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ABSTRACT

MESFETs (Metal Semiconductor Field Effect Transistor) are usually fabricated in compound
semiconductor (Group I11-V, Group 1V-1V) technologies lacking high quality surface passivation
such as gallium arsenide (GaAs), indium phosphide (InP), or silicon carbide (SiC), and are faster
but more expensive than silicon-based Junction Field Effect Transistors (JFET) or Metal Oxide
Silicon Field Effect Transistors (MOSFET). The gallium arsenide (GaAs) having electron mobility
six times higher than silicon (Si). It became an essential instrument in modern electronics as well
because of its inherent properties such as high temperature conductivity, very low intrinsic
concentration, high frequency, higher band-gap, higher electric field strength breakdown.

The MESFETS are the most active components used in microwave communication system. To
achievement the better performance of these components’ circuits, it become necessary to develop
techniques for high end numerical simulation based on physical and structural mechanisms that
govern the operation of these devices and circuits. The properties of MESFET could be determined
from an original analytical study based on the resolution of the semiconductor fundamental

equations.

This thesis analyze several parameters of MESFET such as, Drain-Source Current as a function of
Drain-Source Voltage, Transconductance as a function Gate-Source Voltage, , Variation of Gate-
Drain Capacitance with Drain-Source Voltage, Variation of Gate-Source Capacitance with
Respect to Gate-Source Voltage, Variation of Total Internal Device Capacitance with Gate Length
and Modelling of MESFET DC Characteristics in different Temperature using Finite Element
Analysis Software COMSOL Multi Physics.

Vi
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Chapter 1: Introduction

In the innovative years of electronics i.e., before the 1940s, electron tubes were commonly used
in the electronic systems, such as radio and television, but they had some serious limitations
pertaining to their performance. Then a better discovery was made in 1947, when Bardeen and
Brattain invented the transistor by using a slice of germanium with a few carefully placed wires
[Brattain-1947]. Since its inception, the transistor brought a revolution to the industry and in
day-to-day life through its use in automation, control and communication equipment. The
diverse industrial demand eventually led to different types of transistors currently available in
the market.

The concept of Schottky barrier FET was introduced by Schottky [Schottky- 1938]. He gave the
idea of formation of a potential barrier due to the difference of work function between the metal
and the semiconductor contacts. After a researcher from Bell Laboratories William Shockley
[Schockley-1948] invented the junction transistor and Bell Laboratories announced this
invention in 1951. Schottky’s idea was utilized by Mead in 1966 for the fabrication of Metal
Semiconductor Field Effect Transistor (MESFET) [Mead-1966] and subsequently it was
fabricated by Hooper in 1967 using a Gallium Arsenide (GaAs) epitaxial layer on semi-
insulating GaAs substrate [Hooper-1967]. A MESFET is a three-terminal device like any other
transistor [Sze-1985, Soares-1988]. These terminals are named as Source, Drain and Gate as
shown in Figure (1.1) Charge carriers (electrons) flow from the source to the drain via a channel.
The channel is defined by doping the epitaxial layer grown on semiconductor and offers good
conduction. The flow of charge carriers in the channel is controlled by a Schottky barrier gate.
The main advantages of a MESFET compared to its counter parts are:

(@) high electron velocity inside the channel,

(b) smaller transit time leading to faster response and

(c) fabrication of active layer on semi-insulating GaAs substrates to decrease the parasitic
capacitances.

In 1970, for microwave applications, Middlehoek realizes that Silicon based MESFETSs with 1
um gate length had maximum oscillation frequency up to 12 GHz [Middlehoek-1970]. In 1971,

Turner took a step, when 1 um gate length FETs were made on GaAs with maximum frequency



upto 50 GHz [Turner-1971]. Such a high performance is attributed to GaAs which offers
superior electrical properties compared to the Silicon. Beside high frequency of oscillation GaAs
MESFETSs also provide high output power with low noise figure. Owing to these attributes GaAs
MESFETS are overwhelmingly used in microwave integrated circuits [Ladbrooke- 1991, Golio-
1991, Bose-2001 and Khalaf-2000].

GaAs MESFETs have demonstrated excellent noise and gain performance at microwave
frequency and they are used quite often in pre-amplifiers of communication devices. In today’s
world, high frequency communication is possible because of the superior electrical properties
offered by GaAs MESFETSs both in analog as well as in digital applications. A properly designed
GaAs MESFET can operate comfortably at a frequency higher than 100 GHz [Ahmed-2003].
Whereas, a High Electron Mobility Transistor (HEMT) of submicron gate length can operate
higher than 900 GHz [Das-1987 and Cidronali-2003]. An excellent microwave performance of
a GaAs MESFET is certainly related to its channel properties [Golio-1991]. For low noise
applications, there are special constraints on the design of a MESFET to achieve target
performance [Fukui-1979, Feng-1992 and Hung-1988].

1.1 MESFET Operation

The MESFET has three terminals i.e., Gate, Source and Drain. Below the conduction channel it
has a semi-insulating substrate layer. The n-doped region acts as the channel for carrier flow,
can be formed in two ways: (i) by ion implantation technique or (ii) by growing an epitaxial
layer. lon implantation technique involves ion diffusion in the lightly n-doped layer. Epitaxial
growth is a process where crystals are grown in a particular orientation over another crystal. It
can be of two kinds. The process is called Homoepitaxy if both crystals are of the same material,
and another is known as heteroepitaxy if the materials are different. On both sides of the n-doped
channel an n+ doped region is implanted which works as Source and Drain of the MESFET.
Thus, three distinct terminals of a MESFET are formed by placing metal contacts on the top of
the Gate, Source and Drain. The gate metal contact and n-doped semiconductor material junction

created a Schottky barrier junction.
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Figure 1-1Basic MESFET structure

1.2 Types of MESFET

Two types of MESFET are there: Depletion type MESFET and Enhancement type MESFET.

P-Channel N-Channel

i

Depletion Enhancement Depletion Enhancement

Figure 1-2 MESFET Symbol

1.2.1 Depletion type MESFET

The depletion width of n-channel MESFET (Figurel.2.1) is varied by changing applied gate
voltage at gate terminal. By applying a negative voltage at the gate-to-source terminals causes
the depletion width to increases and make the channel width narrower, obstructing the flow of
carriers. The junction between gate and channel thus becomes reverse biased. If the depletion
layer is expended more and more then after a certain time it will completely block the channel
or pinches-off" the channel, the resistance of the channel from source to drain becomes large,
causing the MESFET to be turned off. Here MESFET works like a switch.



After applying a positive gate-to-source voltage will cause the depletion layer to minimize

allowing the channel size to increase again turning the MESFET on.

1.2.2 Enhancement type MESFET

In n-channel Enhancement type MESFET the channel is completely blocked by the depletion
region naturally. Therefore, the MESFET is switch off mode as shown Figure 1.2.2. To enable
the device in conduction mode the barrier needs to be reduced so that the channel become
expended and carrier can flow. Narrowing the barrier/depletion layer can be done by gate
biasing. This can be achieved by applying a positive voltage at the gate terminal. By doing this
the junction become forward biased. As the width of channel increases the carrier starts flowing

and the device becomes in conduction mode.

Vs VL-‘T V._"‘T I & Ver Va,
Source [ Gae ] [ Dram Source Gate Drain
n v n \ /

Semi-insulating Substrate

Semi-insulating Substrate

Figure 1-3 Depletion type MESFET Figure 1-4 Enhancement type MESFET

1.3 Principle of MESFET Operation:

Biasing of the device can be achieved by Drain to source voltage (V,s) and Gate to source
Voltage (V;s). These two voltages control the line current Ids by changing the longitudinal
electric field and also varying the depth of gate depletion region. The IV characteristics of a
MESFET are shown in the figurel.5. Here The drain current (Is) is plotted as a function of
drain-source voltage (V). The drain current is also a function of gate-source voItage(Vgs). An

individual curve in the figure represents the dependency of drain current (Ip,) in drain-source



voltage (V) for a particular value of gate-source voltage (V;s). Another mode of MESFET

operation is known as breakdown mode where excessive drain-source voltage is applied.

Necessary voltage should be given in the gate electrode to operate the MESFET in depletion
mode. Applying more negative voltage in the gate terminal makes the junction more reversed
biased which results in increase of depletion region. If negative voltage I the gate terminal keep
increasing the channel will gates entirely depleted, therefore no current flows. The voltage that
makes the doped channel layer fully depleted called the Threshold voltage of the MESFET.
Figure 1.5 yields that the value of I is very low for lower V5. More increase of the negative
voltage in gate terminal will stop the channel. Therefore, we can say that the threshold voltage
of the figurel.5 is near the lowest Vs curve. It can be said that current conducting region are
Vs > Vy. Threshold voltage is denoted by V.

A short description of different region of operation of MESFET is given below.

Linear Region

Saturation Region [—®

Figure 1-5 I-V characteristics curve

Liner Region(0 < Vps < Vpsar ):

MESFET operated in this region when the value of V¢ is low. As shown in the figure 1.3.1 that

when value of Vj is low the drain current I¢ varies linearly on V¢ for a particular value of



Vis. As current varies linearly so the region is called linear region. It is also known as triode

region. MESFET operated in this region only when V¢ < Vpg,: Where

Vpsat = Ves — Vro

Saturation Region (Vps > Vpsar):

It is discussed above in the linear region that when I, increases with the increases of Vs . But
after a certain time I, does not change significantly with the increases of V. Saturation of I,
is reached when Vps = Vpgee. The pinch off point shift from drain to source results this
phenomenon. This pinch off phenomena eventually decreases the channel length. Saturation

may occur in two different ways as discussed below.

1.4 MESFET operation under different biasing condition.
1.4.1 (i)Saturation by pinch off:

The MESFET fabricated by material like Si which has high saturation electric filed achieved
saturation by pinching off the channel between the source and drain. Having high saturation
electric field value, the drift velocity of the carrier saturates at higher value of the electric field
along the channel. Here the mobility is considered as a constant throughout the process and the
depletion in the drain side increases with the increases value of V¢ . After a certain value of
Vps the drain side depletion pinch of the channel. In this situation the channel impedance is high
and no carrier can pass through the channel. But at high electric field some of the carrier may

swept off to the drain side and thus the saturation current. The pinch off occur while Vg > Vigar

1.4.2 (ii) Saturation by velocity

In the material like GaAs the drift velocity of the carrier saturates completely at lower electric
filed. The electric field is increases by applying higher V,s beyond the saturation. The high
electric field saturated the carrier velocity through the channel. This device has short channel
because it ensure the good strength of electric field which is desirable. The saturation in the

drain current I occurs due to the velocity saturation of the carrier.
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Figure 1-6 VVds biasing with VVgs = 0: @) Linear region (Vds low), b) Vds at
the commencement of saturation, c) VVds big

1.5 Structure of MESFET

The structure of the mesfet is of two kinds (i) self align self aligned source and drain MESFET
and (ii) non self aligned source and drain MESFET.
The short description of the abobe is given below.

1.5.1 (i) Self-aligned source and drain

In this form of structure, the gate contact covers the whole length and reduces the channel length.
This can be done by forming the gate first. The annihilating process required after the formation
of the source and drain area by ion implantation. The gate contact must be able to withstand the

high temperature. A limited number of materials being suitable to fabricate this structure.



1.5.2 (ii) Non-self aligned source and drain
In non-self aligned form the gate is placed on a portion of the channel. The gate contact does
not cover the entire length of the channel. Here source and drain contact are normally formed
before the gate.

Gate

(Gate

metalisation L
metalisation

Gate Gate

Source Drain Source Drain
l N+ J N i N+ ' Q-T:/‘, N l \U

Semi-insulating GaAs

Semi-insulating GaAs

Figure 1-7 Self-aligned MESFET Figure 1-8 non-self-aligned MESFET

1.6 Microwave MESFET’s Equivalent Circuit

The equivalent circuit depends upon the physical construction of the device. The cross-sectional
view of a GaAs MESFET is shown in figure 1.5 showing the origin of device electrical
components.

The circuit elements in this figure are:

drain-pad capacitance, (C,q); source resistance (R,); drain inductance, (L;); gate resistance
(Ry); drain resistance (Ry); gate-source capacitance (Cgs); channel resistance (R;); contact
resistance (R.); source inductance ( L); gate inductance (L,); gate-drain capacitance (Cyq);

gate-pad capacitance, (C,4); and drain-source capacitance (Cgs);
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1.7 Application of MESFET

The MESFET has the characteristics of High electron mobility, Low capacititance levels, high
input impedence, negative temperature coefficient, lack of oxide trap and high level of geometry
control.

The high carrier mobility along with lower level of stray capacitance of MESFET make it useful
for RF amplifier application, High frequency low noise amplifier, oscilator, broadbrand amplifier
and microwave power amplifier.

For switching application MESFET schottky barrier diode is used.

Various biomedical and optolelectronics device are made of MESFET.

Due ti its shorter gate length, MESFET is widely used in high frequency communication like

sattelite, radar, mobile communication.
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Chapter 2: Motivation

2.1 Factors of Motivation

Some important properties of GaN made it very useful for high power and microwave frequency
applications. Some advantages of GaN over other materials are as follows:

» GaN has higher mobility compared to other materials such as SiC and Si which makes it the
best material for very high frequencies.

 Almost the entire visible range of wavelengths is spanned in the Group 111 nitride alloy system.
The band gap of nitride-based materials ranges from 1.9eV to 6.2eV.

» GaN possesses low dielectric constants and high thermal conductivity pathways.

» GaN has high bond strengths and very high melting temperatures. These high bond strengths
improve its reliability compared to other materials.

« The nitrides are resistant to chemical etching and allow GaN based devices to be operated in
harsh environments.

» GaN light sources will be compact and highly reliable and could result in enormous cost
savings compared to conventional light sources.

 The use of GaN based LEDs may result in reduction of greenhouse gases and minimize the
risk of global warming.

« Large application of GaN is in fabricating blue laser diodes for extremely high density optical

storage systems [3].

2.2 Comparison Between GaAs, SiC and GaN

Table 2.1 shows the comparison between SiC, GaAs and GaN.
2.3 More on GaN and SiC FETs

SiC MESFETs and GaN HEMTSs have an enormous potential in high-power amplifiers at
microwave frequencies due to their wide bandgap features of high electric breakdown field
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strength, high electron saturation velocity and high operating temperature. The high-power
density combined with the comparably high impedance attainable by these devices also offers
new possibilities for wideband power microwave systems.

Table 2-1 Comparison between SiC, GaAs and GaN.

Material Property SiC GaAs GaN
Band gap (eV) [4] 32 1.43 34
Electron Mobility 900 8500 2000

(cm’/V-sec)[5]

Electron Saturation 22 12 25
6

Velocity (10

cm/sec)[6]

Thermal Conductivity 5 0.5 1.3

(Warrs.-’cni K)17]

High/Low Power High Low High

Device [8]

2.4 Wide Bandgap SiC and GaN Transistors

The fundamental physical limitations of Si operation at higher temperature and powers are the
strongest motivations for switching to wide bandgap semiconductors such as SiC and GaN for
these applications. For phase array radars, wireless communication market and other traditional
military applications require demanding performance of microwave transistors. In several
applications, as well as in radar and military systems, the development of circuits and sub-
systems with broadband capabilities is required. From transmitter point of view the bottleneck,
and the critical key factor, is the development of high-performance PA.

Next generation cell phones require wider bandwidth and improved efficiency. The
development of satellite communications and TV broadcasting requires amplifiers operating
both at higher frequencies and higher power to reduce the antenna size of terminal users. The
same requirement holds for broadband wireless internet connections as well. This high power
and high frequency applications require transistors with high breakdown voltage, high electron
velocity and high thermal conductivity.

The wide band gap materials, like GaN and SiC are preferable as we can see from Table 2.2.
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The high output power density of WBG transistors allows the fabrication of smaller size devices
with the same output power. The operation at high voltage due to its high breakdown electric
field not only reduces the need for voltage conversion, but also provides the potential to obtain
high efficiency. The wide bandgap enables it to operate at elevated temperatures.

Table 2-2 Material parameters of SiC and GaN compared to GaAs and Si [9].

Material Bandgap Critical Thermal Electron Saturated Relative
[eV] electric conductivity mobility electron dielectric
field [W/em-K] [em2/WVs] drift constant
veloecity
[WIW/em]
[em/s]
4H-SiC 3.26 2 4.5 700 2x10’ 10
GalN 3.49 3.3 1.7 900 1.5x10’ 9
GadAs 1.42 0.4 0.5 8500 1 x10° 12.8
Si 1.1 0.3 1.5 1500 1 x10° 11.8

These attractive features in power amplifier enabled by the superior properties make these
devices promising candidates for microwave power applications.

The critical electric field is the maximum field that the material can sustain before the onset of
breakdown and is closely related to bandgap. When the electric field is so high that the carriers
can acquire a kinetic energy larger than the band gap, new electron-hole pairs can be created
through impact ionization. These newly created carriers are in turn accelerated and, if the electric
field is sufficiently high the process is repeated again and again. This causes an increase in the
current that will degrade the efficiency and output power and ultimately destroy the device due
to the heat generated. Therefore the critical field limits the supply voltage that can be used for
the transistor and hence output power.

The maximum current in the device under high electric field is controlled by the saturated
electron velocity (by limiting the flux of electrons). A higher Vsat will allow higher current and
hence higher power. SiC and GaN has higher Vsat compared to Si and GaAs according to Table
2.2

The electron mobility of SiC and GaN is inferior to that of Si and GaAs. This reduces the
efficiency of the device by increasing the knee voltage especially in the case of SiC MESFET
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but this effect is reduced by the high breakdown voltage of SiC, which enables a sufficiently
high supply voltage that the knee voltage becomes small in comparison. The relatively low
mobility of SiC also reduces the high frequency capability of devices. But the impact of the low
mobility of SiC on the high frequency performance is partially offset by the high Vsat. Due to
higher mobility and the ability to use high electron mobility transistor (HEMT) structures, GaAs
and GaN transistors can be used at substantially higher frequencies than Si or SiC transistors.

Heat removal is a critical issue in microwave power transistors especially for class-A power
amplifier operation and continuous wave (CW) applications. The thermal conductivity of SiC is
substantially higher than that of GaAs and Si. The large bandgap and high temperature stability

of SiC and GaN also makes them possible to operate devices at very high temperatures. At

temperatures above 300 OC, SiC and GaN have much lower intrinsic carrier concentrations than
Si and GaAs. This implies that devices designed for high temperatures and powers should be
fabricated from wide bandgap semiconductors, to avoid effects of thermally generated carriers.
The higher impedance (higher supply voltage) and lower relative dielectric constant (reduces
parasitic capacitances) for both SiC and GaN compared to Si and GaAs simplifies broadband.

impedance matching. Another important property of amplifiers is their linearity. Excellent
linearity has been reported for SiC MESFETSs both in power amplifiers and low noise amplifiers
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Chapter 3: Literature Review

3.1 Effect of Mobility on (I-V) Characteristics of GaAs MESFET

This paper presented an analytical model of the current-voltage (I-V) characteristics for
submicron GaAs MESFET transistors. This model takes into account the analysis of the charge
distribution in the active region and incorporate a field depended electron mobility, velocity
saturation and charge build-up in the channel.
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Figure 2. Comparison of the Experimental Results Figure 3. Comparison of the Experimental Results

anjd Theoretical Modeling of Carrier Mobility for and Theoretical Modeling of Carrier Velocity for

Submicron Gaas MESFET’s as a Function of the Submicron Gaas MESFET s as a Function of the

Applied Electric Applied Electric

Figure 4 shows that the simulated drain current using the new model and measured 1-V
characteristics are in good agreement in different device operation regions, especially the linear
and knee regions that are difficult to model. The modeled drain current goes smoothly to zero
when Vgs approaches pinch-off. The new model also gives an accurate pinch off modeling, as
indicated in Figure 5 which shows the comparison of measured and modeled drain current
characteristics in pinch off region.

The RMS errors of the model are calculated and listed in Table 2. The calculation is made at
four bias levels for Vgs, while VVds changes from 0.5V to 3.0V. Table 2 shows the RMS error is
insignificant and greatly reduced near pinch off condition, the new model produces very
accurate fitting result.
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Table 2. RMS Errors of the New Model at different Vgs Values

Ves(V) 0 -1.1 -2.2 -3.3
RMS Error (%) 0.977 1.658 0.337 0.196
60 T r r 1F
y 104
5ol Vgs=0v L ol
8l
40} .
- Vge=-1.1v| -
£ 30} ' E S
2 g 5t
20t ar
] 3+
10p 2l
4 1t
0 05 1 15 2 25 3 02 04 0.6 0.8
Vds(v) Vds (V)
Figure 4, Measured Drain Current Characteristics Figure 5. Comparison of measured [dot] and
Ids-Vds of GaAs [dot] and Comparison to Improved  Modeled [Solid Line] Drain Current Characteristics
Model with a New Mobility Profile as a Fitting near pinch off Region

Parameter [Solid Line]

The carrier mobility acquires major importance in determining the output characteristics of a
GaAs MESFET’s. A good fitting of mobility has a great influence on the accuracy of the
electrical conductivity and many other physical parameters. This model also may be used in
analytical calculations of the device performance (for example, when an analytical expression

for the differential mobility as a function of the field is needed).

3.2 Determination of Characteristics and Performance Appraisal of GaN
MESFET

This research article examines several properties such as intrinsic delay, gate to source
capacitance, gate to drain capacitance, transconductance, cutoff frequency, and channel current
for gallium nitride metal-semiconductor field-effect transistor as well as investigates the impact
of variation in gate to source voltage on the channel current with proper evaluation of respective
characteristics curves.

The main issues addressed in this article are a) observation of the channel current through the

GaN MESFET, b) determination of parasitic capacitance such as gate to source capacitance and
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gate to drain capacitance, c) assessment of transconductance, d) calculation of intrinsic gate
delay, and e) finding the cutoff frequency with the variation of gate to source voltage in each
case for a GaN-based MESFET.

The depletion region widens for the increase in negative gate to source voltage in contrast to the
positive one the response of gate to source capacitance have been evaluated as outlined in Fig.
3, in the same way, it has been done for gate to drain capacitance. On the contrary to the previous
characteristics, in this case, the gate to source capacitance rises with the increase in gate to source
voltage and the slope of each characteristic curve is sharper as well with respect to the preceding

ones. The reason behind the dissimilarities is the application of positive gate to source voltages.
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Fig 2. The relationship between gate to drain capacitance (pF) and drain

to source voltage (V) in GaN MESFET when W is 100pm. Fig. 3. The relationship between gate to source capacitance (pF) and gate

to source voltage (V) in GaN MESFET.

In the light of (4), the intrinsic gate delay depends on gate to source capacitance, gate to drain
capacitance, and transconductance. In particular, the mutual effect of the parasitic capacitances
hinders the predictable switching behavior of careers while passing through the channel of GaN
MESFET.

The gate to source voltage has been varied within a wide range incorporating both positive and
negative polarities as well as zero value. By observing the characteristics curve illustrated in
Fig. 4, it can be clearly understood that it is possible to reduce the intrinsic gate delay by means
of applying more positive gate to source voltage and a remarkable point is that the delay almost

diminishes for voltage larger than 17V
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source voltage (V) in GalN MESFET. source voltage (V) in GaN MESFET.

The characteristics curve outlined in Fig. 5 can be considered as the most compelling evidence
of the inverse relationship between the cutoff frequency and intrinsic gate delay. It is apparent
that notwithstanding intrinsic gate delay decreases with the more positive gate to source
voltages, cutoff frequency increases significantly in the range of gigahertz. the respective
impacts of the variation in gate to source voltage on these properties have been investigated by
analyzing the individual characteristic curves. As reported, the gate to drain capacitance drops
with the rise of drain to source voltage where the characteristics curves for the greater negative
value of gate to source voltage experience larger diminution. On the contrary, the gate to source
capacitance rises with the increase in gate to source voltage and the slope of each characteristic
curve is sharper as well due to the application of positive gate to source voltages whereas the

capacitance differs more abruptly if the gate to source voltage is reduced.

3.3 Effect of temperature on (1V) statics characteristics of GaAs MESFET.
The static properties of GaAs MESFET has been determined from an original analytical study

based on the resolution of the semiconductor fundamental equations. Then it studied the
equation of thermal resistance as a function of the physical parameters of MESFETSs by analogy
electric thermal resistance RTH has been determined as the ratio of the difference of temperature
on the thermal dissipation. The model took into account the difference between the temperature
of the component and the ambient temperature and the effect of temperature on the parameters

of the component.
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3.4 Analysis of Temperature Effect on MOSFET Parameter using

MATLAB

This paper deals with analysis of temperature effect on some of the MOSFET parameters like

bandgap, carrier mobility, saturation velocity and contact region resistance. The analysis of all

the effect is done by using mathematical simulation. The overall impact of these parameters on

the characteristics of the MOSFET have been analyzed A high end device should be productive

efficiently and exhibits good performance for a high range of temperature. In order to optimize
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the performance of the device, the parameter that comes in the case of MOSFET scenario are
bandgap optimization, subthreshold leakage issue, carrier mobility and saturation velocity, the
resistance at contact and interface like source and drain. This work is focused on analyzing the
variation of each of these parameters with the variation in temperature. This effect of
temperature on the device parameters, only if analyzed and modelled, its effect on device
performance can be known and hence the better performing highly reliable device can be
developed.

Carrier mobility can be considered as one of the crucial temperature dependent MOSFET
parameter. The conductivity of a semiconductor is directly proportional to the product of carrier
concentration and carrier mobility. Whenever all the things are equal, higher mobility leads to
better device performance.

Factors depends up on the mobility of carriers in the semiconductors are donor and accepter
concentration, defect concentration, and also the temperature. From the Bose-Einstein
distribution, it reveals that phonon scattering is strongly a temperature dependent parameter.
Since the density of phonon increases with temperature, which causes increase in scattering. [4].
Thus lattice scattering lowers the carrier mobility more and more at higher temperature. The
carrier mobility is the vital parameter for the numerical simulation of the electrical
characteristics on semiconductor devices. In order to capture the dependence of mobility on
temperature, doping, and the electric field, different mathematical models were developed.
From the figure 2 the value of carrier velocity for Si at room temperature, 300K is 0.14 m2/V.s
which matches the theoretical value [6]. A 1000 C, in temperature may decrease the mobility by
as much as 40%. The result is a proportional decrease in drain current, for a fixed applied
voltage.so current consumption of the entire circuit may decrease considerably at high
temperature. The maximum speed of operation thus decreases in proportion. The change in
threshold voltage and mobility affects the drain current, the Trans conductance, and the drain to
source ON resistance of MOSFET.
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T = Absolute temperature,
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Figure 2. The temperature dependence of the mobility.

Evaluation of temperature dependence of the device characteristics is important for designing
scaled down MOS integrated circuit that generally operates over a wide range of temperature It
is well known that the change in the operating temperature of a device will influence its
characteristics and hence the circuit performance. Accurate description of temperature effects
in a device is necessary for a circuit level MOSFET model to predict circuit behaviors over a
range of temperature. An IC does not always work under room temperature. Some effects are
not prominent in room temperature, have adverse effect in higher temperature
ranges. Temperature analysis done in reliability perspective can be used for performance

enhancement.

3.5 Two-Dimensional Modeling of Nonuniformly Doped MESFET Under

IHlumination
A two-dimensional numerical model of an optically gated GaAs MESFET with non uniform

channel doping has been developed. This is done to characterize the device as a photo detector.
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First photo induced voltage (Vop) at the Schottky gate is calculated for estimating the channel
profile. Then Poisson’s equation for the device is solved numerically under dark and
illumination condition. The paper aims at developing the MESFET 2-D model under
illumination using Monte Carlo Finite Difference method. The results discuss about the optical
potential developed in the device, variation of channel potential under different biasing and
illumination and also about electric fields along X and Y directions. The Cgs under different
illumination is also calculated. It has been observed from the results that the characteristics of
the device are strongly influenced by the incident optical illumination.
Electric field calculation
The electric field along x and y direction have been obtained by solving following equations [9, 10]

E = wi+l j)—w(i-1,))

. (12)
' 2mx

E\.:W(LJ-’-I)—I;‘/(L}—]) (13)
: 2my

These equations have been utiliged for estimating the field dependent mobility and the drain current
characteristics equation.

- Mobility model

The field dependent mobility is given by [12]
2(_2!1()5‘ ﬂ+ 3"&11!) E‘ + 3(/1()Er _‘2vnul) E‘Z ( 14)
E.- ' B>

&

u,(E,)= o+

where

Uo Low field electron mobility

V. Saturation velocity

E. Critical field

The velocity-field characteristic of electrons in GaAs is assumed, i.e [13].

_ME+v (EIE)*

v(E) (15)
1+(E/E.)*

where

E=,/E}+E, (16)
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Table 1. Parameters used in the simulation

Parameter Values
Channel length, L 1.2 pm
Channel depth, a 0.4 pm
Device width, Z 25 um
Absorption coefficient, o 10° /m
Minority carrier life time, t 10%s
Intrinsic carrier concentration, n, 2.1x 10" /m’
Built-in voltage of Schottky gate, @y, 0.85v
Incident optical power, P, 0,0.2, 0.5 W/m*
Reflection coefficient at entrance, R, 10% of Py
Reflection coefficient at metal contact, R, 10% of Py
Temperature, T 300K
Straggle Parameter, o 0.1x 10°m
Projected range, Rp 0.2x 10°m
Position of Fermi level below the conduction | 0.02 eV
band, A
¥ 10 Ex Vs lx
5

—— s =1V
—B— Vds=2V G
| —&— Vds=3V 7
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Figure 6. Ex Vs Lx for various Vds
Figure 6 shows the variation of Ex with Lx for various Vds. The plot shows that field is
maximum near drain and also the plot shows that Ex increases with Vds and the effect is

prominent near the drain. This is because the biasing potential is applied along X direction and
at the drain

23



. Velocity versus Fleld
Ex Vx Mobility 10°

09

0.8

07k

0.6

051

Mability

0.4

0.3F

0.2k

(/R | S T B W TIY R S ETTI RS TR R TRTIT RS ETIrT
10’ 10' 10° 10° 10* 10° 10° 10 — = — ' )
Horizontal fisld(Ex) 10 107 107 10 10 10 10

field

Figure 10. Mobility Vs field Figure 11. Carrier Velocity Vs Field

Figure 10 shows the variation in mobility along with the field and shows that the mobility is low
field mobility till threshold field and decreases for higher field.

Figure 11 shows the variation of the charge velocity with the electric field. It shows that for low
field the velocity of the carrier increases with the increase in the field and after threshold field

the velocity reaches saturation and remains constant.

3.6 Quasi-Two-Dimensional Simulation of An lon-Implanted GaAs
MESFET Photodetector

A quasi-two-dimensional numerical model of an optically gated GaAs metal semiconductor
field-effect transistor (MESFET) has been developed for the characterization of the device as a
photodetector. The model considers the channel to be nonuniformly doped. The model involves
the solution of a 1-D Poisson’s equation, and takes into account the field-dependent mobility of
the carriers in the channel for computation of the current. It has been found that, in a short-
channel MESFET photodetector, the drain current saturation is caused by the velocity saturation
of the carriers rather than pinch off. The photocurrent gain, responsivity, and the input RC time
constant of an ion-implanted GaAs MESFET having a semitransparent metal gate have been

estimated numerically on the basis of the model.
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Chapter 4. Modelling of MESFET DC Characteristics in

different Temperature using Finite Element Analysis Software

MESFET is widely used in front end amplifier because of its excellent characteristics towards
noise in high frequency application. To establish its supercity in high frequency application
device AC equivalent circuit parameter are used. This parameter is controlled by the device

manufacturing and design process. This can be examined from its electrical response.

4.1 Variation of drain current over drain voltage in different temperature

To analyze the GaAs MESFET (n-doped) response in different drain-source voltage, different
gate voltage and for different temperature one 2D MESFET model developed in COMSOL
Multiphysics. In this model MESFET biasing in different temperature (100, 170, 240, 293, 310,
380) with different gate (0V, 1V, 2V) and drain ( 0 to 10 V) voltages has been considered.
Geometry:
Parameter used in the model are given below

Table 4-1 Physical parameter used in this COMSOL Model

Parameter Name Parameter] Value Description

L 1E-6 m Gate length

wd 4E-6 m Device width
Hd S5E-7m Device height
Ws 1E-6 m Source width
wdd 1E-6 m Drain width

Nd 1E22 1/m? Doping

Source Gate Drain

Figure 4-1 MESFET model geometry
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Material:
Inbuilt GaAs material used in this model. The details of material property is given below

Table 4-2 Material property of GaAs used in model

Property variable Value Unit
Relative epsilonr_iso | 12.9 1
permittivity | ; epsilonrii =

epsilonr_iso,

epsilonrij=0
Band gap Eg0 1.424[V] \
Electron chi0 4.07[V] \Y
affinity
Effective Nv (T/1[K])A(3/2)*1.83e15[1/cm"3] 1/m3
density of
states,
valence
band
Effective Nc (8.63e13*(T/1[K])*(3/2)*(1-1.93e- 1/m3
density of 4*(T/1[K])-4.19e-8*(T/1[K])*2+21*exp(-
states, 0.29[V]*e_const/(k_B_const*T))+44*exp(-
conduction 0.48[V]*e_const/(k_B_const*T))))[1/cmA3]
band
Electron mun 8500[cm”2/(V*s)] m?2/(V-s)
mobility
Hole mup 400[cm”2/(V*s)] m?2/(V-s)
mobility

MESH:

To study the model with better accuracy finer MESH from predefined list was chosen.
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The model was computed with different gate (0V, 1V, 2V) in drain voltages from 0 to 10 V.

T=300 K

The above simulation was carried out in different temperature (100, 170, 240, 293, 310,

380K). The variation of terminal current I; in different values of V; (from 0 to 10 V) and at

different temperature are tabled below. Here the value of v, = 0 V.

Table 4-3 value of Id in different Temperature at Vg=0

vd Id * E-4 Id* E-4 Id* E-4 Id* E-4 Id* E-4 Id* E-4
(T=100K, (T=170K, (T=240K, (T=293K, (T=310K, (T=380K,

Vg=0) Vg=0) Vg=0) Vg=0) Vg=0) Vg=0)
0 0 0 0 0 0 0
1| 1114015849 | 1.140068374 | 1.168583252 | 1.191365085 | 1.198776217 | 1.231467362
2 | 1.684301656 | 1.727795948 | 1.777006784 | 1.816872028 1.82990025 | 1.887064409
3| 2005176845 | 2.057238646 | 2.117075397 | 2.166005152 | 2.182060172 | 2.252665377
4| 2226611294 | 2.283563406 | 2.349329184 | 2403297319 | 2.421034486 | 2.499122033
5| 2399338362 | 2459589652 | 2.529272957 | 2.586538024 | 2.605371469 | 2.688316509
6 | 2543215307 | 2.605917203 | 2.678468699 | 2.738129643 | 2.757757165 | 2.844208821
7 2.6677412 | 2.732381657 | 2.807179478 2.8687066 | 2.888951094 | 2.978119537
8| 2778119565 2.8443845 | 2.921043336 | 2.984106007 | 3.004856617 | 3.096245942
9 | 2877538797 | 2.945258286 | 3.023547402 | 3.087938544 | 3.109124695 | 3.202414468
10 | 2.968645755 | 3.037628874 | 3.117341674 | 3.182892607 | 3.204458634 | 3.299403118
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Table 4-4 value of Id in different Temperature at Vg=1

Vd

Id * E-5

(T=100K,
Vg=1)

ld* E-5

(T=170K,
Vg=1)

ld* E-5

(T=240K,
Vg=1)

ld* E-5

(T=293K,
Vg=1)

ld* E-5

(T=310K,
Vg=1)

ld* E-5

(T=380K,
Vg=1)

0

0

0

0

0

0

3.318226594

3.574452646

3.863125854

4.097953274

4.175050693

4.520600293

4.704548076

5.032749539

5.410272836

5.721286693

5.824021366

6.285327303

5.743044

6.110902993

6.536296597

6.887614716

7.003766901

7.524800636

6.617036458

7.012941867

7.471964916

7.851382546

7.976842487

8.539000888

7.387702727

7.805513274

8.29066995

8.691831087

8.824472999

9.418223567

8.084900375

8.520754165

9.027354866

9.446311911

9.584821811

10.20430993

8.725989125

9.177236235

9.702053779

10.13609979

10.27957912

10.92081769

9.322229686

9.786849134

10.32750554

10.77466804

10.92246481

11.58257321

O 0| N o O | W| N| | O

9.880971658

10.35766171

10.91248582

11.37134004

11.52297969

12.19985059

=
o

10.4091367

10.89687163

11.46457808

11.9340392

12.08916129

12.78119697

Table 4-5 value of Id in different Temperature at Vg=2

<
o

Id*E-6
(T=100K,
Vg=2)

Id*E-6
(T=170K,
Vg=2)

Id*E-6
(T=240K,
Vg=2)

Id*E-6
(T=293K,
Vg=2)

Id*E-6
(T=310K,
Vg=2)

Id*E-6
(T=380K,
Vg=2)

0

0

0

0

0

0

6.47E-10

2.52974E-06

0.000555185

0.007863968

0.016316658

0.238106467

1.6003E-08

0.000167718

0.00943683

0.05931616

0.095129692

0.545273861

3.01169E-06

0.003274197

0.067177123

0.256000816

0.35734933

1.179980032

0.000170068

0.029748215

0.266500826

0.702688893

0.896131396

2.141992675

0.004016874

0.149515712

0.700412743

1.431219891

1.720558003

3.367893865

0.044196396

0.466301127

1.394495003

2.408787874

2.785658903

4.788516406

0.23113795

1.031941539

2.317641355

3.582472964

4.035843074

6.348139058

0.671128858

1.827674403

3.422429504

4.903904751

5.423709013

8.006087522

O 0| N| o O] | W| N| | O

1.360499462

2.808049823

4.665385043

6.334911364

6.912884625

9.733545941

=
o

2.248958765

3.933335832

6.016512766

7.851540417

8.48114875

11.51488814

The above data has been plotted and we have the following graph.
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Figure 4-5 1d vs Vd at Vg = 0 in different temperature
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Figure 4-6 1d vs Vd in different temperature at Vg=1V



Terminal Current (Id X E-6)

Vd vs ID Vg=2

14

13 —e—1d (T=100K, Vg=2)
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Figure 4-7 1d vs Vd in different temperature at Vg=2 V
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Chapter 5: Effect of Applied Electric Field and Temperature

on Mobility and Carrier velocity.

The dependence of electron drift velocity on the applied field remains one of the most important
relations require in the numerical simulation of GaAs devices
For low electric field the carrier mobility remains constant and varies from one material to
another, and the carrier velocity is directly proportional to the electric field. It is defined by the
equation [5].

V(E) = UoE o evv oo oon.. (6.1)
Uo: the mobility of electrons at low electric field.
However, when the applied electric field becomes important, the electron transfer intervals
induced in the GaAs a decrease of the carrier velocity and leads to strong negative differential
mobility [6].
This decrease results in a non-linear variation of the drift velocity of the carriers. Therefore,
several approximate analytical expressions have been proposed for this function [7].
For our study, we have tested two mobility laws for the reason that they have good
approximations comparing to the experimental data. When E<EO which corresponds to the
critical field, the two expressions are given by:[1]

First expression [8], [9]:

E
1+ (E_c)
E3
w(r) + v ()
Ul = ‘ulE == E 4C . E dan o wee wes wes e (6.20.)
E.
1+ C)
Second expression [10]
TE
1, (E) =%tanh (“( ) )...............(6.3)
vS
E, = 11
T [11]
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1 1
By =5 | B+ (B2 - 48272

u(TE

Us

v, = Wy . E = vstanh(

Another expression for the velocity is given by:[1]
uw(T)E

Un(E) = ,un(E)E = 7

1+(E_c)

So, the expression of mobility is as follows:

) e vee e e (6.30)

N (1))

u(T)
1+ (E_c)
The dependence of carrier mobility with temperature
T 0.6
R
Uo(Tg) = 3740 cm?S~1y 1
Tr = Room Temperature
Final expression of mobility:
T 1%° E?
3740 555 + Ve (E_g>
1+ (E_c)
T 0.6
(E)_EC374O[W] : h(E> .
Uo = E an Eg) ...(6.8)
T 0.6
3740 555
pn(E) = —222 U (X))

2
1+(E£C)
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Figure 5-1Variation of p; mobility with electric field for different values of temperature

Matlab code of the above plot is given in Chapter 9.

4000 . .
T=100K|
3500 | T=150K |
T=200K|
n T=250K
= 3000 |
—
™~
E 2500}
™~
3
> 2000 |
o
S 1500 |
=
1000 1
500 ' '
0 5 10 15

Electric Field E (V/m) % 10°
Figure 5-2 1Variation of u, mobility with electric field for different values of
temperature

Matlab code of the above plot is given in Chapter 9.

The curve us linear as compared to p; mobility.
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Figure 5-3 Variation of u,, mobility with electric field for
different values of temperature

Matlab code of the above plot is given in Chapter 9.

8
14 x 10 ! . .
T=100K|
12 + T=150K 1
0 T=200K|
E
—
>
>
.
o]
ko)
[
>
ko
©
o
0 i 1 1 1
0 0.5 1 1.5 2

Electric Field E (V/m) % 10°

Figure 5-4 representation of carrier velocity v1 as a function of applied electric field
in different temperature

Matlab code of the above plot is given in Chapter 9.
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Figure 5-5 representation of carrier velocity v2 as a
function of applied electric field in different temperature

Matlab code of the above plot is given in Chapter 9.

8
14 %10 . . .
T=100K|
12 | T=150K |
~ T=200K|
E T=250K|
C
=
>
=
O
fo!
()]
=
k)
©
Q
0 1 1 1
0 0.5 1 1.5 2
Electric Field E (V/m) % 10°

Figure 5-6 representation of carrier velocity vn as a
function of applied electric field in different temperature

Matlab code of the above plot is given in Chapter 9.
L =4um

36



a =03um
Z =360 um
N; = 6.7e16 cm™3
Uo = 3740 cm? S71y—1

Bbi=O.8V
R, =160
R, =16Q

The figure 5-1, figure 5-2, figure 5-3 shows that the mobility is higher as the temperature
decreases. Five values of temperature T=100,150,200,250,300 K has been chosen. From thsese
figure it is found that performance and reliability of the transistor are strongly influenced by the
temperature. Conduction along with the channel is due to the majority carrier (electrons), it will
be affected by the temperature variation for certain parameters (electron mobility, the Schottky
barrier height, the saturation velocity, the dielectric constant and the same the specific resistance
of ohmic contacts). If the temperature increases, thermal motion of the carriers also increases
and hence the electron mobility of the channel. decreases from expression , which causes a decrease
in the current "lds". Similarly, the height of the potential barrier increases with increasing temperature

from expression (8), therefore the width of the space charge region increases against the conductive

channel narrows, and thus the drain current decreases.
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Chapter 6:

6.1 Calculation of the Electric field, potential and the drain current in the

Channel.

Numerical Calculation of Parameters

To calculate the potential and the electric field under the gate, the channel is divided into two

principal regions as shown in Figure 5.1 [1]

a. The first region (1) the gate directly is controlled by the gate.[1]

b. The second region (2) outwards of the first region known as region not controlled by the

gate.[1]

Guite

A

Regiontz Region

Substri

|I—' d

Regionl

Figure 6-1 Depletion Regions: (1) Controlled by the gate, (2) Not Controlled by the gate
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The electric potential due to the electrical charge formed under the gate can given by [2]:

YeNy(x,y) D eN, (x,v)
Vq(x,y)=f d—ydy+yf 2
0 y

Nd(xJ y) = Nd(y) - n(x'y)'
Where N, (y) is the density of the donors that varies with y direction. and n(x, y) is the free

Ay + Vb = Vj e e e ee e (1)

electrons density in the depletion layer. V,; is the built-in Schottky barrier gate potential and
is the abbreviation of permittivity.
It should be noted that the approximations in (1) is based on the fact that the depletion layer

thickness under the gate h(x) is a slowly varying function in the channel and is giving by:

/2
26(Vyi — V)r
h(x) = [— Y 024
The channel potential is obtained by integration limit with y = h(x)
_qng y?
V(y) = - hy > l ISR (< ) |
The equation of the potential takes a maximum of values in diffusion potential V;,;(y = h).
Vp =V =h) =V =0) s e e o (4)
The dimensional potential of the channel under the gate is given as follows:
Ngh?(x
V(x) = qdz—g() o/ PRI )

Calculation of drain current in the channel:

Some approximation needs to make to calculate drain current equation as a function of drain
voltage. [3]

a. Neglects the current flow in the y-direction. This approximation is valid for the components
with the short length gate.

b. An abrupt junction Schottky barrier.

c. A channel dopped uniformly N;(x,y) = N4, Ny is constant.

d. Neglect the edge effects,

The Current density expression given as:

Je =00Y,2). Ex v v e s e et e e . (6)
With o (x,y) = p(¥) tin. (Ex)
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dV (x)
un(E,) is the electric field which depends on the electric field.

Jx = qNgpnExy = —qupNg . (7)

The drain current Id is obtained by integrating the J, across conductor section of the channel:
VA a a
I = —f Jxdydz = —Z 0 T URNSRRRR € - )|
0 Yh(x) h(x)
Ve(Ex) = pnEx(x)

The above calculation does not consider the contribution depletion layer, we put:
Ip = (qu)Z‘Lana3

q: electron charge.

Ng: carrier density in the chanel

a: chanel thicknes

L: mIntrinsic chanel length (controlled by the gate)

Ndaz
2¢&

W =q =V — Vg

N =

a= [ W= 1))

h(x)  [Veit V() -V,
a _[ Vi = Vg l

The final expression of the current I;[4]is given by

3 3
Va 2((Va+Vei—Ve\2 (Vi —V5\2
10(Va, V) = 1 |2 - = (— = et e (9)
2 ] v

The general expression of Drain-Source current in the linear region is given below. This

includes parasitic source and drain resistance.

Iys = 9ZiNaa Vas — Izs (Rs + Rg) —i[(vbi Vs + Vs — 1y Rd)% — (Vi = Vys + I4sR )%
i 3V% gs s — las i = Vgs + lasRs
14
..................................... (10)
Where

I, : current from drain to source



: mobility of electron

U
A : thickness of active channel
Z : gate width

L: gate length

V4s ¢+ drain — source voltage

R : parasitic source

R, : drainresistances

V, : pinch — of f voltage

To get the value of current multiple iteration has been done to solve the equation
saturation occurs when electric field in the channel start increases.

The Length of the channel ( Lg)is given by:
2a <7TKd(Vds - Vls))

L, =L ——sin"
$ _— 2aE,

e e (11)

The Gate length spacing LY is given by

' (1 - Kd)VZS
Ls= L
E cosh ( ZaS)
Where

K, = voltage drop ratio in the region of high field to that in the conducting channel.

V(2)s = voltage drops in the channel.

Drain-current (I;44¢) in the saturation region

. Velocity

1
2
1+ 28Ry (Vys — Vi) — (1 + 4BRy(Vys — V1))
Idsat = ZﬁRZ (12)
S
Where
_ 2e Vst Z
— a(V, + 3E;Ly)
Ve =V — V})

For Vs > Vi, the drain current I, become
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, L + L
Tasar = asat | 1= | oo (13)
15 . . ;
<
E
€ 10} :
v
5
(9]
)
o
S
& 5r _
£
g Vgs=0.0V
Vgs=-3.0V
Vgs=-6.0V|
0 1 1 1
0 5 10 15 20

Drain-source voltage(V)
Figure 6-2 Ids-Vds characteristics for GaN MESFET

MATLAB Code used to obtain the figure 5.2 is given in Chapter-9 MATLAB Code
Table 6-1 Characteristics of MESFET used in Matlab Simulation

L | Az N n Vi | Rs | Ro
wm) | (um) | um) | em™) | (em?S~v"1) | 1) | @) | (@
MESFET 4 3 360 | 6.7e16 3740 0.8 16 16

Figure 5-2 shows the variation of the drain-to-source current with the drain-to-source voltage
for a fixed applied gate voltage Vg = (0,-3.0, -6.0) V. The velocity saturation of the carriers

occurs much earlier before the depletion regions gate and substrate. touch each other to cause
the pinch off.
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6.2 Transconductance

Transconductance plays an important role in determining the quality of MESFET specially for

designing high frequency application. It can be calculated by taking the derivative of channel

current (I;5) with respect to gate -source voltage (I{gs) keeping drain to source voltage (V)

constant.
9m
= T e e ene e e (50.2.1
Im = 1 ¥ GR, .21)

where,

aIds .

Im = where Vyiis constant ... ... ... ... ... ... (5.2.2)
Vys

g'is the ef fective transconductance

Final expression of the transconductance is given as [3]

Im = quNpW't, (Vga + Vi — Vgs

1
L (Vg = Vs )?
)2 - ‘—lgs e eee e e e (5.2.3)
2

Y

18

=
(2]
T

=
IS
T

Transconductance(ms/mm)
= =
o [\9]
T

[o4]
T

Vds=10V| 7
Vds=12V|
Vds=15V|

6 L 1 L 1
-10 -8 -6 -4 -2 0
Gate-source voltage(V)

Figure 6-3 Transconductance as a function of gate source voltage for different VVds

MATLAB code used to obtain this plot is given in Chapter-9 MATLAB Code
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Where,

N; = 1x10'8cm=3, channel doping concentration
N, = 1x10*5cm™3, substrate doping

L = 1x10~*cm, gate- length

Z = 100x10~*cm, device width

a= 0.3x10"*cm. active channel thickness

From the figure 5.4.it is seen that transconductance decrease with the increase of negative gate

voltage as the depletion layer increased and channel layer width decreases. Which results drain

current to decreases.
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6.3 Drain Conductance:

The drain conductance is obtained by differentiating Chanel current with V¢ keeping gate to

source Vvoltage constant (V) . The expression of drain conductance is written as

_0dly
9a = W

where Vg is constant ... ... ..........(5.3.1)

The final expression of drain conductance is written as

qZuaN, 1 1
ga=—7—|1- (Vi = Vys + Vas)? | oo oo . (5.3.2)
V VP

Where

N4 = doping concentration

W = Channel width

V, = carrier Saturation velocity

R, = parasitic source resistance

R; = drain resistance

V, = pinch-off voltage

Vp; = Schottky diode built-in voltage
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Figure 6-4the variation of drain conductance (gd) with versus drain-source voltage (Vds)

MATLAB code used to obtain this plot is given in Chapter-9 MATLAB Code
N; = 2x107¢m~3, channel doping concentration

N, = 1x10'cm™3, substrate doping

L = 1x10~*cm, gate- length

Z = 100x10~*cm, device width

a= 0.3x10"*cm. active channel thickness

W = 2 X 250 umChannel width

R, = 50 Q drain resistance

In figure 5.3.2 the variation of drain conductance (g,) with drain-source voltage (\Vds) for
different values of V,; = 0V, —10V,—20V .
The g4 values for V¢ are exponentially dropped for the V5 of up to 20V. The drain-source

voltage in range of 20V to 100V the linear variation of drain-conductance is observed.

There is no significant change of g, is observed at high drain-source voltage.
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6.4 Gate-drain capacitance

The parasitic capacitance as defined by [5] is the ability to store charge due to different voltage
levels of two electronic components in close proximity to each other. This is an undesired
formation of capacitance which is intended to be kept as minimum as possible for it impedes the

normal movement of carrier through the channel of MESFET [11].
1

. =2k ( 9ésNa )2 iz (5.4.1)
94 2\/5 Vbi - (Vgs - Vds) 2 °

Drain capacitance is proportional to the gate length.

0.18 . . .

Vgs=0.0V
Vgs=-3.0V |
Vgs=-6.0V

gd (pF)
o
=
)]

C
o
=
=

0.12

0.1

0.08

0.06

Gate-drain capacitance

0.04 | 1 |
0 5 10 15 20

Drain-source voltage Vds (V)

Figure 6-5 Gate-Drain Capacitance Variation with Drain-Source Voltage for different

Gate-Source Voltage

N; = 1x10*8cm™3, channel doping concentration

N, = 1x10'cm™3, substrate doping
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L = 1x10~*cm, gate- length
Z = 100x10~*cm, device width

a= 0.3x10"*cm. active channel thickness

From the figure it is observed that gate drain conductance decreases with increasing the drain

source voltage.at a particular VVds gate drain capacitance less when Vgs is more negative biased.
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6.5 Gate-source capacitance

1

C, =+ ( 9eNa >E+” 7 (5.5.1)
g3 2\/? Vbi - Vgs 2 °

From the equation (5.5.1) is is seen that gate source capacitance is directly proportional to L
0.18 . . . .

——L=4*%10"6,Z=100%1Q6

0.16 I L=3*10'6,Z=75%10"6 i

— L=2%10"6,Z=50*%10

[*2]

o
=
B~

o
[
\8]

o
=

o
o
0

o©
o
)]
T
I

Gate-source capacitance Cgs(pF)
o
o

-10 -8 -6 -4 -2 0
Gate-source voltage Vgs(V)

Figure 6-6 Variation of gate-source capacitance with gate-source voltage

The value of Cgs is decrease as L decreases from 4pm to 2um. From Figure 5.5.1 we can see

that Cgs has decreased.



6.6 Total internal device capacitance

Co = Cyq + Cys wve oo vvv vee wee e (4.30)
Following figure 5.6.1 is obtained after executing the MATLAB as given in Chapter - 9

0-7 T T -I T

Vgs=0V
Vgs=-3V

o
[0}
T

o o © ©
N w = wu
T T T T

Total internal device capacitance(pF)
©
=

0 1 1 1
0 0.2 0.4 0.6 0.8 1
Gate length(m) x107

Figure 6-7 Variation of total internal device capacitance with gate length

It is seen from the figure that the total internal capacitance is increase with increase of gate

length. It is also observed that both Cgs and Cgd are directly proportional to the gate length.
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Chapter 7: Conclusion

In this study we have developed an analytical model to calculate the I-V characteristics MESFET
which considers the one-dimensional analysis of the charge distribution in the active region and
incorporates the effect of temperature on field electron mobility, velocity saturation and effect
of this parameter to the temperature expressions. Moreover, comparisons between the analytical
models with different values of temperature showed the effect the output characteristics (I-V)
of MESFET,

The variation of transconductance with gate-source voltage shows there is a linear increase in
the transconductance with increase in gate-source voltage, and for a fixed drain-source voltage
the MESFET with lowest parasitic resistance gives the highest transconductance.

The internal capacitance is seen to increase with increasing gate length and the highest value is
obtained with the least negative gate-source voltage.
The parameters have shown the desired trends with variation and can be said to have good

agreement with the expected results.

Chapter 8: Suggestions for Further Work

An analytical two-dimensional channel potential distribution model based on the Poisson’s
equation is presented in this thesis assuming long-channel MESFET. This potential distribution
model can be extended for short-channel MESFETSs with some assumptions and modifications.
Other practical parameters can be taken into consideration and the effect of gate length
modulation and parasitic resistance observed which might help to make a more accurate
conclusion about the variation of these parameters and their respective effect on the power and
frequency output of GaN MESFET. The possible parameters are Cut-off frequency, Transit time

and RC time constant, Maximum Power Density
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Chapter 9: MATLAB Code

9.1 Variation of mobility u, with Electric field for different values of

temperature

ue=3740;
vs=.971;
Ec=0.65€e6;
E=0:0.5e5:15e5;

T=100;

% ul=(ue+vs.*((E.”3)./(Ec.”4)))./(1+(E./Ec).”4);
ul=(3740.*(T./300).70.6+vs.*((E.~3)./(Ec.”4)))./(1+(E./Ec)."4);

% ul=3740.*(T./300).70.6./(1+(E./EC));

plot(E,ul, 'r');

xlabel('Electric Field E (V/m)');
ylabel('Mobility p1 ( m~2/V.s ');
%title('Mobility with Electric Field');
grid on;

hold on

T=150;
ul=(3740.*(T./300).70.6+vs.*((E.~3)./(Ec.”4)))./(1+(E./Ec) . 4);
plot(E,ul,'g");

T=200;
ul=(3740.*(T./300).70.6+vs.*((E.~3)./(Ec.”4)))./(1+(E./Ec) . 4);
plot(E,ul, 'b');

T=250;
ul=(3740.*(T./300).70.6+vs.*((E.*3)./(Ec.”4)))./(1+(E./Ec)."4);
plot(E,ul,'y");

T=300;
ul=(3740.%(T./300).70.6+vs.*((E.~3)./(Ec.”4)))./(1+(E./EC)."4);
plot(E,ul,'c');

legend({'T=100K", 'T=150K", 'T=200K', 'T=250K", 'T=300K '}, 'Location’, 'northeast')
grid on

9.2 Variation of mobility u, with Electric field for different values of

temperature
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ue=3740;

vs=.971;

Ec=0.65€e6;

E=0:0.5e5:15e5;

T=100;
u2=((Ec.*3740.*(T./300).70.6)./E).*tanh(E./Ec);

plot(E,u2,'r');
xlabel('Electric Field E (V/m)');

ylabel('Mobility p2 ( m*2/N.s ');
%title('Mobility with Electric Field');

hold on;

T=150;
u2=((Ec.*3740.*(T./300).70.6)./E).*tanh(E./Ec);
plot(E,u2,'g");

T=200;
u2=((Ec.*3740.*(T./300).70.6)./E).*tanh(E./Ec);

plot(E,u2,'b")

T=250;
u2=((Ec.*3740.*(T./300).70.6)./E).*tanh(E./Ec);

plot(E,u2,'y")

T=300;
u2=((Ec.*3740.*(T./300).70.6)./E).*tanh(E./Ec);

plot(E,u2,'c")

legend({'T=100K", 'T=150K"', 'T=200K", 'T=250K", 'T=300K'}, 'Location’', 'northeast")
grid on

9.3 Variation of mobility p_n with Electric field for different values of

temperature

% carrier Mobility for GaAs MESFET varies with Applied Electric field
%paper: Effect of Mobility on (I-V) Characteristics of Gaas MESFET M Azizi
%paper: Effect of temperature on (TV) statics characteristics of GaAs Mesfet
uo=.374;

vs=.971;

Ec=0.65€e6;

E=0:0.5e5:15e5;

T=100;
un=3740.*(T./300).70.6./(1+(E./Ec)."2);
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plot(E,un,'r');

xlabel('Electric Field E (V/m)');
ylabel('Mobility p n ( m*2/N.s ");
%title('Mobility with Electric Field');
grid on;

hold on;

T=150;
un=3740.*(T./300).70.6./(1+(E./Ec)."2);
plot(E,un,'g");

T=200;
un=3740.*(T./300).70.6./(1+(E./Ec) . 2);
plot(E,un,'b");

T=250;
un=3740.*(T./300).70.6./(1+(E./Ec).”2);
plot(E,un,'y");

T=300;
un=3740.*(T./300).70.6./(1+(E./Ec)."2);
plot(E,un,'c");

legend({'T=100K", 'T=150K"', 'T=200K", 'T=250K", 'T=300K'}, 'Location’', 'northeast")

9.4 Variation of carrier velocity v, with Electric field for different values

of temperature

ue=.374;
vs=.971;
Ec=0.65€e6;
E=0:0.5e5:20e5;

T=100;
v1=(3740.*%(T./300).70.6+vs.*((E.~3)./(Ec.”4)))./(1+(E./Ec).4).*E;
plot(gE,vl,'r');

xlabel('Electric Field E (V/m)');
ylabel('Carrier velocity V1 (m/s) ');
%title('velocity with Electric Field');
grid on;

hold on;

T=150;
v1=(3740.*(T./300).70.6+vs.*((E.~3)./(Ec.”4)))./(1+(E./Ec) . 4) . *E;
plot(E,vl,'g");

T=200;
v1=(3740.%(T./300).%0.6+vs.*((E.”3)./(Ec.?4)))./(1+(E./EC) . ) . *E;
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plot(E,vl, 'b');

T=250;
v1=(3740.*(T./300).70.6+vs.*((E.~3)./(Ec.”~4)))./(1+(E./Ec). ) .*E;
plot(E,vl,'y");

T=300;
v1=(3740.*(T./300).70.6+vs.*((E."~3)./(Ec.”4)))./(1+(E./Ec)."4).*E;
plot(E,vl, 'c');

legend({'T=100K", 'T=150K"', 'T=200K", 'T=250K", 'T=300K'}, 'Location’', 'northeast"');

9.5 Variation of carrier velocity v, with Electric field for different values

of temperature

ue=.374;

vs=.971;

Ec=0.65€e6;

E=0:0.5e5:20e5;

T=100;
v2=((Ec.*3740.*%(T./300).70.6)./E).*tanh(E./Ec).*E;
plot(E,v2,'r")

xlabel('Electric Field E (V/m)');

ylabel('Carrier velocity V2 (m/s) ');
%title('velocity with Electric Field');

grid on;

hold on;

T=150;
v2=((Ec.*3740.*(T./300).70.6)./E).*tanh(E./Ec).*E;
plot(E,v2,'g")

T=200;
v2=((Ec.*3740.*(T./300).70.6)./E).*tanh(E./Ec).*E;
plot(E,v2,'b")

T=250;
v2=((Ec.*3740.*(T./300).70.6)./E).*tanh(E./Ec).*E;

plot(E,v2,'y")

T=300;
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v2=((Ec.*3740.*%(T./300).70.6)./E).*tanh(E./Ec).*E;
plot(E,v2,'c")

legend({'T=100K", 'T=150K"', 'T=200K", 'T=250K", 'T=300K'}, 'Location', 'southeast"');

9.6 Variation of carrier velocity v,, with Electric field for different values

of temperature

ue=.374;
vs=.971;
Ec=0.65€e6;
E=0:0.5e5:20e5;

T=100;
vn=3740.*(T./300).70.6./(1+(E./Ec)."2).*E;
plot(E,vn,'r")

xlabel('Electric Field E (V/m)');
ylabel('Carrier velocity vn (m/s) ');
%title('velocity with Electric Field');
grid on;

hold on;

T=150;
vNn=3740.*(T./300).70.6./(1+(E./EC) . 2).*E;
plot(E,vn,'g");

T=200;
vn=3740.%(T./300).70.6./(1+(E./Ec)."2).*E;
plot(E,vn,'b');

T=250;
vn=3740.*(T./300).70.6./(1+(E./Ec).”2).*E;
plot(E,vn,'y");

T=300;
vn=3740.*(T./300).70.6./(1+(E./EC) . 2).*E;
plot(E,vn,'c');

legend({'T=100K", 'T=150K"', 'T=200K"', 'T=250K"', 'T=300K'}, 'Location’', 'northeast');

9.7 Variation of Drain-Source Current with Drain-Source Voltage

clc;

clear all;
close all;
%variable
u = 0.15;
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eps = 9.5%8.8542e-12;
max_iter= 100;
tol =.000000001;
a = 7.5%(10"-8);
d = 0.15e-6;

Vp = 16;

%fixed

g = 1.6*%(107-19);
Z = 100*(10"-6);
Nd = 1*%(1e723);

L = 4%(10%-6);

Rs = 75;
Rd = 75;

Vbi = 1;

Vgs = 0;

%Vds = 5;

Vds = 0:1:10;
Ids(1) = o;

for i=1:length(Vds)

for k = 1:max_iter

Ids (k+1)= ((g*Z*u*Nd*a)/L)*(Vds(i)-Ids(k)*(Rs+Rd)-(2/(3*sqrt(Vp)))*((Vbi-
Vgs+Vds (i)-Ids(k)*Rd)*(3/2)-(Vbi-Vgs+Ids(k)*Rs)*(3/2)));
err = abs((Ids(k+1)-Ids(k))/Ids(k+1));

if(err<tol)

sol(i) = Ids(k+1);

break;

end

end

sol(i) = (Ids(k+1))*1000;

end

plot (Vds, sol);

ylabel('Drain-source current (mA)');
xlabel('Drain-source voltage(V)');
%title('Ids-Vds characteristicsfor GaN MESFET');

hold on;
Vgs = -3;
Vds = 0:1:10;
Ids(1) = ©;
for i=1:length(Vds)
for k = 1:max_iter
Ids(k+1) = ((g*Z*u*Nd*a)/L)*(Vds(i)-Ids(k)*(Rs+Rd)-(2/(3*(sqrt(Vp))))*((Vbi-
Vgs+Vds (i)-(Ids(k)*Rd))~(3/2)-(Vbi-Vgs+( Ids(k)*Rs))*(3/2)));
err = abs((Ids(k+1)-Ids(k))/Ids(k+1));

if(err<tol)
sol(i) = Ids(k+1);
break;

end

end

sol(i) = (Ids(k+1))*1000;
end
plot (vds, sol, 'r')



hold on;

Vgs = -6;
%Vds = 5;

Vds = 0:1:10;
Ids(1) = o;

for i=1:length(Vds)
for k = 1:max_iter
Ids(k+1) = ((g*Z*u*Nd*a)/L)*(Vds(i)-Ids(k)*(Rs+Rd)-(2/(3*(sqrt(Vp))))*((Vbi-
Vgs+Vds(i)-(Ids(k)*Rd))~(3/2)-(Vbi-Vgs+( Ids(k)*Rs))"*(3/2)));
err = abs((Ids(k+1)-Ids(k))/Ids(k+1));
if(err<tol)
sol(i) = Ids(k+1);
break;
end
end
sol(i) = (Ids(k+1))*1000;
end
plot (vds, sol, 'g')
% hold on;
% Vgs = -9;
% %Vds = 5;
% Vds = 0:1:10;
% Ids(1) = 0;
% for i=1:length(Vvds)
% for k = 1:max_iter
% Ids(k+1) = ((gq*Z*u*Nd*a)/L)*(Vds(i)-Ids(k)*(Rs+Rd)-(2/(3*(sqrt(Vp))))*((Vbi-
Vgs+Vds(i)-(Ids(k)*Rd))~(3/2)-(Vbi-Vgs+( Ids(k)*Rs))*(3/2)));
err = abs((Ids(k+1)-Ids(k))/Ids(k+1));
if(err<tol)
sol(i) = Ids(k+1);
break;
end
end
sol(i) = (Ids(k+1))*1000;
end
plot (Vds, sol, 'c')
hold on;
Kd = 1;
Vsat = 0.26*10"4;
Es = Vsat/u;

3% 3R 3R 3% 3R 3 X ¥ X

Vgs = 0;
Vt = Vbi-Vp;
V1ls = (Es*L*(Vgs-Vt))/(Es*L+(Vgs-Vt));

eps = 9.5%8.8542*10"-12;

Vds = [10:1:20];

for i = 1:1length(Vds)
Ls(i)=L-((2*a)/pi)*asinh((pi*Kd*(Vds(i)-V1s))/(2*a*Es));
V2s(i) = Vds(i)-Vis;

Lsb(i) = ((1-Kd)*V2s(i))/(Es*cosh((pi*Ls(i))/(2*a)));
B(i)=(2*eps*Vsat*z)/(a*(Vp+3*Es*Ls(i))) ;

Idsat(i)= (1+2*B(i)*Rs*(Vgs-Vt)-sqrt(1+4*B(i)*Rs*(Vgs-Vt)))/(2*B(i)*Rs"2);
Idsatb(i)=(Idsat(i)*(1+(Ls(i)+Lsb(i))/L))*1000;

end

plot(Vds,Idsatb)

hold on;
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Vgs = -3;

Vsat = 0.28*10"4;

Vds = [10:1:20];

for i = 1:1length(Vds)
Ls(i)=L-((2*a)/pi)*asinh((pi*Kd*(Vds(i)-V1ls))/(2*a*Es));
V2s(i) = Vds(i)-Vis;
Lsb(i) ((1-Kd)*V2s(i))/(Es*cosh((pi*Ls(i))/(2*a)));
B(i)=(2*eps*Vsat*Z)/(a*(Vp+3*Es*Ls(i))) ;
Idsat(i)= (1+2*B(i)*Rs*(Vgs-Vt)-sqrt(1+4*B(i)*Rs*(Vgs-Vt)))/(2*B(i)*Rs"2);
Idsatb(i)=(Idsat(i)*(1+(Ls(i)+Lsb(i))/L))*1000;

end

plot(Vvds,Idsatb, 'r')

hold on;

Vgs = -6;

Vsat = 0.29*10"4;

Vds = [10:1:20];

for i = 1:1length(Vds)

Ls(i)=L-((2*a)/pi)*asinh((pi*Kd*(Vds(i)-V1s))/(2*a*Es));

V2s(i) = Vds(i)-Vis;
Lsb(i) = ((1-Kd)*V2s(i))/(Es*cosh((pi*Ls(i))/(2*a)));
B(i)=(2*eps*Vsat*z)/(a*(Vp+3*Es*Ls(i))) ;
Idsat(i)= (1+2*B(i)*Rs*(Vgs-Vt)-sqrt(1+4*B(i)*Rs*(Vgs-Vt)))/(2*B(i)*Rs"2);
Idsatb(i)=(Idsat(i)*(1+(Ls(i)+Lsb(i))/L))*1000;

end

plot(vds,Idsatb,'g")

%{

hold on;

Vgs = -9;

Vsat = 0.19*10"4;

Vds = 10:1:20;

for i = 1:1length(Vds)
Ls(i)=L-((2*a)/pi)*asinh((pi*Kd*(Vds(i)-V1ls))/(2*a*Es));
V2s(i) = Vds(i)-Vis;
Lsb(i) = ((1-Kd)*Vv2s(i))/(Es*cosh((pi*Ls(i))/(2*a)));
B(i)=(2*eps*Vsat*z)/(a*(Vp+3*Es*Ls(i))) ;
Idsat(i)= (1+2*B(i)*Rs*(Vgs-Vt)-sqrt(1+4*B(i)*Rs*(Vgs-Vt)))/(2*B(i)*Rs"2);
Idsatb(i)=(Idsat(i)*(1+(Ls(i)+Lsb(i))/L))*1000;

end

plot(Vds,Idsatb,'c")

%}

%{

text(10,2.5, 'Vgs=-9V")

text (10,6, 'Vgs=-6V")

text(10,10, 'Vgs=-3V")

text(10,14, 'Vgs=-0V")

%}

legend({'Vgs=0.0V', 'Vgs=-3.0V', 'Vgs=-6.0V',}, 'Location', 'southeast")

grid on;

9.8 Variation of Transconductance with Gate-Source Voltage

clc;
close all;
clear all;
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a = 7.5%(10"-8);

Kd = 0.6;

Vsat = 0.27*10"4;
u = 0.15;

Es = Vsat/u;

L = 4*(10%-6);
Vbi = 1;

Vp = 16;

Vt = Vbi-Vp;

eps = 9.5%8.8542*10"-12;
Rs = 75;

Z = 100*(107-6);
Vds = 10;

gm = zeros(1,10);
syms Vgs

gyb=diff((((1+2*((2*eps*Vsat*Z)/(a*(Vp+3*Es*(L-((2*a)/pi)*asinh((pi*Kd*(Vds-
((Es*L*(Vgs-Vt))/(Es*L+(Vgs-Vt)))))/(2*a*Es))))) )*Rs*(Vgs-Vt)-
sqrt(1+4*((2*eps*Vsat*Z)/(a*(Vp+3*Es*(L-((2*a)/pi)*asinh((pi*Kd*(Vds-((Es*L*(Vgs-
Vt))/(Es*L+(Vgs-Vt)))))/(2*a*Es))))) )*Rs*(Vgs-
Vt)))/(2*((2*eps*Vsat*z)/(a*(Vp+3*Es*(L-((2*a)/pi)*asinh((pi*Kd*(Vds-((Es*L*(Vgs-
Vt))/(Es*L+(Vgs-Vt)))))/(2*a*Es))))) )*Rs"2))*(1+((L-((2*a)/pi)*asinh((pi*Kd*(Vds-
((Es*L*(Vgs-Vt))/(Es*L+(Vgs-Vt)))))/(2*a*Es)))+(((1-Kd)*(Vvds- ((Es*L*(Vgs-
Vt))/(Es*L+(Vgs-Vt)))))/(Es*cosh((pi*(L-((2*a)/pi)*asinh((pi*Kd*(Vvds-((Es*L*(Vgs-
Vt))/(Es*L+(Vgs-Vt)))))/(2*a*Es))))/(2*a)))))/L)));

gy = gyb/(1+gyb*Rs);

gm(1)=(subs(gy,Vgs,-9))*1000/(Z*10"3);

gm(2)=(subs(gy,Vgs,-8))*1000/(Z*10"3);

gm(3)=(subs(gy,Vgs,-7))*1000/(Z*10"3);

gm(4)=(subs(gy,Vgs,-6))*1000/(Z*10"3);

gm(5)=(subs(gy,Vgs,-5))*1000/(Z*10"3);

gm(6)=(subs(gy,Vgs,-4))*1000/(Z2*10"3);

gm(7)=(subs(gy,Vgs,-3))*1000/(Z*10"3);

gm(8)=(subs(gy,Vgs,-2))*1000/(Z*10"3);

gm(9)=(subs(gy,Vgs,-1))*1000/(Z2*10"3);

gm(10)=(subs(gy,Vgs,0))*1000/(Z*10"3);

Vgs = [-9:1:0];

plot(Vgs,gm),xlabel('Gate-source voltage(V)'),ylabel('Transconductance(ms/mm)");
%title('Variation of transconductance with gate-source voltage')

hold on;

Vsat = 0.28*10"4;

Vds = 12;

gm = zeros(1,10);

syms Vgs
gyb=diff((((1+2*((2*eps*Vsat*Z)/(a*(Vp+3*Es*(L-((2*a)/pi)*asinh((pi*Kd*(Vds-
((Es*L*(Vgs-Vt))/(Es*L+(Vgs-Vt)))))/(2*a*Es))))) )*Rs*(Vgs-Vt)-
sqrt(1+4*((2*eps*Vsat*z)/(a*(Vp+3*Es*(L-((2*a)/pi)*asinh((pi*Kd*(Vds-((Es*L*(Vgs-
Vt))/(Es*L+(Vgs-Vt)))))/(2*a*Es))))) )*Rs*(Vgs-
Vt)))/(2*((2*eps*Vsat*Z)/(a*(Vp+3*Es*(L-((2*a)/pi)*asinh((pi*Kd*(Vds-((Es*L*(Vgs-
Vt))/(Es*L+(Vgs-Vt)))))/(2*a*Es))))) )*Rs”2))*(1+((L-((2*a)/pi)*asinh((pi*Kd*(Vds-
((Es*L*(Vgs-Vt))/(Es*L+(Vgs-Vt)))))/(2*a*Es)))+(((1-Kd)*(Vds-((Es*L*(Vgs-
Vt))/(Es*L+(Vgs-Vt)))))/(Es*cosh((pi*(L-((2*a)/pi)*asinh((pi*Kd*(Vds-((Es*L*(Vgs-
Vt))/(Es*L+(Vgs-Vt)))))/(2*a*Es))))/(2*a)))))/L)));

gy = gyb/(1+gyb*Rs);

gm(1)=(subs(gy,Vgs,-9))*1000/(Z2*10"3);
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gm(2)=(subs(gy,Vgs,-8))*1000/(Z*10"3);
gm(3)=(subs(gy,Vgs,-7))*1000/(Z*10"3);
gm(4)=(subs(gy,Vgs,-6))*1000/(Z*10"3);

gm(5)=(subs(gy,Vgs,-5))*1000/(Z*10"3);

gm(6)=(subs(gy,Vgs,-4))*1000/(Z*10"3);

gm(7)=(subs(gy,Vgs,-3))*1000/(Z*10"3);

gm(8)=(subs(gy,Vgs,-2))*1000/(Z*10"3);

gm(9)=(subs(gy,Vgs,-1))*1000/(Z*10"3);

gm(10)=(subs(gy,Vgs,0))*1000/(Z2*10"3);

Vgs = [-9:1:0];

plot(vgs,gm,'r")

hold on;

Vsat = 0.29*10"4;

Vds = 15;

gm = zeros(1,10);

syms Vgs
gyb=diff((((1+2*((2*eps*Vsat*Z)/(a*(Vp+3*Es*(L-((2*a)/pi)*asinh((pi*Kd*(Vds-
((Es*L*(Vgs-Vt))/(Es*L+(Vgs-Vt)))))/(2*a*Es))))) )*Rs*(Vgs-Vt)-
sqrt(1+4*((2*eps*Vsat*z)/(a*(Vp+3*Es*(L-((2*a)/pi)*asinh((pi*Kd*(Vds- ((Es*L*(Vgs-
Vt))/(Es*L+(Vgs-Vt)))))/(2*a*Es))))) )*Rs*(Vgs-
Vt)))/(2*((2*eps*Vsat*z)/(a*(Vp+3*Es*(L-((2*a)/pi)*asinh((pi*Kd*(Vds-((Es*L*(Vgs-
Vt))/(Es*L+(Vgs-Vt)))))/(2*¥a*Es))))) )*Rs”*2))*(1+((L-((2*a)/pi)*asinh((pi*Kd*(Vds-
((Es*L*(Vgs-Vt))/(Es*L+(Vgs-Vt)))))/(2*a*Es)))+(((1-Kd)*(Vds-((Es*L*(Vgs-
Vt))/(Es*L+(Vgs-Vt)))))/(Es*cosh((pi*(L-((2*a)/pi)*asinh((pi*Kd*(Vds-((Es*L*(Vgs-
Vt))/(Es*L+(Vgs-Vt)))))/(2*a*Es))))/(2*a)))))/L)));

gy = gyb/(1+gyb*Rs);

gm(1)=(subs(gy,Vgs,-9))*1000/(Z*10"3);

gm(2)=(subs(gy,Vgs,-8))*1000/(Z*10"3);

gm(3)=(subs(gy,Vgs,-7))*1000/(Z*10"3);

gm(4)=(subs(gy,Vgs,-6))*1000/(Z*10"3);

gm(5)=(subs(gy,Vgs,-5))*1000/(Z*10"3);

gm(6)=(subs(gy,Vgs,-4))*1000/(Z*10"3);

gm(7)=(subs(gy,Vgs,-3))*1000/(Z*10"3);

gm(8)=(subs(gy,Vgs,-2))*1000/(Z*10"3);
gm(9)=(subs(gy,Vgs,-1))*1000/(Z*10"3);
gm(10)=(subs(gy,Vgs,0))*1000/(Z*10"3);
Vgs = [-9:1:0];

plot(Vvgs,gm, 'Color','g"');

grid on;

legend({'Vds=10V', 'Vds=12V', 'Vds=15V',}, 'Location', 'southeast');

9.9 Variation of Drain conductance with Gate-Source Voltage

clc;

clear all;

close all;

q 1.6e-19;

K = 1.3807e-23;
e 8.854e-14;
epsilon = 8.9%e;
Nd = 1el8;
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Na= 1lel5;

a = 0.3e-4;

L = le-4;

u = 500;

z = 100e-4;

To=300;

Eg = 3.23;

Nc = 3.25eld*sqrt(To*To*To);

Nv = 4.8el5*sqrt(To*To*To);

ni = sqrt(Nc*Nv)*exp(-(Eg*q)/(2*K*To));
Vbi = (0.0259)*(log((Nd*Na)/(ni*ni)));
Vds = [0 10 20 30 40 50 60 70 80 90 100];
Vgs = [0 -10 -20];

for i=1:3

for j=1:11

al = (g*z*u*a*Nd)/L;

Vp = ((g*Nd*a*a)/(2*epsilon));
a2(i,j) = (Vbi-Vgs(i)+Vds(3))"(1/2);
a3(i) = (vp)"(1/2);
a4(1i,j)=(a2(i,3j)/a3(i));

gd(i,j) = a1*(1-(a4(i,3)));

end

end

plot(Vds,gd*1000, 'LineWidth',2.0);
xlabel('Drain-source voltage Vd(V)');
ylabel('Drain Conductance gd(ms)"');
%title('Drain Conductance Vs Drain Voltage');
grid on;

legend({'Vgs=0V', 'Vgs=-10V"', 'Vgs=-20V',}, 'Location’, 'northeast');

9.10 Variation of Gate-Source Capacitance with respect to Gate-Source

Voltage

clear all;

clc;

close all;

%Z = 100*10"-6;

%L = 4*10"-6;

g = 1.6*10"-19;

Eo = 8.85*10"-12;

E = 9.5*%E0;

Nd = 10723;

Vbi = 1;

Vgs = [-10:1:0];

L = 4*%10"-6;

Z = 100*10"-6;

Cgs = (((Z*L)./(2*270.5)).*sqrt((q*E*Nd)./(Vbi-Vgs)) + (pi./2)*E*Z)*10712;
plot(Vgs,Cgs), xlabel('Gate-source voltage Vgs(V)'),ylabel('Gate-source capacitance
Cgs(pF)');

%title('Variation of gate-source capacitance with gate-source voltage')
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hold on;

L = 3*10"-6;

Z = 75*10"-6;

Cgs = (((Z*L)./(2*270.5)).*sqrt((gq*E*Nd)./(Vbi-Vgs)) + (pi./2)*E*Z)*10"12;
plot(vgs,Cgs,'c');

hold on;

L = 2*10"-6;

Z = 50*10"-6;

Cgs = (((Z*L)./(2*270.5)).*sqrt((q*E*Nd)./(Vbi-Vgs)) + (pi./2)*E*Z)*10712;
plot(Vvgs,Cgs,'r");

legend({'L=4*10"-6,Z=100*10"-6",'L=3*10"-6,Z=75%10"-6", 'L=2*10"-6,Z=50*10"-
6','L=1*10"-6,Z=25*10"-6"}, 'Location', 'northwest');
grid on;

9.11 Variation of Gate-Drain Capacitance with Drain-Source Voltage

clear all;

clc;

close all;

Z = 100*10"-6;

L = 4*10"-6;

q = 1.6*%107-19;
Eo = 8.85*10"-12;

E = 9.5*%Eo0;

Nd = 10723;

Vbi = 1;

Vds = [0:1:20];
Vgs = 0;

Cgd = (((Z*L)./(2*270.5)).*sqrt((gq*E*Nd)./(Vbi-(Vgs-Vds))) + (pi./2)*E*Z)*10"12;
plot(Vds,Cgd), xlabel('Drain-source voltage Vds (V)'),ylabel('Gate-drain
capacitance Cgd (pF)');

% title('Variation of gate-drain capacitance with drain-source voltages"')

hold on;

Vgs = -3;

Cgd = (((Z*L)./(2*270.5)).*sqrt((g*E*Nd)./(Vbi-(Vgs-Vds))) + (pi./2)*E*Z)*10712;
plot(vds,Cgd, 'r')

hold on;

Vgs = -6;

Cgd = (((Z*L)./(2*270.5)).*sqrt((gq*E*Nd)./(Vbi-(Vgs-Vds))) + (pi./2)*E*Z)*10712;
plot(vds,Cgd, 'c')

legend({'Vgs=0.0V', 'Vgs=-3.0V', 'Vgs=-6.0V'}, 'Location’, 'northeast’)

9.12 Variation of Total Internal Device Capacitance with Gate Length

clc;

close all;

clear all;
Z=100*10"-6;
q=1.6022*10"-19;
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eps=9.5*8.854*10"-12;
Nd=1*10723;
Vbi=1;
Vds=5;
Vgs=0;
L = [1*(107-6):1*(10"-6):10*(10"-6)];
for i = 1:length(L)
Cgs = ((Z*L/(2*sqrt(2)))*(sqrt(g*eps*Nd/(Vbi-Vgs)))+ (pi*eps*z)/2)*10712;
Cgd = ((Z*L/(2*sqrt(2)))*(sqrt(g*eps*Nd/(Vbi-(Vgs-Vds))))+ (pi*eps*Z)/2)*10712;
end
Ct = Cgs+Cgd;
plot(L,Ct),xlabel('Gate length(m)'),ylabel('Total internal device
capacitance(pF)'), title('Variation of total internal device capacitance with gate
length')
hold on;
Vgs=-3;
L = [1*(10~-6):1*(10"-6):10*(10~-6)];
for i = 1:1length(L)

Cgs = ((Z*L/(2*sqgrt(2)))*(sqrt(g*eps*Nd/(Vbi-vgs)))+ (pi*eps*Z)/2)*10712;
Cgd = ((Z*L/(2*sqrt(2)))*(sqrt(g*eps*Nd/(Vbi-(Vgs-Vvds))))+ (pi*eps*Z)/2)*10712;
end

Ct = Cgs+Cgd;

plot(L,Ct,'r');

hold on;

Vgs=-6;

L = [1*(107-6):1*(10"-6):10*(10"-6)];
for i = 1:1length(L)

Cgs = ((Z*L/(2*sqgrt(2)))*(sqrt(g*eps*Nd/(Vbi-vgs)))+ (pi*eps*Z)/2)*10712;
Cgd = ((Z*L/(2*sqrt(2)))*(sqrt(g*eps*Nd/(Vbi-(Vgs-Vds))))+ (pi*eps*Z)/2)*10712;
end

Ct = Cgs+Cgd;

plot(L,Ct,"'g");
legend({'Vgs=0V', 'Vgs=-3V', 'Vgs=-6V'}, 'Location’, "northwest")
grid on

Chapter 10:  Reference
[1] Effect of Mobility on (I-V) Characteristics of Gaas MESFETM Azizi, C AziziFaculty of

exact sciences and natural and life sciences, Active Devices and Materials Laboratory, Larbi
Ben M’Hidi University, Oum El Bouaghi, Algéria
[2] Effect of temperature on (V) statics characteristics of GaAs Mesfet Z. Fares (1), Y. Saidi
[3] Analysis of Temperature Effect on MOSFET Parameter using MATLAB 1Jitty Jose,
2Keerthi K Nair, 3Ajith Ravindran

64



[4] Temperature dependent analytical model for submicron GaAs-MESFET, Mohamed Djouder,
Arezki Benfdila, Ahcene Lakhlef
[5] The Influence of Electric Field and Mobility Profile on GaAs MESFET Characteristics,

CHUNG-SHU

[6] http://epcco.com/epc/documents/producttraining/Appnote_GaNfundamentals.pdf

[7] Chapter-3, GaN material technology - http://itri2.org/ttec/hte_j/report/03.pdf

[8] http://en.wikipedia.org/wiki/Band_gap

[9] http://en.wikipedia.org/wiki/Electron_mobility

[10] http://en.wikipedia.org/wiki/Saturation_velocity

[11] http://en.wikipedia.org/wiki/Thermal_conductivity

[12] GaN wvs SiC - http://www.digikey.com/Web%20Export/Supplier%20Content/
Microsemi_278/PDF/Microsemi_GalliumNitride_VS_SiliconCarb ide.pdf?redirected=

[13] Azam, Sher (Linkdping University, Department of Physics, Chemistry and Biology,
Materials Science ) (Linkdping University, The Institute of Technology), Linkdping Studies
in Science and Technology. Thesis, ISSN 0280-7971; 1374, “Wide Bandgap Semiconductor
(SiC & GaN) Power Amplifiers in Different Classes”.

[14] Potential Performance of SiC and GaN Based Metal Semiconductor Field Effect
transistorsH. Arabshahi Department of Physics, Ferdowsi University of Mashhad, P.O. Box
91775-1436, Mashhad, Iran (Received on 23 July, 2008).

[15] Pulsed measurements of GaN MESFETs B. Boudart, S. Trassaert, C. Gaquiere, D.
Theron and Y. Crosner Institut d’Electronique et de Microelectronique du Nord — DHS
U.M.R. - C.N.R.S. 8520- USTL — Avenue Poincare- B.P. 69 59652 VILLENEUVE
D’ASCQ CEDEX - France.

[16] Investigation of cross sectional potential distributionM.Kaneko, A.Hinoki, A.Suzuki,
T.Araki,Y.Nanishi

[17] Double-ion-implanted GaN MESFETs with extremely low source/drain resistance74

[18] A complete analytical model of GaN MESFET for microwave frequency applications -

[19] S.Bose, Adarsh, A.Kumar, Simrata, M.Gupta, R.S. Gupta, Received 11 April 2001;
revised 23 May 2001; accepted 4 June 2001.

65



