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ABSTRACT

STUDY ON DETERMINATION OF PARASITIC RESISTANCES IN SiC MESFET’s

By
Lakshmi Haritha Kalahasti

Master of Science in Electrical Engineering

This paper presents a simple analytical method for extracting the source, drain
and gate parasitic resistances. The proposed method is based on the three simple DC
measurements. The parasitic resistance values are received through numerical iterations.
The parasitic resistances generates from the short channel effect where S/D curve may
closed. The resistance measurements prove that the method is sensitive to the accuracy of
the measured voltages. Identical Schottky diodes are assumed and the values of the
parasitic resistances are extracted for device frequency response and switching

performance.
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CHAPTER 1
INTRODUCTION

In recent years, silicon carbide has received increased attention because of its
potential for a wide variety of high-power devices. The unique material properties of
SiC, high electric breakdown field of 4x10° V/cm, high saturated electron drift velocity
of 2x10" cm/s, and high thermal conductivity of 4.9 W/cm-°K are what give this
material its tremendous potential in the power device arena. The two SiC poly types, 6H
and 4H are having the biggest impact on power devices. The most significant difference
between the 6H and 4h is that the electron mobility in 4H-SiC is two times that of 6H-
SiC perpendicular to the c-axis and almost 10 times that of 6H-SiC parallel to the c-axis
[1]. SiC devices will have better performance compared to Si and GaAs devices for high
voltage applications because of SiC’s higher breakdown field, saturated drift velocity,
and thermal conductivity even though the electron mobility is lower. Silicon Carbide
(SiC) MESFET’s are emerging as a promising technology for high-power microwave
applications due to a combination of superior properties of SiC, including a high
breakdown electric field, high saturated electron velocity and high thermal conductivity.
Because of the excellent thermal properties of SiC, the ultimate power level attainable
from a SiC MESFET at any given frequency has been modeled to be at least 5 times of
devices made of GaAs. The development of SiC electronic devices has been limited in

the past by the lack of availability of large, high quality SiC substrates.

SiC metal semiconductor field effect transistors (MESFETSs) are fabricated with
more than 60 W of output power at 450 MHz from single 21.6 mm gate periphery
devices (2.9 W/mm) and 27 W of output power at 3 GHz from single 14.4 mm. devices
(1.9 W/mm). The excellent device performance has been attributed to the improved
substrate and epitaxial films quality, optimized device thermal management, and
enhanced device fabrication technologies. SiC MESFETs are popular devices for power
amplifier design in high power and high-temperature applications because of SiC’s
superior properties, such as high breakdown voltage, high thermal conductivity, and

high-saturated electron velocity [2]. The development of SiC devices in wireless



applications provides the impetus of researching in the area of nonlinear modeling,
which is useful for device performance analysis in designing microwave circuits and

characterizing the device technological process.

Silicon carbide (SiC) is one of the most promising alternatives to silicon (Si) for
power semiconductor devices due to its superior material characteristics. For instance,
its high breakdown electric field strength results in high voltage-blocking capability with
a much lower on-resistance compared with Si, while its large band-gap energy leads to
higher temperature operation capability, higher radiation hardness, and relatively higher
thermal conductivity — an important benefit in terms of power dissipation. With rapid
growth of mobile communications represented by portable telephones, further increases
in the output of high-frequency power transistors for the base stations are required. Also,
in the fields of satellite communications and radar, realization of high-power transistors
replacing electron tubes such as TWTs and magnetrons is desirable for size reduction,
weight reduction, and extension of transmitter life. As a transistor meeting such needs,
the metal semiconductor field effect transistor (MESFET) based on silicon carbide (SiC)
has been attracting attention. SiC is superior in material characteristics such as the
electric breakdown field and thermal conductivity and is expected theoretically to

provide high power density as a high-frequency transistor.

Silicon carbide (SiC)-based semiconductor electronic devices and circuits are
presently being developed for use in high-temperature, high-power, and high-radiation
conditions under which conventional semiconductors cannot adequately perform.
Silicon carbide’s ability to function under such extreme conditions is expected to enable
significant improvements to a far-ranging variety of applications and systems. These
range from greatly improved high-voltage switching for energy savings in public electric
power distribution and electric motor drives to more powerful microwave electronics for
radar and communications to sensors and controls for cleaner-burning more fuel-

efficient jet aircraft and automobile engines [1-2].



In the past decade, tremendous progress has been made in the material growth
and processing of wide band-gap semiconductors, particularly SiC and GaN, and high
quality SiC and GaN wafers are now commercially available [3]. Both types of
semiconductors have very wide band-gap (4H-SiC = 3.2 eV and GaN = 3.4 e¢V) and are
visible blind [3]. Moreover, 4H-SiC has very high breakdown field, outstanding
radiation hardness, and excellent chemical and mechanical rigidity, good thermal
conductivity and as such are excellent candidates for photo detection in high temperature
and high radiation environment conditions [3]. Due to the wide band-gap of SiC and
GaN, the leakage current can be many orders of magnitude lower than the leakage
current of Si detectors, making SiC and GaN good candidates for high sensitivity visible
blind UV detection. GaN has the advantages of the availability of hetero-structures,
which allows designing cutoff wavelength in the UV range by using AlGaN with
different Al percentage [4]. It therefore adds great flexibility in detector design and
relieves or eliminates the requirement of optical filters. SiC, however, has much better
material maturity compared to GaN material. Additionally, SiC substrate and epi-growth
technologies have developed to such a level as to allow the fabrication of many different
types of SiC photo detectors with desired features. SiC UV p-i-n photodiodes have
already been fabricated and are commercially available. SiC avalanche photodiodes with

extremely high gain and low excess noise have also been demonstrated [5].

With the advancements and research in MESFET, optically controlled MESFETs
also referred to as OPFETs have received considerable attention due to the inherent
advantages in the high-speed optical switching and high frequency optical
modulation/demodulation applications [6]. Theoretical and experimental observations
have shown that the variations of the DC and dynamic properties in MESFETSs when a
light beam strikes the transistor gate can be accounted for by an appropriate change in
the gate junction equivalent to the built-in voltage [7]. In order to establish the OPFET
device characteristics, a number of theoretical and experimental observations have been
continuously reported [8-9] exploring the illumination effect on the static and dynamic
characteristics of MESFET devices for various biases, optical responses of the MESFET

both at DC and microwave frequencies and large-signal characteristics of the MESFET



under He-Ne illumination source. The optically controlled MESFET (or OPFET) is of
great importance because of its potential as a photo detector and pre-amplifier, rf. switch
and tuner, etc. Different mechanisms, which are responsible for the enhanced terminal
properties of the optically controlled MESFET, are:

1. Photo-induced voltage across the Schottky barrier [10], [11],

2. Photo generated carriers below the gate [12-13] and

3. Photo conductivity effect in the source-gate and drain gate regions and the change in

the gate depletion width [14].

Further, the experimental observation showed a positive voltage across the
depletion region between the n-type channel and the semi-insulating substrate
suggesting that the drain current enhancement is closely related to the channel width
modulation of the device [15]. Considerable interest has been shown in studying and
modeling Optically Controlled Field Effect Transistors (OPFET’s) fabricated with
Schottky gate configuration. These OPFET’s are expected to emerge as promising
detectors for use in integrated optoelectronic circuits. A number of theoretical and
experimental investigations on the effect of illumination on MESFET structures have
been reported. Preliminary investigations reveal that photo response of illuminated
MESFET is due to the optically generated carriers, which increase the conductivity of
the channel and the photo voltage developed across the Schottky barrier, which affects
the applied reverse voltage on the gate. Simple models have been developed by several
workers in order to explain the results of experimental investigations on the effect of
illumination on commercially available GaAs MESFET’s [16]. The large signal
characteristics of an illuminated GaAs MESFET have been reported. Unfortunately, the
models proposed so far are either too complicated or not adequate to be used for circuit
simulation purposes. A simple yet fairly accurate model, which takes into account, all
the important physical phenomena involved in an illuminated MESFET need to be

considered for this purpose.

GaAs OPFET appears to be an important optical transducer for optical

communication, integrated optics, and optical computer. Studies on GaAs OPFET show



that by controlling the radiation flux density, one can control the threshold voltage,
drain-source current, and RF switching parameters of the device. B. B. Pal and S. N.
Chattopadhyay studied the GaAs OPFET Characteristics Considering the Effect of Gate
Depletion with Modulation Due to Incident Radiation. It was found that the photovoltaic
effect is important because it develops a forward voltage across the metal-semiconductor
junction, which increases with the increase in radiation intensity. This photo voltage
modulates the depletion region width below the gate, which, in turn, modulates the
channel width. The photo voltage thus is expected to increase the drain-source current. It
will reduce the threshold voltage in the normally OFF devices and increase in the
normally ON devices. At higher flux density and trap density, the threshold voltage
shows nonlinear effect at lower value of implanted dose, which is mainly due to the
recombination term. The device is pinched off at a higher drain-source voltage
compared to the photo generation case only [17]. Some experiments have shown that the
FET dc characteristics may alter with illumination and that FET oscillators may be tuned
by varying the intensity of the light falling on the active region of the device. Also, some
authors have recently reported high-speed optical detection with GaAs MESFET’S [18].

SiC photodetectors/photodiodes have a spectral response of approximately 210 —
380 nm and are not sensitive to UV radiation outside this region. This makes them ideal
detectors in certain applications for monitoring the UV spectrum without the need for
solar rejection filters. SiC photodetectors are extremely durable and have been proven to
withstand prolonged UV exposure in production quantities in many applications. SiC
Photodiodes are used in UV applications. Intrinsic spectral response is limited to the
range of 200 - 400nm and no additional blocking of unwanted visual and IR-range of
radiation is necessary. SiC photodiodes are proven for outstanding long-term stability
under high doses of UV —C-radiation. These devices also have an excellent temperature
stability, can operate at 150°C. SiC photodiode is offered with radiation hard standard
space approved filters for narrow band such as UV-A, UV-B and UV-C [22].

There has been considerable work done on the development of silicon based

optoelectronic integrated circuits (OEIC’s) [19]. Mature silicon-processing technology,



including micromachining techniques, can be used to fabricate complex optical
structures such as micro optical devices and hybrid optoelectronics. The silicon based
OPFET promises excellent compatibility with current silicon IC technology requiring
the same or similar low-cost and reliable manufacturing techniques of monolithic
silicon-based OEICs. The ion implantation induced defects in a silicon substrate have
been characterized by measuring the bulk generation lifetime of MOS capacitor and
experiments have been conducted to study the dependence of substrate dopant species
(phosphorous and boron) on defect formations. [-V characteristics of ion implanted solar
cell devices at optical illumination have shown the efficiency in the range of 0.01%.
Phosphorous ion implantation not only results in the transition of the crystalline
fullerenes to amorphous material phase, but also produces a significant defect level. An
effective loss of photo-generated carriers due to the ion implantation process induced
defects in the active channel region of OPFET is a major issue of degradation of
quantum efficiency, sensitivity, etc. The channel current obtained from the diffusion and
ion implanted OPFET devices are studied and both currents under dark and optical
illumination conditions are compared to realize the process-induced defects as major
problem for optoelectronics device. Use of direct control of microwave semiconductor
devices for optical injection locking, phase shifting, signal distribution and
optoelectronic actuator has the potential to enhance the performance of future space
borne phased array systems and military and commercial aviation. Previously, several
authors have experimentally investigated the effect of light on dc and microwave
characteristics of MESFET. Their investigations show that these changes in the
characteristics are due to photoconductivity and photovoltaic effects. Further, an
analytical study, by the authors taking into consideration material properties of hetro-
structures showed that the hetro-structures have a higher sensitivity to optical

illumination [20].

The MESFET has been used as an optical detector and control device in
microwave applications by several investigators. Of the many advantages of using the
MESFET as an optical detector, the most notable is compatibility with GaAs MMIC

technology. De Salles has performed a thorough experimental and theoretical



characterization on the MESFET emphasizing the photovoltaic effect, which can be used
to increase the drain current and change the gate capacitance. His analysis is
concentrated on the active region of the device; photocurrent in the substrate is ignored
[21]. Darling has developed a perturbation analysis to account for the photoconductive
effect under low-level illumination. Simons derived analytical expressions for I-V
characteristics of different types of FET configurations under optical illumination on the
devices. He also computed variations in FET small signal parameters such as trans-
conductance, channel conductance with illumination and compared with the

commercially available OPFETs.

Power Added Efficiency (PAE) is a better figure of merit as it incorporates the
transistor power gain. As the power gain (P,./Pin) increases, the difference between the
power added efficiency and the drain efficiency becomes small. The maximum output
power point for the SiC MESFET device was under Class A operation. At a drain bias of
V and mA (50%), with the device tuned for maximum power, the device had a peak
output power of 30.5 dBm (3.37 W/mm) and a 3 dB compression output power of 30.2
dBm (3.1W/mm). The device had a power added efficiency of 38.4% at this bias point.
The best efficiency for this device was under Class B operation, with the device tuned
for maximum efficiency. The peak efficiency occurred at a bias of V and mA (5%),
where the device exhibited65.7% power added efficiency. The device had 28.4-dBm
output power (2.12 W/mm) at the point of peak efficiency, which was also the 3 dB
compression points. At this bias point, the device had 28.8-dBm maximum output power
(2.27W/mm), but efficiency decreased to 61.3% as the device went into deep
compression. The RF device characteristics at peak output power and peak efficiency are
seen in Figs. 2 and 3, respectively. It should be noted that the high drain bias of50 V for
the large signal measurements requires a very high gate-drain breakdown voltage of over
100 V. The highest power density and power added efficiency is reported to SiC
MESFET as is two times larger than GaAs MESFET. The low frequency noise research
was conducted on SiC Metal-Semiconductor Field-Effect Transistors (MESFETS).



The least complex SiC power device is the Schottky rectifier, which consists of
an N+ doped substrate with backside ohmic contact, a lightly doped epitaxial drift layer
and a topside Schottky contact with a high-resistivity edge termination. The Schottky
diode is fabricated by evaporating a high work function metal, such as titanium, nickel,
or gold, onto the epitaxial layer to form the Schottky contact and by depositing an ohmic
contact metal onto the back of the N" substrate [23]. The order of these depositions may
be reversed to accommodate annealing of the ohmic contact. The process is self-aligned
to the Schottky contact because the Schottky metal acts as a mask preventing damage
under the contact. The most important device properties are high reverse breakdown

voltage and low forward resistance, which produces a high forward current density.



CHAPTER 2
SiC MATERIAL

2.1 SiC BACKGROUND:

The requirement of a successful VLSI (very large scale integration) technology
imposes severe limitations on the power consumption and demands on the speed of the
basic device. As the device dimensions and power supply voltages are reduced, the SiC
MESFET (Metal-Schottky Field Effect Transistor) begins to look attractive for logic and
memory applications. Also, the use of ion implantation to form the channel of the device
promises a high degree of control over uniformity and reproducibility in the fabrication

of devices. The structure of Silicon Carbide is shown in Figure 2.1 [24].

Carbon face

/b} —

Silicon face

Figure 2.1 Structure of Silicon Carbide

There are several articles in the literature, which deal with the description of the I-V
characteristics of structures having uniform doping concentrations or employ a two-
dimensional computer simulation, which utilizes a specific channel profile. For very

short channel devices, the incorporation of two-dimensional effects is necessary [24].
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For moderately long channel devices fabricated with a shallow implanted channel, the
channel concentration is highly nonlinear with depth and for these cases it is desirable
using a one-dimensional analysis, to have an accurate analytical description of the
device which directly reflects the parameters describing the implanted distribution. Such
a model may then be appropriately modified as the device size decreases to include short
channel effects. (SiC), also known as carborundum is a compound of silicon and carbon
with chemical formula SiC. It occurs in nature as the extremely rare mineral moissanite.
Silicon Carbide powder has been mass-produced since 1893 for use as an abrasive.
Grains of silicon carbide can be bonded together by sintering to form very hard
ceramics, which are widely used in applications requiring high endurance, such as car
brakes, car clutches and ceramic plates in bulletproof vests. Electronic applications of
silicon carbide as light emitting diodes and detectors in early radios were first
demonstrated around 1907, and nowadays SiC is widely used in high-temperature/high-
voltage semiconductor electronics. Large single crystals of silicon carbide can be grown
by the Lely method; they can be cut into gems known as "synthetic moissanite". Silicon
carbide with high surface area can be produced from SiO; contained in plant material.

The 3-D structure of Silicon Carbide is clearly shown in Figure 2.2 [24].

Figure 2.2 3-Dimensional Structure of Silicon Carbide
Silicon carbide has been a perennial candidate for use in the manufacture of
semiconductor electronic devices. Silicon carbide has a number of characteristics, which

make it theoretically advantageous for such uses. These include a wide band gap, a high

10



thermal conductivity, a low dielectric constant, a high-saturated electron drift velocity, a
high breakdown electric field, and a high melting point. Taken together, these properties
indicate that semiconductor devices formed from silicon carbide should be operable at
much higher temperatures than devices made from other semiconductors, as well as at

higher speeds at higher power levels, and with an increased device density [25].

Nevertheless, semiconductor electronic devices made from silicon carbide have
yet to make a viable appearance in any circumstances other than laboratory research and
have yet to reach their commercial potential. This lack of success results, at least
partially, from the difficulty encountered in working with silicon carbide. It is an
extremely hard material, often used as an abrasive. It often must be worked at extremely
high temperatures under which other materials cannot be worked, and from a
semiconductor standpoint, crystallizes in well over 150 poly types, many of which are
separated by rather small thermodynamic differences. For these latter reasons,
production of mono crystalline thin films of silicon carbide that are necessary for certain
devices and production of large single crystals of silicon carbide which are useful for
other applications, has remained an elusive goal. Additionally, certain doping
techniques, which have been successfully developed for other materials, have proved
unsuccessful when used in connection with silicon carbide. In particular, the successful
use of ion implantation techniques has, until recently, remained unachieved. A few

samples of abrasive grains of black Silicon Carbide is shown in Figure 2.3 [26,27].
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Black Sllicon Carbide 12 and 30 Grits

Figure 2.3 Black Silicon Carbide Abrasive Grains
Recently, however, a number of developments have occurred which have successfully
accomplished both single crystal and thin film growth of silicon carbide, as well as
successful ion implantation techniques [26].The success of these techniques has made
possible improved techniques for producing field effect transistors (FET’s) in silicon

carbide [26].

2.2 SILICON CARBIDE MANUFACTURING:

Acheson process is a process, which is used mainly for the manufacture of
silicon carbide. Currently coke and quartz are used as major raw materials to produce
SiC in bulk quantities. SiC has extreme hardness, sharpness and good thermal properties
and hence it is employed as an abrasive and refractory material. Acheson process is a
carbothermal synthesis of SiC [27]. The main raw materials are SiO, and C, which are
made to react at high a temperature. Sawdust and salt are also added, so that saw dust
burns and provides pores facilitating escape of evolved gas (at high temperatures).
Firing is done for about 40 hours and after cooling, the sidewalls are removed. An outer
layer of uncombined mixture is broken away, exposing the cylindrical mass of sharp,

brilliant crystals [27].

12



The whole reaction process is very complex and the productivity is low. A robust
1-D mathematical model considering conduction, convection and radiation as heat
transfer modes are developed. Finite Volume Method has been employed to solve the
heat balance equations. To validate the model, an experimental facility has been
developed at laboratory scale. Both model and experimental data show a good
agreement with each other. Currently, efforts are on to develop a 2-D mathematical
model for the process and to validate it experimentally [26,27]. A Graphical User

Interface for the process is shown in Figures 2.4 and 2.5.

Figure 2.4 GUI developed for the Acheson process to plot the results in contours

form

Vanation of Temperanre with Tame &t vancous locatioas n famace

s

1000

Tomperature (K3

Figure 2.5 GUI developed for the Acheson process to plot the results
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2.3 HISTORY OF SILICON CARBIDE:

Some scientists had reported early, non-systematic and often non-recognized
syntheses of silicon carbide. They attached one lead from a dynamo to a discarded
plumber’s bowl, filled the bowl with clay and powdered coke, inserted the other lead
into the mix and threw the switch. The Figure 2.6 shows the replication of past LED

experiments [27].

I oror i e

Figure 2.6 A replication of H.J. Round's LED experiments

Nothing seemed to happen, until they noticed a few bright specks on the end of
the leads. When they drew one lead across a pane of glass, it cut like a diamond, making
SiC the first man-made substance hard enough to cut glass. This method of growth
became known as the Acheson process. They later developed the electric smelting
furnace around 1885, which used this process; it was then fist recognized it as a silicide
of carbon and given its chemical formula SiC. SiC does not occur naturally, so it cannot
be mined like other minerals. The only occurrence of SiC in nature is found in

meteorites [28].

14



i;iiillil

4

|

’}iilil‘?lt
3

[
5

. I
l.MM tlem 2

Figure 2.7 Piece of silicon carbide (SiC) Material used in steel making

A piece of Silicon Carbide material that is used for making steel is shown in
Figure 2.7. To date, SiC LEDs, diodes, FETs, and numerous other components have
already been in commercial production, and we can expect them to be joined by many
other electronic devices in the not too distant future. The current state of wide-band-gap
semiconductor technology matches that of silicon technology in the late 1970s. Wafers
are typically less than 4 in., highly defective and costly, and process techniques are in
the development stage. But unlike the early days of silicon device processing, wide-
band-gap technology developers can learn from more than 30 years of materials

processing development and fabrication improvements [29].

2.4 CHARACTERISTICS OF SILICON CARBIDE:

Silicon Carbide (SiC) belongs to a class of semiconductors having wide band
gap, which means they are relatively insensitive to increased temperatures. It possesses
many favorable properties making it interesting for high-temperature, high frequency
and high-power applications. Its thermal conductivity is greater than that of copper, so it
rapidly dissipates heat radiation. It is also resistant to many chemicals, as well as highly
resistant to radiation. Silicon carbide is extremely hard allowing devices to operate
under extreme pressure. It also possesses high field strength (approximately 10 times
that of Si) and high saturation drift velocity (higher than GaAs), characteristics

suggesting that devices made of it can be smaller and more efficient than those made of
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silicon. With these characteristics, Silicon Carbide is a great candidate for a
semiconductor material used in high-heat environments as to monitor temperature, as
well as many other practical applications. The basic parameters and properties of major

SiC polytypes are displayed in the Table 1 [30].

Polytype 3C (B) 4H 6H (a)
Crystal structure Zinc blende (cubic) Hexagonal | Hexagonal
Space group T24F43m C*,-PBsme | Cg,-Phame
Pearson symbol cF8 hPg hP12
Lattice constants (A) 4.3596 3.0730; 10.053/3.0730; 15.11
Density (g/cm®) E g 32 E g
Bandgap (eV) 2.36 323 3.05
Bulk modulus (GPa) 250 220 220
Thermal conductivity (Wi{cm-K)) 36 37 49

Table 1 Properties of major SiC polytypes

A wide bandgap also allows SiC devices to operate at shorter wavelengths,
enabling the creation of blue LEDs that could not be made from silicon. Moreover, a
full-color LED display became possible with the existence of blue LEDs, as blue was a
missing primary color. Within limits, there is no reason why a SiC device should not
operate at 500°C or higher, a realm that Si does not even approach. The thermal
conductivity of SiC even exceeds that of copper; therefore any heat produced by a
device is quickly dissipated. SiC forms a protective SiO; skin that to prevents further
oxidation at very high temperatures, and in non-reducing atmospheres. Its inertness to
chemical reactions also implies that devices have the potential to operate even in the
most hazardous environments. SiC is extremely hard, probably most familiar to people
as the grit coating on sandpaper. This hardness again implies that SiC devices can
operate under conditions of extreme pressure. Of importance to our nuclear and space
age is the fact that SiC is extremely resistant to radiation and can be used close to

reactors or for space electronic hardware [31,32].
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2.5 LOW-DOPED N-TYPE SIC MESFET:
The power handling capabilities and high temperature operation of SiC makes it an ideal

material for the production of rectifiers.
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Figure 2.8 Low-doped n-type SiC MESFET

Figure 2.8 shows the low doped n-type SiC MESFET. Auburn University
demonstrated an operational amplifier capable of working to temperatures up to 400°C,
which further demonstrates SiC’s high tolerance to temperature. A team from Rutgers
University, NJ, and United Silicon Carbide, NJ, reported results from an all-SiC half-
bridge inverter using 4H-SiC power bipolar transistors at voltages of up to 400 V and
current levels of up to 22 A. The group also reported 4H-SiC junction barrier Schottky
diode fabrication and characterization in an inductively loaded half-bridge inverter at
power levels of up to 100 kW. Another particular device of interest device that has been
made is SiC photo-diodes for the ultraviolet. The photo-diode is of interest in that it can
be used in such harsh environments, a property which can be exploited for the
monitoring of engine combustion. These photodiodes have been shown to achieve up to
four orders of magnitude higher sensitivity than its Silicon counterpart. Today, photo
detectors made from SiC are used in numerous locations such as gas turbines, jet
engines, and many similar applications. These sensors are primarily used to determine

basic properties of a combustion flame, specifically, whether the flame is on or off [32].
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2.6 ION IMPLANTATION:

In general, the heat treatment required in the activation of the ion-implanted
channel is short enough that the original Gaussian profile is preserved. Even if the
profile is altered it may still be described by a Gaussian with a modified value of range
parameter (Rp) and straggle parameter (o). Here an analytic description of an ion-
implanted MESFET based on the assumption of a resultant Gaussian profile (described
by Rp, and &) and the total implanted dose Q is developed. In the following comparison
with data it will also be assumed that the Gaussian distribution of the initially implanted
profile is retained through the process. In addition, the effects of the higher moments of
the implant distribution are neglected in this analysis although it is noted that the joined
half-Gaussian description of the third moment may be easily incorporated if necessary

[33,34].

Ions implantation is a doping technique in which the desired impurities (dopants)
are introduced into the semiconductor lattice by bombarding the surface with high-energy
dopant ions. This technique offers more control over dopant levels and locations than most
of the other doping techniques [34]. The technique of ion implantation is extremely
attractive for the fabrication of GaN and SiC based devices because it can introduce a
well-defined impurity concentration at a designed zone. In fabrication of such GaN-based
devices, ion implantation represents a very attractive tool for several technological steps,
such as electrical and optical selective-area doping, dry etching, electrical isolation,
quantum well intermixing, and ion-cut. It is well known that a successful application of
ion implantation depends on understanding the production and annealing for curing
radiation damage. Thus, detailed studies of ion implantation damage in GaN are not only
important for investigating fundamental defect processes in solids under ion implantation
but are also essential for the fast developing GaN industry. Ion implantation is preferred
because of controlled, low or high dose can be introduced (10" -10'"® cm™), depth of
implant can be controlled and high temperature annealing can activate slow impurity
diffusion. Ion implantation can independently control the dopant concentration, junction
depth. It is a low temperature, PR mask and anisotropic dopant profile. Up to now, several

outstanding reviews have appeared in the literature addressing various aspects of ion
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implantation into GaN. Figure 2.9 shows the ion implantation impurity profile. However,
very recently, the field of ion implantation into GaN has matured considerably. Before
implantation can become a viable technology for 111-nitrides, it is essential that
implantation properties such as ion disorder and its removal by thermal annealing and the
ability to electrically activate implanted dopants are studied in detail. Such studies have
been limited until quite recently when Zolper showed that GaN could be activated both n-
type and p-type by Si implantation. In addition, Tan showed that ion disorder built up
rather slowly in GaN with increasing Si ion dose even at liquid nitrogen temperatures as a
result of dynamic recovery of disorder during implantation. However, it is possible to

amorphise GaN at extremely high implantation doses at liquid nitrogen temperatures.
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Figure 2.9 Ion Implantation impurity profile

Ion implantation is an enabling technology for creating selective area doping and
forming high resistance regions in device structures. For the development of ion
implantation doping for advanced GaN-based electronics, it is important to understand the
dopant activation process, and implantation-induced damage generation and removal.
Recent studies have shown that quite good activation efficiency can be obtained by
annealing at 1100° C anneal, but implantation damage cannot be significantly removed at
this temperature. Annealing at temperatures >1300° C are suggested to fully remove the
damage and further optimize the transport properties of implanted regions in GaN. Since

these temperatures are beyond the capability of most rapid thermal annealing systems,
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new annealing apparatus must be developed. Consequently, there is an urgent need to
carry out detailed studies on the dopant activation, impurity redistribution, defect removal,
and surface degradation at these elevated temperatures. Efficient surface protection must

be developed to prevent material decomposition and N, loss from the GaN surfaces.

Ion implantation is also attractive for inter-device isolation and producing current
guiding. Efficient compensation has been achieved in the GaN materials by using N or He
implantation. However, the isolation is not stable at high temperatures, i.e. typical implant
damage compensation. Implantation in In-containing III-V nitrides has shown that InGaN,
as used in LED, laser cavity, or transistor channel, is difficult to be rendered highly
resistive. The defect level is usually high in the energy gap, not near midgap, as is ideal
for implant isolation. There is a strong need for an understanding of the implant isolation
process and mechanism in III-V nitride materials because of the emerging applications for
high temperature, high power electronics based on this material system. In particular,
attempts need to be made to explore thermally stable implant isolation in GaN, and

significant compensation must be achieved in the In-containing nitrides.

Ion implantation of the aluminum ions at room temperatures, followed by
annealing at about 1800° C were discussed in a paper in which they discussed ion
implantation in silicon carbide to produce junctions and diodes in which nitrogen,
phosphorous, antimony, and bismuth were all implanted at room temperature, and in
which antimony was additionally implanted at 500°C, all to produce n-type
conductivity. However, the only successful results were in producing donor (n-type)
implanted materials and they admits little or no success in creating p-type SiC using
implant and anneal procedures similar to those used for the n-type dopants. A setup of

ion implantation process is shown in Figure 2.10 [35].
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Figure 2.10 Ion Implantation process Setup

Similarly, boron, aluminum, gallium, and thallium were implanted at room temperature

in an attempt to obtain p-type conductivity [35,36].

Accordingly, there presently exists no successful technique for ion implantation
of both donor and acceptor dopant ions into mono crystalline silicon carbide, which
results in appropriately electrically, activated n and p-type materials [37]. Therefore, it is
an object of the present invention to provide a method of forming a diode operable at
high temperatures, high power levels and under conditions of high radiation density
which comprises forming a region of mono crystalline, electrically activated doped SiC
having a first conductivity type on a substrate of mono crystalline doped silicon carbide
having the opposite conductivity type by high temperature ion implantation of doping
ions into the doped silicon carbide substrate which give the ion implanted region the first
conductivity type. The following Figure 2.11 elaborates the ion implantation process in a

flow chart [38].
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Figure 2.11 The Ion Implantation Flow

It is another object of this invention to successfully form a region of mono
crystalline, electrically activated, p-type silicon carbide on a substrate of mono
crystalline doped silicon carbide having an n-type conductivity type [39]. It is a further
object of the invention to provide a mesa diode operable at high temperatures, high
power levels and under conditions of high radiation density which diode comprises a
portion of silicon carbide having a first conductivity type, a portion of more heavily
doped silicon carbide having the opposite conductivity type positioned upon the first
portion of silicon carbide, and respective ohmic contacts to the respective portions of
silicon carbide [39]. It is also an object of the invention to provide a method of forming
a diode having a region of mono crystalline, electrically activated doped silicon carbide
having a p-type conductivity on a substrate of mono crystalline doped silicon carbide
having a n-type conductivity by high temperature ion implantation of group III doping

ions into the doped silicon carbide substrate [39-40].
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It is another object of the invention to provide a planar diode operable at high
temperatures, high power levels and under conditions of high radiation density in which
the diode comprises a portion of silicon carbide having a first conductivity type, a
portion of more heavily doped silicon carbide having the opposite conductivity type
immediately adjacent to the portion of first conductivity type and respective ohmic

contacts on each of the respective portions of silicon carbide [40].

2.7 SURFACE MODIFICATION PROCESS:

The ion implantation process is conducted in a vacuum chamber at very low
pressure (10*to 10 torr). Large numbers of ions (typically 10° to 107 ions/cm?)
bombard and penetrate a surface, interacting with the substrate atoms immediately
beneath the surface. Typical depth of ion penetration is a fraction of a micron (or a few
millionths of an inch). The interactions of the energetic ions with the material modify
the surface, providing it with significantly different properties than the remainder of the
material. Specific property changes depend on the selected ion beam treatment
parameters, for instance the particular ion species, energy, and total number of ions that
impact the surface. The Figure 2.12 explains direct ion bombardment surface

modification process [40-41].

lon Acceleration Electronic
Mass Column Scanning
Analyzing [ e — |
slit T~

Magnetic - >
Quadrupole EndStation
Lenses

lon Extraction/
Pre-Acceleration

Magnet

lon
Source

Filament (Cathode)

Elemental Source

Chamber Plasma
{Anode)}

Figure 2.12 Direct ion bombardment surface modification process.
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Ions are produced in a multi-step process. Stripping electrons from source atoms
in plasma initially forms ions, the ions are then extracted and pass through a mass-
analyzing magnet, which selects only those ions of a desired species, isotope, and charge
state. The beam of ions is then accelerated using a potential gradient column. Typical
ion energies are 10-200 keV. A series of electrostatic and magnetic lens elements shape
the resulting ion beam and scans it over an area in an end station containing the parts to

be treated [42].

The annealing behavior of an amorphous SiC layer produced by Si MeV
implantation into 6H-SiC was investigated by step height measurements, x-ray
diffraction analysis, and optical microscopy. Annealing at temperatures between 250 and
700 °C causes a specific densification of the amorphous layer after the first annealing
period of 5 min. An Arrhenius law with activation energy of about 184 meV can
describe the density increase. Further isothermal annealing up to 10 leads only to minor
density changes. Therefore, it can be concluded that the structure obtained after low
temperature annealing is metastable. Partial crystallization as a possible reason for
densification can be excluded from the x-ray diffraction results. Consequently,
amorphous states with continuously varying densities can be produced by low
temperature annealing. It should be noted that the density of the amorphous layer
depends not only on the annealing temperature, but is also determined by the substrate
temperature during ion implantation, which influences the density of the amorphized

material.

2.8 APPLICATIONS:

As noted earlier, there are many different areas of application to which SiC can
apply. The most obvious application of these devices is in engines, where extremely
high temperatures can cause most other semiconductor devices to fail. A more subtle
application of Silicon Carbide is for the manufacturing of crucibles, and to replace the
quartz wafer carrying racks used in semiconductor manufacturing. In fact, the quartz
wafer carrying racks usually last only about one week before it needs to be replaced,

whereas the SiC wafer rack can last a couple of years [43].
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Again, due to SiC’s great tolerance to heat and outstanding corrosion resistance
in certain chemical environments, as well as its strength make it a perfect candidate for
these applications. Here is a list of what was found about the current SiC applications to
name a few: Ballistic armor tiles for personnel, vehicle and aircraft applications,
bearings, tooling for semiconductor processing applications including focus rings,
susceptors, and gas distribution plates, polishing plates for semiconductor wafers, highly
reflective mirrors for lasers, wear components for paper making machines, small
quantity special seal faces for the chemical processing industry, actuation and the list
goes on. Silicon Carbide replaces metals, tungsten carbide and other ceramic materials,

such as aluminum oxide, for these applications [43].

2.9 DRAWBACKS AND LIMITATIONS:

Given all the areas of superior performance, there is a reason that SiC has not
replaced Silicon yet. Let us cover the most obvious and limiting areas. First is the
current wafer size; the largest production wafer for resale is still around four inches,
while silicon is at eight inches plus. The fact is that most semiconductor manufacturers
are not set up to handle the smaller wafers anymore. The larger the wafer the more

transistors you can fit on it [44].

Second is the heartiness of the SiC as it resists most adverse effects of
temperature and chemicals, henceforth, normal transistor fabrication methods do not
work well on the SiC chips. Doping via Ion implanting in SiC does not readily diffuse
below 2000°C, which presents a problem since SiC sublimes above 1600°C. Also, the
ion implantation at 400 keV only penetrates to a depth of approximately 0.5 pm, which
means doping must be used during epitaxy for thick layers, such as drift regions. Lastly,

for the material robustness, there is no practical SiC wet etching process [45-46].

Micro pipes and polytypes are two most important defects in PVT growth of SiC.
However, the origins of micro pipes in SiC crystals are not clear to date and it is rather
difficult to control. Sic polytypes in PVT growth of SiC. The above-mentioned two new

defects, i.e. triangular etching pits and the shallow hexagonal etching pits, might be
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possible sources of micro pipe and polytypes formation. Silicon inclusions in SiC can
induce the formation of the other defects such as micro pipes, screw dislocations, planar
precipitates and mis-oriented regions [46]. Two schemes can be adopted in order to
avoid the formation of dendritic silicon inclusion. Firstly, since the number of Si atoms
minus that of carbon atoms in equilibrium for the system of SiC + C increases with
temperature [47], a lower growth temperature can be used. Secondly, it is suggested to
maintain a lower temperature gradient between the growing surface and the surface of

the powder source.
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CHAPTER 3
SCHOTTKY DIODE

Schottky diode named after a German physicist, also known, as hot carrier diode
is a semiconductor diode with a low forward voltage drop and a very fast switching
action. When current flows through the diode there is a small voltage drop across the
diode terminals. A normal silicon diode has a voltage drop between 0.6-1.7 V, while a
Schottky diode has a voltage drop between 0.15-0.45V. A metal-semiconductor junction
is formed between a metal and a semiconductor, creating a Schottky barrier. Typical
metals used are molybdenum, platinum, chromium or tungsten and the semiconductor
would typically be N-type silicon. The metal side acts as the anode and the N-type
semiconductor acts as the cathode of the diode. The lower voltage drop can provide

higher switching speed and better system efficiency [48].

Metal Silicon Junction

anode cathode

Internal Structure of Schottky Diode

Figure 3.1 Internal structure of Schottky Diode

The most important difference between the p-n and Schottky diode is reverse
recovery time, when the diode switches from non-conducting to conducting state and
vice versa. Figure 3.1 shows the internal structure of Schottky Diode. Schottky diodes
do not have a recovery time, as there is nothing to recover, as there is no charge carrier
depletion region at the junction. Schottky diode is a majority carrier semiconductor
device. If the semiconductor is doped with n-type, only the n-type carriers play a
significant role in normal operation of the device. The majority carriers are quickly

injected into the conduction band of the metal contact on the other side of the diode to
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become free moving electrons. Therefore no slow, random recombination of n-type and
p-type carriers is involved, so that this diode can cease conduction faster than an
ordinary p-n rectifier diode. This property allows a smaller device area, which also
makes a faster transition and hence Schottky diodes are used in switch-mode power
converters. The circuit can operate at frequencies in the range 200KHz to 2 MHz. Small-
area Schottky diodes are the heart of RF detectors and mixers, which can operate up to

50 GHz [48].

Anode Cathode

Figure 3.2 Schottky diode Symbol

Schottky diode is used as a high voltage or power rectifier. The Schottky diode
rectifier has many advantages over other types of diodes. Figure 3.2 shows the symbol
of Schottky diode. The low forward voltage drop offered by Schottky diode power
rectifiers is a significant application in many applications. It reduces the power losses
normally incurred in the rectifier and other diodes used within the power supply. With
standard silicon diodes offering the main alternative, their turn on voltage is around 0.6
to 0.7 V, Schottky diode rectifiers having a turn on voltage of around 0.2 to 0.3V, there
is a significant power saving to be gained. The resistance of the material will introduce
losses, and the voltage drop across the diode will increase the current. The losses of the
Schottky diode rectifier will be less than that of the equivalent silicon rectifier. Schottky
diode rectifiers have a much higher reverse leakage current than standard PN junction
silicon diodes. The maximum junction temperature of a Schottky diode rectifier is
normally limited to the range 125°C to 175°C. Schottky diode rectifiers have a limited
reverse voltage capability [49].
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3.1 SILICON CARBIDE SCHOTTKY DIODE:

Schottky diodes constructed from Silicon Carbide have a much lower reverse
leakage current as compared to a Silicon Schottky diode. As of 2011,these diodes are
available in variants up to 1700 V. Silicon Carbide has a high thermal conductivity and
temperature has a little influence on its switching and thermal characteristics [50]. With
special packaging, it is possible to have operating temperatures of over 500 K, which
allows passive radiation cooling in aerospace applications. SiC MESFET’s are wide
energy gap devices, with high-saturated electron velocity and high melting point. SiC
basic MESFET structure is shown in figure 3.3.

(ate
Source (Schottky)  Drain

Contact Layer
Active Layer

=) N-type Substrate

Figure 3.3 SiC MESFET Structure
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3.2 SEMI-TRANSPARENT SIC SCHOTTKY DIODE:

The semi-transparent SiC Schottky diode has an “ultra-thin” (18 nm Ni/T1)
Schottky contact, a gold annular over layer and a gold corner-contact pad. The new
architecture exhibits the same essential characteristics as a more conventional ‘thick-
contact’ Schottky diode. Such diodes have a higher efficiency for low energy X-rays
than that of conventional structures combined with minimal self-fluorescence from the

electrode materials [51].

nermi-transparent Schottky
contact. 3nm Ti /12 nm Ni
annealedat 600° C/40 min
25 nm thermally
arown Si0, dnm Cr/ 200nm Au
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5nm Cr/ 250nm Au dnmCr/100nmNi
1040°C/800 sec Ohtnic Contact

Figure 3.4 Section of 4H-SiC diode with semi transparent Schottky contact

3.3 ITO/N-GaAS SCHOTTKY PHOTO DIODES:
The use of an Schottky barrier photo diode has many advantages for very high-
speed applications. In common with a conventional p-i-n detector, the absorption layer

thickness can be engineered to obtain the optimum compromise between external
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quantum efficiency and detector bandwidth. Figure 3.4 shows a section of 4H-SiC
diode with semi transparent Schottky diode. An advantage however, is that there is no
slow component associated with minority carrier effects in the p+ region of a p-i-n photo
diode [52]. Planar Pt/n-GaAs Schottky diodes with 100 GHz bandwidth have been
reported by Wang et al ; the metal thickness was only 100A to allow for optocoupling.
An inherent disadvantage of the Schottky photo diode, however, is the high series
resistance and low efficiencies arising from the semi-transparent metal layer. This is
apparent in the relatively low quantum efficiency of 19% and high series resistance of
190Q2 obtained by Emeis et al in their p-InGaAs Schottky diodes (for operation at 1.3um
wavelength) with 50A Ni semi-transparent metal contact [53]. Using a practically
transparent and highly conductive layer of Indium Tin Oxide (ITO) to form the

metal/semiconductor junction solves both these problems [54].

= | < Semiconductor

Figure 3.5 Band diagram of an ITO/n-GaAs Schottky photo diode
The absorption layer is usually lightly doped to maximize depletion and is
situated directly underneath the metal contact. Light enters through the transparent ITO
contact and creates photo generated electron-hole pairs. These are then swiftly separated
by the built-in depletion field-giving rise to a photo current. Figure 3.5 shows the band
diagram of an ITO/n-GaAs Schottky photo diode. The speed of response of such a

device depends on the transit time of photo-generated carriers across the depletion
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region, the junction capacitance and parasitic circuit element contribution. In a
monolithic structure, device isolation, achieved by either proton bombardment or mesa
etches or a combination of both reduces these parasitics. Furthermore, a planar structure
is suitable for monolithic integration with other circuit elements such as HBTs or

HEMTS [55].

3.4 DIODE FABRICATION:

3.4.1 Grown Junction Diode:

Diodes of this type are formed during the crystal pulling process. P and N-type
impurities can be alternately added to the molten semiconductor material in the crucible,
which results in a P-N junction. The larger area device then can be cut into a large
number of smaller-area semiconductor diodes after slicing. The larger area also
introduces more capacitive effects, which are undesirable. Such diodes are used for low
frequencies [56].

3.4.2 Alloy Typed or Fused Junction Diode:

Placing a P-type impurity into the surface of an N-type crystal and heating the
two until liquefaction occurs form an Alloy type or a Fused Junction diode. An alloy that
will result on cooling will give a P-N junction at the boundary of the alloy substrate.
Alloy type diodes have a high current rating and large PIV (Peak Inverse voltage) rating.
The junction capacitance is also large, due to the large junction area. The figure 3.6

shows the alloy type or fused junction diode.
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Alloy Type or Fused Junction Diode

Figure 3.6 Alloy Type or Fused Junction Diode

3.4.3 Diffused Junction Diode:

Diffusion is a process by which a heavy concentration of particles diffuses into a
surrounding region of lower concentration. The main difference between the diffusion
and alloy process is that the liquefaction is not reached in the diffusion process. In the
diffusion process heat is applied only to increase the activity of elements involved. The
process of solid diffusion starts with the formation of layer of an acceptor impurity on an
N-type substrate and heating the two until the impurity diffuses into the substrate to
form the P-type layer. A large p-N junction is divided into parts by cutting process.

Metallic contacts are made for connecting anode and cathode leads [56].

In the process of gaseous diffusion instead of layer formation of an acceptor
impurity, an N-type substrate is placed in a gaseous atmosphere of acceptor impurities
ad then heated. The impurity diffuses into the substrate to form P- type layer on the N-
type substrate. Diffusion process requires more time than the alloy process but is
relatively expensive, and can be very accurately controlled. The diffusion technique
leads to the simultaneous fabrication of many hundreds of diodes on one small disc of

semiconductor material and is most commonly used in the manufacture of
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semiconductor diodes. Diffusion process is also used in the production of transistors and

ICs(Integrated Circuits). Figure 3.7 shows Diffused Junction Diode.
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Figure 3.7 Diffusion Junction Diode

3.4.4 Epitaxial Growth or Planar Diffused Diode:

The term “epitaxial is derived from the Latin terms epi meaning ‘upon’ and taxis
meaning ‘arrangement’. To construct an epitaxial grown diode, a very thin high impurity
layer of semiconductor material is grown on a heavily doped substrate of the same
material. This complete structure then forms the N-region on which P-region is diffused.
Si0, layer is thermally grown on the top surface, photo-etched and then aluminium
contact is made to the P-region. A metallic layer at the bottom of the substrate forms the
cathode to which lead is attached. Epitaxial Growth is usually employed in fabrication of

IC chips [57]. Figure 3.8 shows epitaxially grown or planar diffused diode.
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Epitaxially Grown or Planar Diffused Diode

Figure 3.8 Epitaxially Grown or Planar diffused Diode

3.4.5 Point Contact Diode:

Point contact diode consists of an N-type germanium or silicon wafer about 12.5mm
square by 0.5 mm thick, one face of which is soldered to a metal base by radio-
frequency heating and the other face has a phosphor bronze pressed against it. Because
of the small area of junction, point contact diode can be used to rectify only very small
currents. The shunting capacitance of the point contact diodes is very valuable in
equipment operating at super high frequencies (as high as 25,000 MHz). Figure 3.9

shows point contact diode.

Germanium Point Contact Diode

Figure 3.9 Point Contact Diode
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CHAPTER 4
PARASITIC RESISTANCES

Parasitic resistances degrade the performance of both digital and
analog/microwave FET’s. Transconductance, power consumption, noise figure, and
switching time are strongly affected by the parasitic series resistances. Accurate
determination of the resistances is crucial for device and process characterization and
modeling. Measurement of the series parasitic resistances is difficult requiring multiple
measurements, accurate determination of parameters such as threshold voltage, built-in
voltage and gate diode ideality factor. Reduction of analog circuit’s areas is becoming a
major issue of cost reduction because digital circuits are shrunk as device scaling
precedes but analog circuits are not necessarily done. The estimation error of the
parasitic resistances is one of the causes. The simulation does the accurate consideration
of the parasitic resistances with the netlists including the parasitic resistances extracted
by LPE (Layout Parameters Extraction) after layout design. Accurate models of the
parasitic resistances for pre-layout design have not been proposed. It is impossible o
construct accurate models, which consider all parasitic resistances and are applicable to

arbitrary layout patterns conforming to design rules [58].

For the polycide resistor shown in figure 4.1, the parasitic resistance has been
assumed to be in the inverse proportion to the expected number of the contacts in W-
direction (nctw) or the expected total number of the contacts (nctw x nctl). The actual
parasitic resistance decreases on the number of contacts in L-direction (nctl), and cause
large errors. If the parasitic resistances of resistors cannot be accurately considered in
pre-layout design, the errors must be added to the margins or some efforts to reduce the
influences of the errors are needed. The inaccuracy of the parasitic resistances estimation
enlarges the mismatch between resistors including the parasitic resistances and the

linearity of the DAC degrades [59].
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Figure 4.1 Layout and Cross sectional view of polycide resistor

4.1 TEST STRUCTURES FOR PARASITIC RESISTANCES:

The test structure to measure the parasitic resistance (Rs) of the resistors is shown
in figure 4.2.The resistor used in analog circuits is connected to four pads by
interconnects that diverge on the terminal of the resistor. W, L and nctl are variously
changed. The body resistance and the parasitic resistance of the resistor not including the
resistance of the system and the interconnect from the pads of the terminals can be
obtained by the Kelvin method. The parasitic resistances are measured for a 40nm
CMOS technology by using the test structures. Nctl larger than 4 doesn’t reduce the

parasitic resistance but increases circuit area [60].
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Figure 4.2 Test Structure for extraction of parasitic resistances

4.2 EXTRINSIC PARASITIC RESISTANCE:

The source, drain, substrate, and gate regions are made of resistive materials and
present a series resistance at each terminal. Although in certain fabrication processes
special techniques are used to lower series resistances, a general case is considered
where the value of these resistances is not negligible. If the signals applied to a device
are varying very fast, capacitance currents, which are of the form C dv/dt, can be large
and can cause significant drops across these resistances. At very high frequencies, the
effects of the resistances may not be negligible, in which case they should be included in
the small signal model. The resistance of the source region is distributed along with the

junction capacitance of that region.

The extrinsic resistances of the SiC MESFET are key parameters that affect the
gain and the noise figure of the transistor. While several techniques for extracting the
parasitic resistance have been reported, only a few have been published to extract the
extrinsic resistances. The reported techniques make use of either dc or S-parameter
measurements from which some relations between the unknown resistances are derived.
Applying the technique introduced by Dambrine to calculate the extrinsic resistances for
a single-gate FET using S-parameter measurements, only five independent equations can
be derived for the DGFET. Carrier transportation, Source/Drain (S/D) electrostatic

coupling, and parasitic resistance effects determine MESFET device performance [61].
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4.3 MEASUREMENT OF PARASITIC RESISTANCES:

Shunt and series resistance are derived from the I-V characteristic at Isc and Voc.
Figure 4.3 shows a simulated I-V curve of a 36 cell module with Ry, and Ry as
determined from the slopes indicated, together with the simulation input values. A
comparison of the different values shows that the resistances obtained from the slopes

are not accurate. There are series methods that can be employed to calculate the parasitic

resistance [62].
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Figure 4.3 Simulated I-V characteristics of a crystalline silicon module

R;can be determined by measuring I-V curves at different light intensities from a
line drawn through points corresponding to a fixed current below the respective Isc on
each curve. Ry is then obtained from the slope of this curve, with Ry = AV/ Al. Dark [-V

measurements have been commonly used to evaluate the effect of series resistance and

39



other parameters on module performance. Non-linear parameter estimation software is
used to fit to data measured in both low and high current regions. In addition to the
estimated parameters, FitAll software also gives the absolute deviation for each
parameter as well as the sensitivity of the estimation method to the various parameters.
R can also be derived from the slope of the reverse-biased I-V characteristic prior to
junction breakdown. Figure 4.4 shows the measured dark I-V characteristics of 14W a —
Si module before outdoor deployment. The solid line indicates the theoretical fit for the
module. The standard deviation of the fit was of the order of 1.0x10, indicating that
the estimated parameters accurately describe the dark I-V characteristics of the a-Si:H
module. From the measurements taken after out door exposureit was found
that R, Ip and n increased with the outdoor exposure, while Ry, remained relative
constant throughout the test period. The increase in saturation current from 5.7 nA
before outdoor exposure to 27.5 pA after 130 kWh/m®, indicates an increase in the
recombination current, /p. This increase in recombination current is attributed to an
increase in the density of defect states in the energy bandgap. These defects are formed
by energy released from recombination of e-h pairs. Therefore, as electrons and holes
recombine, weak Si—H or Si—Si bonds are broken by the energy released. These broken
bonds form defect states, creating more recombination sites. The increase in
recombination sites, in turn, enhances the recombination of e—h pairs. The formation of
defect states in the bandgap reduces the carrier lifetime. This results in deterioration of
the p—n junction quality. Fortunately, this effect is self-limiting since there are only so
many weak bonds to break. The increase in saturation current and hence the
deterioration of the p—n junction quality is associated with a decrease in performance of

the a-Si module [62].
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Figure 4.4 Dark I-V characteristics of an a-Si module before outdoor exposure

The knowledge of the parasitic resistances is needed in most parameter
extraction methods of SiC MESFET’s. Accurate and fast parameter extraction is
important when designing and developing microwave circuits. Transconductance, noise
figure and power consumption are strongly affected by the parasitic resistances. There
are several approaches proposed for the extraction of parasitic resistances, most of them
are based on a combination of DC and small-signal parameters measured under certain
special bias point. For wafer probing, a fast and reproducible technique of determining
the parasitic resistances is desirable. The method used in this paper to determine the
parasitic resistances uses only three DC measurements from which three relations
between the drain, source and gate resistances Rp, Rs, Rg are obtained. The parasitic
resistances are calculated analytically from the three equations. The numerical iterations
are avoided and the extraction of the parasitic resistances becomes faster and more
reliable. The measured voltages are further processed to reduce the measurement noise
and to obtain reliable results of the parasitic resistances [63].

The non-linear Statz MESFET model, available in most commercial circuit
simulators is shown in Figure 4.5. This model has three dominant non-linearities: the

transconductance Igs, the gate —source capacitance Cg, and the gate drain capacitance
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Cga ,which are expressed in terms of the intrinsic gate to source and drain to source

voltage.
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Figure 4.5 Non linear Statz MESFET Model

The DC equivalent circuit model of the SiC MESFET shown in the Figure 4.6 is
derived from the nonlinear Statz Model. The model includes the parasitic resistances Rg,
Rs and Rp, the diodes Dgp and Dgg representing the gate-channel Schottky junction and
the channel resistance Rcy. Before the parasitic resistances are calculated, the junction
saturation current Is and the ideality factor N of the Schottky diodes is determined. Since
the model does not have the transconductance, it only applies to cold-FET (V4 = 0V)
operation. The diodes in the model are assumed to be identical and are modeled by the
Shockley equation.

I =Tt [exp (V. Vt)-1] 4(a)
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Figure 4.6 DC equivalent circuit model for a SiC MESFET
The reverse saturation current Ig, and the ideality factor n can be accurately determined
from a forward diode measurement. Vt is the thermal voltage kT/q, which is 26mV at

room temperature.

The first measurement setup is shown in Figure 4.7, where a current I, is forced
through the gate while the intrinsic drain to source voltage is forced to zero by a second
current source of Iy/2 at the drain. No current flows through the channel resistance, so
Recn can be neglected. The voltage at the drain is proportional to the difference between

the source and drain resistance.

Vg
V,
lg 1& !‘5_
2 2

Figure 4.7 First DC measurement setup

The following relations are obtained from the voltages measured at the drain and the

gate, and using the Kirchhoff’s voltage law.
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Ra+2Vy/ I, =R,

4(b)

Ry + Ry2 = (Vgn.Veln (1+(1g/2.Ie))) 1,

4(c)

In the low current region of this measurement, where the voltage drop across the
parasitic resistances can be neglected, the diode ideality factor n, and the reverse

saturation current Ig, can be extracted [64].

The second measurement setup is shown in Figure 4.8, where the current I is
forced through the gate with the drain left open and the source connected to ground, so I
= -I,. The voltages at the drain and the gate are measured. The currents through the two
Schottky diodes are given by
I = Lat. {exp [(Vg- (RetRy). Ig)/n. Vt)]-1}
4(d)
I = L. {exp [(Ve-RgIg-Vg)/n. Vt]-1}
4(e)

Figure 4.8 Second DC measurement setup
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I;= I, +L,, hence the above equations can be solved to obtain the relation between R, and

R,.

Re+R=[Vgn.VeIn{(2+(Iy/la)[ 1+exp(Rs Ii-Va)/n.Vi)]- 1} /],
4(f)

The non-linear equations can be solved to determine the values of R, Rd, and R,. To get
a first approximation of R¢+R, Rs is set to zero in the right hand side of the equation and
the new value of Rs is used to get the new approximation for R¢+R,. This concludes the
first iteration loop after which the second loop starts. The iteration process is terminated
when the difference between a new and a previous value of Rs is smaller than a

predefined value. The solution of these equations converges after a few iteration cycles.

SiC MESFET has become very promising for high microwave in the commercial
and military applications due to its superior properties and the relatively mature device
fabrication technology, such as wide band gap (3.26 eV), high breakdown field
(3MV/cm), large thermal conductivity (3.5W/cm.K) and high electron saturation
velocity (2x10’cm/s). To achieve high output power density, 4H-SiC MESFET must

sustain large saturated drain current and support high breakdown voltages [65].
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CHAPTER 5
RESULTS AND DISCUSSIONS

The parasitic parameters are important to develop the MESFET device for high
frequency performance and high-speed response. The extrinsic parasitic components are
generated from contact resistance; ohmic contact and source drain spacing. Therefore
the following study has been presented to extract the extrinsic parasitic parameters. The
three values of parasitic resistances Rs, Rg and Rp are calculated and the graphs are

plotted. The parasitic resistance Rg is calculated from the below equation 5(a).

Rs=(2nVy/I6)In(0.5W3-0.5V(W32-4W3))+nV W/l 5(a)
Where

W, =[2(Vg2-V1)/mV]+21n0.5

5.1(a)

W3 =exp [(Vp2/nVy)-Wa]

5.2(a)

Rs is the parasitic resistance of source.

Parasitic resistances Rp and Rg are calculated analytically from the two equations 5(b)

and 5(¢)
Rp + (2Vpi/Ig1) =Rs
5(b)
(Rs/2)+Rg=[Vg1-nV1(1+(Ig1/21s)) ]/ 161
5(¢)

Rp is the parasitic resistance of drain.

Rg is the parasitic resistance of gate.

46



n is the ideality factor of SiC, which is in the order of 1.5.

V. is the thermal voltage, which is 26mV.

I is the gate current when the intrinsic drain to source voltage is forced to zero.
I5 is the saturation current which is the order of 1072 for SiC

V2 is the gate voltage from the second measurement

Vg is the gate voltage from the first measurement

Vb is drain voltage from the first measurement

V2 is the drain voltage from the second measurement

W, andW3 are the parts in the equation 5(a)

The values of W, andW3 are calculated from the equations 5.1(a) and 5.2(a).

5.1 Plot of Drain voltage Vp versus Source Resistance Rg varying Gate Voltage Vg:

Drain Yoltage vs Source Resistance varying Gate Yoltage Yg
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Figure 5.1 Vp versus Rg varying Vg
The Figure 5.1 shows a plot of drain voltage Vp versus source resistance R for
different gate Voltage Vg of 1.30V, 1.305V and 1.31V and this plot has been drawn by

using the equation 5(a). The source resistances exponentially decrease between the
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drain voltages from 0.4 to 0.5V, whereas the source resistance becomes saturated

beyond 0.6V to 1V for different gate voltage. The knee source resistance between the

drain voltage of 0.4V and 0.5V is a clear evident of change of transconductance; the

device can behave the linearity and non-linearity due to drain bias change.

5.2 Plot of Drain voltage Vp versus Drain Resistance Rp varying Gate Voltage Vg:

Drain Resistance Rd

Drain Yoltage ¥d vs Drain resistance Rd varying Gale Yolage Yq
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Figure 5.2 Vp versus Rp varying Vg

The Figure 5.2 shows a plot of drain voltage Vp versus Drain Resistance Rp for

different gate Voltage Vi of 1.30V, 1.305V and 1.31V and this plot has been extracted

from the equation 5(b). The drain resistances have similar nature of exponential decay
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between the drain voltages from 0.4 to 0.5V, whereas the source resistance becomes
constant beyond 0.6V to 1V for different gate voltage. The knee source resistance
between the drain voltage of 0.4V and 0.5V is a clear evident of change of
transconductance; hence the device behavior shows the property of linearity and non-
linearity due to drain bias change. The extrinsic parameters Rs and Rp show the

symmetrical properties with the change of drain voltage for different gate biasing.

5.3 Plot of Drain voltage Vp versus Gate Resistance R varying Gate Voltage Vg:

Drain Yoltage Yd vs Gate Resistance Rg varying Gate Yoltage Yy
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Figure 5.3 Vp versus R¢ varying Vg

The figure 5.3 presents a plot of gate resistance Rg versus drain voltage Vp for
different gate voltage of 1.30V, 1.305V and 1.31V and the plot has been obtained by
using the equation 5(c). The gate resistance Rg exponentially increases at the drain

voltage of 0.4 -0.5V for gate voltages of 1.30V, 1.305V and 1.31V and the gate
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resistance value reaches to steady state constant value from 0.55V to 1.0V for same gate
voltages. The gate resistances increase from the drain voltage from 0.4V to 0.5V,
because of the excess carrier generation. The gate resistances become saturation, when

the excess carriers reach to steady state value.
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CHAPTER 6
CONCLUSION

A new and accurate method is presented in the paper for extracting the parasitic
resistance values of SiC MESFET’s. The suggested method makes use of only three
simple DC measurements, with the intrinsic drain to source voltage set to zero. The
advantage of this method is it is not necessary to either calculate or neglect the channel
resistance. The simulation results show better correspondence between the original and
the extracted parameter values. The extrinsic resistances affect the frequency and the
performance of the device; hence by calculating the parasitic resistances the

performance of the device can be improved.

This method does not make use of an optimization technique to extract the
parameters, so it is fast and the extracted values are more relevant. Graphs are plotted for
the extracted values of parasitic resistances of source, drain and gate versus the drain
voltage for different gate voltages. The parasitic resistance plays an important role to
determine the high frequency response and high switching performance. This study
shows an important avenue to develop a MESFET with high frequency and high speed

switching performance.
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APPENDIX-A

k Boltzmann constant
T Absolute temperature at 300K

Vi Built-in voltage of active channel and substrate junction

Tgat Saturation Current

I, Gate current

Rs Source parasitic resistance
Rp Drain parasitic resistance

Rg Gate parasitic resistance

n Ideality factor

Vi Thermal voltage

Vi Gate voltage from the second measurement
Vg1 Gate voltage from the first measurement
Vb1  Drain voltage from the first measurement

Vp2  Drain voltage from the second measurement
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APPENDIX-B

% Matlab Code for Vp versus Rg varying Vg
n=1.5;

Vt=26*10"(-3);

Ig =45*107(-3);

Vdl =0.05;

Rs1 = zeros(1,25);

for k =1:25;

Vd2 = [(0.4) (0.425) (0.45) (0.475) (0.5) (0.525) (0.55) (0.575) (0.6) (0.625) (0.65)
(0.675) (0.7) (0.725) (0.75) (0.775) (0.8) (0.825) (0.85) (0.875) (0.9) (0.925) (0.95)
(0.975) (1.0)];

Vgl =1.30;

Vg2 =1.503;

Isat = 10"(-12);

%Parameters

A =(Vg2-Vgl)/(n*Vt);

X=0.5;

B =log(X);

W2 =(2*A)+(2*B);

C = (Va2k)/(n*Vt))-W2;

W3 =exp(C);

P =W3"(2)-(4*W3);

Q = sqrt(P);

R =(0.5*W3)-(0.5*Q);

S = log(R);

T = ((n*Vt)/lg);

Rsl(k) = (2*T*log(R))+(T*W2);

Rd =Rs1-2*(Vdl/1g));

V = 1+(Ig/(2*Isat));

Z=log(V);
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Rg = (Vg1-(n*Vt<2))/(Ig))-(Rs1/2);
display(A);

display(B);

display(C);

display(R);

display(T);

display(W2);
display(W3);
display(Rs1);
display(Rd);

display(Rg);

end

n=1.5;

Vit =26%10"(-3);

Ig = 45*107(-3);

Vdl =0.05;

Rs2 = zeros(1,25);

for k =1:25;

Vd2 = [(0.4) (0.425) (0.45) (0.475) (0.5) (0.525) (0.55) (0.575) (0.6) (0.625) (0.65)
(0.675) (0.7) (0.725) (0.75) (0.775) (0.8) (0.825) (0.85) (0.875) (0.9) (0.925) (0.95)
(0.975) (1.0)];

Vgl =1.305;

Vg2 =1.503;

Isat = 10"(-12);

A =(Vg2-Vgl)/(n*Vt);
X=0.5;

B =log(X);

W2 = (2*A)+(2*B);

C = (Vd2(k)/(n*Vt))-W2;
W3 =exp(C);

P = W3(2)-(4¥*W3);
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Q = sqrt(P);

R =(0.5*W3)-(0.5*Q);

S = log(R);

T = (n*Vi)/Ig);

Rs2(k) = (2*T*log(R))+(T*W2);
Rd = Rs2-(2*(Vd1/1g));

V = 1+(Ig/(2*Isat));

Z=1log(V);

Rg = (Vg1-(n*Vt2))/(Ig))-(Rs2/2);
display(A);

display(B);

display(C);

display(R);

display(T);

display(W2);

display(W3);

display(Rs2);

display(Rd);

display(Rg);

end

n=1.5;

Vit =26%10"(-3);

Ig = 45*107(-3);

Vdl =0.05;

Rs3 = zeros(1,25);

for k =1:25;

Vd2 = [(0.4) (0.425) (0.45) (0.475) (0.5) (0.525) (0.55) (0.575) (0.6) (0.625) (0.65)
(0.675) (0.7) (0.725) (0.75) (0.775) (0.8) (0.825) (0.85) (0.875) (0.9) (0.925) (0.95)
(0.975) (1.0)];

Vgl =1.31;

Vg2 =1.503;
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Isat = 10"(-12);

A =(Vg2-Vgl)/(n*Vt);

X=0.5;

B =log(X);

W2 = (2*A)+(2*B);

C = (Vd2(k)/(n*Vt))-W2;

W3 =exp(C);

P = W3(2)-(4¥*W3);

Q = sqrt(P);

R =(0.5*W3)-(0.5*Q);

S = log(R);

T = (n*Vi)lg);

Rs3(k) = 2*T*log(R))+(T*W2);
Rd =Rs3-(2*(Vdl/1g));

V = 1+(Ig/(2*Isat));

Z=1log(V);

Rg = (Vgl-(n*Vt*2))/(Ig))-(Rs3/2);
display(A);

display(B);

display(C);

display(R);

display(T);

display(W2);

display(W3);

display(Rs3);

display(Rd);

display(Rg);

end
plot(Vd2,Rs1,Vd2,Rs2,Vd2,Rs3);
title(' Drain Voltage vs Source Resistance varying Gate Voltage Vg');
xlabel('Drain Voltage Vd');
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ylabel('Source Resistance Rs');

% Matlab Code for Vp versus Rp varying Vg

n=1.5;

Vt=26*107(-3);

Ig =45*107(-3);

Vdl =0.05;

Rsl = zeros(1,25);

for k =1:25;

Vd2 = [(0.4) (0.425) (0.45) (0.475) (0.5) (0.525) (0.55) (0.575) (0.6) (0.625) (0.65)
(0.675) (0.7) (0.725) (0.75) (0.775) (0.8) (0.825) (0.85) (0.875) (0.9) (0.925) (0.95)
(0.975) (1.0)];

Vgl =1.30;

Vg2 =1.503;

Isat = 10"(-12);

A =(Vg2-Vgl)/(n*Vt);

X=0.5;

B =log(X);

W2 =(2*A)+(2*B);

C = (Va2k)/(n*Vt))-W2;

W3 =exp(C);

P =W3"(2)-(4*W3);

Q = sqrt(P);

R =(0.5*W3)-(0.5*Q);

S = log(R);

T = (n*Vi)lg);

Rsl(k) = (2*T*log(R))+(T*W2);
RdI = Rs1-(2*(Vdl1/Ig));

V = 1+(Ig/(2*Isat));

Z=log(V);
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Rg = (Vg1-(n*Vt<2))/(Ig))-(Rs1/2);
display(A);

display(B);

display(C);

display(R);

display(T);

display(W2);
display(W3);
display(Rs1);
display(Rd1);
display(Rg);

end

n=1.5;

Vit =26%10"(-3);

Ig = 45*107(-3);

Vdl =0.05;

Rs2 = zeros(1,25);

for k =1:25;

Vd2 = [(0.4) (0.425) (0.45) (0.475) (0.5) (0.525) (0.55) (0.575) (0.6) (0.625) (0.65)
(0.675) (0.7) (0.725) (0.75) (0.775) (0.8) (0.825) (0.85) (0.875) (0.9) (0.925) (0.95)
(0.975) (1.0)];

Vgl =1.305;

Vg2 =1.503;

Isat = 10"(-12);

A =(Vg2-Vgl)/(n*Vt);
X=0.5;

B =log(X);

W2 = (2*A)+(2*B);

C = (Vd2(k)/(n*Vt))-W2;
W3 =exp(C);

P = W3(2)-(4¥*W3);
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Q = sqrt(P);

R =(0.5*W3)-(0.5*Q);

S = log(R);

T = (n*Vi)/Ig);

Rs2(k) = (2*T*log(R))+(T*W2);
Rd2 = Rs2-(2*(Vdl/lg));

V = 1+(Ig/(2*Isat));

Z=1log(V);

Rg = (Vg1-(n*Vt2))/(Ig))-(Rs2/2);
display(A);

display(B);

display(C);

display(R);

display(T);

display(W2);

display(W3);

display(Rs2);

display(Rd1);

display(Rg);

end

n=1.5;

Vit =26%10"(-3);

Ig = 45*107(-3);

Vdl =0.05;

Rs3 = zeros(1,25);

for k =1:25;

Vd2 = [(0.4) (0.425) (0.45) (0.475) (0.5) (0.525) (0.55) (0.575) (0.6) (0.625) (0.65)
(0.675) (0.7) (0.725) (0.75) (0.775) (0.8) (0.825) (0.85) (0.875) (0.9) (0.925) (0.95)
(0.975) (1.0)];

Vgl =1.3079;

Vg2 =1.503;
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Isat = 10"(-12);

A =(Vg2-Vgl)/(n*Vt);

X=0.5;

B =log(X);

W2 = (2*A)+(2*B);

C = (Vd2(k)/(n*Vt))-W2;

W3 =exp(C);

P =W3"(2)-(4*W3);

Q = sqrt(P);

R =(0.5*W3)-(0.5*Q);

S = log(R);

T = (n*Vt)/Ig);

Rs3(k) = (2*T*log(R))+H(T*W2);
Rd3 = Rs3-(2*(Vdl/Ig));

V = 1+(Ig/(2*Isat));

Z =log(V);

Rg = ((Vgl-(n*Vt*Z))/(Ig))-(Rs3/2);
display(A);

display(B);

display(C);

display(R);

display(T);

display(W2);

display(W3);

display(Rs3);

display(Rd3);

display(Rg);

end
plot(Vd2,Rd1,Vd2,Rd2,Vd2,Rd3);
title('Drain Voltage Vd vs Drain resistance Rd varying Gate Voltage Vg ')
ylabel('Drain Resistance Rd')
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xlabel('Drain Voltage Vd')

% Matlab Code for Vp versus Rg varying V¢
n=1.5;

Vt=26*10"(-3);

Ig =45*107(-3);

Vdl =0.05;

Rsl = zeros(1,4);

fork=1:4;

Vd2 =[(0.4) (0.5) (0.6) (0.7)];
Vgl =1.30;

Vg2 =1.503;

Isat = 10"(-12);

A =(Vg2-Vgl)/(n*Vt);

X=0.5;

B =log(X);

W2 =(2*A)+(2*B);

C = (Va2k)/(n*Vt))-W2;

W3 =exp(C);

P =W3"(2)-(4*W3);

Q = sqrt(P);

R =(0.5*W3)-(0.5*Q);

S =log(R);

T = (n*Vt)/Ig);

Rsl(k) = (2*T*log(R))+(T*W2);
Rd =Rs1-2*(Vdl/1g));

V = 1+(Ig/(2*Isat));

Z =log(V);

Rgl = ((Vgl-(n*Vt*Z))/(Ig))-(Rs1/2);
%displaying the results
display(A);
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display(B);

display(C);

display(R);

display(T);
display(W2);
display(W3);
display(Rs1);
display(Rd);
display(Rgl);

end

n=1.5;
Vt=26*107(-3);

Ig =45*107(-3);

Vdl =0.05;

Rs2 = zeros(1,25);

for k =1:25;

Vd2 = [(0.4) (0.425) (0.45) (0.475) (0.5) (0.525) (0.55) (0.575) (0.6) (0.625) (0.65)
(0.675) (0.7) (0.725) (0.75) (0.775) (0.8) (0.825) (0.85) (0.875) (0.9) (0.925) (0.95)
(0.975) (1.0)];

Vgl =1.305;

Vg2 =1.503;

Isat = 10"(-12);
%Parameters

A =(Vg2-Vgl)/(n*Vt);
X=0.5;

B =log(X);

W2 = (2*A)+(2*B);

C = (Va2k)/(n*Vt))-W2;
W3 =exp(C);

P =W3"(2)-(4*W3);

Q = sqrt(P);
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R =(0.5*W3)-(0.5*Q);

S =log(R);

T = ((n*Vt)/l1g);

Rs2(k) = (2*T*log(R))+(T*W2);
Rd = Rs2-(2*(Vd1/1g));

V = 1+(Ig/(2*Isat));

Z = log(V);

Rg2 = ((Vgl-(n*Vt*Z))/(1g))-(Rs2/2);
%displaying the results
display(A);

display(B);

display(C);

display(R);

display(T);

display(W2);

display(W3);

display(Rs1);

display(Rd);

display(Rg2);

end

n=1.5;

Vt=26*107(-3);

Ig =45*107(-3);

Vdl =0.05;

Rs3 = zeros(1,25);

for k =1:25;

Vd2 = [(0.4) (0.425) (0.45) (0.475) (0.5) (0.525) (0.55) (0.575) (0.6) (0.625) (0.65)
(0.675) (0.7) (0.725) (0.75) (0.775) (0.8) (0.825) (0.85) (0.875) (0.9) (0.925) (0.95)
(0.975) (1.0)];

Vgl =1.31;

Vg2 =1.503;
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Isat = 10"(-12);

A =(Vg2-Vgl)/(n*Vt);
X=0.5;

B = log(X);

W2 = (2*A)+(2*B);

C = (Va2k)/(n*Vt))-W2;
W3 = exp(C);

P =W3"(2)-(4*W3);

Q = sqrt(P);

R =(0.5*W3)-(0.5*Q);

S = log(R);

T = (n*Vi)/Ig);

Rs3(k) = (2*T*log(R))+(T*W2);
Rd = Rs3-(2*(Vd1/1g));
V = 1+(Ig/(2*Isat));
Z=1log(V);

Rg3 = ((Vgl-(n*Vt*Z))/(Ig))-(Rs3/2);
% displaying the results
display(A);

display(B);

display(C);

display(R);

display(T);

display(W2);
display(W3);
display(Rs3);
display(Rd);
display(Rg3);

end

plot(Vd2,Rgl);

title(" Drain Voltage Vd vs Gate Resistance Rg varying Gate Voltage Vg')
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ylabel('Gate Resistance Rg')
xlabel('Drain Voltage Vd)
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