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Abstract
FABRICATION, CH ARACTERIZATION, AND PARAM ETER
E XT R A C TIO N OF GaAs MESFETS
Erhcin Polatkan Ata
M. S. in Physics
Supervisor: Assoc. Prof. Recai Ellialtioglu
28 January 1994
Metal Semiconductor Field Effect Transistor (MESFET) is the most widely
used active element of today’s microwave industry.

After development of

the MESFET technology, the microwave industry gained a high acceleration,
especially in the telecommunication field.
In this study, GaAs MESFETs with various dimesions and geometries were
fabricated.

Characterization and parameter extraction of these devices were

performed, by means of low and high frequency measurements. The low cut
off frequency of the MESFETs produced were attributed to the non-optimized
gate recess etch.

Keywords:

MESFET, GaAs, Schottky Contact, Ohmic Contact, active

channel, analytical model, small-signal model.

özet
GaAs MESFET ÜRETİMİ, KARAKTERIZASYONU VE
PARAMETRELERİNİN ELDESİ
Erhan Polatkan Ata
Fizik Yüksek Lisans
Tez Yöneticisi: Doç. Dr. Recai Ellialtioğlu
28 Ocak 1994
Metal Yarıiletken Alan Etkili Transistor (MESFET), günümüz mikro
dalga endüstrisinin en yaygın kullanılan elemanıdır.

MESFET teknolojisinin

gelişmesinden sonra mikrodalga endüstrisi, özellikle iletişim alanında, önemli
ivme kazanmıştır.
Bu çalışmada, değişik boyut ve geometrilerde GaAs MESFETler üretilmiştir.
Bu cihazların karakterizasyonu ve parametrelerinin eldesi alçak ve yüksek frekans
bölgelerinde yapılan ölçümlerle gerçekleştirilmiştir.

Üretilen MESFETlerin

düşük kesim frekansları, optimize edilmemiş kapı (gate) oyuğu aşındırmasına
bağlanmıştır.

Anahtar Sözcükler: MESFET, GaAs, Schottky eklemi, ohmik eklem, aktif
tabaka, analitik model, küçük sinyal modeli.
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Chapter 1
Introduction
1.1

Introduction

In a well known article published in 1952, W. Shockley^ introduced the concept
of a Field Effect Transistor (FET), and proposed the term “unipolar” to
distinguish it from the bipolar transistor. However, the introduction of the Metal

Semiconductor Field Effect Transistor (MESFET), which should not be confused
with silicon FETs (MOSFET, J-FET), is as late as, 1966 by C.A. Mead. Even
though in the early 1970s, according to the journals dealing with microwave
components, the GaAs MESFET “had potential,” but would not easily replace
its existing competitors. In the field of MESFET applications, main competitors
were:
1. The traveling wave tube (T W T ) for low and medium power amplification;
2. diodes, especially Gunn and IMPATT, used as microwave sources;
3. the silicon bipolar transistor, used as low noise or power amplifier, or as a
microwave source for frequencies up to 7 or 8 GHz.
At that time bipolar transistors were making great progress, especially in
power amplification area. BJTs with power outputs in the order of a few watts
at 2-5 GHz range were promising for the silicon industry. Thus in 1970, MESFET
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was “unwanted stranger” in the industry, compared with its well-established
competitors, even though its frequency and noise performances were far better.
Figure 1.1 shows gain and noise figure performance for a MESFET in 1973.^ For
a comparison it also shows the best noise performances of bipolar transistors and
TW Ts.

Although, the MESFET figures were obtained in the laboratory, they

F ig u re 1.1: Performance comparison of TVVT, BJT, and MESFET
1973 state-of-the-art performance comparison between bipolar junction transistor,
MESFETs, and traveling wave tubes
clearly show the devices superiority. At the time, very few laboratories attempted
to build MESFETs, which were very difficult to produce.
the new technology wcis not so simple.

The adaptation to

First of all the material, GaAs, was

quite unfamiliar and difficult to process. The most experienced people in the
area were those who were working on Gunn diodes.

However the conditions

are entirely different: the MESFET has a planar structure; requiring an active
layer and an insulating layer, therefore has two interfaces.
Schottky contact.

It also requires a

Second, the factories attempted to start by manufacturing

devices with one micron gate length, which was smaller than that normally found

3
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in semiconductor industry at the time.
From a few GHz to several tens of GHz frequency range, though leaving
its place to High Electron Mobility Transistor (HEMT) and the Heterojunction

Bipolar Transistor (HBT), MESFET is the most widely used active component.
The success of MESFET is due to the semiconductor material, namely GaAs.
Electron mobility in this material, for example 8500 cm?¡V ■sec versus 1500 for
n-type silicon, for the same concentration of carrier densities. Additionally, the
maximum saturation velocity for GaAs ( ~ 10^cm/sec) occurs at a lower threshold
field (3500 V/cm versus 10000 for Si).

Also, GaAs has a better insulating

substrate than silicon, which allows low parasitics and true monolithic circuit
realization. Finally, GaAs is more radiation tolerant than silicon, which enables
its use in space with very low protection against radiation.
Although all of these advantages were known, GaAs was primarily used only
in the production of bulk effect diodes, utilizing other specific electrical properties
(e.g. electrons moving from one valley to another).
However, even today further efforts are necessary to improve reliability.
Optimization of the processes, for efficient and competitive production, is still
a major problem. Considerable work has been carried out in these directions,
but there are still problems to be solved, such as passivation, reliable ohmic
contacts etc., at least by some manufacturers. Short and medium term drifts still
cause degradation of devices, and differences in behavior and/or performance can
still arise between transistors from different batches.

1.2

The Material:GaAs

Over thirty years, GaAs has been the subject of intensive scientific study and a
very large literature on the subject formed. There are several reasons for such
intensive interest.^
First, GaAs is a compound semiconductor combining group III and group V
elements from the same row in the periodic table as the group IV semiconductor,
germanium. The charge exchange existent in the bonding of the lattice adds an

4
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ionic component to the mainly covalent bond of Ge and the band gap is expected
to increase. This increase in band gap offers a wider range of electrical resistivity
and the protection of extrinsic semiconductor behavior to high temperatures as
well as some other useful properties. These properties are very valuable for the
device physicist and engineer.
Second, as substitutional impurity atoms from groups II, IV, and VI will act
as donors and acceptors in the GaAs lattice, extra degrees of freedom are available
when compared to Ge or Si.
Third, when the whole family of III-V is investigated, from InSb to AlP
including inter-periodic compounds such as InP, AlSb, and alloys such as GaAsP
(the first commercially significant III-V semiconductor) or GaAlAs (which allows
the band gap to be varied without significantly changing the inter-atomic
distance), the potential advantages over the group IV elements Sn, Ge, Si, C
(diamond) are even more obvious. The study of GaAs as a prototype is clearly
justified in both academic and applied sense.

1 .2 .1

Properties o f G a A s

C r y s t a l St r u c t u r e

GaAs at room temperature has a density of 5.317^ · cm~^ and crystallizes into
zinc blende structure, which consists of two equivalent, inter penetrating facecentered cubic lattices, one containing Ga atoms and the other As atoms. The
lattice is broadly equivalent to that of Si, which has a diamond structure, but
due to presence of dissimilar atoms, there exist some significant differences in the
crystal properties. A shift of valance charge from gallium to arsenic atoms results
in a mixed (ionic/covalent) bond compared to the covalent bond in germanium
and silicon. This has very significant effects on the electronic band structure and
increases the bond strength (the melting point of GaAs is higher than that of
Ge).
Another result of the existence of dissimilar atoms is the difference in the
chemical activities of opposite (111) crystal faces in GaAs.

If (111) planes of
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GaAs crystal are considered, it can be seen that all Ga atoms lie on a plane
parallel to As atoms, which also lie on another plane 0.8 A apart, whereas the
next nearest Ga plane is 2.4 A apart from As plane. This structure results in
observations of different etch rates, depending on the plane (Ga or As) on surface,
reacting with etchant. The etch rate difference for different planes causes different
etch profiles in different directions, which sometimes may cause problems related
to process of GaAs.

E l e c t r i c a l P r o p e r t ie s o f G a A s

B a n d S tru ctu re

In the sense of device physics, the electronic band structure of

a semiconductor is its most significant property. The band structure determines
the main electrical and optical properties that generate the device functions.
Since experimental data give accurate but limited information at particular points
in Brillouin zone , a complete and accurate band structure information is difficult
to obtain. Theoretical calculations, due to some approximations, can predict the
band gap structure only with some uncertainty. However, there exist “working”
band structure models. In 1.2 partial band structures of GaAs and Si at 300 K,
obtained by the pseudo potential calculations, are seen.^

F igu re 1.2: The partial band structures of GaAs and Si at 300 K
Showing the uppermost valance bands and the lower conduction bands along two of
principal directions in the crystals. The magnified (x5) insert shows the detail at Г of
the light and heavy hole bands in GaAs (V/ and Vh)
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In GaAs and Si, the valance band maxima occur at zero wave vector point (Г)
and the nature of the bands at this point determines hole conduction properties.
The minimum allowed energy for conduction band states also occur at Г in GaAs
but is located near the X point in Si, so the electron wave vector has a finite
magnitude and direction [100] for conduction electrons in Si, which affects some
electrical and optical properties.
The band gap of GaAs (1.412 eV at 300 K) is larger than that of Si (1.08
eV at 300 K), which in turn results in a lower steady state density of thermally
generated carriers in GaAs (10®cm^) compared to Si (10*°cm^).

Thus GaAs

has the advantage for better isolation (higher resistivity) than Si, which is an
important property for lowering device parasitics.
Since the curvature of conduction band minimum of GaAs is higher than
that of Si at the conduction band minimum, the electron effective mass in GaAs
(О.ОбЗшо at Г) is much lower than that of Si (О.Зшо near X), which, in conjunction
with the fact that scattering rates are of similar magnitude, explains the higher
mobility of electrons in GaAs. Higher mobility means higher operating frequency,
and faster devices.
S em i-Insulating G aA s

In practice isolation regions in GaAs is achieved either

by mesa etching or by means of forming deep electronic states near the center of
the band gap, which lock the position of the Fermi level close to its intrinsic
position.

Defects can produce electronic states at any position in the band

structure and many produce states near the middle of the band gap (deep states).
If these deep states are dense enough, they can effectively control the electron
occupancy of the crystal, resulting in the pinning of the Fermi level close to the
defect state energy. For example, substitutional chromium atoms on the gallium
sites, produce deep state close to the center of the gap and are used to control the
resistivity. Lattice damage caused by irradiation with fast particles (electrons,
protons, ions) also produces deep states, whereas proton is the preferred one due
to its better depth and spreading characteristics.^
Since present semiconductor technology is mainly based on planar devices.
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whose active layer thicknesses are very small, the surface phenomena can be
critical for some applications. The termination of the crystal at the crystal surface
causes some electronic state formation. When a metal comes in intimate contact
with semiconductor, depletion barriers can be generated (this is the case for
GaAs).

If this barrier height is very small or if some extra work is done to

obtain a locally high carrier concentration in the semiconductor to form a thin
barrier allowing high electron tunneling rate, ohmic contacts are formed. If these
conditions are not satisfied the barrier results in a rectifying Schottky contact.
The barrier height formed with GaAs is almost independent of the metal work
function, which is not the case for Si.
As mentioned earlier, the high mobility and high drift velocity of the GaAs
are, its main advantages for the microwave devices. The electron drift velocity
versus electric field curves for GaAs and Si is depicted in figure 1.3. When an
electron in the semiconductor is subject to an electric field, it rapidly (about
10"^^ seconds) achieves a velocity that is a function of electric field strength. As
it is seen in figure 1.3, this relationship is linear with the proportionality constant

mobility, fi, for low values of field.

Figure 1.3:
electrons

The velocity-field characteristics of GaAs and Si conduction
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1 .2 .2

G row th o f G a A s

The MESFET requires bulk material for substrates and epitaxial material for the
high quality active region. Both must be doped to the correct carrier type and
impurity level. The management of these processes is extremely critical because
it is the most important determining factor in the final device performance,
especially for the microwave devices where the operation depends so much in
purity and characteristic of the epitaxial material.
The substrate is necessary as a mechanical support for the very thin epitaxial
layer, and acts as a basement during growth of epitaxial layer. Commercially
available substrates’ thicknesses vary in the 100-500 pm range.

For planar

devices, such as MESFETs and logic elements, substrate resistivities must be
in the 10“* — 10®ilcm range.
B ulk G ro w th

Bulk material is usually grown in the form of large ingots of single crystal; the
major problem to be overcome during growth of the compound semiconductor
arises due to the high vapor pressures resulting at growth temperature. These
volatile components must be contained either by growth in a completely sealed
system or by suppression of the volatilization by encapsulation of the melt in an
inert liquid
Bulk ingots are usually produced using the Liquid-Encapsulated Czochralski
(LEG) technique,® in which the crystal is slowly rotated and pulled out from a
melt through a molten boric oxide encapsulant, at the melting temperature of
GaAs (1513 K). While this is a lower temperature than that of Si, the equilibrium
overpressure and stoichiometry control problems are the drawbacks compared to
Si.
Another method, widely used for production of large quantities of em nGaAs substrate material is the Horizontal Bridgeman (HB) technique.® The main
advantage of this method is that, it is readily automated. A boat containing the
semiconductor compound and crystal seed is sealed inside a quartz tube, the

9
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other end of which contains a small arsenic excess. The furnace consists of at
least two zones, one held at 612°(7 in which the arsenic end of the tube sits. The
ingot is melted at 1270°(7 and moved slowly out of the hot area into the cooler
one, resulting in a crystallization. The completed crystal usually has a shape
defined by the shape of the boat, somewhat circular up to the level of the melt.
This “ D” shaped crystal is sawn perpendicular to (100) axis and made round.
Even though, by using variations of above two methods, the grown GaAs
crystal has many dislocations. These dislocations not only introduce trapping
states, alter the etching properties of the wafer, but most importantly can
affect the electrical performance of the devices.

Exactly how this occurs is

not known, up to our knowledge, but it is proposed that dislocations affect the
activation energy of ion-implants. Studies have shown that source-drain current
and threshold voltage of logic FETs are strongly correlated with dislocation
density.® In general LEG material exhibits a greater dislocation density than
that of HB material.

This is mainly due to the higher temperature gradient

in the LEG method. The problems due to these dislocations can be solved by
epitaxial growth of a GaAs buffer layer which will be virtually dislocation free
and will heal dislocation propagation to the active part of the material.
After a useful substrate is obtained by growth and processes such as sawing,
grinding, polishing, etc., an active region for devices must be formed on the
substrate. This is done either by epitaxial growth or ion implantation.

E p it a x ia l G r o w t h

Material of highest electrical quality is produced by epitaxial growth, i.e.
production of controlled thin film, techniques at temperatures between 900
and 1100 K. The growth of such layers are essential to all state of the art
devices. The active region of the component can be defined in thickness, carrier
type, and impurity level and profile to optimize performance. The low growth
temperatures enable both impurity and stoichiometric defects to be controlled at
concentrations below lO’ ^cm“ ^, which cannot be obtained in ingots. Epitaxial
layers are generally of higher crystal quality than the substrate they are grown.

Chapter 1. Introduction
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Although crystal defects tend to propagate in the immediate epitaxial layers, as
the layers gets thicker some healing takes place. If an active (doped) layer is
directly grown on the substrate, the impurities and defects in the substrate will
degrade the crystalline properties and therefore the electrical properties of the
material. Thus, buffer layers of un-doped GaAs are usually epitaxially grown on
the substrate before active layers are grown.
There are, basically, three types of epitaxy used for GaAs, namely Liquid

Phase Epitaxy (LPE), Vapor Phase Epitaxy (VPE), and Molecular Beam Epitaxy
(M BE).
LPE is the oldest technique used to grow epitaxial layers on GaAs crystals. It
is an inexpensive method and is capable of growing many material compositions
including GaAlAs, but unfortunately not suitable for microwave devices.

In

this technique, a GaAs substrate is placed on a slider that can be moved
across surfaces of molten materials contained in boats. These melts are gallium
saturated with the desired materials, such as As (to form un-doped GaAs) or
dopants.

The temperature gradients are such that the melts are just at the

solidification temperatures, so that they solidify onto the crystal substrate. The
major problem of LPE is the difficulty of growing uniform layers over large
surface areas. However, this technique gives successful results for LEDs and such
structures, which, in contrast to microwave devices, do not need thin, uniform
high quality epitaxial layers.
VPE is one of the most frequently used methods for epitaxial growth.

In

this method, the Ga, As, and the dopant atoms are brought to the wafer in
gaseous phase. Under appropriate physical conditions, reactions take place on
the surface of substrate that result in deposition of the atoms on the surface
such that they replicate the crystal structure. There are mainly two variations of
VPE. In the VPE technique with trichloride transport, the substrate is placed in
a quartz slice holder in a reactor tube. At a temperature close to 800 °C, growth
is obtained by the reaction of AsCU with Ga in the presence of H2 to produce
GaCl, A s4 and HCl. Although wide usage of this method, its limitations in terms
of uniformity and profile control have led to the development of an alternative

Chapter 1. Introduction
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VPE system using an organometallic compound for gallium transport, namely

Metal-Organic Chemical Vapor Deposition (MOCVD). In this method, generally
trimethylgallium (Ga(CH 3 ) 3 ) is used as the Ga source and arsine (ASH3 ) is used as
the arsenic source. The main advantage of the method are the ability to produce
complex heterostructures and the good control of both layer thickness and doping.
Major problems of this system is its high cost and safety requirements related to
arsine.
MBE is another major method of growing epitaxial layers. In this technique
substrate is placed in an ultra high vacuum (generally

10

“ ^° to

10

“"

torr)

and required materials are evaporated from ovens (effusion cells) and stick on
the heated substrate to form an epitaxial layer.

With proper control of the

sources (Ga, As, Al, Si, etc.) almost any material composition and doping can
be obtained.

Even single atomic layer growth is possible. MBE’s advantages

are that it can produce almost any epitaxial layer composition, layer thickness,
and doping, and can do so with high accuracy and uniformity across a wafer.
Disadvantages include high vacuum requirements, complex and costly equipment,
and slow growth rate. Ultra high vacuum, that is required in the growth chamber,
is extremely difficult to maintain, especially in the presence of heated substrates
and heated effusion cells. Growth rate is typically a few microns per hour, which
is very low compared to other techniques which have approximately a few microns
per minute growth rates.

Io n I m p l a n t a t io n

Ion implantation remains as the most economical method to form active layers
for GaAs MESFET devices. In this procedure, dopant atoms are introduced into
the substrate surface by ion implantation, with typical energies and doses of 30
keV to 400 keV and 10^^ to VV* atoms ¡cm?. Such implantation greatly damages
the crystal lattice. This damage is healed by the method known as ’’ activation of
implant” , in which a high temperature annealing step (~850 °C) is performed to
anneal out the lattice damage and allow the implanted atoms to move onto lattice
sites. Activation is generally in the order of 75% to 95%, and depends on the
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implanting and annealing conditions. Main advantages of implantation are , its
well establishment due to silicon industry, high uniformity over a wafer, economy,
and capacity. Beyond these there is another major advantage, doping can be
performed locally by selectively masking the wafer, no other technology offers
such a flexibility (at least without major complications). The main disadvantage
of the ion implantation is that the doping profile transition cannot be as abrupt
as the epitaxial methods, since the implanted donors nearly follow a Gaussian
distribution.

Chapter 2
MESFET Principles and Design
2.1
2.1.1

GaAs MESFET
Basic Structure and I / V Characteristics

MESFET in its geometrical structure, is very similar to Field Effect Transistor
(FET) introduced by W. Shockley in the early 1950s.^ Cross section and planar
views of general structure of a MESFET is depicted in figures 2.1 and 2.2. Three
metal electrodes, namely gate, drain, and source are in contact with a thin
semiconductor (n-GaAs in this work) active layer. Contacts to both source and
drain are accomplished by means of ohmic metallization, whereas, the gate is a
Schottky barrier contact. Current through the active layer, the channel, can be
controlled by the depletion region formed by the Schottky gate. As the reverse
bias on the gate increases, the depletion layer penetrates deeper into the active
region, and vice versa.

When there is no potential difference between source

and drain, the depletion region is symmetrical, however in normal operating
conditions, drain is biased to a higher potential than source, thus gate-drain
junction is more reverse biased than gate-source junction resulting in a deeper
depletion region on the drain side.
Most microwave MESFETs, and those produced in our laboratory, are
depletion mode devices. In this kind of devices, when there is no bias applied on
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F igure 2.1: Cross section of a MESFET

F igure 2.2: Plan views of MESFETs
(a) MESFET with “T” type gate, (b) MESFET with “II” type gate
the gate, the depletion layer does not penetrate all through the active region, thus
there exists a low resistance path for current through the drain-source terminals,
namely the drain-source current, Ijs- Enhancement mode devices do not conduct
current through drain-source contacts, unless a forward gate bias is applied. In
this work enhancement MESFETs are disregarded. Hereafter, the term MESFET
stands for n-GaAs depletion type device. For a depletion type MESFET, when
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enough reverse bias is applied, the depletion region will extend across the entire
active channel and will result in, although not infinity due to leakage currents,
a high drain to source resistance. The potential required to deplete the channel
is the “threshold voltage” , Vr·, and the corresponding phenomenon is known
as “pinch-ofP condition.

For reasonably low biases, the current through the

source-drain contacts is linearly proportional to the applied bias.

Thus for

small biases the region in between the source-drain terminals behave like an
almost linear resistor. For larger biases, however, the semiconductor material
(GaAs) itself limits the maximum carrier velocity, causing current saturation to
occur. Figure 2.3 shows the current-voltage relationship expected from an ideal
MESFET, as just described.
Actual MESFET I-V characteristics are similar to the ideal characteristics,
with the important exception that the slope of the curves remains slightly
positive even after saturation velocity is reached, which is due to the finite
output conductance of the device. Charge domain formation, charge injection
into the non-ideal semi-insulating substrate, surface effects and channel-substrate
interface states are the main reasons of the finite conductivity. The magnitude of
the current for a given drain-source bias will be directly proportional to the gate
width, Z, of the device. On the other hand gate length, L, mainly determines
device’s gain and frequency characteristics.

Gain and cut-off frequency, / j ,

increases with decreasing gate length.
It is important to note that, for an optimal device performance, a decrease
in gate length must be compensated with corresponding decrease in other device
dimensions as well as an increase in channel doping densities.

2 .1 .2

O utput C onductance and Transconductance

For analog applications, the I-V curves are not as useful as their derivatives.
The derivative of drain-source current with respect to drain-source voltage, while
gate-source voltage is kept constant, is defined as the output conductance of the
MESFET, gds,
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DRAIN-SOURCE VOLTAGE

F igure 2.3: Ideal MESFET I-V characteristics.
Ideal drain-source current as a function of drain-source voltages for several gate-source
voltages.

' didA
9ds

—

rds

dVds),

(2 .1 )

where rds is output resistance sometimes used instead of output conductance.
The output conductance of the device is an important characteristic in analog
applications, due to the fact that it plays a significant role in determining
the maximum voltage gain available from the device and optimum output
matching properties. Generally low output conductance, equivalently high output
resistance, is required, which means flat Ids — Vds curves. Output conductance is
directly proportional to device gate width and inversely proportional to channel
doping concentration, Nd·, and active layer thickness , a.
Since deep levels play an important role in determining the output resistance
of GaAs MESFETs, these characteristics are strongly frequency dependent at
relatively low frequencies (DC to approximately 1 MHz).

Chapter 2.

MESFET Principles and Design

17

The device transconductance, ÿm, is defined as the slope of the /¿j — Vgs
characteristics with the drain-source bias kept constant,

9m —

'did,
dV,

( 2 .2 )
/ V.,,

The transconductance of the MESFET is one of its most important indicator
of device quality for microwave and millimeter wave applications. When all other
characteristics are equal, a device with high transconductance will provide higher
gains and better high frequency performance. Transconductance of MESFET is
directly proportional to gate width and is inversely proportional to gate length.
Deep levels cause a decrease in the transconductance, by the increasing frequency.
Measured microwave transconductances are typically mentioned to be 5 to 25 %
lower than measured DC values.

2 .1 .3

C apacitance-V oltage Characteristics

Gate-source capacitance of a MESFET is defined as.
_ f dQg

9^/ V9<i

(2.3)

where Qg is the depletion region charge beneath the gate, similarly gate-drain
capacitance can be defined as.

(2.4)

Since source terminal is grounded under typical operating conditions, gatesource and drain-source bias voltages are those directly controlled. Thus, gatesource capacitance is often defined g.s.

Chapter 2.

MESFET Principles and Design

dQg
dVa9»/ Kd.

18

(2.5)

Equations 2.3 and 2.5 are not equivalent, but describe slightly different
quantities. This difference is usually small but can be significant if calculations are
based on physically based models. Nevertheless, these capacitance definitions are
not used in theoretical or experimental studies, instead, use of equivalent circuit
capacitances is preferred.
The gate-source capacitance is one of the main parameters that determine the
input impedance and frequency performance. To first order, the input impedance
of a MESFET in a standard common source configuration, with typical bias
levels applied, is simply the impedance of the gate-source capacitance in series
with a few ohms of resistance. Thus, gate-source capacitance must be reduced to
improve the high frequency performance. The gate-source capacitance increases
with increasing gate length, gate width, channel doping density, and gate-source
voltage. The dependence on geometry is not linear due to fringing charge effects.
It is clear that the gate-drain capacitance of MESFET is closely related to
gate-source capacitance.

In the normal mode of operation for amplifiers and

oscillators, primary characteristic affected by the gate-drain capacitance is the
reverse isolation of the device. Gate-drain capacitance increases with increasing
gate length, gate width, channel doping density, and gate-drain voltage, similar
to gate-source capacitance as expected because of symmetry.

2 .1 .4

Second Order Effects

The basic operating principles discussed up to this point do not explain some
deviations from ideal characteristics under certain operating conditions. However,
for some applications an understanding of such deviations from first order theory
can be critical. Especially, the low frequency dispersion of device characteristics,
and the behavior of the device near pinch-off often cause deviations from the
first order predictions.

Device characteristics which have been observed to
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shift at low frequencies include output resistance, transconductance, and device
capacitances.® For small signal applications these effects can be ignored since
the frequency of interest is well above these frequencies, but for large signal
applications these effects must also be taken into account.

O u t p u t R e s is t a n c e a s a F u n c t io n o f F r e q u e n c y

Many of the electrical characteristics of GaAs MESFETs shift dramatically at
low frequencies® (below about 1 MHz).

As frequency is increased above DC,

device output resistance can drop by as much as an order of magnitude. The
frequency range of the transition can vary from below 10 Hz to more than 1
MHz.

Although these frequency dispersion effects take place well below the

frequency bands of typical operating frequencies, they still affect the large signal
performance. The low frequency dispersion effects also causes complications in
the parameter extraction techniques.

T r a n s c o n d u c t a n c e a s a F u n c t io n o f F r e q u e n c y

Low frequency shifts in transconductance values are also observed for MESFETs,
whereas the shifts are typically, on the order of 5 to 25 % as mentioned earlier.
However, even these small drops in the transconductance can cause unpredictable
errors in device modeling applications, especially for large-signal circuitry.

S u b - th r e sh o ld E ffects

When MESFET is biased near pinch-off, the physical phenomena that dominate
the device performance are different than those under normal operating
conditions. As a result the pinch-off occurs more gradually than predicted by
most models, which can be extremely important for digital applications and for
certain mixer topologies. In the theoretical definition of threshold it is assumed
that depletion region is completely free of mobile carriers and the substrate is
a perfect insulator.

In an actual device, the boundary between the edge of

the depletion region and the un-depleted channel is gradual and occurs over
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a distance of several Debye lengths. A graded transition also occurs between
the active channel and the substrate, and as the device is pinched-off, these
two graded regions are forced closer to each other. When these two transition
regions meet each other the free carrier density in the channel never reaches the
background donor density level, also high electric field values at the channelsubstrate interface can cause carrier injection into the substrate. These effects
cause a more gradual decrease of current as the device is biased towards pinch-off.

2.2

Analytical Models for MESFETs

2 .2 .1

Introduction

Although basic concepts of MESFETs are well understood, device modeling is
still a challenging problem. The modeling is important for computer aided design
and simulation of circuits. There are several approaches for analytical modeling
of low frequency characteristics of MESFETs.

In following sections two main

approaches, namely “square law” and “complete velocity saturation” models,
preceded by an outline of “long-channel” model, are discussed.

Square law

model provides an accurate model for low voltage pinch-off MESFETs and an
approximate description for higher pinch-off voltage MESFETs. The complete
velocity saturation model accurately describes high pinch-off voltage devices but
overestimates the drain-source current in low pinch-off voltage devices. However,
both models take into account the source and drain series resistances and the
output conductance, providing simple analytical expressions for current voltage
characteristics, which are in good agreement with experimental data.

2 .2 .2

The Long-Channel (Shockley) M o d el

The analysis of MESFET is usually carried out in parallel to that of JFETs, since
their structures are very similar. The first analysis was carried out by Shockley,'
with the assumption of two gates, on the two opposite sides of active channel,
depleting through the channel. The analysis of MESFET is similar but carried
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out with a single Schottky gate. In this model a uniform effective channel donor
density equal to electron density in the un-depleted active region and a constant
mobility is assumed. Thus threshold voltage, Vr is given by

Vt = -Vp

+ Vki

(2.6)

where, Vp is the pinch-off voltage, defined across the channel and given by

qNda^

(2.7)
2ts
Shockley also used an approximation so called “gradual channel” , which is
based on the assumption that the bias of the gate junction is a slowly varying
function of position.
The fundamental equation of the field effect transistor is obtained by
integrating incremental potential change from the source side to the drain side
of the gate with respect to distance along channel, that is

( 2 .8 )
1
Vp^
where Eh is the channel current, Vi is the voltage drop in the channel across the
Eh — 9o \

region under the gate, and

go =

qpNdZa

(2.9)

is the conductance of the metallurgical channel.

If series resistances of drain

to gate and gate to source regions are neglected, then Vi = Vds- Fundamental
FET equation is only applicable up to the pinch-off. When W{L) — a (pinch-off
condition) current saturation occurs, and the Shockley saturation voltage is

= K. - H.· + Fa

( 2 . 10 )

where S stands for Shockley. Thus, the saturation current is
U , , 2 ( H . - F g )3

^ch,sat

5*0

I«

T

o

- Vi -b Vg

(2. 1 1 )
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The transconductance in the linear region can be derived from fundamental
equation as

VK + Hi - Vo - VH, - Vb
9m

—

90~

( 2. 12)

and the transconductance in the saturation region is

(2.13)
For small drain-source voltages,

K

<C

Vti — Va-,

channel current and

transconductance can be approximated by

/ ^

gm -

90

I K
Vp

-

(2.14)

Vi

(2.15)

2 y/V ,iV u-V a)'
Gate-source and gate-drain capacitances are defined as

dQ
dV
r^gd -— ^ 1

I V , — Vq ^-constant

(2.16)

\VQ=constant

(2.17)

Q is the total charge in the depletion region given by

Q = qNiZ !

W (x)d x

(2.18)

Except in the region close to the pinch-off, where the Shockley model is not
applicable because the extension of depleted region beyond the gate should be
taken into account, solutions for capacitances can be approximated by^°

C,s =

a^50

(2.19)

\/l -

C,d =

____ ^ 9sO____
\/i - Vi,¡Vu

( 2 .20 )
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where
ZL
CgsQ

CdoO
dgO

CsqNd

2 V 2 Hi

( 2 .21 )

When there is no bias applied to the MESFET, total gate capacitance is equal
to that of the depletion region due to built in potential, which is equally divided
between source and drain because of symmetry. For non zero biases, Cgs and Cdg
behave as capacitances of equivalent Schottky diodes connected between the gate
and the source, and gate and the drain, respectively.

2 .2 .3

V elocity Saturation-T he Square Law M o d e l

Shockley’s model assumes a non saturating electron velocity, which is a very
crude approximation. Pucel et

proposed a simple approximation for the field

dependence of the electron velocity a.ssuming that the velocity is proportional to
the electric field until the value of saturation velocity Vg is reached at S — Eg and
then becomes constant
/x5, S < Eg
V —

Vs,

P > Ps

(2 .22 )

The velocity saturation is first reached at the drain side of the gate where the
electric field is highest according to the Shockley model, i.e. when E(L) = Eg
which is equivalent to

-

= «

(2.23)

where

EgL
’

(2.24)

u = V{x)lVp and X = x /L , and origin of x is defined to be on the source side end
of the gate. For large a, a ^ 1, solution approaches

+ Hi - H; = H

(2.25)
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which is identical to corresponding equation 2.10 of Shockley model. The opposite
limiting case, o; <C 1 and a

■,corresponds to the velocity

2(1 —

saturation model

(2.26)
The saturation current is given by

Idss = qNdVsZ{a — W {L))

(2.27)

where the depletion region width W {L) at the drain side of the gate is given by

W {L) = a.
In dimensionless units

IVii - Vb +
K,

( = Idss/goVp) is

is = a ( l where Us =

(2.28)

and uq =

+ ug)

(2.29)

dimensionless saturation and gate voltages.

In the limiting case, or —> oo (long gate device with a small pinch-oif voltage)
equation 2.29 reduces to the corresponding equation 2.10 of the Shockley model.
In the opposite case, o; -C 1, (short gate and/or large pinch-off voltage)

is = Oi{l — y/ua)

(2.30)

which corresponds to the simple analytical model proposed by Shur,^^ and can
be approximated by the interpolation formula.

which coincides with the equation used for JFET saturation current in the SPICE
modeP^

Idss = 0 iV G -V r y
where

(2.32)
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(2.33)

and transconductance parameter ¡3 chosen as
2 CÿpVs Z

a{pVp + SvsL)

(2.34)

This may be an explanation for success of SPICE JFET model used in some cases
for MESFETs. The transconductance at the onset of saturation is

9m

= 2/3{Vg - Vt )

(2.35)

Equation 2.34 is dependent on Vp which is a function of two main parameters
doping concentration and channel thickness. In figure 2.4, the variation of j3 vs.

Vp characteristics with varying doping and active channel thickness is shown.

F igure 2.4: ¡3 at the onset of the saturation vs. Vp.
(a) Vp varies due to the variation in doping (a=0.1 /xm); (b) Vp varies due to the
variation in the thickness of the active layer (Nd = 1.2 x lO^^cm“ ^). Numbers near the
curves correspond to the gate lengths in micrometers.
Transconductance at low pinch-ofF voltages increases for devices with sub-micron
gates.

The values of jd (hence, transconductance for the same voltage swing)

increase with the decrease of the device thickness and with the increase in doping.
However increase in /? is followed by increase in device capacitances, Cga and

Cdg (see equations 2.19- 2.21), while the parasitic capacitances do not increcise,
therefore thin and highly doped layers increase the operation speed. High doping
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also has the advantage of decreased active layer thickness for a given value of the
pinch-off voltage, which makes it possible to minimize short channel effects which
are observed for Lja < 3.^“*
The analyses given above are valid only for the case when electron velocity
saturates at the drain side of the gate. At higher drain-to-source voltages the
electric field in the channel increases, resulting in velocity saturation in larger
portion of the channel (gate length modulation). This effect was noted by Pucel,
Haus, and Statz,^^ so that the models that include gate length modulation are
sometimes referred to as the PHS (Pucel-Haus-Statz) model, although two region
model is a more commonly used name. Works of Shockley^ and Shur^® results
in a rather complicated expression for the saturated portion of gate length, T*.
Further work of Curtice^® and Chen et al}^ resulted in the rather simple equation
for drain-source current.
Id s

—

I sat (l-t-AV;)tanh(7?V5)

where i] is chosen in such a way that for Vds

(2.36)

0 equation 2.34 transforms into

a corresponding equation of the Shockley model.

Tj — Gchfisat

(2.37)

Gch = go{i· - V ug)

(2.38)

where

is the channel conductance at low drain-source voltages predicted by the Shockley
model.

go = qNdpZalL

(2.39)

is the full channel conductance. This model is referred to as square law model.
ExperimentaP® and theoreticaP^ works increase the evidence that square law
model is approximately valid for low pinch-off voltage devices. The source and
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drain series resistances Rs and Rd can be included in the model as follows. The
gate voltage is

Vgs

= Vg + IsatRs-

(2.40)

Constant A in equation 2.36 is empirically determined and accounts for the
additional output conductance beyond the output conductance due to gate length
modulation. The drain-source voltage is

^DS

—

K

’

+

h a t{R s

+

Rd)

(2.41)

which completes the set of equations of analytical square law model. Last thing
to note is that, this model has the slight difference from Curtice model,*® used
for parameter extraction in our laboratory, that it includes the gate length
modulation effect and source and drain series resistances.

2 .2 .4

C om plete Velocity Saturation M odel

The value of ^ approaches to the value which corresponds to complete velocity
saturation everywhere in the channel when

K, > 35,L.

(2.42)

For Ipm gate MESFETs EsL is close to 0.3-0.4 V so that above condition is
satisfied by pinch-off voltages higher than 3 V. At such pinch-off voltages the
assumption of complete velocity saturation in the channel becomes v a lid ,w h ic h
means that at large drain-source voltages, voltage drop, Vgi, across the region
where electron velocity is not saturated, can be neglected compared with Vt, —Vg

V,.· < H. - Vg .

(2.43)

The expression for drain-source saturation current for this case is*^

hat = q N d V s Z a { l -

y /u ^ .

(2.44)
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According to equation 2.42 this equation may not be satisfactory close to the
threshold when voltage drop 14,· may lead to a considerable relative change in
the width of the un-depleted region and hence in the drain-source saturation
current. However, even in this region equation 2.44 can still be used as a satisfying
interpolation formula.
The source series resistance does not change Vgs (compared to Vq ) at low
values of Vi because the values of the channel current and hence of the voltage
drop across

are small, which enables the use of the same interpolation formula

(equation 2.36) for drain-source current as for the square law model.

Ids — ^5 ai(l T AVi) tanh(i/Vi)
where tj is chosen in such a way that, as Vus

(2.45)

0 above equation transforms into

a corresponding equation of the Shockley model

Gch

(2.46)
^sat
where Gch is given by equation 2.38, constant A is the same empirical constant

V=

which is used in the square law model to account for the output conductance.
The drain-source voltage

Vds = K· + IsatiRs + Rd)

(2.47)

completes the set of equations for analytical complete velocity saturation model.

2.3

Small-Signal Model

Small-signal MESFET model is very important for a circuit designer since it
provides lumped element approximation for the device, which can be used in
circuit simulators. A well chosen model, with properly extracted elements will
work for frequencies higher than those at which model parameters are extracted.
Another property of this model is that it enables device scaling, which enables
performance prediction of unmeasured devices which can be scaled to a modeled
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In this work the most widely used small-signal model in figure 2.5 is

considered.

This model has the advantage that its elements can be uniquely

determined

from S-parameter data and provides an excellent match with S-

*■0

^0

’ 0d
V 'v
+

V —

c gs
g Ve

■jurt

y / m

■'ds
<

F igure 2.5: MESFET small-signal model.
parameters up to 26 GKz7

E q u i v a l e n t C ir c u it E l e m e n t s

In figure 2.6 the small-signal model is drawn on cross section of MESFET, in order
to clarify physical origins of model elements. Each of these elements are explained
below. The elements other than parasitic ones, namely Lg, Ld, Ls, Rg, Rd, and i?,,
make the intrinsic MESFET.

P a ra sitic In du ctan ces

The parasitic inductances are mainly due to the metal

pads of the device, therefore they are highly geometry dependent and analytical
modeling is extremely hard.

In general, gate inductance is higher than drain

and source ones, especially for short gate length devices. Typical values given in
literature^ are on the order of 1-10 pH. If the device is packaged, these inductances
will increase depending on package and bonding, and the dominating inductances
will be those of the bonding wires and package.
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F igu re 2.6: MESFET small-signal model showing physical origins of elements.
P a ra sitic R esistances

The resistances Rs and

correspond to the resis

tances due to ohmic contacts and bulk semiconductor up to the channel, the
gate resistance Rg corresponds to the resistance of the Schottky contact. For the
devices with dimensions close to those fabricated in our laboratory, all of these
resistances are on the order of a few ohms. Although these resistances show slight
bias dependence, they are usually assumed to be equal to their /¿,*/2 values for
device modeling.
C ap a cita n ces

The capacitances Cga and Cgd correspond to depletion charge

variations in response to gate-source and gate-drain voltages respectively. The
drain-source capacitance Cgd corresponds to the geometrical capacitance between
drain and source metals. Other geometric capacitances, especially when the back
surface of wafer (as for the MESFETs produced in our laboratory) is not coated
with a conductor, can be neglected due to large distances compared to that of
drain-source distance. Under normal bias conditions, depletion region close to
drain is thicker than the part close to source as shown in figure 2.6, so that Cgd is
larger than Cgs- Cgs and Cgd are bias dependent, however Cds is not considered
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to be so. Typical values of Cgs is on the order of 1 pF/m m gate width. Other
two capacitances are usually a fraction of Cgs· Symmetry implies that Cg, = Cgd
for Fd. = 0.
T ra n scon d u cta n ce

The transconductance g^. models the current modulation

effect of the depletion region beneath the gate. Transconductance is inversely
proportional to gate length T, and directly proportional to gate width.
O u tp u t C o n d u cta n ce

Output conductance gds models the variation of drain

to source current in response to drain-gate voltage variation.

It is inversely

proportional to gate length and is frequency dependent. RF output conductance
can be significantly higher than DC output conductance due to deep level states.
T ra n scon d u cta n ce

D ela y

The depletion region width does not change

instantaneously in response to a change in gate voltage, the delay of this response
is modeled by the transconductance delay r. Propagation delay of the applied
electrical signal also contributes to

Typical values of r are on the order of 1

ps.
C h argin g R esista n ce

Main function of the charging resistance Ri is to

improve ¿'ll matching. However, in literature^ it is noted that the presence of Rg
is usually sufficient to match the real part of ¿ n and also that extraction of Ri
is a difficult task, therefore if possible can be neglected. The physical meaning of
this resistance is not clear as well.

2.4

Design of MESFETs

Masks, for the MESFETs fabricated in our laboratory, were designed by the
layout editor ARTIST, of CADENCE software. Since the material (GaAs wafer
with MESFET structure on it) to be processed were not present and even its
characteristics were not determined by the time of design, the MESFET design
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was carried out for a very general structure. There had been reports on rules for
scales of MESFETs, relating channel dopant concentration to gate length.
These reports give simple formulas for channel doping, for a first order estimate
of optimal device performance. All of the given formula can be approximated by
the following formula^^

Nj =
for T ~ 1 pm.

1.6 X 10*^

(2.48)

According to this formula, in case of a moderately doped (~

10^® cm~^) channel, longer gate length will result in a more optimized device.
Thus inclusion of various gate length devices helps process optimization. In our
design, for higher transconductance and cut-off frequency demands, 1 pm gate
length MESFETs were included.

Also 2 and 3 pm gate length devices were

included. For each MESFET gate length, two different geometry for gate fingers
were designed. One type was with “T ” shaped and the other was with “IT” shaped
gate finger geometrj'. Also, for possibility of having problem due undercut profile
of GaAs, each type of device was oriented in two perpendicular directions.
All of 1 pm devices has gate width of 50 pm, however For 2 and 3 pm devices
gate widths of 50, 100, and 200 (for only II shaped gate) pm exist.
The distances between gate-drain and gate-source contacts were also varied
from device to device. All of the 2 and 3 pm device gates were symmetrically
placed in the channel, that is, the spacings between gate-source and gate-drain
contacts were equal. These spacings were designed to be 1 and 2 pm. Spacings
were 2 pm for 200 pm gate widths, 1 pm for 50 pm gate widths. Both value
of spacings were used for 100 pm gate width devices. Thus there are 7 different
types of 2 and 3 pm MESFETs.
For 1 pm gate length devices, gate-source spacing was 2 pm and gate-drain
spacing was 1 pm. Thus there are two different types of 1 pm MESFETs.
However, during mask alignment it came out that we cannot control the exact
place of gate in between source and drain, therefore in the actual devices these
spacings are not controllable.
For metallization, extension of metals over the mesas were planned such that,
a metallization (except for gate metal) covers mesas in the corners, so that if
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in one direction undercut profile of mesa causes problem, in the other direction
no problem arises due to undercut. For RF probing short coplanar waveguides,
whose grounds are terminated at sources of MESFETs, were also included in the
final metal mask.
For material characterization, FATFETs of 50 pm gate lengths and 100 pm
gate widths were designed, with 2 pm gate-source and gate-drain spacings.
For ohmic-contact characterization, TLM structures of 20 pm width with 2,
4, 8, 10, 15, 20, and 25 pm contact spacings were designed.
Alignment marks were designed such that, in each mask level alignment with
the previous mask and/or the first mask was possible.

Some simple MMIC

circuits, MIM detectors. Hall structures, and some resistor structures were also
included in the mask, which are beyond the scope of this thesis work.

Chapter 3
Fabrication Processes
3.1

General Outline of a MESFET Process

Fabrication process of MESFET is largely dependent on the wafer to be processed,
however basic process steps do not differ much.

Since there had been no

experience in GaAs process until March 93, the basic process steps, such as
lithography, were studied on Si samples.

After the device quality wafer and

masks arrived the actual process begun. Most critical process steps in fabrication
are lithography, alignment of masks (especially gate mask), lift-off, and alloying.
Process starts with mesa etching for isolation of devices from each other. Mesa
etch is done such that the active channels of each mesa are isolated. Depth of mesa
is dependent on wafer doping profile. Following the mesa etch ohmic metalization
is done by the lift-off method. To obtain ohmic contacts, this metal must be
alloyed. Composition and alloying temperature of ohmic contacts are observed
to be the most critical processes. After lift-off and alloying the Schottky metal
is applied by means of lift-off. Then if the processes are successful, one obtains
working MESFETs, however, in order to be able to probe the devices, a last metal
deposition must be performed, since the geometry of devices are not appropriate
for RF probing and also thickness of Schottky plus ohmic metalization thickness
is not sufficient for good probing. If one tries to increase these thicknesses, lift-off
process will be very risky due to small dimensions in ohmic and gate masks.
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Sample Cleaning

The cleanliness of the sample (a piece of wafer),the materials used (metals,
chemicals, etc.), environment, and the masks are extremely critical in the success
of the fabrication. A dirt in an early process step results in larger dirts or defect
as the forthcoming processes are performed; The formula for yield of a process,
with the assumption that the defects are uniformly distributed, is^“*

Y = e x p {-D A ,)

(3.1)

where D is the defect density and Ac is the critical or active area of the sample in
process. The critical area is the area of the devices that when a defect exists in
this area, device will not work appropriately. Thus the cleanliness is important
for a high yield.
The environment cleanliness for our process was very good. All the processes
were carried out in a class 100 (a cubic foot of air contains less than 100 particles
that are 0.5 pm or greater in diameter) room, however routine checks had shown
that the environment was much cleaner than this value since this room was
planned for a larger working group. Human is the main source of airborne dirt
and dust in the environment, so that cover-alls, hoods, and booties are worn in
this environment. Also during processes gloves (against dirt from hands and/or
protection from chemicals) and masks (against any possible particle from face)
are used. Temperature of the environment is kept constant at 21 ± 1 °C.

3 .2 .1

Cleaning Techniques

Cleaning of materials and samples before each process is a must.

For wafer

cleaning the common method used is TCE (trichloroethylene), acetone, and
iso-propanol (iso-propyl alcohol) hot baths.

Each of these chemicals are

semiconductor grade (SC), that is, they are extremely pure and filtered in sub
microns. These chemicals are heated in beakers up to their boiling points and
sample is kept for a few minutes in each one sequentially. The preferred technique
is to use the vapor of these chemicals, since it contains less contaminants, however
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in this technique contaminants on tweezers may also move onto samples therefore
care must be taken with cleanliness of holders also. The contaminants removed
by these chemicals are oils, greaise, and residual photoresist.
are removed by nitrogen blow prior to wet cleaning.

Dust like dirts

After these three baths

sample is either cleaned with flowing DI (de-ionized) water or directly dried with
nitrogen blow. Cleaning before metalization also includes a HCl (hydrochloric
acid) bath for removal of oxide layer. The metals evaporated are also cleaned by
the conventional TCE and acetone bath prior to being loaded in the evaporation
boats. Masks are cleaned before and after each process by means of rinsing in
acetone followed by an iso-propanol rinse. For stubborn resists AZIOO commercial
resist remover is also used, but mask cleaning by this solvent is avoided for the
possibility that it may attack the metalizations of masks although we had not
observed any such effect. Sometimes for non-critical steps cleaning on the spinner
is also performed, for example for the final metalization this method is sometimes
used.

Cleaning is the most frequently performed process in manufacturing of

devices.

3.3

Photolithography

Photolithography follows cleaning in frequency. Almost before any major process
a photolithography step is performed. Photoresist are energy sensitive chemicals
that change their chemical properties under exposure to light. Photoresist coating
is done by means of spinner. Thickness of resist coating depends on the spinning
speed and resist viscosity.

There exist two kind of photoresists, positive and

negative. Positive resist is the one that exposed parts are developed (removed)
by a special solvent called developer, for negative resist reverse is true, that
is un-exposed parts are developed.

In MESFET processes carried out in our

laboratory commercial positive resists AZ5214 and AZ4210 are used. Spinning
speed for both of these resists were 6000 RPM for 30 seconds throughout all of
the processes, resulting in 1.2/xm and 1.8/im film thicknesses for AZ5214 and
AZ4210, respectively. After the resist is spun it must be prebaked for a good
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adhesion to the GaAs surface. If this prebake is done on a hot-plate, the time
required is a few minutes, however, in the oven, the required time rises by a
factor of 10 or so. By trial and error, resist prebake temperature in the oven
is chosen to be 95°C for half an hour, on the other hand, for hot-plate

1 0 0 °C

prebake for 1 minute gave good results. Nevertheless, since accurate control of
hot plate was very difficult, oven is used for baking throughout the fabrication.
After the prebake the resist is cooled down to room temperature.

The spun

resist thickness is not uniform over the sample, at the edges thickness of the
resist increases by a factor of two or so, therefore especially for critical steps
(ohmic and gate metalization masking steps), the edges must be removed for a
good contact of the mask and resist surface.

By using appropriate shaped Si

or GaAs wafer pieces these edges are exposed and developed prior to exposure
through the photo mask. After several trial and errors, the exposure time was
decided to be 1 minute at 12 mW optical power at E-line (320 nm) of the
mercury exposure lamp for masks other than gate mask.

For the gate mask

the conditions are the same except for a 20 second exposure time. The reason
for different exposure times is that, gate mask is made on a quartz substrate
which has about 90 % transmittance at the exposure wavelength which is two
times higher compared to others which are made on alumino silicate substrates
with about 40 % transmittance at the wavelength of interest. Also difference in
resists and their thicknesses are effective for determining the exposure conditions.
After exposure if the forthcoming process contains lift-off, the sample is dipped
in chlorobenzol for 15 minutes, the reason of which will be explained in lift-off
section. Development is done in a 1:4 developer (AZ400 K): DI water solvent.
This rate is advised in the data sheets of the developer and gives good edge shape
and moderate development time (1 to 4 minutes, depending on process, resist,
and exposure). Determining whether the resist is developed or not is very critical
especially for lift-off. This profession is gained by experience since development
times for the same processes have been observed to be different from time to time,
some uncontrollable parameters such as slight variations in concentration, heat
or prebake may be affecting this time duration. When developing the resist since
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the patterns are on the order of a few ten of microns for most of the masks, the
thing to observe is the slight color variations on the sample, and when shining
a light on the sample. After this experience is gained, development is usually
successful. This success is very important since in our work it is observed that,
especially for small patterns, most of the contaminants come into scene after
the developments. The reasons for this may be: some kind of contaminant that
may be present in the developer bottle, which is very unlikely if someone had
not made a really big mistake; some kind of contaminant coming from beakers
used which is also unlikely since always same beaker was used for development
and the problem has not been observed so frequently; partially developed resist
forming residual contaminant, if not taken off the surface appropriately, which is
the most probable reason. As the development is completed, the sample is rinsed
in flowing DI water for more than 1 minute, then the sample is blown dry by
nitrogen, and observed under an optical microscope. If sample is over-developed
it can be cleaned by acetone and TCE, then it is processed again. In case of
under-development the sample is immersed in developer once more, however,
this second development is sometimes observed not to be very successful, since it
introduces contaminants. However, by luck, one can get rid of these contaminants
with a good rinse in DI water. If the forthcoming process is etching, prior to that
a postbake is performed at 95 °C for 15 minutes for a better sticking of resist
on GaAs. If this postbake is not done, wet etchant attacks through GaAs-resist
interface and the etch geometry does not follow the resist geometry resulting in
wiggly patterns. If for any reason unwanted resist remains on the sample even
after the acetone rinse, then the AZIOO remover is used.

3.4

Wet Etching and Oxide Removal

For isolation of independent MESFETs, mesas are etched on the GaAs sample
with a thickness such that the buffer layer is exposed to air. The high resistance
of the buffer layer provides a good isolation between discrete devices. The etch
depth must not be too high since in this case the metalization can be problematic
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due to the fact that the metalization for ohmic contacts is usually on the order of
0.2 pm, about one to two tenth of a typical mesa height. Another possible problem
can be anisotropic etching which is exhibited by most of the wet etchants. The
etch profile of these etchants depends on the orientation, that is, for example,
they etch different in (O il) cleavage planes. Mesa walls in [110] direction make
angles less than 90° with substrate while mesa walls in perpendicular direction,
[110] , make angles greater than 90°. The edges that have undercut etch may cause
metalization discontinuities, thus this problem must be handled while designing
masks, and depositing the metal. Metal thickness must not be small in order to
cover such steps. The etchant used for mesa formation is a mixture of H3 PO 4 :

H 2 O 2 : H 2 O (5:1:10 in volume) which is an anisotropic etchant. This etchant
is also used for gate recess etch which enables Schottky metal to contact with
active layer by removing highly doped cap layer. Initial etch rate of this solution
is about QA pm/min, but this rate changes with time. Therefore before each
recess, small GaAs samples are used for determining the etch rate. After the
etching, the surface of GaAs is oxidized which can cause problematic ohmic and
Schottky contacts. In our processes only Schottky contacts coincide with etched
GaAs, thus oxide removal is only needed after the gate recess. For oxide removal

H C l : H2 O (about 1:1 in volume) mixture is used for a few minutes. It must be
noted that before using the etchants the resists must be post-baked as explained
before and surface must be extremely clean in order to obtain a uniform etching.
Non-uniform etching is especially observed close to mesas. This may be due to a
very thin resist layer that cannot be developed easily because high surrounding
resists which are not developed on purpose, may be affecting developer flow.

3.5

Lift-off

Unlike Si, metalizations for GaAs are not done by etching unwanted metal regions.
The reason is mainly that many metal etchants also etch GaAs and the most
widely used metal, gold, requires strong etchants that the etching of GaAs can
not be avoided. Furthermore, the etching of composite metalizations, such cis
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A uG e/N i/A u used for ohmic contacts, is a very difficult process. Due to all of
these problems the lift-olf technique is preferred in GaAs metalizations. In this
technique the required pattern is obtained by exposure and development, such
that the parts of GaAs that will be coated by metal are exposed to air. Then
sample is coated with required metal composition. If the edge shape of developed
resist is appropriate and the resist is at least two or three times thicker than the
overall metal thickness then resist can be removed, in acetone for example, with
a lift-olf of unwanted metalization. This technique is critical in the sense that if
it is not satisfactory there is no return. Lift-off is done in hot acetone and by
experience one can decide in a few minutes time whether it will be successful or
not. In our process, we helped the lift-off by flushing the acetone using a syringe
and in some cases ultrasonic cleaner was also used. However, ultrasonic cleaner
must be the last try since it causes the tearing-off of the required metalizations
and it may also brake the sample since GaAs is very fragile. For an easy lift-off
the edge shape of resist must be undercut. This edge shape is realized by putting
the sample in chlorobenzol for 15 minutes before development. Chlorobenzene
increases the resistance of the resist against developer at the surface, thus surface
development of the resist becomes slower than other parts which results in the
required edge shape. This technique works well with both of the resists used in
MESFET processes.

3.6

Metalizations

Metalizations are the vital part of the processes, especially ohmic metalization
to GaAs is a very complicated and yet not fully understood problem. Choice of
metalization system depends on the contact type and facilities of evaporation.
In our laboratory we do not have an e-beam evaporation system yet operational,
thus it is not possible to use Pt in Schottky metalization, which prevents the
diffusion of Au into GaAs.
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O hm ic Contacts

In literature, various metalization systems are proposed for ohmic contacts on
n-type GaAs. Most commonly used metal composition is the eutectic AuGe (12
% Ge in weight) which has an approximate melting point of 360°C with a Ni
overlay. The lack of the reproducible and reliable ohmic contacts to moderately
doped n-GaAs has been a problem from the beginning in GaAs t e c h n o lo g y .T h e
AuGe/Ni system also suffers from unreliability and un-reproducibility problems,
however, it is noted that best alloyed ohmic contacts to n-GaAs are obtained with
AuGe/Ni system,^® therefore this system was chosen for ohmic contacts of the
MESFET fabricated in our laboratory. Another criteria for choosing this system
was the existence of an extensive literature compared to other systems.
Mechanisms of ohmic contact alloying has not been fully understood.
However, it is commonly believed that Ge dopes the GaAs during alloying.
This phenomenon is explained as follows; above the melting point of eutectic
alloy the metal melts and GaAs is dissolved in this melt. When cooling begins
GaAs regrows epitaxially at the interface while keeping a high concentration of
Ge as an n-type dopant with a concentration of about 2 x lO^^cm“ ^. Au helps this
process by gathering Ga. During this process, protrusions, which are believed to
be able to dope Ge into GaAs and therefore to be the major paths of current flow,
are formed and cause a rough in t e r fa c e .A thin layer of Ni is believed to act as a
wetting agent which prevents balling-up of the AuGe and to play a role of catalyst
for the reaction between GaAs and Au and also to provide a driving force for Ge
diffusion. The concentration of Ni should not exceed 2.67 % of AuGe in weight,
otherwise GaAs solubility will increase resulting in nonhomogeneous island type
growth of GaAs.^® In literature, it is almost impossible to find a commonly used
ratio of AuGe and Ni but taking data from several sources^'*’^®’^®’^^ resulted in
that about 250 A Ni for 1000 A AuGe would work. For a period of time, we were
out of W evaporation boats for Ni, thus we tried AuGe contacts without Ni and
could not have satisfactory results. The exact total thickness of AuGe/Ni is not
critical but proposed values are distributed in the 800 — 2500 A range, however,
contact resistance will increase as thickness gets smaller. It is also advised^“* to use
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a final gold over layer in order to decrease sheet resistance and improve probing.
This extra Au layer is believed not to degrade the contact due to the existence
of Ni barrier. Thickness of this final Au layer is limited by lift-off process. It is
chosen to be 2500 A.
The eutectic ratio of AuGe is satisfied either by using premade material, or
evaporation of each metal in appropriate ratios. In our laboratory, the second
method was used with 350 A Ge and 600 A Au deposition thickness which were
monitored by means of a quartz crystal thin film deposition controller with an
accuracy better than 10 %.
In MESFET life tests, gradual degradation of the source and drain AuGe
ohmic contacts have been reported.^® Also it is known that contact resistance
of this system increases with increasing temperature, time, and bias.^° It may
degrade even near room temperature.^' For the MESFETs produced in the first
batch, the donor concentration was 2 x lO'^cm“ ^ and the ohmic contacts were
observed to die off within a few weeks time. The cause of this is most probably
that, the increase in sample temperature during processes for final metalization
enhanced the activation of the degradation mechanism and resulted in a fast kill
of ohmic contacts. However, since during this time period no DC measurements
were performed, so the cause and the time it takes to the loss of ohmic contact
behavior were not determined uniquely.

3 .6 .2

Schottky Contacts

Almost any metal in contact with GaAs results in a Schottky barrier, however,
good adhesion and thermal stability must be satisfied by a good Schottky metal.
The last two criteria eliminate most of the metals, since GaAs diffuses rapidly
in many metals causing degradation of Schottky contact. The common choices
for Schottky contact to GaAs are Al, Cr, Mo, and Ti. However, these metals
are not good conductors. In order to increase conductivity usually a gold overlay
is deposited on top of the Schottky metal.

On the other hand, gold has the

drawback of diffusion through metals such as Cr and Ti. In order to prevent
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this, a barrier layer such as Pt or Mo must be used in between. Thickness of the
Schottky and the overlay metals are not critical, and are limited by the lift-off
process.

3.7

Actual Processes

3 .7.1

M esa Isolation

Mesa isolation is the first major step in MESFET fabrication.

This process

started with a rectangular shaped (about 1.2x1.6 cm) GaAs sample cleaved in
[110] and [lIO] directions. Cleaning was done in standard hot TCE, acetone,
and iso-propanol. Then a drop of photoresist AZ4210 was spun at 6000 RPM.
After prebake in the oven for 30 minutes, sample was cooled down and edges are
removed in 1:4 ratio of developer(AZ400 K):DI water solution. Mesal mask was
aligned for optimum number of MESFETs, and resist was exposed for 1 minute.
After the development, a postbake was done due to forthcoming etching process.
The etch rate of the etchant H3 PO 4 : H2 O2 : H2 O (5:1:10) is determined by
testing on small GaAs pieces and observing the etch profile by means of DEKTAK
3030 depth profiler. The GaAs MESFET structure at hand hcis a 0.6 pm capping
layer which is 2 x 10^®cm“ ^ n-doped for a good ohmic metalization and has a

OApm active layer n-doped to 4 x lO'^cm“ ^ (see figure 3.1).

Therefore,

mesa etch was about lApm deep in order to be far away from the tail of
active layer doping.

Before the mesa etch the resist thickness was measured

by DEKTAK 3030.

Etching was performed in a few steps such that the etch

depth was measured following each step assuming that the resist is not etched
much compared to GaAs (this fact was observed in previous etchings, that the
resist is etched about 1:20 of GaAs). After the mesa etch is completed, resist
leftovers are cleaned by acetone.
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F ig u re 3.1: Carrier concentration profile of epi-wafer used for fabrication of
MESFETs.

3 .7 .2

O hm ic M etalization

The sample was cleaned in a standard manner once more. It was coated with
resist AZ4210 and was spun and prebaked. Ohmic metalization mask was aligned
to mesa level pattern, already defined on the sample, by means of alignment marks
and the sample was exposed to UV light for 1 minute. Before the development,
the sample was kept in chlorobenzol for 15 minutes in order to harden the surface
o f the photoresist against the developer.

The development was performed in

a standard (1:4) developer solution and observed under an optical microscope.
The GaAs surface was cleaned by HC1:DI water (approximately 1:1) solution
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and the sample was loaded in Leybold L-560 box-coater. Evaporation of Au/Ge
( 6 OOA/3 5 0 A) was carried out in a vacuum of about I0~^mtorr. Since we can
evaporate two different metals in one session, in the box coater, Ge boat is
unloaded and Ni boat is loaded in the box-coater for an evaporation of Ni/Au
(250 A/1500 A).

After the evaporation the sample is unloaded and put in hot

acetone for a few minutes. In order to promote the lift-off pressurized acetone is
flush on the surface of the sample by means of a syringe. Then the sample was
observed under an optical microscope while it was in acetone. If the lift-off metal
dries on sample it is impossible to take it off. After being sure that all of the metal
was lifted-off, the sample was taken out of acetone beaker while it is continually
washed by pressurized fresh acetone to make sure that none of the metal pieces
in the acetone beaker stick on the sample. In almost every lift-off process, a few
of devices were shorted by means of partially thorn metals which are held on
GaAs on one end thus can not be washed away easily. After lift-off is completed
the metal thickness was measured to be around the value programmed into the
deposition system. The error in total thickness was less than 10%, however the
error in the ratios of the metals evaporated is expected to be much less than this
value.

3 .7 .3

A lloyin g

Alloying is a very critical process for obtaining good ohmic contacts.

In the

literature, alloying temperatures for AuGe vary mainly between 400°C and

460°C, thus, four different alloying temperatures, namely 400,420,440,460°(7,
were tried with a sample cleaved into smaller pieces after mesa etch and ohmic
metal deposition were completed. Alloying W cis carried out in RTF (rapid thermal
processor) in a N2 atmosphere. Samples to be alloyed were kept in 150 — 200°C
for a few minutes in order to heat the GaAs, then temperature was raised to the
alloying value in 15-20 seconds and was kept constant for 1 minute. After the
alloying, samples were left for cooling in the RTF. Then the electrical properties
of the contacts were measured. Relative comparison of the alloyed contacts were

Chapter 3. Fabrication Processes

46

done by measuring the conductivity of Hall bars which were placed on the same
chip. Comparisons of the four different samples showed that the best alloying
temperature is 400 °C. Considering the surface morphology and the fact that the
observed resistances for Hall bars were comparable with 400°C alloyed sample
even with worse probing due to lack of Au on the surface, it is decided to use

420°C for alloying.

Actual MESFET sample was alloyed at 42Q°C as noted

before.

3 .7 .4

G ate M etalization

After alloying, the sample was cleaned by standard procedure. The MESFET
structure at hand had a very thick, 0.6 pm highly doped cap layer which could
not be recessed, with gate resist pattern, successfully due to the small dimensions
(1 ,2 , and 3 pm gate lengths) of openings on it. Therefore, the Au layer on top
o f the ohmic contacts were used as an etch stop for approximately 0.3 pm recess.
Then oxide layer is removed by the HChDI (1:1) water mixture and the sample is
cleaned again. Resist AZ5214 was spun at 6000 RPM and prebaked in oven as in
previous processes. Then the resists at the edges were developed and gate mask
was aligned to ohmic level. Since gates of 1 pm lengths exist on the mask this
alignment step (especially angle alignment) is very difficult with the present optics
and requires experience and tedious trials. After the alignment, the sample was
kept in chlorobenzol for 15 minutes, then developed and observed under optical
microscope. The sample was then post-baked in oven for the following gate recess
process. GaAs is recessed through the patterned gate resist for removal of the
highly doped cap layer thus enabling Schottky contact to the active layer. The
etch of GaAs is defined by the gate slot on the resist pattern, however under
cutting effect of etchant provides a larger recess width than the gate length.
This effect in combination with the undercut profile of the resist results in a
gate narrower than the recessed slot, thus surface depletion of gate is minimized
resulting in smaller parasitic capacitances. For gate recess etchant’s etch rate
was determined as in the mesa etching and recess etch is done about 0.4 pm
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deep. This etching was observed to be not uniform, however since the yield was
not that important, fabrication process is carried on. Following the gate recess,
oxide removal process was performed by HCl solution. As the gate metal, T i/A u
( 2 OOA/2 OOOA) composition was evaporated in the box-coater. Lift-off process
for the gate metal is a bit more difficult than that for ohmic or final metal since
the thickness of resist layer, AZ5214, is less than that of AZ4210. However, this
process is also well developed and usually no problem exists if the procedures
explained in ohmic metalization section are followed.

3 .7 .5

Final M etalization

Although MESFETs are operational after gate metalizations, they are not
suitable for probing, especially for RF probing. For good low frequency probing
the metalization must be as thick as possible and the metal must make a good
contact with the probe tip. For RF probing, in addition to these, the geometry
of the metalization is also important. RF probing is performed with Tektronix
TM P 9610 microwave probes which provide transmission from tapered coplanar
waveguide, (CPW ) with 100 micron pitch distance and 50 micron transmission
line width at the probe tip, to K-type microwave female connectors usable mode
free to 40 GHz. Thus the final metalization for MESFETs provide two CPWs to
drain and gate, whereas the source is connected to common outer strips of CPWs
which provide ground path during probing. The final metal layer is also used for
increasing the thickness of probe pads defined in earlier masks. The most suitable
metal for this aim is Au. However, in earlier steps, A1 was sometimes preferred
since it is easily removed by developer AZ400 K. The reason for preference of
removability of final level is explained in dielectric encapsulation section below.
Final metal process was the same as the ohmic metalization step except for the
mask and the evaporated metal (Au of 2500 A).
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D ielectric Encapsulation

Dielectrics in GaAs technology are used for protective encapsulation, for
capacitors, and for crossover insulations.

For the MESFETs fabricated in

our laboratory encapsulation is needed only for protecting the devices from
environmental contamination and mechanical damage. However, during the first
MESFET processes when the fabricated devices were tried to be encapsulated
by Si 0 2 prior to the final metalization, they were damaged. Process begun with
deposition of dielectric material all over the sample by PECVD (plasma enhanced
chemical vapor deposition). Then resist AZ4210 was spun, prebaked, and exposed
with the opening mask which defines windows on dielectric for electrical contact
of the final metal with the device pads. After the development, the sample was
postbaked and then immersed in buffered HF, which etches SiO^ but does not
attack Au. Electrical measurements after this process showed that the resistances
were very high, at first the etching process was blamed for this failure. Thus,
we developed an original process, that is by making use of the image reversal
property of AZ5214. It behaves as a negative resist with a nice undercut profile
suitable for lift-off, if baked on hot plate at 105

for 1 minute, exposed through

mask, baked once more as in previous bake, flood exposed, and developed. We
used lift-off technique for Si0 2 coating of the sample except for the openings,
and we succeeded this process in which no etchant was used. However, devices
were dead once more. As a final chance we tried to leave hard baked photoresist
on the active regions of devices by using mesa mask, this method did not work
either. We decided to probe the devices at first and postpone the encapsulation
to a later time.

Thus A1 was a suitable metal for this purpose since it can

be easily removed by the developer, AZ400 K. However, although MESFETs
produced after this decision were very good in DC performance ( « 270mS/mm
transconductances were observed for a number of 1 /im gate length devices), their
ohmic contacts were observed to be insulators after A1 metalization. The reason
of this phenomenon is not clear yet, but as mentioned in ohmic contact section, in
the literature it is noted that ohmic contacts to GaAs are not stable even at room
temperature, however our processes vary between 95 and 140 °(7, the temperature
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at which photoresist begins to crack. It is possible that these processes promoted
the degradation mechanisms which were already active, resulting in death of
the contacts.

The fabricated MESFETs have totally different ohmic contact

properties due to high surface donor concentration and thus comparison of them
is not possible with the previously produced (and dead) MESFETs.

Chapter 4
Measurement Techniques
4.1

Low Frequency Measurements

4 .1 .1

Transmission Line M o d e l-T L M

For the evaluation of the quality of ohmic contacts the Transmission Line Model
(TLM ) method oifers a practical solution. The TLM structure, used for planar
contact resistance measurements, is formed by a series of identical rectangular
ohmic contact structures which are spaced by varying intervals as shown in
figure 4.1.

If a voltage is applied between any two adjacent contacts, with

F igure 4.1: A TLM structure
With ohmic contacts of length L, width w, and contact spacings of
separation /,·, then the resistance is

i? — 2/?c + r , —
w
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(4.1)
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where Rc is the resistance of a single rectangular contact and r, is the
sheet resistance of the semiconductor between the contacts.

Repeating this

measurement between other adjacent contacts gives a plot of resistance versus
contact separation. The slope of this graph gives Tj/ iü, and its intercept with
resistance axis gives 2Rc and thus the norriialized contact resistance Vc = Rc/w.
However, none of these data gives enough information about the actual metalsemiconductor barrier resistance, since the portion of the contact conducting
the current is not known. Two different possibilities of ohmic metal diffusion is
shown in figure 4.2. If the metal diffuses all through the active channel, then the
current flow out of the contact area wd is uniform, and specific contact resistivity
is Pc = Rcwd.

In practice, however, only a partial diffusion of some elements of

F igure 4.2: Two possible diffusion processes for ohmic metallization
(a) The metal diffuses aU through the active layer; (b) one or more elements of the
metal diffuse partially through the active layer. The arrows correspond to expected
current flow for each case
ohmic alloy, such as Ge diffusion in the case of AuGe contact on GaAs, into the
active layer is observed. Due to small conductivity of this diffused part, there will
be a current crowding towards the inner edges of contacts, causing a nonuniform
current flow. This problem is solved by Berger^^’^^ by introducing transmission
line model.
Figure 4.3 shows a transmission line model

for a partially diffused ohmic

contact. Current 7(0) entering the left contact region at i = 0, flows horizontally
while being lost through the infinitesimal vertical resistors, {pdw)dx, until it
vanishes.

Since the channel thickness a is small, the current density can be
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F igure 4.3: A TLM equivalent circuit for current flow in a thin-layer
semiconductor device
assumed to be uniform over the cross section wa. Then for the region 0 < x < Ic,
following transmission line equations can be written

dV{x) = - — I{x)dx
w

(4.2)

d l(x) = - ( K - V{x)]dx
Pc

(4.3)

where Rs is the sheet resistivity of the material under the contact, which in
general, is different than the sheet resistance r, of the channel between the
contacts. Solution for the voltage is

V {x) = Ke + [ ^ 0 ) - K] cosh(fcx) -1where P = Rsfpc-

Using /(/c ) = 0 and ^

|,=o sinh(A:x),

(4.4)

|i=o= —R sl( 0 )fw in the above

equation, the contact resistance can be found as

/

w

(4.5)

The condition klc > 2 corresponds to electrically long contacts, which is usually
true for typical TLM structures, for which Rc — y/RspJu). Therefore,
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w^Rl

(4.6)
Rs
Transfer length, that corresponds to effective length for current conduction, is
pc

^

given by

It =

w R JR s

-

p c /R s

(4.7)

Thus, the effective contact area is approximately w It -

E n d - R e s is t a n c e T e c h n iq u e

The standard TLM method does not give enough information about the sheet
resistance Rs of the active channel between the contacts. In that, technique to
obtain Pc·, Rs is assumed to be equal to the sheet resistance of the channel under
the contacts, r^, which generally results in large errors. Reeves and Harrison^'*
proposed an additional measurement to overcome this problem. If a third contact
is added to the left of x = /c in figure 4.3 which carries no current, then its
potential with respect to Vc will be V{lc) — K- Then the end resistance Rg is

V{lo) - Vc

Rc

Re =

m

(4.8)

cosh{lc\jRs/Pc)

For electrically long contacts y/RsPc is obtained from measurement of Rc, and
\/Rs/Pc is obtained from measurement of RdRc, therefore both Rs and pc can
be determined. While designing TLM structure, care must be taken for not to
have klc > 10 in which case R^Rc becomes less than 10“ ^ which in turn means
a difficult Re measurement.
Averages of several measurements on good TLM structures, resulted in the
following values; Rc = 64 if, r, = 730ii/D , Rs = 1 8 0ii/n , and pc = 9 x 10“ ^ if —

cm^. These results mean that, the ohmic contacts obtained still needs further
optimization since a very good pc should be lower than the obtained value, by
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an order of magnitude. Also, it must be noted that if end-resistance technique
were not used, then pc = 150 x 10“ ®Clcm^ would have been obtained, which has
a significant difference with the actual value.

4 .1 .2

D C Characterization o f M E S F E T s

First thing to be done when characterizing, almost, any electrical device is to
obtain its DC characteristics. For the estimation of the device characteristics
such as output conductance gds and transconductance Çm, data relevant to drainsource current versus drain-source voltage and drain-source current versus gatesource voltage respectively will be enough.

For this purpose, a modular DC

source/monitor unit (HP4142A), with four medium power units and a high power
unit, which is automated by the control of a computer is used. Although,the
output conductance, the DC currents, and transconductance depend on the
operating frequency of the MESFET, DC data are useful for first order estimates
of RF performance. In figure 4.4, /¿j versus Vds characteristics of a

pm gate

The output conductance, gds, can be determined

length MESFET is presented.

from the slope of the curves. For example, at Vj, =
resistance is about 2 KO,.

1

2

K and Vgs = OV, output

The finite resistance is mainly due to deep level

impurities at the substrate-active layer interface. It must be noted that for lower
gate voltages, breakdown occurs at lower drain-source voltages. This breakdown
is due to increase of reverse bias voltage over gate-drain contacts.

From the

starting points of breakdown, breakdown voltage of gate Schottky contact can be
estimated to be around 5 V. Such a low breakdown may be due to Au diffusion
through Ti, resulting in a degraded Schottky contact, as well as the surface
depletion.^® Also it shows that gate-drain spacing is very small, which is due to
uncontrollability of precise gate alignment with optical lithography. Drain-source
current saturation starts around

1

V , which is a typical value for the

1

pm gate-

length MESFET. Another thing to be noted is that, the device pinch-off is not
complete, that is there is a finite drain-source voltage even for high reverse bias of
the gate-source. This is most probably due to reaching of depletion region, either
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1

2
VD

C V

]

F igure 4.4: Id, — Vds characteristics of a 1 pm gate length MESFET.
starts from 0.3 V, and decrccises to -2.4V in -0.3 V steps.
surface or bulk, under the drain contact region where the carrier concentration
is very high compared to the active channel.
In figure 4.5 drain-source current, Ids, and extrinsic transconductance, ffm,
versus gate-source voltage,

is presented. The square-law dependence of drain-

source current on gate-source voltage is clear.

The derivative of the curve,

transconductance, is almost linear in Vgs- These both show that, the carrier
concentration in the active channel of the MESFET is almost uniform. If the
effect of source-resistance is included, the intrinsic transconductance will be.
ffm

ffmt —
1

(4.9)
-^1

which is higher than extrinsic transconductance, Çm- Figure 4.6 shows intrinsic
and extrinsic transconductances of another

1

pm gate length MESFET with
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F igure 4.5:
and Qm versus Vgs curves for 1 pm gate length MESFET.
Solid line corresponds to /<¿5 , dotted line corresponds to Qm-

Rgs =

17 a

D e t e r m i n a t i o n o f Pa r a s i t i c R e s i s t a n c e s

For the determination of the parasitic resistances, the most widely used method is
that proposed by Fukui,^® which offers three DC current-voltage measurements.
The principle is the making use of the ideal diode equation, which is highly
accurate for low voltages. The gate current can be written as

Jgs

then the voltage drop is.

-

1

(4.10)
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F igure 4.6: Comparison of intrinsic and extrinsic transconductances
Solid line represents extrinsic transconductance, gm, whereas dotted line represents
intrinsic transconductance, gmi·

V = ’^ \ n f . ^ + l )

(4.11)

where Igs is the reverse saturation current, and V is the voltage drop on the ideal
diode. For an ideal diode, the Ig — Vg relation has a constant slope on a semi-log
plot. This is also valid for a good practical Schottky diode, however as the current
increases the voltage drop across the parasitic resistance of the device becomes
important. The potential drop across a practical gate junction, including effect
of any parasitic resistance Rs„ in series with it, is

Vg = V + IgR,,r.

(4.12)

The series resistance can be found by using the difference between ideal and
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practical diode voltages at the same current value. In mathematical form,
.

- Ko

(4.13)

where Vgo is the measured gate voltage at current Igo and I^o is the voltage drop
across the ideal gate diode at current Igo and is obtained by extrapolating the
linear portion of the measured data to the desired current.
This technique is modified for determining parasitic resistances of MESFET.
For this purpose three separate measurements are performed. First measurement
is performed on gate-source path while drain is open.
through gate-drain while source is open.

Second is performed

Third and last measurement is

performed with both drain and source grounded together. The corresponding
series parasitic resistances are denoted by

R a , Rb,

and

respectively.

The

relations between these resistances and MESFET parasitic resistances are

Ra

-

Rg

+

Rs

(4. 14)

Rb

=■

Rg

+

Rd

(4.15)

P

RdRs

(4. 16)

Rc

Solutions for MESFET parasitics are then

—

+

+

(4.17)

Rg

=

Rc

Rd

=

Rb — Rg

(4. 18)

Rs

=

Ra — Rg

(4. 19)

R^ — R c{R a

Rb)

RaRb

There may be a bicis dependence of resistances obtained by means of this method.
At low forward voltages, for example, the measurement accuracy is reduced
because the differences between the measured and ideal currents are small. The
bias dependence of gate resistance is much higher, since it is a Schottky junction.
Microwave models, however, do not include this bias dependence of parasitic
resistances. It is a common experience, to use 10 to 50 % higher gate resistance
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in microwave m o d e ls .A n o th e r problem with this method is, that the data
are taken for forward biased gate, while normally MESFET is operated with
reverse biased gate.

However, in literature the resistance values obtained by

this method, especially

and Rj, are mentioned to be well accurate.^^ There

exist other methods for extraction of parasitic resistances as well,^®’^^ however,
these techniques require optimization of a large amount of S-parameter data, and
they also do not give more reliable results'^'^ due to the optimization techniques’
sensitivity to the start up value choices.
In figure 4.7 a sample curve used for parasitic resistance extraction is
presented.

This curve corresponds to gate current while both the drain and

the source are grounded, that is, Rc measurement.

The y-axis position of cross

Figure 4.7: Determination of Rc
Voltage difference between cross and square is 70 mV, whereas they are located at

Ig = 4.6.3 mA, thus 72c =
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and square is Ig = 4.63 mA, and their x-axis position difference is Al^ = 70 rnV,
which gives Rc = 15 i).

Similar determination of Ra = 25 fi and Ri, = 290,

gives parasitic resistances as Rg = 4 0 , Rg = 210, and Rj = 25 0 , for the same
MESFET.

D e t e r m i n a t i o n o f S o m e L a r g e S i g n a l M o d e l Pa r a m e t e r s

Tuyl and Liechti“*^ proposed a large-signal MESFET model to be used in
simulators in 1974, which was later simplified by Curtice,^® and became a basis for
most of nonlinear models in use today. Curtice model mainly consists of voltage
controlled current source

gate-source capacitance Cgg, gate-drain capacitance

Cgd, drain-source capacitance Cj,, and the clamping diode Dgg. Nonlinear terms
are only Ids and Cgs- Ids is a function of the intrinsic drain-source and gate-source
voltages and electron transit time r. Cgs is assumed to be only a function of the
intrinsic gate-source voltage. Curtice model describes drain-source current, for

Vgs > Vt , as
Id siV g s, Vds) = P {V g s ~

Kt)'(1 +

XVds)

tanh(aPd,)

(4.20)

where Vgs and Vds are the intrinsic terminal voltages and /3, Vr, A, and a
are the model parameters to be determined.

Parameters /? and Vj can be

determined from simple DC measurements, however, determination of other
parameters require optimization of s-parameters measured at various bias points
and requires a tedious number of measurements (usually more than

20

different

set of s-parameters are used). On the other hand, DC curve fits give a first order
approximation for A and a. Thus a curve fit to FATFET Ids —Vds characteristics
is performed resulting in A = 0.017 and a = 1.444, since these parameters are
material dependent (except for scaling factors) they can be used for a first order
guess for other MESFETs.
For determining Vr and /7 the method used is to apply a very small drainsource bias just to ensure that drain-source current is positive and Wds is almost
zero. In this case.
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(4.21)

L ·. « m . - ^'τ)’
which means that the slope of \/7^ vs. Vgs curve gives

and its intersection with

Vgs axis gives Vt .
In figure 4.8 \/Tis versus Vgs curve of a FATFET is

presented with a linear

(x E -3 )

F igure 4.8:
versus Vgs curve of FATFET
The straight line is a linear least squares fit to curve around the square, where series
resistance effects seems to be minimum
regression line around the point located by a square. The threshold voltage is
determined by the x-axis intersection of the linear regression line as
and the slope gives /9 = 5.07 x

10

~^.

D e t e r m i n a t i o n o f B a s i c Pa r a m e t e r s

The gate current, for

Vg,

> SkTjq is given by the relation

= —1.35 K
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f

(4.22)

where

Igs — A*T exp -

(4.23)

kT

in which, A* is the effective Richardson constant {8.7 A/cm'^/K'^), n is the diode
ideality factor, and Vj,,· is the Schottky barrier built-in potential. The ideality
factor n can be determined from the slope of the Ig vs.

curve plotted in

logarithmic scale for forward gate biases. Igs is found by extrapolating the linear
part of the curve, to Ig axis.
In figure 4.9 Ig versus Vgs curve is presented in semi-log scale. The slope of
the linear fit line is 15 which gives n =

.

1 1 1

. The intersection with Ig axis is at

Igs = 47 pA.
Once these parameters are obtained, the basic device parameters H,, Nd·, Nd,
and a can be determined as explained below.
The built-in potential can be determined from the relation

K· = — In
<1

'A*T^LZ^j

(4.24)

Igs

where L and Z are the gate length and width respectively. In fact, since depletion
region under the gate metal is wider than the Schottky metal forming it, effective
gate length can not be determined geometrically. To overcome this problem,
FATFET is a suitable structure, which has a large gate length. The FATFET
structure produced in our laboratory has 50 pm gate length, which is very large
compared to possible surface depletion width (around 0.5 pm at most). Thus
using the above formula with L = bO pm and Z =

100

pm, at room temperature

H.· = 0.721/.
The ionized donor concentration

1
Vt + H,·

12

can be determined by^®
/ js5 |voj=o

X

10

16 cm -3

(4,25)
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F igu re 4.9: Semi-log plot of Ig versus
Slope of straight line is 15, and its intersection with Ig axis is at 47 pA.
Substitution of relevant data (I^ss |vj,=o= l l m / l , Z =
0.9 X

1 0 0 pm),

gives Nj =

The ionized donor concentration (which is very close to the

donor concentration, at room temperatures) is given by the equation

Nd = NJV X exp \~H—
where

=

— /

(4.26)

0.706 V is the Fermi potential for intrinsic GaAs at room

temperature. Substitution of Vj,,· results in

= 1.5 x

10

^®cm~^. By using the

depletion approximation, the effective active channel thickness, a, can be found
from the relation

a=

(2 e,e,(| Vt \+ H .)

qNd

(4.27)
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where Co is the dielectric permeability of vacuum (8.85 x 10~^'*F/cm) and e« is the
dielectric constant of GaAs (12.5). The active channel thickness for the sample
is found to be 0.4 pm.
For the determination of low field electron mobility,
resistance,

the open channel

given by

Ro =

(4.28)

qpoNdaZ

can be used. For the determination of Ro the depletion approximation is used.
According to this approximation depletion depth is proportional to \JVbi — VgsThus, for low drain voltage in the non-saturation region of the MESFET, drain
current is

hs

J_

Rn

(4.29)

X-Vds

where
-1

(4.30)
Then,
Yds

(4.31)
IdsX
which enables the determination of Ro from the slope of the Ro vs. X curve,

Ro =

where Ro = Yds/Ids- Once Ro is determined low field mobility can be calculated
by using equation 4.28.
In figure 4.10 Ro versus X curve is presented. The slope of this curve at
low values of X (that is at low reverse gate bias) gives Ro — 890 which yields

p = 4930 cm ^/F · sec.
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(xE3)

O
(K

F igu re 4.10: Ro versus X graph
Slope of the regression line is 820 ÎÎ

4.2
4 .2 .1

High Frequency Characterization
R F C haracterization o f M E S F E T s

In order to be able to use the fabricated MESFET in circuitry, one needs
its small-signal and/or large-signal equivalent models’ parameters.

Usually

for small-signal models, the output conductance gds{Vds,Vgs), transconductance

gm.{VdsiVgs), gate-drain capacitance Cgd{Vds,Vgs), and gate-source capacitance
Cgd{Vdsi Vga) are assumed to be bias dependent, while drain-source capacitance
Cdsi charging resistance / 1 ,·, and transconductance delay r are assumed to be
almost bias independent and are extracted at Idssl‘2·
parasitic inductances are also included.

At higher frequencies
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E x t r a c t i o n o f In t r in sic E l e m e n t s

The parameter extraction of a MESFET starts with microwave S-parameter
measurements for different biases of device, in the frequency range of interest.
Such a technique was first described by Minasian,“’^ and since then variations of
this method'*^’"^'* is commonly used to extract parameters. In this work the smallsignal model in figure 4.11 is used for parameter extraction which was offered by
Minasian, and is the most widely used model since its parameters can be uniquely
determined without any use of optimization techniques the way commercially
available softwares such as Super Compact, HP MDS, LIBRA, or Touchstone
extract parameters.

At lower microwave frequencies (5-10 GHz depending on

the geometry) parasitic

F ig u re

4

.1

1

inductances are neglected as a common experience.

: MESFET small-signal model without parasitic inductances

The parasitic resistance values are determined by the Fukui method. Measured
S-parameters are converted to z-parameters by use of the following equations.

+ .S n)(l - S22 ) + 5 i 25'21
A
2S-12
(1

^llmeas

'I2meas

A
2 -S'2 i

^2\meas

A
( 1 — *5'ii)(l + ‘S'2 2 ) + 5'i 2*5'2i

^22meas

(4.32)
(4.33)
(4.34)
(4.35)
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where prime stands for normalized z-parameters (to Z q = 50H, characteristic
impedance of the transmission line to MESFET) and

“ S22) — *S'i 2‘5'21

^ = (1 ~

(4.36)

Intrinsic z-parameters can be written, in terms of de-normalized intrinsic zparameters, as follows

^Wmeas

^llmeas

(4.37)

^12meas

^\2meas — Rs

(4.38)

^21meas

^2\meas - Rs

(4.39)

^22meas — ^22meas — [Rd -|- Rs)

(4.40)

which are converted to y-parameters by means of,

yilmeas ~
yi2meas ~
y2\meas “
J/22mea5 ~

^22meas
^12meas
¡ z I Zo
^21meas
I z j Zo
^llmeas
i z j Zo

(4.41)
(4.42)
(4.43)
(4.44)

Zi2meas^2\meas· The y-parameters of the intrinsic
42

yii

-

yi 2

=

2/22

where D = I +
parameters.

(4.45)

D

=

-iuiCgd
gm exp(-iujT)
l+ i-ft C ·,.

=

9d, + iuj{Cds + Cgd)

(4.46)

.

(4.47)
(4.48)

The.se four equations are used to extract model

Chapter 4.

hieasurement Techniques

E x tr a c tio n

o f cap acita n ces

straightforward.

68

Determination of gate-drain capacitance is

Optimum value is found by a least-squares fit for the slope

of Im [yi 2meas] versus oj curve, i.e.

Cg(i

IIXy\2

(4.49)

where my^J is the slope of the corresponding regression line. Similarly, Cds + Cgd
can be extracted from y 22meas data, yielding drain-source capacitance as.

Cds

—

^

(4.50)

Cgd

3/22

For the extraction of gate-source capacitance, low frequency assumption is used,
that is (ujCgsRi) ^

Then Im[yu] « ioj(Cgs + Cgd), and

Cgs ~

^yn

(4.51)

Cgd

where my,j is the slope of the regression line to Im[yiimeas] data at low
frequencies. Usually, imaginary parts of yumeas,y22meas, and yumeas are linear
for low frequencies, which simplify the capacitance expressions as.

Im [y i2 m e a s ]
C ,d

=

Cds

=

Cgs

=

(4.52)

(jJ
Im [y22m eas]
UJ

-

I '^ \ y W m e a ^

UJ

^
^gd

(4.53)

^
Lygd

(4.54)

which mean that capacitances can be extracted at single or over a small number
of frequencies.

E x tr a c tio n o f yds and gm

Output conductance 1/ 2 2 's, at low frequencies

yds = Re[y22meas]·

(4.55)

At higher frequencies f?e[j/22 mea5 ] falls of, but the low frequency data results in
a reliable output conductance over a large frequency range.^

Flatness of low
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frequency data also enables the use of a single or a few averaged data point for
extraction.
Transconductance can be written as

gm exp(-iuT ) =

+jgmi

(4.56)

where

5^mr

.^^[î/2 1 ]

^^\y2l\RiCgsU}

U> CgdCgsRi

(4.57)

and
Qmi

—

R e [ y 2i]R iC g s U j

Im[y2i] + uCgd-

+

(4.58)

However, for a typical MESFET usually

9m

Re[y 21

(4.59)

which is valid up to around 2 GHz, thus g^ can be computed from a single or a
few averaged t/21 data.
E x tra ctio n o f T and Ri

It is clear that for extraction of Ri one should use

/?e[yii], since the use of /m [j/ 2 i] requires knowledge of r. However, determination
of Ri is a harder job due to the noisy data especially at low frequencies. Thus it
is better to use higher frequency data for extraction, assuming the small-signal
model is still valid. Solution of the quadratic equation for Ri gives
4(fie[ÿii]p

Another method offered in the literature is the optimization of Ri to fit S'!! data,“*®
however, it is noted that this method does not promise much better performance
since Ri's effect to Sn is second order at worst. Another criticism comes from
the fact that Ri does not provide a unique model performance and its physical
meaning is still not clear. The primary function of Ri is to contribute to the real
part of the device model input impedance and the time required for the channel
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current to respond to gate voltage variation. However, both of these effects are
also included by means of Rg and r, respectively.
The parameter r is significant at higher frequencies, however it can be
determined at lower frequencies easily, with the approximations that ujt <C 1
and D = 1, as

T=

h 7 l[y 2 l]/u j -

g m R i C g s ~ Cgd

(4.61)

9m

However, if very high frequency limit is considered it is advisable to use

(4.62)

r = --ta n -i

\9 mr,
which is valid for all frequencies at which the model can be used.
S u m m a ry o f E qu ation s U sed for P a ra m e te r E x tra ctio n

The parameter

extraction is performed in two groups, one at lower frequencies, the other at
higher. At lower frequencies {ujCgsRiY <C 1 approximation gives.

Cgd =

- /m [ t /i 2 ]/cj

(4.63)

Cds =

Im[y 22]l(^ - Cgd

(4.64)

Cgs -

Im[yu]/i^ - Cgd

(4.65)

Qds

=

Rt[y22]

(4.66)

gm =

Re[y 2 i]

(4.67)

and at higher frequencies.
1

R .=

- J i -

4(R e[yn ]P

2Re[y 1 1

r ---ta n -M ^

(4.68)

(4.69)

\9m r,

where
gmr =

R^[y2 \] - lm[y2\]RiCgsLO - u'^CgdCgsRi

(4.70)

gmi

Re[y2\]RiCgsOJ + Im[y2\] + ojCgd

(4.71)

=
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E x t r a c t i o n o f Pa r a s i t i c I n d u c t a n c e s

A method of extraction of parasitic inductances is the cold chip technique,
proposed by Diamond and Laviron,·*® which makes use of S-parameter data at
zero drain-source bias.

However, this technique is mainly useful for packaged

devices, since the inductances are dependent on substrate and therefore on biasing
conditions, for example gate strip inductance given by Ladbrooke^° as

L ,=

PqW Z

(4.72)

rri^L

where m is the number of gate fingers and po is the permeability of free space.
On the other hand, the method described below is valid for both packaged and
non-packaged devices. The extrinsic device z-parameters can be written as

^ 11

^\\ "f {Rg + Rs) +

Z\2

^\2

Z21
Z22

+ Ls)

(4.73)

Rs + i^Ls

(4.74)

+ i^Ls

(4.75)

^22 "f {Rd + -^5 ) + i^{Ld + Ls)

(4.76)

extraction method is based on the fact that the
effects of the series inductances can be neglected at lower frequencies, and the
extracted intrinsic elements at higher frequencies, namely r and /7,, are valid.^
Therefore, the inductances are extracted by the following formulae,

iTTieas]
/m[^12meas]

I ^^\^Wmode^ — A Z n — ^{Lg + Ls)

(4.77)

T^\^\2mode^ =

^Z\2 = OoLs

(4.78)

=

A Z 21 = (-oLs

(4.79)

A Z 22 = (^{Ld + Ls)

(4.80)

/77i[.^21meas]

[-2^21mocie/]

/772[^22meas]

I^^\^22mode^ =

from which inductance values can be extracted.
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R F M easu rem en ts

For s-parameter measurements, we have used two Tektronix TM P 9610 microwave
probes, connected to HP 8510C automatic network analyzer (AN A). The
calibration of network analyzer was done as follows.

For open correction, the

probes were held close to each other in air, to determine cross talk of probes
when they are probing MESFETs. Short correction was performed by simply
probing large metal pads. Match correction was the most problematic one, since
we did not have any 50 fl matched load suitable for probing. This problem was
solved by using a matched through line, and assuming the paths to ANA ports
acts as a match load. After, performing these corrections, the errors for short and
open were observed to be very small (better than -70 dB cross coupling, better
than 0.1 dB reflection mismatches), thus in our opinion, although this method is
non-standard, it resulted in satisfactory calibration of ANA.
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After calibration, RF data, for various bias conditions, were taken and
samples of s-parameters (6 to 12) were taken for manipulations resulting in
the intrinsic small-signal model parameters given in table above.

Extraction

o f parasitic resistances was explained in the related section (for the specific
MESFET mentioned here, Rg = 4 Q, Rs = 21 fl, and Rj = 25 fi). Calculations
done for extraction of parasitic inductances hcis shown that, these elements’ values
are strongly dependent on the frequency range of data taken, therefore an average
o f these values over several frequency ranges are taken to give T, «

290 pH,

Lg « 480 p/7, and Ld ~ 400 pH. After obtaining the small-signal model elements,
the corresponding s-parameters, 8 ^°’^, of model were calculated for corresponding
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frequencies. The average error terms defined as,

ok

”

1

nmodjk

(4.81)

k=l

were calculated to be Eu = 2.5%, Eu = 19.2%, ÆJ21 = 9.4%, and E 22 = 2.8%.
The cut-oflF frequency.
I

t

=

9^1
27raa*

(4.82)

is seen to vary between 0.65 GHz and 0.85 GHz. This frequency limits are very
low for an ordinary MESFET. The reasons for such low operation frequencies
can be partially explained by the low transconductance, which is mainly due to
moderate doping level of the active channel. Another reason may be the deep
recess sidewalls, which increase the geometrical capacitance effects. The distance
between high conductive mesa walls and gate metal may be as low as 0.1 pm. This
explanation is also consistent with the explanation of low break-down voltages of
the devices.

Chapter 5
Conclusion
The importance of GaAs MESFETs is due to their widespread use in microwave
electronics, which is the backbone of today’s satellite communication, military
electronics, and avionics. Since their first appearance in 1966, they had been
the subject of an enormous work. It took more than ten years, to solve their
optimization and reliability problems. However, after their problems are solved
and they begun come out to market from the laboratories, they became the most
preferred device of high-frequency electronics.
In this study, we succeeded the fabrication of GaAs MESFETs.

These

MESFETs were designed, aiming for small-signal operations. The most critical
part of the fabrication was the ohmic-contact formation. The epi-structure of
the wafer, used for the first successful batch of MESFETs produced, had an
active layer of dopant concentration 2 x 10*^ cm~^. We succeeded, seemingly, to
produce very good ohmic contacts (with pc ~ 10“ ®i) · cm^), which were made
directly on the 2 x 10^^ cm “ ® doped active channel. The DC data taken were
very good, one of the most important parameters, namely transconductance,
was observed to exceed 270 mSf mm for I pm gate-length MESFETs, with a
maximum drain to source saturation current higher than 0.8 A f mm.

These

values can be well compared to the state-of-the-art MESFETs produced in the
fore coming laboratories in the world. However, during dielectric encapsulation
processes we observed that the devices were destroyed. At first we thought that.
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encapsulation process was responsible for the killing of devices. Therefore, we
postponed this process to a later time and produced a new batch of devices
up to the final level metallization.

However, devices were killed once again,

either during final metallization process (which was not performed before, since
normally it follows dielectric encapsulation) or after the completion of the devices.
Then, we started the fabrication once more with a wafer which had a
completely different epi-structure.

This structure had a 2 x 10^® cm “ ^ doped

cap layer and a 5 x 10*® cm~^ doped active layer. The highly doped cap layer
brought the advantage of easier ohmic-contact formation, however it added an
extra etch process for making good Schottky contacts to the active channel.
This extra etching process brought out the problems of process uniformity and
repeatability. Even the geometries, a few microns apart, came out to be etched
in different natures. For example, ohmic contacts of TLM patterns, which are
only a few microns apart, had shown very non uniform ohmic contact properties.
The extra etch step included, also resulted in a degradation in the over-all ohmiccontact quality. Since the etching was, and hence the device performances were,
non-uniform, neither comparison of devices with each other nor a statistical data
base formation was possible. Therefore, data relevant to only some of the devices
were taken and manipulated. These manipulations are not meant to be complete,
but they form the basis of a complete process and material test and development
procedure.
The results obtained are consistent with basic MESFET theory.

The DC

characteristics are good, even though parasitic resistances are little high. One
of the important drawbacks of the MESFETs is their low breakdown voltages.
However, as far as small-signal operation is concerned, this low breakdown is not
important.
The material data, extracted from device characteristics, are also realistic
and consistent with theory and the data given in the literature. However, due to
non-uniform characteristics some of the devices resulted in inconsistent results,
thus they were disregarded.

The extraction of small-signal equivalent circuit

parameters were also satisfactory.
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Conclusion

Although the MESFET fabrication proved to be successful, there still remains
problems to be solved. The etching process must be optimized to obtain higher
uniformity and yield. Ohmic-contact process still needs further optimization and
reliability tests. The protective dielectric encapsulation must also be performed.
Since there is no barrier layer to prevent diffusion of the Au overlay through Ti,
Schottky contact degradation in time is expected. Solution of this problem is as
simple as deposition of a barrier metal, such as Pt, in between Au and Ti, which
will be performed later when the e-beam evaporator is in operation.
Further work is planned on the fabrication of some simple MMIC circuitry
which are mainly based on the same types of MESFETs fabricated.

Also,

with the experience obtained by MESFET fabrication, it is a rather simpler
task to switch to HEMT fabrication.

HEMTs are very similar to MESFETs

in their characteristics, with superior performance.

Thus, main part of their

characterization and parameter extraction needs either a slight or no modification
to those of MESFETs.
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