CHAPTER 1

INTEGRATED CIRCUIT
TECHNOLOGY







Modeling GaAs/AlGaAs Devices:

A Critical Review
Herbert S. Bennett

Abstract

Device models for GaAs devices and GaAs/AlGaAs heterostructures are
much less advanced than those for silicon devices. This paper critically
reviews recent advances in the modeling of GaAs/AlGaAs devices. It is
based on the examination of five selected device models that contain features
common to the majority of device models for heterostructure bipolar and
field effect transistors. Areas requiring improved measurement techniques
on processed GaAs and improved physical concepts for GaAs/AlGaAs de-
vice models are identified.

Introduction

This review summarizes recent advances in modeling
GaAs/AlGaAs heterostructure bipolar transistors
(HBT) and GaAs and GaAs/AlGaAs field effect tran-
sistors (FET). It identifies those physical concepts that
are not adequately included in present device models
for HBTSs, for conventional metal semiconductor FETs
(MESFETs), and for heterostructure FETs (HFETSs)
such as two-dimensional electron gas FETs (TEG-
FETs), modulation doped FETs (MODFETs), high
electron mobility FETs (HEMTs), and selectively
doped FETs (SDFETs). This review also identifies
areas requiring increased efforts for measurement
techniques on processed GaAs. The term processed
GaAs refers to material that is representative of the
active regions of devices and not to bulk material.
This review is based on the examination of five device
models that have been selected from among several
available GaAs device models. The five device models
discussed contain features and assumptions found in
the majority of device models reported in the archival
literature.

Developing computationally efficient models that
simulate the operation of solid-state devices is one
goal of workers in this area. Achieving this goal re-
quires compromises between the sophistication of
solid-state physics and the pragmatic demands of
electrical engineering. There are two classes of com-
puter models:

(a) Compact models, which use the methods of
Gummel-Poon or Ebers-Moll, based on closed
form solutions to approximate device equations.

(b) Detailed models based on doping profiles and nu-
merical solutions to the coupled nonlinear semi-
conductor device equations with appropriate
boundary conditions [1]. These equations are
usually solved self-consistently by either finite
element or finite difference procedures and in-
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clude Poisson’s equation, current-density equa-
tions for holes and electrons, and continuity
equations for holes and electrons.
The discussion that follows pertains to detailed de-
vice models.

Typical Device Structures

Figure 1 gives the structure for a device similar to
the one investigated by Asbeck et al. [2]. This HBT
avoids many of the tradeoffs in the design of homo-
junction bipolar transistors. The HBT has a wider
bandgap emitter (layer 3). The greater bandgap of the
emitter compared to the base reduces substantially
the hole injection from the base into the emitter. Re-
ducing the basewidth decreases the electron transit
time in the device and thereby increases f,. The con-
duction band spike is reduced by the compositional
grading [3]. This increases the injected electron cur-
rent and, therefore, the gain of the HBT. Such HBT
devices with thin bases and high f.s are fabricated by
molecular beam epitaxy (MBE) or by organometallic
vapor phase epitaxy (OMVPE).

Circuits containing HBTs, which are similar to the
HBT in Fig. 1, and operating at 300 K or 77 K may
compete with or exceed the ultrahigh performance of
Josephson junction circuits at 4K [4]. However, before
HBTs can be used in high-speed integrated circuits,
improved fabrication technology needs to be devised.
In particular, the number of defects in the substrate
and the number of interface states at junctions need
to be reduced.

Figure 2 shows a typical heterostructure HFET,
which is similar to the one reported in Ref. [5]. The
main feature of these devices is to have the donorsin a
wider bandgap GaAl,As,_, layer (layer 2) and to have
the electrons move in a nearby undoped GaAs chan-
nel (layer 4). These devices frequently have a spacer
layer of undoped GaAs (layer 3) to shield the two-di-
mensional electron gas from the fields of the donors
in layer 2. When the donor densities in layer 2 exceed
about 10”7 cm™3, the electrons do not have a bound
state associated with the donor ions. The electron-ion
scattering becomes significant in layer 2 and lowers
the electron mobility. The undoped layers 3 and 4
provide the required high mobility, active region of
the device.

The nonlinearity of the HFET is good for L,s~1um
and very good for L,s ~ 0.5um {4]. This nonlinearity
is the increase of g, with small (V,, — V;) and in-
creases as u,/L, increases, where u, is the mobility of
the electron in the channel. The current gain-band-
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width product increases as L, decreases. Hence, to
increase g,s and f,s, shorter gate lengths and higher
mobilities are needed. Gate lengths less than 0.5um
place unacceptable demands on lithographic preci-
sion for commercial production. Heterostructure
HFETs offer ways to achieve mobilities that are higher
than those for GaAs alone. Such FETs are called TEG-
FETs [5], MODFETs, HEMTs [6], and SDFETs. One
reason that similar devices are referred to by many
names is that the understanding of how the devices
function is incomplete. Most workers concentrate on
how the carriers move in the channel and place less
emphasis on how the carriers move from the source
to the channel and from the channel to the drain.

Representative Device Models and

Associated Assumptions

Many HBT, MESFET, and HFET models exist in the
literature. Most authors use the predictions from
such models to perform numerical experiments and
thereby to suggest ways to improve device perfor-
mance. Few compare the predictions with measure-
ments from devices. In this section, five represen-
tative device models are presented to illustrate the
recent advances in modeling GaAs devices. These five
device models have been selected from among the
many models reported in the archival literature, since
as a set, they contain most of the essential features
and assumptions found in HBT, MESFET, and HFET
models. The many other models that are not dis-
cussed or referenced here are, with few exceptions,
variations on those outlined below. Including discus-
sions of additional models would detract from the
main purposes of this review; namely, identifying
areas for which improved physical concepts and mea-
surement techniques are needed.

Formulation of Lundstrom and Schuelke

Lundstrom and Schuelke have developed a numer-
ical method for analyzing heterostructure semicon-
ductor devices (HBTs and HFETs)[7]. Their analysis is
based on a macroscopic description of semiconduc-
tors with nonuniform composition. The Lundstrom-
Schuelke (LS) model contains conventional device
equations. It discretizes the basic equations by the
finite difference technique and uses the Scharfetter-
Gummel [8] formulation for the current densities.

These authors have modified conventional device
analysis programs to evaluate the two band param-
eters V, and V,. They describe the nonuniform com-
position by position dependent «,(x), V.x), and
V.(x). These modifications are valid only for hetero-
structures in equilibrium. Also, the LS model is
strictly valid only when the material composition
changes slowly and the concept of a position depen-
dent effective mass is reasonable [9].

However, the above restrictions may not be appro-
priate for processed GaAs.
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The main assumptions of the LS class of models are
summarized below. The equilibrium pn product is as-
sumed to have the form

nepo = n? exp(—AE,/kT) 1)

where AE, = —g(V, + V,). Recent work [10] has
shown that Eq. (1) gives incorrect descriptions for
heavily doped silicon devices with emitter widths less
than 3 um. Preliminary results indicate that simi-
lar difficulties occur with Eq. (1) for GaAs above
10"cm™2. Also, this and most other models as-
sume that the temperature is uniform throughout the
device and that no strains are present. However,
Moglestue has shown that local heating occurs be-
tween the gate and drain of n-type GaAs FETs [11].

Lundstrom and Schuelke have applied their model
to both the HBT in Ref. [2] and to the TEGFET in Refs.
[5,12]. They have not compared the predictions of the
LS model for HBTs with measured I-V data. Only nu-
merical experiments to understand better the behav-
ior of HBTs are reported. They have compared the LS
model predictions with measured quasi-static capaci-
tance versus reverse gate voltage for the TEGFET [12].
The agreement is good except at high voltages (> 8V),
for which breakdown may occur.

Formulation of Asbeck et al.

Asbeck et al. [13] have modified the one-dimen-
sional, finite difference code SEDAN [14] to be appli-
cable for HBTs. The basic semiconductor equations
are similar to those for the LS model in the “Formula-
tion of Lundstrom and Schuelke,” section except the
constitutive relation for J,

J, = —nqu,V(V+V,) + D,V, (2
is replaced with the equation
J. = —gqnv(x) 3

The electron velocities are obtained from equilibrium
and ballistic transport relations for v(E). They have
considered the dependence of f, on current density
and on various v(E) relations [15] by performing nu-
merical experiments on HBTs [2]. They have used
these predictions to suggest new designs for devices.
Because adequate measurements and theories for
the dependence of n?./n? on the high carrier and do-
pant densities present in their HBTs do not exist,
HBT models contain the assumptions that n?,/n? = 1
and that u,(maj) = u,(min) and w, (maj)= u,(min) at
the same doping densities. These physically ques-
tionable assumptions exist also in the recent Monte
Carlo simulations reported by Tomizawa et al. [16].
Using the current crowding under the emitter as a
variational parameter, Asbeck et al. have compared
the dc common emitter gain versus collector current
with measured values. The agreement is marginally
acceptable. Continuing additional numerical experi-
ments without better input data for mobilities, band






