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Abstract

This paper describes a device model for the simulation
of the effects of single-event and radiation phenomena on
the operation of GaAs MESFETs. The model can be utilized
in a circuit simulator to evaluate integrated circuit designs
and aid in the provision of adequate upset margins for vari-
ous operating environments. Additional sub-circuit construc-
tion is unnecessary since the electrical responses to the
different phenomena are intrinsic to the device template.
Example simulations using SPICE3 are described.

Introduction

GaAs integrated circuits are finding increasing use in
applications which require high performance and resistance
to circuit upset due to single-event and radiation phenomena.
The environments in which these circuits have to function
reliably are characterized by the presence of both transient
upset and cumulative degradation mechanisms in the form of
cosmic ray particles, trace amounts of terrestrial actinides,
ionization due to high-energy photons and damage due to
particle fluence. It is therefore important to account for
these during the design process to provide adequate margins
for reliable operation. A GaAs MESFET device model and
companion models for a dielectric capacitor and an
implanted resistor, that can be used to evaluate the effects of
some of the above phenomena on device and circuit opera-
tion using a circuit simulator, are described below.

Mechanisms and Device Models

Ionizing radiation creates hole-electron pairs every-
where in the MESFET. The carriers that do not immediately
recombine are separated by the prevailing electric fields in
the device regions and contribute to charge transfer between
the different nodes of the device. Transients in the electrical
characteristics during the radiation stimulus are termed
prompt and those which persist after the stimulus is removed
are classified as delayed. The mechanisms provided in the
MESFET model in the former category are radiation induced
currents through the internal access resistors, prompt leakage
in the gate Schottky diodes, prompt substrate leakage current
between the drain and source electrodes and a prompt
increase in the channel current. The mechanisms in the latter
category are delayed substrate leakage, charge collection by

diffusion in the gate Schottky diodes and slow drift of the
channel current due to carriers trapped in deep levels. Parti-
cle fluence, which creates cumulative lattice damage, causes
reductions in channel mobility and effective doping density.
These in turn lead to reduced peak device current, threshold
voltage shift and transconductance degradation. Single-event
phenomena, in which a few high energy particles strike the
MESFET, cause upset by charge transfer due to the
electron-hole pair tracks that are created in the device. Fun-
neling and source-drain penetration are the two main modes
in this category. On-chip semiconductor resistors and film
capacitors also exhibit additional shunt conductivity due to
both dose-rate (y) and single-event effects.

The simulation approach adopted here departs from the
commonly used sub-circuit method [1], [2]. The device
sparse matrix template is computed in terms of an environ-
mental variable called flux which is determined by flux
sources. This approach allows the simulation of changes
induced in the internal device parameters like threshold vol-
tage, mobility and effective doping and also eliminates the
need to maintain different device templates and additional
sub-circuit elements to mimic different phenomena.

Capacitor: The capacitor circuit element is augmented with
a leakage current source to model effects of ionizing radia-
tion. This additional current between the two nodes is
expressed as the sum of a prompt component, which is
directly proportional to the dose-rate, and a delayed com-
ponent specified by a convolution integral [3]:
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V. is the voltage across the capacitor, K, and K4; are con-
ductivity constants, b, and by are the related exponents,
and 7.4 is the decay time-constant. The electron-hole pair
tracks created by high energy particle transits through the
capacitor or the resistor are modeled as highly conductive
shunt paths.

Semiconductor Resistor: The effect of ionizing radiation on
resistors, including the internal access resistors of the MES-
FET, is modeled by an additional current of the form [3]:
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where V. is the voltage across the resistor, K; is the conduc-
tivity constant and b, is the dose-rate exponent.

GaAs MESFET: The MESFET equivalent circuit is shown
in Figure (1) with the radiation and particle track dependen-
cies incorporated in it. The internal access resistors Ry and
R,; have the same description as the semiconductor resistor
in the previous section. The non-linear capacitors associated
with the Schottky gate have no built-in radiation/particle
track dependencies. These have been attributed to the
Schottky diodes shown in the equivalent circuit. The external
lead/finterconnect resistors Rge, Ry and R, have no
radiation/track dependencies. The additional substrate
photo-current [4] between the source and drain contacts is
modeled to show both prompt and delayed responses to
incident radiation. It is given by:
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Here, Vg, is the voltage across the nodes of the shunt ele-
ment, Kpqy, is the prompt conductivity constant, Kyqy, is the
delayed conductivity constant and Ty, is the associated
time-constant. The additional current through the gate
Schottky diodes is given by [S]:
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Here x = s or d for the source or drain, f,, and fy, are
prompt and delayed proportionality constants, A is the area
of the diode, L, is the collection length, D, and T, are the
hole diffusion constant and recombination lifetime respec-
tively. The prompt increase in channel current due to ioniz-
ing radiation is modeled by augmenting the maximum chan-
nel current, which is a device model parameter, as a function
of the dose rate:

Al = Kepo YO ®)

Long term negative drain current transients [6] are modeled
by re-expressing the threshold voltage of the device as a
function of trapped charge in the device. Total dose effects
are principally represented by a reduction in mobility and
effective doping density [7]:
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where K, Ky are constants and 7 is the cumulative dose.

The former reduces the linear region conductance and
increases the saturation voltage whereas the latter decreases
the magnitude of the threshold voltage, maximum channel
current and the saturation transconductance. There are two
major types of single event upset (SEU) mechanisms that
have been identified in GaAs MESFET structures. One is
due to the funneling phenomenon [8] similar to that in sili-
con p-n junctions and the other is due to parasitic bipolar
transistor action [9] in the device region below the channel-
substrate interface. These particle strikes are modeled by a
combination of charge transfers between pairs of internal
nodes. Strikes which occur in the gate-drain and gate-source
spacings, are modeled as strikes on the internal access resis-
tors. Edge-rate () effects [10] are represented implicitly by
the specification of the flux source waveform.

Implementation and Simulations

The device models have been tested in SPICE3 [11]
and example simulations are presented in Figures (2) to (7).
The convolution integrals are computed using an adaptive.
quadrature integration routine. Radiation and particle stimulii
are specified in the same manner as electrical sources. Arbi-
trary track current waveforms can be defined for particle
strike simulations through the flux source specification. Fig-
ure (2) depicts negative transients of various magnitudes and
the long term recovery response of MESFET drain current in
response to various x-ray doses. Figure (3) illustrates the
edge-rate effect caused by a high rate of change of
radiation-induced current through series bus inductance.
Figure (4) illustrates a state error due to a particle transit in
a clocked inverter. The particle track bridges the gate-drain
area of the pull-down device discharging the storage capaci-
tor. Figure (5) shows the schematic and cell waveforms for a
simple static RAM cell. A particle strike bridging the
drain-source diffusions of A3 and a gate-drain strike on
MESFET A4 change the state of the cell. Figures (6) and
(7) illustrate the resistor and capacitor models for particle
strike and radiation phenomena.

Summary
A GaAs MESFET device model and companion capaci-
tor and resistor models, suitable for the simulation of the
effects of radiation and SEU phenomena on GaAs integrated
circuits, were described. Simulation examples of the features
of the models using SPICE3 were presented.
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Figure 1: Integrated MESFET equivalent circuit incorporating
SEU and radiation stimulus dependencies. Additional sub-
circuitry is unnecessary.
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Figure 2: MESFET slow drift response for various doses at
t = 2 secs. The magnitude of the negative transient saturates
at high doses.
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Figure 3: Output spikes (edge-rate effect) due to power bus
inductance. The output does not change during the stimulus
since the incremental conductances are proportional to
original sizings.
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Figure 4: Logic upset in a dynamic inverter when a particle
‘simll(c bridges the internal gate-drain region of the pull-down
evice.
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Figure 5: GaAs SRAM cell schematic and node voltage waveforms. The cell changes state due to a particle strike
on MESFET A3 with source-drain penetration followed by another gate-drain strike on A4.
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Figure 6: A resistive voltage divider subjected to a particle Figure 7: Ilustration of constant conductance (top), constant
strike on the bottom resistor and a subsequent radiation current (middle) and velocity saturation models for particle
pulse. The particle track current lowers the output voltage track current in the capacitor model applied to a simple RC
whereas the pulse does not. circuit.
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