the regions 1, 2, 3, and 6 of Figure 4.4 can be described by the one-dimensional
Poisson equation:

&V _ _q Nyx)

- (4.16)
ox* €

By integrating from the surface to any point x within the depletion region, the transverse
field is obtained:

av
E = < - g jND(x) de + C (4.17)

3 To be consistent with the outline of the Voltage Balance Method, the voltage notation rather than the
clectrostatic potential notation is used for the Poisson equation solution. The model derived in this thesis is
applicable 1o a common source MESFET operation, and hence the source electrode is always considered at
ground potential.
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where the constant C is obtained from the boundary condition that E.=0 at the abrupt
depletion/conducting-channe! interface x=h,. Equation {4.17) becomes:

g--%¥_4¢
* ac €

| N(x) dx - ) N(x) dx (4.18)
| J

Integrating again for the voltage at any point in the depletion region and including the
boundary condition that the voltage at the surface is V,,4..,, the following expression is
obtained:

V.. 14.19)

V(x) = % [ - ]]Np(x) dx dx +xthD(1) dx

The depletion layer voltage at the depletion/conducting-channei interface x=h, is:

A, A,

V(1) %[ [ [Nz) e +h.]~p(x)a v, - (&2

In regions 4 and 5 of Figure 4.4, E, exhibits large variations with 2, and hence the two-
dimensional Poisson equation must be solved. The general form of Poisson’s equation
is solved by defining a new voltage function W(z,x) [4.10]:

xr x

W(z,x) = V(z,x) + 2 j J'N‘(x) dx dx (4.21)
€

The general solution of the resulting Laplace equation is:

W) = [ke* + ke*| [k,cos(kx) + ksin(ke)] + k, (2 - 324) +
+k (X -32x) +k(Z-2) vkzx + kz +kx +k . (4.22)
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The constants k, and k, to k,, are obtained by satisfying the boundary conditions. The
2- and x-directed electric fields can be obtained by taking the derivatives of W(zx) as a
function of z and x respectively:

i“%’") = [k ke= - kke™] [kcostiar) + k,sin(i)] +

k(32 - 38) + k(¥ - 62x) + k(22-3) + kx +k, (4.23)

W (z,x)

= [k " « k,e*| [k ksin(ke) + kK cos(kx)] +

k(2 - 6zx) +k (3x -32) +k(£-2x) +kz + k, (4.24)
Consider first region 4 of Figure 4.4. Let h, and L; be length of the segments gh and hj
respectively. The boundary conditions are:
M along segmentgi: ¥V =V_

n .
. X
) alongsegmentgh: V=V _ + q? N(x) dx - g. J J' N,(x) dx dx

(i) along segment hj: E =0

vy ath: E =E

For convenience of analysis, the axes reference point (0,0) is shifted to the point i. The
application of (i) into (4.22) results in:

k =k =k =k =0,and k, =V,

-
{ -4

Also, (4.22) satisfies boundary condition (i) provided that



n
k,=0,and, g =14 JNo(x) dx -
€

Since the sin term cannot be zero, the boundary condition can be satisfied provided that
the exponential terms are transformed into a hyperbolic expression such that the
expression for W(z,x) becomes:

,,
W(zx) = k_sinh(k (z+L,)) sin(kx) + k,zx + QEE JND(x) e+ Vv, (425)

where K,, is @ new constant. Next, the application of boundary condition (jii) into (4.24)
and (4.25) leads to:

The final boundary condition (iv) determines k,,:

o o 2Eh

12

(4

Thus, the expression for the depletion voltage at any point within the depletion region is:
sin X .
2h,

+ EIEJE ]Nn(x)dx - % J J N, (x)dedx + V,_ - (4.26)

E_h

2 L
V(z,x) = ——sinh L)
:

2h,

The depletion voltage at x=h, is:
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LI JND(x)dx - g J j Nyx)dedx + V_,_ - (4.27)

Consider now the boundary conditions in region 5 of Figure 4.4:
M  segmentii Ving™ Viegons

(i) segmentj: E=0

@@ ati E, = E, + Euyoaco

(v) atj Eztwgion o = Eategions)
where Eg ..., iS the electric field due to exposed surface states. Application of boundary

condition (i) into (4.22) leads to:

b 4
k =k =k =0, k, =V,__ . k,o=%f"o(x)dx' k= 57 . and,
2E.h, _|aL
(k, + k) k, = —_=sinh|—_T
: z 2 h

The application of the second boundary condition leads to:

k, =6kh
and the third boundary condition determines k;:

L
2h

T

hl
k, = Esinh * % IND(x) dx +E_,_ -
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The fourth boundary condition determines k.:

nL ~
q
k - cos,.[zh:l e fv”(x) & B

- 3K

Thus, the expression for the depletion voltage at any point within the depletion region is:

2h, 2h

[

Mzx) = ZE;:h" sinh[grL"] e[-;] sin[“_x] + g ]ND(I) dx - % ] :J.Np(x) dx dx +

nL h- .
E, cosh[Zh:] - % jNo(x) dx - E_

(22 -3zx + 6h zx) +

3K

(4.28)

. |xL ~
(E,smn[z h’] + g- JND(I) de +E Nz +V

The depletion voltage at x=h, is:

h"h-N(x)dx -qMN(x)dxd“
AR PR

A, g

2E,h L
Vo @h) = =2 °sinh[:;hr

T
o



kl
- g jND(x) dc - E__

L
E, cosl\[z T
21:’

(2 +3zh ) +

3k

L b
+ (E,Sinn[:: h’} + fg. l)Pvz,(x) dc+E_)z+V__ (4.29)

4.2.7 The Surface Voltage
The surface voltage at any point along (z,0) must take into account the boundary
conditions at both of the metallized surface-air regions. The voltages at the metallized

regions are:
(i) source electrode: Viwes = 0
(ii) gate electrode: Veae = Vo = Vi + Vona

(i) drain electrode: Vaan = Vo
where V,, is the built-in voltage, V... is the applied signal voltage. The voltages at the
surface-air region arise from two components [4.11, 4.12]:

Vitece = Vo + V,. (4.30)
The first component, V,_, is contributed by the density of surface states p e Which in
tumn generates a surface field E, ... The second component, V,, is influenced by the
voltages at the electrodes and varies linearly with distance from the source and the drain.
Consider first the source-gate region. Let L, be the length of the segment ab in any of
Figures 4.2, 4.3, or 4.4. V, is given as:

=<

V()= Z"_'.'z 3 (4.31)
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Consider next the gate-drain region. Let L be the length of segment eg in Figure 4.2.
V, is given as:
V.. -V
V() = %: + V. (4.32)

<

Next let L, be the length of the segment gi in Figure 4.3. V, is given as:

V. -V
V@)= 2=V, (4.33)

In Figure 4.4, let L, and L, be the length of the segments ik and km respectively. V,
along L, is obtained from (4.28):

Z|E_co L,
s -
T 2h ace . |TL, (4.39)
V= 1" + | E,sinh|— + E z+V
' 3K 2h e -
V,along L, is:
vV -V
V(2 = —""z 2+ VY, (4.35)

low

where V, is obtained by substituting the position of z=k in (4.34).

4.2.8 The n* Ohmic contacts and Buffer Regions
The metallurgical ochmic resistances, R, of the drain and source regions are
obtained by the standard treatment given by Fukui [4.13]:

94



(4.36)

L

-~
~ .

where p, is the specific resistivity of the contact metal/N-doped-GaAs alloy, a, is the
thickness of the n* channel, and R, is the contact resistance. Both p, and R, are functions
of doping:

p, = 0.1IN® Qcm (4.37)

where N, in (4.37) is valid in the range of 10™ to 10™ cm™.

R = 4N (10° Q<cm) (4.38)

where N, in (4.38) is valid in the range of 3 x 10™ to 10" cm™.
The source metal resistance introduces an chmic voltage drop:

V., = R (4.39)
which adds to the channel potential at the first section in the flow-chart of Figure 4.7. The
drain metal resistance is added to the channel potential of the last MESFET section prior
to being compared to the charging drain voltage. The effect of the buffer layer is
introduced as a leakage resistance R, which can be derived from the depth and doping
of the layer. After the channel current |, is determined, the following correction is
introduced [4.10]:

v
I =1« ;;“' . (4.40)

4.3 TLM Interface Parameters .
The TLM interface parameters |, ¢(z.x), and h,(z,x) generated by the GaAs
MESFET analysis engine must be adapted for TLM analysis. First, |, is converted to TLM
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energy A, via (3.19):

1

A= ‘
265 x 10° W \[e,

(4.41}

Second, o which is calculated from (4.13) can be calculated at any point z,x in the

channel since the velocity profile v{z,x) and the carrier concentration n(x) from (4.14) are
known:

o = 3 VEX) nix)
J E:

(4.42)
Third, h,(z,x) provides location at time t of the magnetic boundaries of the TLM systems
fitting the MESFET channel as illustrated in Figure 3.15.

In linking the GaAs MESFET analysis engine to the TLM analysis, two
complications must be considered. First, the node locations in the TLM system can be
different from those calculated by the GaAs MESFET analysis engine. In this case, the
conductivity of the TLM nodes must be obtained from spatial interpolation of v(z,x) and
n(x) and using (4.42). h,(z,x) must also be rounded off to the nearest TLM length unit.
Second, the time step in the TLM system is most often much smailer than that used by
the GaAs MESFET analysis engine. In this case, the three interface parameters must also
be interpolated in time to generate the required TLM time steps.

There are two methods for linking the MESFET analysis engine to the TLM
analysis. One method is to perform the spatial and time interpolation of the TLM interface
parameters after the MESFET analysis engine has proceeded one time step. This enables
the TLM analysis to catch up with its own smaller time steps. The second method is to
operate the TLM analysis as a post processor. After the entire MESFET transient behavior
is evaluated by the analysis engine, the TLM interface parameters are converted by
interpolation into look-up tables. The TLM analysis can then proceed as shown in Figure
4.12 using the values of the pulse energy, nodes conductivity, and TLM system heights
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from the look-up tables at every TLM time step.

4.4 GaAs MESFET Analysis Errors

There are three sources of error incurred by this MESFET analysis approach. They
arise from (i) space discretization, (i) time discretization, and (iii) spatial and time
interpolation of the MESFET-to-TLM interface parameters. The space discretization errors
manifest themselves during MESFET analysis by obtaining varying minima for the error
functions 6, and ... X-axis discretization causes most of the inaccuracies in the calculation
of h(zx), while z-axis discretization causes in most of the inaccuracies in L. Time
discretization directly impacts the accuracy of the charging voltages and the non-
stationary carrier velocities. If the time step is not fine enough, the time variations of the
applied signal would not be followed. This would manifest itself in the apparent
attenuation of the charging voltages. On the other hand, the velocity profiles would
appear too coarse. The spatial interpolation errors of the MESFET-TLM interface
parameters arise if the TLM mesh size is coarser than that of the MESFET analysis engine
and manifest themselves in the appafent attenuation of the computed electric field and
channel current. On the other hand, the time interpolation errors of the MESFET-TLM
interface parameters are related to the interpolation functions used to fill in the required
TLM time steps. The further apart the time steps in MESFET analysis are, the larger the
interpolation errors become.

In a highly non-linear device such as the GaAs MESFET, quantizing the impact of
the individual errors is difficult. Characterization of the errors in a device is influenced by
a host of parameters, for example, the type of doping, surface states, gate recess,
geometry, and operating conditions, as well as by the highly nonlinear interactions of the
fields. Error characterization must therefore be undertaken for the particular device under
study. However, some guidelines for minimizing the errors can be drawn from practical
work with the simulator, as well as considerations of available computer resources such
as memory and required speed of analysis. For example, vertical meshing of the high-
field region must insure that there are enough nodes in the thin conducting channel
region where the opening is typically 10% of the channel thickness. At least 10 to 20
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nodes are needed in this region. On the other hand, such a rule of thumb cannot be
applied to horizontal meshing. The horizontal mesh must still be dense enough to
account for rapid field variations. To obtain a suitable horizontal grid, an initial guess is
tried and the electric field profile is examined. If the profile appears to be too coarse, then
a denser grid is applied. The process is repeated until no further change of profile is
obtained. As to the time step, it cannot be set to be too low since little variations in the
MESFET-TLM interface parameters would be obtained due to spatial discretization. f finer
time discretization is required, then the spatial meshing must correspondingly become
denser. On the other extreme, choosing a coarse time step results in excessive time
interpolation errors in the TLM network. Finally, minimizing the spatial interpolation errors
caused by the MESFET-TLM interface can be achieved by choosing finer TLM mesh and
paying the time penalty. Several TLM mesh grids must be tried by the operator to
determine the range of acceptable results.

99



4.8 References

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

410

4,11

412

N.N. Rao, Elements of Engineering Electromagnetics, Prentice-Hall, Inc. 1977. pp.
357-364.

R.A. Warriner, "Distribution Function Relaxation Times in GaAs," IEE J. Solid State
Electron Devices, Vol. 1, pp. 82-96, 1977.

C. Kim and E. Yang, “An Analysis of Current Saturation Mechanism of Junction
FETs,” IEEE Trans. Electron Devices, Vol. 17, No. 2, pp. 120-127 February 1970.

J.R. Hauser, “Characteristics of Junction FETs With Small Channel to Width Ratios,"
State Electronics, Vol. 10, pp. 577-587, 1967

S.F. Dindo, M.M. Ney, and R.G. Harrison, "A New Steady-State Formulation For
Current-Voltage Characteristics of GaAs MESFETs Using the Voltage Balance
Method," Submitted for publication to the IEEE Trans. Electron Devices.

S.M.Sze, Physics of Semiconductor Devices, John Wiley & Sons, New York, p. 639,
1981.

D. Pavilidis, J. Cazaux, and J. Graffeuil, "The Influence of lon-Implanted Profiles on
the Performance of GaAs MESFETs and MMIC Ampilifiers," IEEE Trans. Electron
Devices, Vol. 36, No. 4, pp. 642-652, April 1988.

C.M. Snowden and D. Loret, "Two-Dimensional Hot-Electron Model for Short Gate-
Length GaAs MESFETSs," IEEE Trans. Electron Devices, Vol. 34, No. 2, pp. 212-223,
February 1987.

B. Carnez, A. Cappy. A. Kaszynski, E. Constant, and G. Salmer, "Modeling of a
Submicrometer gate FET Including Effects of Non-Stationary Electron Dynamics,”
J. Appl. Phys. 51(1), January 1980, pp. 784-790.

C. Chang and D. Day, “Analytic Theory for Current-Voltage Characteristic and Field
Distribution of GaAs MESFET's," IEEE Trans. Electron Devices, Vol. 36, No. 2, pp.
269-280, February 1989.

J. Baek, M. Shur, K. Lee, and T. Vu, "Current-Voltage Characteristics of Ungated
GaAs FET's," IEEE Trans. Electron Devices, Vol. 32, No. 11, pp. 2426-2430, Nov.
1985.

C. Chen and K. Wise, “Transconductance Compression in Sub-micrometer GaAs
MESFET's," IEEE Electron Devices Lett., Vol. 4, pp. 341-343, Oct. 1983.

100



413 M. Fukui, "Determination of the Basic Device Parameters of a GaAs MESFET," Bell
Systemns Technical Journal, Vol. 58, No.3 pp. 771-796, March 1979.

101



CHAPTER 5

Results

5.1 Introduction

At this stage in this work, we have formulated both the TLM analysis for modelling
the conducting channel and the GaAs MESFET analysis engine. We have also defined
the interface parameters which link the two systems together. We are therefore at the
point where we can run simulations to compute for the first time in TLM the transient
electromagnetic response of the GaAs MESFET to input operating DC biases and electric
field signals, But prior to conducting these simulations, we must verify the GaAs MESFET
analysis engine model, which consists of validating the transient response to applied
operating DC biases.

The verification of time domain GaAs MESFET analysis represents a challenge.
Present high frequency recording devices, such as, automatic network analyzers and
spectrum analyzers only capture the steady state gain and frequency spectrum
characteristics in response to applied signal. The typical transient time of a MESFET is
in the order of few picoseconds, and no recording device is presently available which is
fast enough to sample the channel current with a resolution in the order of femtoseconds.
To circumvent this difficulty, prominent workers in this field, for example, Snowden and
Loret [5.1], Feng and Hintz [5.2], El-Ghazaly and ltoh [5.3], and Yoganathan and
Banerjee [5.4], all adopt two validation criteria of the GaAs MESFET transient response:
(1) using experimental results of the electron energy and momentum relaxation time
constants, carrier mobility, and diffusion coefficients from Monte Carlo simulations to
validate the transient velocity response, and (2) using the solution of Poisson and current
continuity equations with the results of the transient electron velocity to validate the
channel current at any one given time instant. In this thesis we will follow these same two
validation criteria. We will first subject a sample of doped GaAs to two voltage pulses and
monitor the time dependent velocity response. The results will be compared with
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published results of other investigators. We will then investigate the validity of the new
Voltage Balance Method in solving the Poisson and current continuity for the channel
current calculations using the carrier velocities at a pre-specified time step. By choosing
the velocity-field dependence a long time after the biases are applied, the process
essentially becomes an investigation of the voltage balance method to characterize
MESFET current-voltage characteristics at steady-state. This is a natural choice since
extensive work has been published and verified against experimentally measured devices.
Thus, the second process of verification ensures that the solution for the channel! current
by the consistent application of Poisson’s equation, current continuity, and the velocity-
field function agree with the published work of other investigators. This will necessitate
adopting the fitting parameters which they used to match their modeis to the measured
devices. Following the GaAs MESFET model verification, three simulation examples will
be presented. The first example will demonstrate the TLM computation of the
electromagnetic fields in a thin GaAs sample when subjected to a voltage step. The
second example will demonstrate the computation of the MESFET transient response
when subjected to gate and drain voltage steps. In the third example, a sinusoidal electric
field will be impressed upon the gate electrode, and the electromagnetic response will be
computed. The first example is chosen to demonstrate for the first time the simulation of
non-stationary electron dynamics by the TLM method. In the last two examples, the GaAs
MESFET analysis engine and the link with the TLM analysis will be also demonstrated.

5.2 Verification of the Time-Dependent Electron Velocity

In the work of Carnez et al. {5.5, 5.6], non-stationary electron dynamics are derived
by conducting Monte Carlo calculations and fitting analytical formulations into the resuits.
The analytical formulations were described in equations (4.3) to (4.7). The relaxation
effects z,,(w) and 7,(w), are derived from the dependencies of E,, v,,, and m’,, upon the
electron energy w. These were also shown in Figures 4.9 to 4.11 for carrier doping
concentrations ranging frem 1x10" to 3x10" atoms/cm®. The Monte Carlo experiments
of Carnez et al. consisted of subjecting 2/20/2 kV/cm and 2/40/2 kV/cm electric field
pulses with 2/2/8 pS durations, respectively into a thin doped GaAs sample, and
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monitoring the observed carrier velocity as a function of time. The results are reproduced
here in Figures 5.1 and 5.2 respectively. In addition, the transient electron energy
response for the 2/20/2 kV/cm pulse is presented and reproduced in Figure 5.3. The
selection of the pulses was intended to show the velocity response for various applied
steps. For example, the 0/2 kV/cm step subjects the sample to a field E which is below
the peak field E;, and therefore shows the carriers response before velocity saturation;
the 2/20 kV/cm and 2/40 kV/cm steps subject the sample to E>E; and therefore show
the velocity overshoot levels which can be attained; and the 20/2 kV/cm and 40/2 kV/cm
steps show the velocity relaxation behavior of the carriers from high fields to below E;.
Figures 5.1 and 5.2 show velocity overshoot as the applied field exceeds Ey, and velocity
undershoot as the field abruptly dips below E;. In both cases, their analytical formulations
show excellent agreement with the Monte Carlo calculations.

Implementing their results into the MESFET analysis engine begins by discretizing
the energy balance equations into a Finite Difference Time Domain (FDTD) scheme:

w, -w,, = qAl [E.' v, - E (w)v, (w.-)] (5.1)
m(w)v, -m.(w, )v, =qAt|E, - V‘VE‘ES;‘)] (5.2)

where the dependencies of E_ (w), and m"(w) are provided by fitting the graphical results
of Figures 4.9 to 4.11 with polynomial equations. The following set of polynomial
equations are used to fit E_(w) at 1x10" atoms/cm™ doping level, and both are compared
in Figure 5.4:

E.(w) = -14.85 + 364.01w 0.04 =< w < 0.045
E_(w) = 0.46 + 35.44w - 53.50w° 0.045 s w s 0.2
E.(w) = 38.99 - 618.36w + 4094.74w - 11919.10w> + 13431.20w" 02<w <038
E.Ww) = -112.79 + 354.65w w > 0.38

The following set of polynomial equations is used to fit m",(E,.(w)) at the same doping

104



f
| {
i Vv (107 cm.s™)
8 {e (kv.cm“)
20
6t n 2 2
_ 2 4 t(ps)
4 s |
2%
0 T(pS)
0 2 4 6 8 10

Figure 5.1: Drift velocity versus time when applying an electric field pulse.
Solid line: analytical formulation [5.5, 5.6]; solid dots: Monte Carlo
calculations [5.5, 5.6].
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Figure 5.2: Drift velocity versus time when applying an electric field pulse.
Solid line: analytical formulation [5.5, 5.6]; solid dots: Monte Carlo
calculations [5.5, 5.6].
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level, and both are compared in Figure 5.5:

M (Eu(w)) = 0.063 E.lw) s 2
m  (EL(W)) = 0.070 - 0.0082 E_(w) + 0.0025 E_*(W) 2<E, W <6
m"(E.(W)) = -0.018 + 0.029 E_(w) - 0.0012 E, 5 (W) 6 <E_w) <10
m (E.(W)) = 0.10 + 0.0050 E(w) E.(w} > 10

In these equations, the units for the electric field and the electron energy are kV/em and
eV respectively. The effective electron mass is normalized to the mass at the thermal
equilibrium energy w,. The steady-state electron drift velocity v,,(w), can be deduced from
Figures 5.1 and 5.2. For example, Carnez et al. used saturation velocity v,= 1 x 107
cmisec, low field mobility = 7500 crm?/V-Sec, and a peak field E;= 32.50 kV/cm; the v,
versus E_ relationship is displayed in Figure 5.6. Using the same sample of GaAs with
1x10" atoms/cm™, atime step At=0.01pSec, 1200 iterations, equations {5.1) and (5.2) are
solved for the transient drift velocity and electron energy. The response of the drift
velocity, shown in Figure 5.7 for the two electric field pulses, exhibits excellent agreement
with Carnez et al. results in Figures 5.1 and 5.2. Aspects such as peak velocity overshoot
and its duration, undershoot characteristics, low field response, and the steady state
behavior are all reproduced. The response of the electron energy, shown in Figure 5.8,
also exhibits excellent agreement with Figure 5.3. The agreement with the Monte Carlo
results of Carnez et al. shows that the adoption of their energy balance equations and
the fittings to the energy and momentum relaxation functions in this work verifies the time-
dependent carrier velocity behavior.

5.3 Verification of the New Voltage Balance Method

In this section the capability of the new Voltage Balance Method [5.7] to
characterize GaAs MESFET current-voltage characteristics at steady-state will be validated
by choosing the velocity-field dependence a long time after the biases are applied, and
verifying the results against published work of other investigators. This necessitates
adopting the input data parameters used by these workers to fit their models to their
measured devices. For a given velocity-field dependence, the current-voltage
characteristics can be completely and uniquely determined by specifying the following
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input data parameters: (1) doping, {(2) mobility, (3) saturation velocity, (4) peak electric
field, (5) surface field, (6) built-in voltage, (7) channel thickness, (8) recess dimensions,
(9) gate length, (10) gate width, {11) source-gate spacing, (12} drain-source spacing, {13)
ohmic contact resistances, and (14) buffer layer resistance. When all these input
parameters are adopted into two solving methods, differences in results can then be
attributed to the modelling methods and assumptions. On the other hand, such a
comparison may not be valid if any of the input parameters are omitted or approximated.
Of the published literature on GaAs MESFET work which show comparison between the
fit of models to experimentally measured devices, almost none report the full input data
parameters listed above. Reproducing such work becomes difficult.

One exception is the work of Chang and Day [5.8], which derives a closed-form
solution to a quasi two-dimensional GaAs MESFET model. They compared their model
with experimental data of two measured MESFET current-voltage characteristics, and they
provided the complete sets of input data parameters for each transistor. These are shown
in Table 5.1. The first device, labeled as MESFET #1, was reported previously by Pucel
et al. [5.9]. Its gate length is one micrdn, and its width is 500um. The conducting channel
is epitaxial of 6.5x10'® atoms/cm® doping and 3400A in thickness. It is formed on an
unintentionally doped buffer layer, which presents a shunt resistance of 200022 to the
channel. The ohmic contacts are formed by a gold-germanium alloy, while the Schottky
contact is formed by an aluminum metal which introduces a barrier of 0.75V. The second
device, labeled in Table 5.1 as MESFET #2, was reported previously by Morkog et al.
[5.10]. lts gate length is 0.7um, and its width is 150um. The conducting channel is
epitaxial with 2.2x10" atoms/cm™ doping and 1200A in thickness. It is formed on a lightly-
doped buffer layer which presents a shunt resistance of 1000<2 to the channel. The ohmic
contacts are formed by a gold-germaniumn alloy, while the Schottky contact is formed with
layered titanium-tungsten-gold metals which introduce a barrier of 0.89V. No data on gate
recess depth is reported. The two devices contrast with respect to the application. The
first is intended for medium power applications since the doping is relatively light, the
channel is thick, and the gate is relatively wide in order to deliver the required RF power.
The second device is intended for low noise and low power applications since the doping
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ﬂ Data Parameter M:EEFET ;__ MESFET #2
| Doping N,. [cm®] 6.5=x 10 2.;x 107
n Mobility u, [cm?/V.S] 4600 3800
No(x) and u(x) Profiles Uniform Uniform |
\ Saturation Velocity v,, [cm/sec] 7x10° 7 x 10°
Peak Field E;, [kV/cm] 3.6 4.6
Surface States E,, ..., [kV/cm] 0 0
Built-in Voltage V,,, [V] 0.75 0.89
Channel Thickness a, [A] 3400 1200
“ Gate Length L, [um] 1.0 0.7
Gate Width W, [um] 500 250
Source-Gate Spacing Lgg, [Um] 48 1.8 “
|| Gate-Drain Spacing Lyg, [Um] 48 1.8 "
‘ Extracted contact Resistance R,, [€] 0.56 0.17 ‘}
1000 2000

“ Buffer Layer Resistance R, [Q]

Table 5.1: Input data parameters of two GaAs MESFETs.



is relatively high and the channel thickness is thin.

Chang and Day’s model adopts the same set of assumptions as those described
in Section 4.2. Compared to the MESFET analysis effects described in Section 4.2, they
use an analytical closed-form solution of the two-dimensional Poisson equation, and
follow the same treatment for the buffer layer. In their model, they use a continuous
steady-state velocity field relationship which includes velocity overshoot with the following
expressions:

v=ukE, ESEL (5.33)
v = pE , E=E
E - E:.]z (5.3b)
1+
EC

where E, represents the maximum field value above which the velocity-field relationship

is no longer linear, and E, relates the carrier mobility and the drift velocity at saturation
such that:

(5.4)

The maximum velocity attained in (5.3b) occurs at the peak fieid, E;. It follows that by
specifying p, E,, and v,, the entire velocity-field curve can be fully defined using (5.3a) and
(5.3b). These three parameters are particular to the manufacturing process and the
epitaxial layer. In their work, Morkog et al. [5.10] and Pucel et al. [5.9]) measured and
reported the low field mobility, but did not report on the recess depth and surface fields
of bath devices. Chang and Day therefore assumed them to be zero, and instead chose
suitable E; and v, to best fit the reported |-V characteristics. The velocity-fieid
characteristics of the two devices are shown in Figure 5.9, and are used in the Voitage
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Balance Method for the comparison.

Chang and Day’s method, however, departs from this work in the crucial treatment
of the ohmic and fringe regions. Unlike the more complete treatment in this work, they
approximated the ohmic regions as two distinct sections. The first section contains the
metallization contact resistance R, and an inactive and completely undepleted region
which extends part of the distance from the ohmic metal edge to the gate. The second
section contains the gate fringe region which they approximate as a square region whose
length is proportional to the depleted height at the gate source edge. The proportionality
factor is provided by an adjustable fitting factor, s, which they used to improve the model
fit. Their ohmic region model exhibits (i) equal source and drain ohmic resistances, (i)
highest error at the drain ohmic region, and (jii) increased ohmic-contact-to-gate spacings
to reflect undepleted ohmic regions. Hence the adjustable factor is crucial in order to
obtain the best fit to the current-voltage characteristics. This type of ohmic region
modelling is inexact, but it allows their analysis to be given in a set of closed form
~ equations. To apply their results to this analysis, the metallization contact resistance R,
is extracted from the physica!-ohmic.-contact-to-gate spacings and the stated ohmic
resistances and are shown in Table 5.1.

The current-voltage characteristics of MESFET #1 computed by the Voltage
Balance Method is shown in Figure 5.10 where they are compared with those calculated
in [5.8] and the experimental data from [5.9]. The caiculated curves in this work show
good agreement with the method of Chang and Day. It also unintentionally exhibits a
somewhat better fit to the experimental data. The discretization used for the MESFET
active layer in our calculation is Ax=10A and Az=100A. Chang and Day also reported on
the electric fields, free carrier concentration, and drift velocity profiles at V,=15V and V,=-
2V. Figure 5.11 shows good agreement in the computation of E, in the channel between
this work and [5.8]. In the Figure, the origin of the z-axis is taken to be at the gate metal
edge at the drain side. Figure 5.12 shows the comparison between E, and E, in the
surface region. Again, the fields demonstrate excellent agreement. Figure 5.13 shows the
comparison of the electron concentration in the channel. it exhibits accumulation
underneath the gate and partial depletion at some distance into the drain. Good
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agreement is demonstrated until the tail of the gate-drain high field region is reached
where in [5.8] the electron concentration continues to decrease, whereas in the Voltage
Balance Method the electron concentration returns to the doping levels of the channel in
the low field region. The behavior of the electron carrier concentration according to [5.8]
is incorrect in the tail end of the high field region since an analytical expression is used
which is not valid outside that region. On the other hand, the Voltage Balance Method
properly accounts for the carrier concentration using (4.14) and the behavior of the
glectric field in the channel shown in Figure 5.11. Finally, Figure 5.14 shows the
comparison between the carrier velocity in the high field regions. The double velocity
peaks are demonstrated in both methods since the peak field is approached twice.

The current-voltage characteristics of MESFET #2 computed in this work,
compared with those calculated in [5.8] and the experimental data from [5.10], are shown
in Figure 5.15. The discretization used for the MESFET active layer in our calculation is
Ax=4A and Az=20A. The calculated curves in this work show fairly close agreement with
the method of Chang and Day. Their method also exhibits fair agreement with the
experimental data. The difference between the two theoretical methods in this case is
attributed to larger discrepancies in the ohmic region modelling which was compounded
by their use of larger adjustable fit factors for this region. The difference between their
theoretical method and the measured device is attributed to the limitations in using E, and
v, as fitting factors to compensate for the unknown recess depth and surface fields.

The comparisons of the current-voltage characteristics and the high field region
parameters of the two devices has demonstrated that the Voltage Balance Method is
capable of simulating MESFETSs given a carrier velocity dependence at a time t long after
the biases are applied. When combined with the non-stationary velocity analysis
dernonstrated in the previous section, we have in effect validated and obtained a method
which is capable of simul..ing non-stationary time domain GaAs MESFET behavior. Next,
the methods developed in this thesis will be demonstrated with three examples.
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5.4 Example #1: Response of a Thin GaAs Sample to a Voltage Step

This example is intended to demonstrate the TLM simulation of non-stationary and
time-dependent velocity [5.11, 5.12]. The GaAs sample shown in Figure 5.16a is
subjected to a fast voltage pulse. The length, height, and width of the sample are 100A,
500A, and 250um respectively. The doping and voltage parameters used are chosen to
match those of Figure 5.1: the doping used is 1x10" cm®, low field mobility p=7500
[cm3#V-Sec], conductivity o= 12000 [1/Q-m]. The overall low-field resistance becomes
0.067 Q. To subject the sample to the same 2/20/2 kV/cm electric field pulse, the applied
voltage must be a 0.002/0.02/0.002 V pulse with the same time durations. Also, the
voltage polarity must be as shown in Figure 5.16 to maintain the sense of the applied
electric field.

The discretization of the physical GaAs sample of Figure 5.16a and adapting it into
a TLM system imposes several requirements: (i) the step size A€, must be equal or
smaller than Debye’s length L. For convenience, the step size is chosen to be the same
as the sample’s length A¢= 100A, and it is noted in Figure 2.6 that this is well below
L,~135A. Hence the errors associated with the TLM coarseness, conductivity and
dispersion are negligible; (i) the structure must be mirrored at the point where the voltage
is connected as shown in Figure 5.16b. The addition of the mirrored structure is required
in order to conform to the boundary conditions of the TLM method discussed in Chapter
3. lts existence does not require the scaling of the voltages and fields, and hence the
results for lower half can be ignored after the completion of TLM analysis. The sample is
filled with 10 nodes located at the following co-ordinates: (S50A,450A), (50A,350A),
(50A.2503), (50A,150A), (50A,50A), (50A.-50A), (50A,-150A), (50A.-2504), (50A.-350A), and
(50A,-450A); and (i) the polarity of the applied voltage resuits in the steady-state field
orientations shown in Figure 5.16b: E, is positive and constant across the sample, and
H, is positive and rises linearly from zero at the upper edge of the sample (x=5A¢) to
maximum at the center where the voltage is applied (x=0).

The TLM system computes the electric and magnetic fields in the GaAs sample
and at the same time accounts for the non-stationary electron velocity by controiling both
the injection energy and the losses of the individual nodes at every time step. These two
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analysis. (a) the sample enclosed between metal plates and
connected to a voltage source. (b) Orientation of the fields in the
sample shown with the mirrored lower half.

127



controlling quantities can be treated as interface parameters. A novel approach is
undertaken whereby FDTD is used to calculate the non-stationary electron dynamics and
the resuits are interfaced into TLM. The conductivities of the TLM nodes are computed
at each time iteration by synchronizing the time step Atin (5.1) and (5.2) to that of the
TLM system. Following the computation of the incident and reflected TLM impulses at
every node by (2.8) and (2.9) and at the electromagnetic boundaries, the resistance R
of the TLM node in (2.11) is updated using the following conductivity definition:
qv.n
g =

* E

k

(5.5)
where the k subscript denotes the TLM time step number. Then the amount of TLM
energy A is computed at each time step using relation (3.19):

I
A, = !
265 x 10° W 1/6'

(5.6)

where | is the current at time step i which can be obtained from the applied voltage and
the sample’s resistance. The sample responds to the applied pulse in a finite time
dictated by the dielectric relaxation time constant given in (4.1). At any time step, the
sample charges to the voltage V; in response to the applied voltage V,;, as givenin (4.2).
Since the conductivity changes with every time step, the resistance R, becomes:

Al
R = ———— . .
"o WiNM (5.7

Both (5.7) and the pulse information are used to compute the current, which in turn is
used in (5.6) to calculate the TLM energy at each time step.

The TLM response for the first 10pS is calculated. With a time step At= 1.2x10™
seconds (computed from (2.19)), 83,148 time iterations are required. The TLM energy and
the conductivity of the nodes are shown in Figures 5.17, and 5.18 respectively. ltis noted
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that since the doping profile in the sample is uniform, then the same conductivity versus
time dependence applies for all the TLM nodes. The TLM computed electric field E, is
shown in Figure 5.19. E, is positive and identical in each of the samples’ TLM nodes.
Furthermore, the steady-state values of the 2/20/2 kV/cm pulse are identical to that used
by Carnez et al. (Figure 5.1). The inclusion of the dielectric relaxation time constant and
voltage charging effects are shown to give rise to fast exponentially rising and falling field
steps, as opposed to being ideal and abrupt. It can be concluded that the TLM computed
electric field lags behind the applied field by the sample’s dielectric relaxation time
constant. The TLM computed magnetic field H, in Figure 5.20 shows five distinct traces:
a at (50A.450A), b at (50A,350A), ¢ at (50A,250A), d at (50A,150A), and e at (50A,50A). it
is clear that H, is smallest at the TLM node located half a TLM step away from the free
edge of the sample, and largest at the node located half a step from the edge of the
sample which is connected to the voltage source. Also, the spatial distribution at any time
is linear since the doping is uniform. It is easier to familiarize ourselves with the magnetic
field by showing the transient current. The electrical current in the sampie is proportional
to the maximum magnetic field:
1= Hpeq W. (5.8)
It is noted that the edges of the sample are not located at a TLM node, and hence H,,
must be obtained by extrapolating the magnetic field to the point where the voltage
supply is connected. Figure 5.21 shows the transient electric current through the sample.
The low field (2 kV/cm) steady-state current is 0.03 Amperes, which agrees with the ratio
of the voltage pulse at 0.002 V to the low field resistance of 0.0667 Q calculated at the
beginning of this section. It is interesting to observe that non-stationary velocity shows
that the sample experiences a current spike 4 times larger than the steady-state value.
it is important to note the impact of using the dielectric relaxation time constant in
the computation of the TLM energy supplied to the system. In this example, the TLM
pulses fed start from zero and rise quickly to their steady-state values. In contrast, the
TLM pulses applied to the examples in Chapter 3 were constant in amplitude and non-
zero at time t=0. In the latter case, the electric and magnetic fields experienced decaying
second-order oscillations, which are notably absent in the example of this section. The
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reason for this is that ideal steps are non-physical and are not encountered in practice.
However, the TLM network computes the proper response to the non-physizal stimulus.
The use of the TLM system’s dielectric relaxation time constant provides smooth and
more realistic response. In addition, the need for filtering out second-order oscillations
superimposed on the system’s response is no longer required.

5.5 Examples #2: GaAs MESFET Transient Response to Voltage Steps

This example demonstrates the current and electromagnetic transient responses
of a GaAs MESFET to the simultaneous application of drain and gate voltage steps. The
device reported by Morkog et al. [5.10], and which is described in Table 5.1 as MESFET
#2, is forced into a transition from the electrical state at V,=0V and V=0V to the next
state at V,=3V and V_=-0.5V. As the TLM simulation of the entire channel region is
computationally quite expensive, only two representative TLM systems will be monitored.
The first is chosen to be in the high-field region directly underneath the gate metal edge,
and the second is chosen to be the low-field region in the immediate vicinity of the drain
electrode. The latter section simulateé the electromagnetic fields exiting the channel into
the drain.

The non-stationary data requires deriving relationships for the relaxaion effects
7, (W) and 7,(w) presented by Carnez et al. [5.5, 5.6]. The relaxation time constants were
derived in Section 5.1 from the dependencies of E,, m’,,, and v,, upon the electron
energy. This time, however, the analysis requires treatment of the time-dependent velocity
suitable for the present doping level, 2.2 x 10" atomsfcm®. Figure 4.9 is used to obtain
the following set of polynomial equations to fit E, to w:

E.(w) = -14.85 + 364.01w 0.04 = w < 0.045
E.(w) = 0.15 + 46.30w - 94.00w° 0.045 < w < 0.2
E.(W) = 27.02 - 461.19w + 3419.75W° - 10794.50w° + 1285880w* 02 <w < 0.38
E.(w) = -112.79 + 354.65w w > 0.38
Figure 4.10 is also used to obtain the following set of equations to fit m’,, to E,(W):

m’.(E.(W)) = 0.063 E.(w) < 2
m"(E.w)) = 0.077 - 0.012 E,(w) + 0.0027 E*(w) 2<E()<6
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m L (E(w)) = -0.064 + 0.039 E_ (w) - 0.0017 E_%(w) 6 < E_{w) s 10
m L (E (W)} = 0.10 + 0.0050 E_(w) E.(w) > 10
In these equations, the units for the electric field and the electron energy are kV/cm and
eV respectively. The normalized electron effective mass is dimensionless. The parameters
of the steady-state electron drift velocity versus field are the same as those used by
Chang and Day [5.8]. They are listed in Table 5.1 and shown in Figure 5.9. Using the
same sample of GaAs used in Example #1 but with 2.2x10” atoms/cm®, the time-
dependent drift velocity responses to the 2/20/2 kV/cm and 2/40/2 kV/cm electric field
pulses are obtained and shown in Figure 5.22. In comparison with the time-dependent
.velocity in the lighter doped layer of Figure 5.7, it is evident that this sample will
experience smaller overshoot velocities. This result is consistent with more carrier
scattering events in heavier doped layers.

The space and time discretizations for the GaAs MESFET analysis engine are
chosen differently from the TLM system. In the analysis engine, the space discretizations
are Ax=4A and Az=100A, whereas inthe TLM system Ax=50A. Space discretizationinthe
x-direction is made much finer in the internal engine so that higher accuracy can be
attained for the high field region. The results are interfaced into coarser TLM systems to
avoid a very large number of time steps and excessive run time caused by a large
number of nodes. Variable time discretization algorithms are incorporated into the
analysis engine. The time step is directly dependent on the dynamic gate and drain time
constants, 7, 7,, and indirectly on the gate and drain charging voltages:

Vol® =V_ 0 (1 - e-'ﬁ') + Vi (57:) (5.92a)

Vro® = Vo) 11 - €% v 0 (6:30)

where V.q(t), are the applied drain or gate voltages at time step i; V,(t), V(1) are the
charging drain and gate voltages at the current time step, V., (t), V4., (t) are the charging
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drain and gate voltages at the previous time step. Since 7, in the active region is at
leastan order of magnitude smaller than z,, the device charges to the drain voltage faster
than to the gate voltage. Hence, before the drain voltage charges to 98% of the final
voltage, At=0.025z,, and thereafter, At=0.025z,. In the TLM system, the time step is linked
to the space step, in this case, At=6x10"" seconds. Since the time step in the internal
MESFET analysis engine is coarser, the TLM interface parameters are interpolated at the
required TLM time steps.

The charging voltages of the drain and gate circuits are shown in Figure 5.23. The
drain circuit charges to the applied voltage in less than 0.26pS, whereas the gate circuit
requires 6.65 pS to charge to 98% of the applied gate voltage. During the transition time,
the gate and drain time constants vary with time as shown in Figure 5.24. The time
constants are initially relatively large indicating a slow carrier velocity. But they both reach
a minimum within the first 1pS before they relax to the steady-state. This behavior can be
accounted for by examining the carrier velocity at the high and low field regions shown
in Figure 5.25. The electrons experience velocity overshoot in the high field section as the
electric field quickly exceeds the peak field E;, and hence the time constants decrease.
This condition does not take place in the low field region, and hence the velocity rises
monotonically to the steady state. The brief maximum in the velocity in this low-field
section arises because of the MESFET's different voltage charging rates: the channel
current increases quickly as the drain circuit charges to the final voltage, but soon
decreases as the charging gate voltage becomes more negative. The electron
concentration, which remains constant in the low field channel section, undergoes carrier
depletion in the high field region as shown in Figure 5.26 during the carrier overshoot
event, but soon after undergoes carrier accumulation to ensure current continuity.

The calculated TLM interface parameters versus time are shown in Figures 5.27
to 5.28. The TLM puise energies for the high and low field channel sections are the same
since the channel current is identical in both sections. On the other hand, the conductivity
of the TLM nodes in the two sections are different since the effective carrier mobility is far
lower in the high field section. As for the channe! length, Figure 5.29 shows that it
decreases very little with time in the low field section, but the high field section shows a
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Figure 5.25: Carrier velocity at two channel sections versus time.
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gradual decrease to little more than 100A. The latter case imposes a moving magnetic
boundary condition on the TLM system of the high field region. Finally, since 6.65pS are
needed to approach the steady state, approximately 110,240 time iterations will be
needed to attain the final response.

Consider the TLM response for the electromagnetic fields in the low field channel
section. The response of the electric field in any one of the TLM nodes is the same, and
is shown in Figure 5.30 where it is compared with the theoretical response provided by
the GaAs MESFET analysis engine. The TLM response initially lags behind the theoretical
response, but then rises to the same magnitude. A close-up shown in Figure 5.31 shows
that the TLM computed electric field response requires less than 0.1pS to reach the
required theoretical response. This behavior is governed by the dielectric relaxation time
constant of the TLM system material. The TLM computed magnetic field response is
shown in Figure 5.32 for each of the nodes in the system. The maximum magnetic field
occurs at the bottom of the channel (x=12004), while it is zero at the conducting channel-
depletion interface. The spatial distribution at any given instant in time is linear since the
doping is uniform. To verify the characteristics of the magnetic field response, we extract
the channe! current from H, ., and (5.8). The TLM computed versus the theoretical
channel current in Figure 5.33 show good' agreement. Furthermore, no time lag is
observed, indicating that the transient magnetic field response closely models the
theoretical response. Another important observation can be made. The steady-state
current, |.=21.7mA, arrived by the present non-stationary analysis is higher than that
arrived by non time-dormain approach used in Section 5.3, where the calculated steady-
state current is |,=19.2mA. This is not inconsistent with the findings of other workers [5.5].

Now consider the TLM response for the high-field channel section. The response
of the electric field in any one of the TLM nodes is also the same, and is shown in Figure
5.34 wherz it is compared with the theoretical response provided by the GaAs MESFET
analysis engine. The TLM response now initially lags behind the theoretical response by
about 1pS. Compared with the previous case, the dielectric relaxation time constant of
the TLM systemn material is now different since the conductivity is several times smaller.
The TLM computed magnetic field response shown in Figure 5.35 for each of the TLM
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nodes in this system now exhibits decaying oscillations in the first 1 pS. This response
is attributed directly to the movement of the magnetic boundary as the channel! height
decreases in time to its steady-state length. The TLM computed versus the theoretical
channel current is shown in Figure 5.36. Good agreement is found, and furthermore, the
oscillations are sufficiently small in magnitude that they can be filtered out. Also, no time
lag is observed in the response, indicating that the transient magnetic field response
closely models the theoretical response.

5.6 Examples #3: GaAs MESFET Transient Response to a Sinusoidal Field

This example demonstrates the current and electromagnetic fransient responses
of a GaAs MESFET to an impressed 10 GHz sinusoidal electric field waveform. The
device and the final conditions arrived at in Example #2 will be used as initial conditions.
The same spatial and time discretization schemes will be applied. The experiment is
therefore a continuation of the previous example which proceeds 6.65pS after the biases,
V,=3V and V_=-0.5V, are applied. Since the simulation of the 10 GHz waveform requires
100 pS, approximately 1,657,737 TLM time iterations will be required to attain the
complete response. This presents considerable stress on computer storage and time
resources, and hence only the low field channel section in the vicinity of the drain
electrode will be simulated in a TLM system.

The signal shown in Figure 5.37 represents an x-directed electric field resulting
from a 0.4 V peak to peak waveform of the form:

V. = 02sin(2zf (s - 665)) | (5.10)

where f=10 GHz, and t ranges from 6.65pS to 106.65pS. This signal can be classified as
medium to large since it is equivalent to -4 dBm RF power. The gate circuit of the
MESFET charges to the applied signal as shown in Figure 5.38. Close examination of the
charging voltage reveals that, when the effects of time lag are taken into account, the
negative peak of the charging voltage is smaller than the positive counterpart. The
difference between the positive peaks are 0.71mV while the negative peaks differ by
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1.78mV. The signal attenuates at the input by a mere 0.054 dB. This reveals that the
device can be modulated at this frequency (10 GHz) since the gate time constant is small
enough. But the difference in magnitude of the peaks suggests underlying nonlinearity.
The charging voltage lags behind the signal by the gate time constant, which itself varies
with time as shown in Figure 5.39. Furthermore the positive-going half cycle is
considerably larger in area than the negative going counterpart. The uneven increase of
the time constant in the first half of the cycle is attributed to the nonlinear increase of the
gate-source capacitance. As to the response in the output channe! section, the electric
field response is predictably sinusoidal as shown in Figure 5.40, and both the theoretical
and TLM computed results show good agreement. The dividing lines in the same figure
meet at t=6.65pS when the sinusoidal wave is injected. The magnetic field, which
represents the modulation of the channel in response to the input electric field modulation
at the gate, is computed by TLM and is shown in Figure 5.41. The spatial distribution at
any time step is uniform; however, it can be seen that the magnetic field distribution is
relatively more widely spaced at the posttive peaks, again indicating a nonlinear response.
Extrapolating the maximum magnetic field at the base of the channel, the channel current
is computed and compared with the theoretical results in Figure 5.42. In this figure, the
DC component has been removed to reveal the induced 10-GHz current waveform. Both
the TLM and theoretical channel current show agreement, and as expected, the positive
cycle is larger than the negative counterpart. The amplification of the input signal can be
evaluated by computing the device transconductance. Using the available gate voltage
swing, this measure is evaluated and compared with computations performed by purely
steady state analysis in Figure 5.43. The figure reveals that the transconductance
computed in the time domain is larger and somewhat steeper than steady-state analysis.
This example shows the advantage of using non-stationary time domain analysis for more
accurate transient and steady-state prediction of GaAs MESFETs.
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a(x=1175A), b(x=11254), c(x=1075A), d(x=1025A), e(x=9754), f(x=925A), g(x=875A),
h(x=825A), i(x=775A), j(x=725A), k(x=675A), I(x=625A), m(x=575A), n(x=525A),
o(x=475A), p(x=425A), q(x=875A), r(x=325A), s(x=275A), t(x=225A), u{x=175A),
v{x=125A), w(x=75A).
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CHAPTER 6

Conclusions

6.1 Introduction

The work presented in this thesis was directed toward interfacing into the two-
dimensional TLM method the simulation of the GaAs MESFET's active layer. The ultimate
goal of such research is to extend the TLM method into the full simulation of monolithic
microwave integrated circuits.

Of particular interest was the approach used in this work to implement a physics-
based active device model. Compared with lumped element models which are unrealistic
and artificial at best, physical models can treat broad range of devices and input signals
and are more compatible with the concept of TLM. The implementation of this type of
model and the examples in this work were therefore aimed at demonstrating the viability
of realizing the overall goal, which is to simulate by electromagnetic techniques both
active and passive devices in the same substrate. In this chapter the results of this work
are summarized, the original contributions are noted, and suggestions are made for future
work.

6.2 Conclusions

In this work, a new approach is used to model GaAs MESFETs in TLM. Since the
TLM method cannot undertake their physical modelling, an indirect approach is used
where the MESFET is treated as a two-port structure, and a background solver is
incorporated into a new TLM formulation which calculates MESFET parameters that the
TLM method car .ot directly model. The new TLM formulation models a field-linearized
discrete section of the MESFET conducting channel, and hence a collection of these
systems are used to fit the entire conducting channel. The background solver employs
a titne domain quasi-two-dimensional GaAs MESFET model capable of simulating non-
stationary electron dynamics which are necessary to account for the transient response.
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An interface was also designed to assist the linkage between the new TLM method and
the background solver. One of the advantages of this approach is that the tight linkage
between space and time in TLM, which slows down electromagnetic computations, is
decoupled. The background solver can adopt finer spatial meshes and coarser time
steps than the TLM method. The linkage between the two systems is done via spatial and
time interpolation. It was demonstrated that the new TLM method is capable of simulating
the electric and magnetic fields in GaAs MESFETs as well as the channel current for
various type of input stimuli.

6.3 Original Contributions

The incorporation of physical GaAs MESFET modelling into the TLM method is the
first of its kind. To bring the cbjectives of this thesis into reality, several new analyses
methods had to be researched. For example, the formulation of the two-dimensional TLM
method to model the électromagnetic fields in a discretized section of the conducting
MESFET channel is new. The GaAs MESFET analysis method also contains several novel
aspects. Whereas previous treatments consisted of using non-stationary velocity
calculation and fixed time steps, this analysis incorporates the calculation of the dielectric
time constants and charging effects in addition to non-stationary electron dynamics to
attain a variable time step. Finally, the Voltage Balance Method used to solve the Poisson
and current continuity equations is also novel.

6.4 Recommendations for Future Work

The most important undertaking would be to incorporate the effects of the MESFET
parasitics into the analysis. These parasitics are due to the gate, drain, and source
microstrip lines, and they are best taken into account using three-dimensional analysis.
The TLM technique has been demonstrated to be quite suitable in simulating the
electromagnetic fields in microstrip structures [6.1-6.4], and presumably coupled lines
such as those in the MESFET metallizations can be treated as well. The treatment is
envisaged such that the gate, drain, and source microstrip line are discretized along their
width. The active layer cross-section at each node would be treated by a separate GaAs
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MESFET analysis engine. The electric field of the wave propagating along the gate
electrode serves as the input at each node, and the magnetic field emerging from the
active layer towards the drain electrode is added to the fields in the surface. The
electromagnetic fields propagating on the outer drain microstrip line must be formulated.
This must take into account the load terminations as well as the characteristic
impedances of the microstrip lines. Also, the field interactions and parasitics of the
MESFET electrodes must also be incorporated into the active layer.

Though spatial discretization is the dominant factor in determining the accuracy of
the final results, it would still be usefut to enhance the accuracy of the intrinsic MESFET
model. The present model did not involve diffusion processes and temperature effects
since Monte Carlo results were not available. !t is suggested that in the absence of
published data, Monte Carlo simulations should be conducted to investigate carrier
transport properties at various doping levels and temperatures. The GaAs MESFET
analysis engine can incorporate these results via look-up tables.

Finally, there are little data on time domain physicai modelling of MESFET devices.
The analysis engine can be used in the present form to conduct nonlinear analysis, for
example, on the effect of gate recess, gate length variations, and channel material on
MESFEET characteristics. It would be useful to study the extent of distortion of high
frequency signals and device limitations. The results can be used to design optimal
MESFETs for low-noise and power applications.
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Appendix A

Monte Carlo Methods

The Monte Carlo Method is a technique for simulating many chance experiments
and drawing inferences from the results of simulated experiments. Historically, the
technique was first used in 1773 by a French scientist to estimate the value of x using
chance experiments. By tossing a stick of length L into a large flat piece of paper ruled
with straight lines a distance 2L apart, x is computed from the ratio of the total number
of tosses to the number of tosses where the stick crosses a line. The results are
considered accurate only if large number of experiments are used and the outcome of
any given toss is truly random. The technique was given its first systematic development
by Von Neumann and Ulam who simulated random neutron diffusion in fissionable
rnaterial for the development of the atomic bomb at Los Alamos scientific Laboratory in
New Mexico. Since then the use of these methods extended with the advent of
computers. Beginning in the sixties the Monte Carlo method was actively employed to the
investigation of hot electron transport in semiconductors to shed light into the Gunn
effect. Soon after the results were used to obtain statistical modets of electron velocity-
electric field-ime behavior in compound semiconductors to quantify non-stationary
electron transport. In this thesis, the results of one-dimensional Monte Carlo simulation
of hot electron transport in a GaAs sample under steady state electric field are used to
derive the electron momentum and energy relaxation behavior under various doping and
electric field levels. These parameters are obtained by generating a sample history of an
electron by computer using pseudo-random numbers to select the final states of
scattering processes, as well as the initial states in which the path terminates by
scattering. Many thousands flight histories of electrons are generated in this process to
provide a statistical behavior.

The use of Monte Carlo methods in hot electron transport within semiconductors
can best be illustrated in an over simplified experiment. Suppose that we wish to model
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the transport of the electrons in a conducting semiconductor sample. The latter would
have many billions of electrons moving about and colliding with other particles as well as
the nuclei of the constituent atoms. Each collision can result in the emission of new
particles, in a change in direction and energy of the electron, in the absorption of the
electron by the nucleus, and many other effects. We can think of the travel of each
electron as a series of experiments. With a certain probability it strikes another particle,
and with certain other probabilities the different physical phenomena described above wilt
occur. Some of these phenomena may actually unieash another electron and thus initiate
a new set of experiments. At any given point in time there are billions of electrons
scattered randomly throughout the conducting sample. They are moving in various
directions with a variety of energies. If we could trace the history of these electrons we
could determine the energy and other properties of the sample at any given time. This
can only be accomplished with reasonable accuracy using the law of large numbers. By
scattering a large enough number of electron at random throughout the sample and
starting them in randern directions and random energies, the histories can be closely
traced. Typical Monte Carlo calculations involve generating several sequences of random
numbers. Let one sequence describe the position of the electron using cartesian
coordinates. The next sequence might specify the direction in which the electron begins
to move. The next also represents the starting energy. If the electron collides with another
particle the next random sequence can decide whether another particle is released. And
the succeeding numbers determine the directions and energies of electrons after a
collision. The process continues until any given state or iime occurs.

The actual Monte Carlo methods used in electron transport in GaAs is much more
involved. The parameters of the Monte Carlo experiment involve the density of the
semiconductor, energy band gap, dielectric constant, detailed energy band structure,
effective mass, lattice properties, diffusion, impact ionization. carrier-carrier scattering,
absorption of light, and many others. This task requires tremendous volume of
calculations which is most suited for computers. The central notion in these simulations
is that the duration of the electron sample history is long enough to sample the domain
of electron variables, and that the numbers generated are truly random. These
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requirements can partly be satisfied by using large enough number of trials with a
reasonable economy in computer time. Generally, these experiments are repeated as
often as necessary and eventually the scientist draws a trend line through the large
number of data points in a graph, and a statistical model emerges.
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Appendix B

Computer Programming of the TLM MESFET Model

The technique for TLM simulation of GaAs MESFETs developed in this thesis is
outlined in the flow-charts shown in Figures 4.5, 4.6, and 4.12. Computer programming
of the technique requires the development of three distinct subprograms: 1) the TLM
analysis module, 2) the GaAs MESFET analysis engine, and 3) the TLM-MESFET engine
interface. Due to the time chronicle of this research the first two modules has been
developed separately using different programming objectives, while the third module has
been implemented as a series of sub-programs for generation of the look-up tables.

The TLM analysis module was developed under the requirement of very large
memory storage. For example, each TLM node requires allocation into memory of 1) four
voltage numbers correspending to the branches, 2) three electromagnetic field
components, 3) Cartesian coordinates, and 4) the number of time iterations. it has been
seen in the examples of Chapter 5 that the number of TLM time iterations is in the order
of hundred of thousands to several millions. Such storage requirements preclude the use
of the computer’s fast accessing but volatile random access memory because of the
latter's storage limits. A program is written in QuickBasic language which instead stores
the TLM node information in the computer’s non-volatile but slow accessing hard disk
memory system because of the latter’s vast storage capacity. The program has been
adapted to accept the values of the TLM energy, conductivity, and system dimensions
at run-time from look-up tables. The program can solve for one TLM system at a time and
can accommodate tens of millions of iterations. The penalty paid of such a programming
implementation is in terms of the execution speed. The examples in this thesis were
simulated using a personal computer based on an [ntel 80486 microprocessor running
under a 33 MHz clock speed. As a relative benchmark, the computation of the
electromagnetic response of the 46 node TLM system described in Chapter 5, Example
#3 required 52 hours of run-time to execute 1,657,737 time iterations. It is important to
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note that the run-time does not scale linearly with number of TLM nodes. The program
slows down considerably with increasing number of nodes. The main reason is the look-
up tables reading time and the file writing time required by the computer to store the TLM
information. It is for this reason that the program was designed to execute one TLM
system at a time.

The memory storage requirements for the GaAs MESFET analysis engine is also
quite severe. Unlike the TLM analysis program which solves for one TLM system at a
time, the entire MESFET space has to be simulated by the engine. Each node requires
allocation into memory of: 1) doping, 2) electron velocity), 3) electron energy, 4) electron
momentum, 4) electron energy and momentum relaxation times, S) two electric field
components, 6} voltage, 7) cartesian coordinates, and 8) time steps. Similar to the TLM
analysis program, the computer’s non-volatile random access memory is used for node
information storage. A program is written in Visual Basic for Windows, an event-driven
programming language, to execute the simulations reported in this thesis. Using the same
computing platform, this programming language enables access to larger amounts of
volatile random access memory for énalysis requirements. Unlike TLM analysis which
requires the execution of few and simple closed loop equations per time step, the GaAs
MESFET analysis requires vast and extensive analysis memory as it undergoes hundreds
of optimization processes to obtain a MESFET solution per one time step. On the other
hand, using a variable time step, the number of time iterations, and consequently file
writing time is considerably shortened in comparison to the TLM analysis. As a relative
benchmark, using the same computer platform the computation of the transient response
of the MESFET in Chapter 5, Example #3 required sixteen hours of run-time.

The TLM interface parameters were generated from the node locations and time
steps of the MESFET analysis engine. Using stand-alone computer subroutines, the
interface parameters were spatially and time interpolated to fit the TLM analysis node and
time step requirements. These were then converted into look-up tables using polynomial
functions and stored into computer files. The TLM analysis proceeds for the entire time
length to generate the clectromagnetic response.
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