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CHAPTER I 

INTRODUCTION 
 
 

 
In recent years there have been significant advances in the development of high-

power microwave sources for a variety of applications, including particle accelerators, 

plasma-heating for magnetic-confinement fusion, and high-power radars. With the advent 

of sources capable of producing output powers in the gigawatt range, there has been 

considerable interest in using high-power microwave (HPM) devices in defense 

applications, to disrupt or destroy offensive electronic systems. As a result, several 

defense establishments and national laboratories are studying the technical feasibility of 

high-power microwave weapons. The vulnerability of potential targets, deliberate or 

inadvertent, to HPM and the effectiveness of HPM countermeasures are being studied. 

 The term microwave frequency has no standard definition. Typically, frequencies 

between 300 MHz to 300 GHz are considered to be in the microwave region. 

Consequently, microwave wavelengths vary from 1 mm to 1 m. A microwave 

transmission system consists of a microwave source, a waveguide, a transmitting antenna, 

a propagation path, a receiving antenna, another waveguide, and finally, a receiver. 

 High-Power Microwave is also a somewhat ambiguous term. Here, an HPM 

signal is considered to be one having an electric field strength of air, which is typically in 

the range of 2 to 3 MV/m. Accounting for a margin of safety, practical system designs 

ensure that the fields in air do not exceed 1 MV/m, corresponding to an average power 

density of 1.33 GW/m2. It is recognized that the breakdown strength of air is a statistical 

quantity and is not precisely defined. Moreover, a signal may be high-power near the 
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antenna but not high-power some distance down its propagation path. It may be noted 

that pulsed power levels in excess of 100 MW have also been called high-power 

microwaves.  

Microwave generation can be accomplished in many ways, and as a result many 

varieties of sources have been developed, such as klystrons, magnetrons, gyrotrons, 

vicrators, ubitrons (free-electron lasers), and beam-plasma devices. All microwave 

sources appear to have some essential features in common. For example, in nearly all 

source types, the kinetic energy of the electrons in a beam is converted into microwave 

energy (waves). Consequently, wave-particle interaction is the basic physical mechanism 

for HPM generation. 

 There are a number of applications for HPM systems. Perhaps the most common 

is high-resolution radar. In this application, a major goal is the development of a system 

that produces as large a power density as possible with as much efficiency as possible. 

Another application that has received considerable attention is wireless power 

transmission. Here, the goal is to develop a large total radiated power with high 

efficiency, while maintaining a low power density. 

 The effects of high-power microwaves on systems can be devastating. It has been 

reported that ordinary lightbulbs have been exploded by 5 kW of UHF power (~400 

MHz) radiated from the open end of a 6-by-15-in, rectangular waveguide (power 

density ≤  4 kW/m2). Other effects observed in this experiment include the lighting of 

fluorescent lamps at some distance from the waveguide opening, and the explosion of 

steel wool into arcs when illuminated. 
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 It is not uncommon for equipment to be operated at field strength levels as high as 

100 V/m. This translates into a peak power density of 26.5 W/m2, which is only a little 

more than two orders of magnitude below the level that produces destructive effects. 

 A tragic example of the effects on electronics from HPM illumination occurred on 

the U.S. aircraft carrier Forrestal on July 29, 1967. At that time, the Forrestal was 

cruising off the coast of North Vietnam. Its A-4 Skyhawk jets had flown more than 700 

sorties. A number of A-4’s were on the deck, fully fueled and loaded with 1000-lb 

bombs, air-to-ground missiles, and air-to-air missiles. One of the missile cables 

apparently had an improperly mounted shielded connector. When it was illuminated by a 

shipboard radar, RF voltages were developed in the degraded connector which resulted in 

a missile being fired across the deck and striking another aircraft. Secondary explosions 

of aircraft, bombs, and missiles did $72 million of damage, with 134 men lost or missing. 

The primary sources of interference that effect electronic systems are 

electromagnetic in nature and can result in the intermittent failure of electronic, 

communication and information systems. Electromagnetic fields might have a strong 

impact on electronic systems. If the field strength exceeds certain threshold levels, effects 

such as disruption, deception, or the upset of electronic components can occur, and the 

reliability of the system is then in question [1].  

HPM generation is possible using circuitry involving a Photoconductive 

Semiconductor Switch (PCSS). Semi-insulating GaAs photoconductive semiconductor 

switches have been used in such applications due to their fast switching time, low trigger 

jitter, optical isolation of the trigger, high thermal capacity and thermal conductivity [2, 

3].  
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In this research, the effects of heating on photoconductive semiconductor 

switches due to RF pulses will be presented. The PCSS can be part of a circuit to generate 

high power microwaves itself. Since these switches are to be a part of airborne system, 

they might be in a hostile environment and then one would expect the PCSS to become a 

target of high power electromagnetic pulses, heating up the device. Therefore, if at any 

time High Power Radio Frequency (HPRF) pulses are directed towards these circuits, as 

shown in Figure 1.1, the switch in the circuit might heat-up. A Simulation study of such 

interactions can predict a system’s response to such external threats and thus help in the 

design of counter measures. 

 

 

 

 

 

 

 

 

 

To study the heating effects mentioned above, a GaAs PCSS and a 6H-SiC PCSS 

will be addressed and a power density input has been taken from an electromagnetic code 

[4]. The PCSS used in this simulation study is made of semi insulating GaAs. The 

primary material used is Liquid-encapsulated Czochralski (LEC) grown GaAs, in which 

deep donors are compensated by shallow acceptors (DDSA). To study the effects of RF 

RF Pulse 
Source 

Target 
Circuit 

Figure 1.1: HPRF pulses directed towards an electronic circuit 
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heating, a power density of 260 W/cm2 from a magnetically insulated line oscillator 

(MILO) is applied to target at a given distance and simulated with a temperature of 330K. 

The temperature rise to 330K is explained in detail in chapter V. 

The organization of this thesis is as follows. Chapter II provides the background 

to the PCSS used in the work and the basic terms used for switch topologies. The 

semiconductor physics behind the operation of photoconductive switches is explained 

next.  This covers the basic electron injection models and all the physics necessary to 

simulate the switch properly.   

Chapter III presents the previous efforts which have had a significant impact on 

the current research work. It provides the literature survey for this research study. 

Chapter IV gives the tools and setup procedure used for the current study. Also, a 

brief explanation of the software tool used for this study as well as the physical data 

involved mentioned. 

Chapter V presents the simulation results obtained.  In this chapter the simulated 

response of the GaAs PCSS under different conditions is presented. 

Chapter VI provides the conclusion and a summary of the work performed. It also 

lists some of the possible future work in this area of research.  
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CHAPTER II 

BACKGROUND 

 

This chapter provides the background of semiconductor photoconductive switches 

(PCSS) and the material properties of GaAs. 

High Power, optically controlled semiconductor switches operated in the linear 

mode can be closed in tens of picoseconds using a high power laser pulse [5].  Multiple 

linear switches can be closed within a temporal difference of several picoseconds by 

controlling the optical path length from a common optical source to the switch.  In 

addition, the individual switches can be designed with sufficiently low impedance so that 

the response of the external circuit is comparable to the switch closure times.  Other than 

these, advantages such as small package size, optical isolation, low conduction losses and 

very low jitter make consideration of these switches in high power, high frequency 

applications feasible. 

 

2.1 DEFINITION OF A SWITCH 

 

A switch can be best described as two terminals separated by a material medium.  

In the ‘open’ state the switch medium is a good electrical insulator while in the ‘closed’ 

state, the switch medium is a good electrical conductor.  The process of switching is thus 

the process of changing the switch medium from an insulator to a conductor or producing 

a specific carrier density related to the desired switch conduction resistance.  
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2.2 PHOTOCONDUCTIVE SWITCH BASICS 

 

The basic optically controlled semiconductor switch [6] is used to connect the 

source to a load.    

 

 

 

 

 

 

Figure 2.1 Illustration of a Photoconductive Switch  

 

The PCSS shown in Figure 2.1 consists of a block of semiconductor material of 

height sh , width, sw  and thickness, sd .  Thickness sd  should be more than or equal to 

optical absorption depth od  to ensure that all of the optical energy is being absorbed in 

the bulk of the switch.  The length of the switch sh  is determined by the dielectric 

strength of the semiconductor surface in Figure 2.1  

 

m

o
s E

V
h =                                                                                                              (2.1) 

 

where oV  is the maximum voltage that is applied to the switch, and mE  is the operating 

surface electric field with a value of up to 90 kV/cm for Silicon and 140kV/cm for GaAs 

d S w S
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D e p t h

S e m i c o n d u c t o r
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[7].  The width sw  of the switch is determined by the current density required to avoid 

filamentary conduction, in which a relatively small area carries a large amount of current.  

The planer, insulating, photoconductive medium is changed into a conductor by 

illuminating the face of the switch with a uniform optical intensity between the contacts.  

 

2.3 PHYSICS OF THE WORKING OF A PCSS 

 

There are two basic steps in the working of PCSS, a) blocking state and b) 

avalanche state.  They are explained as follows: 

 

2.3.1 BLOCKING STATE 

 

In the blocking state, a small current flows through the PCSS.  When biased, the 

LEC GaAs PCSS has single carrier conduction.  Here it is assumed that there is no 

generation or recombination.  The equations are as follows [8].  

 

)(xnqJ nυ=                                                                                                        (2.2) 

+−+−= tad NNNxn
dx
dE

q
)(ε                                                                             (2.3) 

0)( =−−= RGq
dx
dJ                                                                                            (2.4) 

where 

J = Current density 

nυ = electron velocity 
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n(x) = electron density 

+
tN = ionized deep donor density 

 

 2.3.2 AVALANCHE INJECTION 

 

Under a breakdown voltage bias, when the peak field in the device exceeds the 

avalanche field, impact ionization results in two carrier conduction.  If the applied 

voltage is lower than the breakdown voltage, optical triggering can generate electron-hole 

pairs, and switching occurs [8]. 

)]()([ xpxnqJ pn υυ +=                                                                                        (2.5) 

)()( xpNNxn
dx
dE

q ad −+−=
ε                                                                           (2.6) 

pn
n JJ

dx
dJ

βα +=                                                                                                (2.7) 

where 

p(x) = hole density 

ε  = dielectric constant of the material 

α and β  = electron and hole ionization rates 

aN  = shallow acceptor density 

α and β  have the functional dependence on the field by the following equations 

])(exp[ 20
0 E

E
−= αα

                                                                                          (2.8) 
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])(exp[ 20
0 E

E
−= ββ

                                                                                          (2.9) 

For GaAs, 0E =500kv/cm and 15
0 102 −×= cmα  [9]. 

 

2.3.3 RECOMBINATION RATE 

 

The recombination rate neglected above can be expressed as follows.  Whenever 

the thermal equilibrium is disturbed, processes exist to restore the system equilibrium.  In 

the case of the injection of excess carriers, the mechanism is the recombination of 

minority carriers with the majority carriers. 

The recombination rate is given by the Hall [10], Shockley, and Read formula [11] as 

)()(
)(

),(
111

2
1

pgpgngng
npnNgg

pnR
opthponthn

itopnthpthn

+++

−
=

συσυ
σσυυ

                                         (2.10) 

where tN =Volume density of the center 

           n, p= electron and hole concentration respectively 

           pnσσ  =   electron and hole cross-sections 

           thpthnυυ = electron and hole thermal velocities 

           og = degeneracy of level when empty of an electron 

           1g  = degeneracy of level when filled with an electron 

The free carrier densities, n and p, both contribute significantly to determining whether a 

defect center functions as a trap or as a recombination center [12].  
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 When nthnσυ  = pthpσυ , a midgap defect center may be categorized as an effective 

recombination center [13]. 

 

2.3.4 DEFECT CENTER OCCUPANCY AND SPACE CHARGE CONTRIBUTION 

 

As mentioned earlier, occupation of the defect centers and their varying degree of 

ionization contributes strongly to the local space charge density.  

The occupation probability for a single defect level is given by [14], 

]/)exp[()/(1
1

1 TkEEgg
f

BFto
o −+

=                                                             (2.11) 

where, 

tE = energy level of the defect center 

FE  = Fermi energy 

Bk  = Boltzmann’s constant and  

T= temperature 

For proper modeling of the semi-insulating GaAs, it is absolutely necessary to include the 

occupation factor effect as well as the recombination rate effects of the midgap states into 

any device models.  The basic carrier equations used here will be discussed in detail in 

the chapter on software modeling. 
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2.4 SWITCH PARAMETERS  

 

- Off and Conduction (on) State Resistances 

The open or off state resistance, soR  of the switch is determined by the dark or 

steady state resistivity of the semiconductor slab, oρ  where, 

           
ss

so
so dw

h
R

.

.ρ
= ,                                                                                                      (2.12) 

This naturally leads to the requirement that the semiconductor material be intrinsic or 

compensated such that the dark resistivity is large, and the corresponding open resistance 

is large. 

The conduction or on state resistance of the PCSS is given by [15] 

oes

ps
c Eqr

Eh
R

..).1(
.2

µ−
=                                                                                        (2.13) 

Under the assumption that the material recombination time rT  is much greater than the 

electrical pulse.  

where sh  = Height of Switch 

           pE = Photon Energy 

           eq = electron charge 

          oE = Total optical energy incident of the photo switch 

          sµ = Sum of hole and electron mobilities 

           r = Surface reflection coefficient  

If time resolution of the pulse is greater than recombination time rT  then switch 

waveform follows the light pulse.  
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ores

ps
c ETqr

Eh
R

...).1(
.2

µ−
=                                                                                    (2.14) 

 

The switch conduction resistance is a trade-off between the small switch resistance and 

the energy required to obtain small switch resistance.  A linear photo-switch is desirable 

because the conduction resistance, the current density, and the conduction time can be 

determined by controlling the optical source and the material recombination time. 

 

2.5 TYPES OF PCSS 

 

A Photoconductive switch can be described either in terms of the mode of 

operation or according to its geometry. According to the mode of operation, it can be 

classified as a linear PCSS or a non-linear PCSS, and according to the geometry, it can be 

classified as a lateral switch or a vertical switch. 

 

2.5.1 ACCORDING TO THE MODE OF OPERATION 

 

-- Linear PCSS  

 

The linear mode is characterized by one electron hole pair produced for each 

photon absorbed.  Therefore, the conductivity of the material is, to the first order, linearly 

proportional to the total photon flux illuminating the semiconductor material, and the 

switch conductivity approximately follows the shape of the optical drive pulse.  The 
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switch closes as the optical intensity increases, remains closed while illuminated, and 

opens with a characteristic time constant related to the carrier lifetimes after the optical 

pulse is removed.   

 

-- Non-linear PCSS 

 

In GaAs, when the bias electric field across the switch exceeds approximately 4-8 

kV/cm, a transition occurs to a nonlinear mode that exhibits high gain and extended 

conduction.  This is referred to as the lock-on mode [16]. In the lock-on mode the field 

across the switch drops to 3-5KV/cm, but the current does not decrease and continues to 

flow as if it has locked on to a value.  In the lock-on state the laser pulse can, if strong 

enough, determine the closing time of the switch, as in the linear mode, but the switch 

then remains closed or “locked-on” until the current is interrupted by the external circuit.  

In summary, when the non linear electric field threshold for GaAs is reached, the turn-on 

speed of the switch is determined by the avalanche process, in which carriers are 

generated by impact ionization, independent of the laser rise time.  The pulse amplitude 

locks on to a characteristic electric field until the current through the switch is turned off.  

If the laser rise time is shorter than the avalanche rise time and the laser amplitude is high 

enough, the optically generated carriers can dominate, and the switch turn-on time is 

shorter than its characteristic avalanche time.  The switch will still lock-on even though 

the optical pulse from the laser may have ended.  

The mechanisms leading to avalanche such as rise time and the lock-on state are 

not well understood.  Theoretically, several explanations can be found for this non-linear 
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switching behavior.  Trap filling and impact ionization of traps are among the possible 

explanations [17, 18].  

 

2.5.2 ACCORDING TO THE GEOMETRY 

-- Lateral Switch  

 

The switch geometry is as shown in Figure 2.2 

  Lateral VERTICAL

CONTACT

L D

SEMICONDUCTOR

T L

 

Figure 2.2 PCSS switch configurations 

 

It is the simplest design to couple optical energy into the switch.  It is easy to 

diagnose and understand.  Whether the light is absorbed in a few micrometers or several 

hundred micrometers, all of it is absorbed in the active region of the switch.  For a 

uniformly illuminated linear switch, the lowest switch resistance is reached immediately.  

Space charge or transit time limited current flow is not an issue.  In a uniformly 

illuminated, lateral, linear switch, the peak current and rise time depend only on the 

magnitude and shape of the optical pulse, the carrier recombination time, and the 

configuration of the switch in an external circuit. The disadvantage of the lateral switch 
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geometry is the exposure of the wafer surface to the full electric field.  The electrical 

breakdown is usually significantly lower than the bulk electrical breakdown strength of 

the material.  

 

-- Vertical Switch geometry   

 

A configuration that increases the voltage hold-off (amount of voltage it can 

sustain before breaking down) of a PCSS by reducing the fields near the switch surface is 

the vertical configuration as shown in Figure 2.2  The first obstacle to such geometry is 

that at least one of the electrical contacts to the switch must be transparent to the optical 

trigger.  This problem is overcome with a metallic grid, very thin metallic layers, or 

epitaxially grown, doped semiconductor layers.  The absorption depth of the optical 

trigger plays an important role.  For a linear PCSS, if all the carriers are created or 

injected near the contact, a prompt displacement current will be seen immediately, but 

“closure” of the switch will not occur until a path of carriers crosses the gap.  Careful 

tuning of the trigger wavelength to the switch thickness might optimize the switching 

efficiency and rise times, but different wavelengths or different materials would be 

required to produce different size switches to handle different peak voltages. 

 

2.5.3 BASED ON PHOTOCONDUCTIVITY 

The photoconductivity can be of two types:  

1.  If the photon energy is greater than the band gap, then it is called Intrinsic   

photoconductivity. 

      2.    If the photon energy is less than the band gap, i.e. if traps are used to generate the   
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             free carriers, then it is called extrinsic photoconductivity. 

Based on photoconductivity, the photoconductive semiconductor switch can be used in 

applications requiring high voltage and high speed. Applications of the PCSS include 

high-speed photodetectors, high-voltage pulse generators, and electron-beam pumped 

lasers, and devices having radio frequency interference immunity. There is also a strong 

interest in developing these devices for use in high-power applications. PCSS’s have 

unique advantages over conventional power switches including a high voltage 

breakdown, a short transient rise time, high speed, long lifetime, negligible jitter time, 

high repetition rates, optical isolation, scalability for high voltages/currents, and solid-

state reliability. While PCSS’s can switch very high power and operate in the MHz and 

GHz range, conventional switches such as gas spark gaps and thyratrons can operate only 

at few KHz and much lower frequencies.  

 

2.6 MATERIAL ANALYSIS 

 

 PCSS’s can be fabricated from Si or any other semiconductor material. 

The basic requirement is that it should be able to support a high voltage bias in the ‘off’-

state and allow for a fast rise time in the ‘on’ state. A fast rise time means more energy 

transfer to the load. Basically, high resistivity materials are used. High resistivity 

materials can be compensated materials or intrinsic materials. High-resistivity SI GaAs 

PCSS’s are either intrinsic or fabricated through a compensation process. Carrier 

transport in intrinsic or relaxation materials (as in most low-doped semiconductors) is 

different from transport in doped lifetime semiconductors. Compensated SI GaAs 

materials, on the other hand, have some characteristics similar to those of doped 
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semiconductors. Thus, the rise time, I–V characteristic, and other parameters are different 

in high-resistivity materials fabricated using different processes; rather, they depend, to a 

large extent, on whether the material is intrinsic or compensated. Rise time effects are 

critical for devices requiring sub-nanosecond pulses. For undoped SI materials that are 

fabricated though some compensation mechanism, the presence of a high concentration 

of traps results in a substantial depletion of injected carriers, and trap-filled regions begin 

to affect the device’s response, especially at high voltage biases. The properties of 

compensated SI GaAs and the process involved in fabricating it, play an important role in 

determining the breakdown and operating characteristics. The device response will be 

different for the deep donor shallow acceptor type of material (EL2-Carbon compensated, 

DDSA type) when compared with the intrinsic or the shallow donor deep acceptor-type 

material (Si and Cr compensated). GaAs is preferred over Si because of its superior 

electrical characteristics. 

 

2.6.1 MATERIAL DESCRIPTION 

 

The optically activated switches discussed here are bulk semiconductor devices 

,which consist of Semi-Insulating (SI) GaAs.  The primary material used in photo-

switches is Liquid-encapsulated Czochralski (LEC) grown GaAs, in which deep donors 

are compensated by shallow acceptors (DDSA).  In the DDSA compensation scheme, 

illustrated in Figure 2.3 [19], a balance is obtained between the deep lying EL2 and 

shallow  
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            Figure 2.3 Compensation Structures in Semi-Insulating GaAs 
 

acceptor impurity generally Carbon.  The bulk resistivity is of the order 

of 87 1010 − cm−Ω . There are two more types of compensation mechanisms, Shallow 

Donor and Deep Acceptor (SDDA), where a balance is obtained between Chromium (Cr) 

deep level acceptors and Silicon shallow donors.  This type of material is grown by the 

horizontal Bridgman (HB) technique.  The third type is Deep Donor Deep Acceptor 

(DDDA), in which EL2 is compensated by Cr deep acceptors.  More information can be 

found in references [20]-[23].          

 

2.6.2 DESCRIPTION OF THE DEFECT 

The EL2 energy level is an electron trap found in GaAs.  Semi-insulating 

behavior is obtained in GaAs only if EL2 is present.  The indicated mechanism for semi-

insulating behavior is the compensation of EL2 by carbon acceptors [24, 25].   

The ionization of EL2 produces an ionized center plus an electron in the conduction 

band. 

−+→ eionizedELneutralEl 22                                                                         (2.15)                 
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According to the law of mass action, the concentration of ionized centers IN , the 

concentration of electrons n, and the concentration of neutral centers UN  are related by 

the following equation [24]  

K
N

nN

U

I =
+

                                                                                                       (2.16)    

Where K is a constant determined by the thermodynamics of the system.  IN  is equal to 

the net acceptor concentration, given as the difference in concentration between shallow 

acceptors AN   and shallow donors DN . 

IN  = AN  - DN                                                                                                 (2.17) 

The concentration of acceptors is given as the sum of the concentrations of carbon and 

other residual acceptors R
AN . 

AN  = [carbon] + R
AN                                                                                        (2.18) 

The concentration of neutral centers is equal to the EL2 concentration as determined by 

optical absorption.  That is, only EL2 centers that are occupied by electrons contribute to 

the optical absorption process. 

UN  = [EL2]                                                                                                      (2.19) 

From above equations we can write 

D
R
A NNcarbon

ELKn
−+

=
][

]2[                                                                               (2.20) 

This expression can be rewritten as 

R
AD NN

n
ELKcarbon −+=

]2[][                                                                        (2.21) 
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Therefore, the carbon concentration is proportional to the ratio of the EL2 concentration 

to the electron concentration. Thus, the electron concentration is controlled by the 

balance between EL2 and carbon.  In other words, EL2 deep donors and carbon shallow 

acceptors control the electrical compensation in semi-insulating LEC grown GaAs.  The 

comparison of carbon concentration to the ratio of EL2 and electron concentration is 

shown in Figure 2.4 [24].    
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Figure 2.4 Ratio of EL2 concentration to Electron concentration 

 

2.7 GAAS MATERIAL CHARACTERISTICS  

 

2.7.1 RELATION BETWEEN WAVELENGTH AND OPTICAL ABSORPTION DEPTH 

 

The semiconductor-wavelength pair determines the optical absorption depth and 

is graphed versus wavelength in Figure 2.5 [25].  For silicon, the wavelength must be less 

than 1.09 mµ  corresponding to bandgap energy of 1.142ev and for GaAs, the wavelength 

must be less than 0.89 mµ  corresponding to bandgap energy of 1.39ev, both are as shown 

in Figure 5.  These are the limits for extrinsic and intrinsic conductivities for Si and GaAs 
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respectively. From Figure 2.5, note that the optical absorption depth for intrinsic GaAs 

near the band edge is less than 10 mµ .  Above the band edge of GaAs, intrinsic GaAs  

 

 

 

 

 

 

 

Figure 2.5 Optical absorption depth od versus wavelength λ  

becomes transparent with an optical absorption depth of up to several centimeters, while 

the optical absorption depth of extrinsic GaAs, i.e. the absorption depth of GaAs with 

donor impurity concentration can be several millimeters. 

 

2.7.2 ELECTRICAL SKIN DEPTH 

 

The electrical skin depth is plotted versus carrier density in Figure 2.6 [25] for 

silicon and GaAs optically controlled switches operating at electrical frequencies of 

1GHz and 10GHz.  Electrical skin depth is inversely proportional to the carrier 

generation as shown in the plot.  Also as the frequency increases, the electrical skin depth 

decreases.  By choosing the highest frequency of operation, the electrical skin depth can  
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Figure 2.6 Electrical skin depth Vs carrier generation 

be used to choose a corresponding optical absorption depth and thus, an optical frequency 

for optimum utilization of the incident photons.  For optimum use of optically generated 

carriers, the semiconductor-wavelength pair should be chosen such that the 
e
1   optical 

absorption depth is equal to the electron skin depth.  This condition insures that a 

majority of the carriers generated by the input optical energy will participate in the 

conduction of the current flow through the switch. 

Thus for the optimum use of the input photons, the switch thickness should be at 

least 4-5 optical absorption depths, and the electrical skin depth should be equal to the 

optical absorption depth.  

 

2.7.3 DRIFT VELOCITY 

 

Figure 2.7 [25] shows the electron drift velocity of GaAs and Si versus the  

electric field. It is observed that the drift velocity of GaAs is much higher than that of Si. 
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Thus, a smaller value of conduction resistance can be obtained with GaAs than for Si for 

the same electric field and optical illumination.  

The reason for the shape of the drift velocity with respect to electric field can be 
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     Figure 2.7 Electron drift velocity versus applied electric field for silicon and GaAs 

explained with the help of Figure 2.8 [26]. When GaAs is biased, the electrons in the 

valence band start transferring to the conduction band.  In GaAs, there are few higher 

levels in the conduction band (next to the minimum at 0 on x axis).  If an electron is 

transferred to this higher 
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Figure 2.8 Band structure of GaAs 

Ea = Field where electrons start going to upper valley 

Eb = Field where all the electrons go to upper valley 
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level, it looses its mobility.  The voltage level at which this event happens is called the 

threshold voltage, and this effect is called the transferred electron effect.  This effect is 

responsible for the negative resistance observed in GaAs.  Many devices such as the 

Gunn diode operate on this principle.  

There are two types of negative resistance. One type is current controlled negative 

resistance (CCNR) and other type is voltage controlled negative resistance (VCNR). 

 

2.8 VOLTAGE CONTROLLED NEGATIVE RESISTANCE (VCNR)   

 

For VCNR, the differential negative resistance (DNR) increases with the electric 

field strength, as shown in Figure 2.9a.  If there is a region of greater electric field 

strength in the switch, then the resistance in this region will be larger.  Thus, less current 

flows through this region, and a high field domain is formed, separating regions of low 

field.  As shown in Figure 2.9b, these planes are perpendicular to the current distribution.  

Voltage controlled Current controlled  

Figure 2.9a Voltage controlled negative resistance. 
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2.9 CURRENT CONTROLLED NEGATIVE RESISTANCE (CCNR) 

 

For CCNR, the differential negative resistance (DNR) decreases with the electric  

field, as shown in Figure 2.9a.  If there is a region of higher electric field in switch, then 

resistance in this region is smaller.  Thus more current flows through this region.  This 

results in an elongation of this region along the current path, and finally in the formation 

of a high current filament running along the field direction, as shown in Figure 2.9b 
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2.10 SIMPLIFIED CIRCUIT OF A PCSS 

 

                

Figure 2.10 Simplified Circuit of a PCSS 

 

Voltage across the load is simply  

SL

L
SL RR

RVV
+

=                                                                                               (2.22)  

and the power in the load 
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Assuming that the total energy delivered to the load is simply the power multiplied by the 

pulse length tPL . 
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                                                                                 (2.24)  

where υ  = Frequency of the incident light 

This when solved gives substituting values of all the parameters gives  

Light 

sR  
sV  

LV  

LR  
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9
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A high breakdown electric field is important for high gain but note that this formula also 

holds for electric fields less than the breakdown electric fields. 

For the case when LS RR <<  

L

Sbd

a

L

R
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E
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9

2

101×
=

µ
                                                                                               (2.26) 

The above two equations are valid for linear switches.  

 

2.11 GENERAL TERM DEFINITIONS FOR A PCSS 

 

1. Surface Flashover: In most of the surface switches and some bulk switches, it has 

been observed that breakdown is due to the breakdown of the surface. This is termed 

surface flashover. 

2. Dielectric strength: The strength of the material to sustain electric field before is loses 

its insulating properties is called as the dielectric strength.  

3. Filamentation:  The occurrence of current flow restricted to smaller area is called as 

filament. And the process leading to this is called filamentation. 

4. Hold- off voltage: The voltage the switch can sustain before is breaks down is called 

as hold off voltage. 

5. Leakage Current: Current flowing through the switch in the off sate is called as the 

leakage current.  

6. Trigger Gain: Energy or power in the output pulse to the energy or power of  

      the optical pulse used to trigger the switch. 
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7. Jitter: Jitter is the variation in the time delay of current from shot to shot given the 

similar stimulus.  

 

2.12 HIGH LOW JUNCTIONS 

 

The junction like n- +n  is different than the pn junction in that only one type of 

charge dominates in these junctions.  These are called as high low junctions.  There is a 

strong temptation to model the behavior of +n / s.i. junctions using the same device 

physics equations that normally would apply to simple step p-n junctions; however, this 

usage often leads to erroneous conclusions, since the behavior of the deep levels in the 

semi-insulating material is significantly different from that of a single dominant shallow 

level.  The difference lies mainly in that deep levels may be only partially ionized and 

that this ionization may change with operating conditions, as opposed to a shallow level 

which is normally assumed to remain fully ionized.  In +n / s.i. junctions, the partial and 

varying ionization of deep levels plays the dominant role in establishing the space charge 

density, and thus any charge balance-related properties of the junction depend intimately 

upon this feature. 

 

2.13 FEW IMPORTANT POINTS TO QUOTE ABOUT DDSA GAAS ARE 

 

1. Free carrier density has a little impact on the Fermi level, which is a characteristic 

and desirable feature of semi insulating material [27]. 

2. Built in voltage of the +n / s.i. junction is approximately 0.6V, significantly less   

      than what p-n junction theory would predict [27]. 
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3. Energy of the EL2 defect lies approximately 0.73eV above the valance band edge 

[28], it is just slightly below the intrinsic carrier energy which is located at 

approximately 0.038eV above the center of the band gap at room temperature.  As 

a result, the Fermi energy will be locked to a position slightly above the intrinsic 

carrier energy.  This is turn sets the equilibrium electron concentration in the bulk 

semi insulating region to be greater than the equilibrium hole concentration 

making this type of semi insulating material classifiable as a very slight n type. 

4. Only free electrons and fully ionized shallow donor levels contribute to the space 

charge density.  So in the +n  layer only free electrons contribute to the space 

charge density. 

5. On the SI side, Carbon as it is a shallow acceptor remains fully ionized at all 

locations.  The EL2 defect centers are only partially ionized in the bulk SI region 

to produce charge neutrality and become fully ionized by electrons within the 

space charge region.  Since EL2 is a deep donor, when fully occupied by electrons 

it is un-ionized and thus charge neutral.  Hence the net space charge density is set 

entirely by the residual C density.      
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CHAPTER III 

LITERATURE SURVEY 
 

 

Because of its numerous applications, both Si and GaAs PCSS have been studied 

for sometime. Nunnally et al [29] at Los Alamos first demonstrated high Power (GW) 

application in 1983 using an intrinsic Silicon switch material and 1.06-micron laser 

wavelength. High power (KV and KA range) photoconductive semiconductor switches 

(PCSS) operate by varying the conductivity of the semiconductor through photon 

absorption. Shining electromagnetic radiation from a laser with wavelength equivalent to 

bandgap the sample generates electron–hole pairs via photon absorption thereby 

increasing the conductivity of the sample and closing the switch. [30-32] 

Photoconductive semiconductor switches (PCSS) used in high power applications 

such as the generation of ultra wideband (UWB) high power microwaves (HPM) requires 

minimum off-state leakage current and fast pulse rise-time such that maximum energy 

can be transferred to the load. Silicon (Si) has for long been the material of choice for 

many high power switching devices in both the commercial and defense sectors. Because 

of its superior electrical properties, however, compensated semi-insulating gallium 

arsenide (GaAs) with EL2 traps had shown initial promise for such applications [19, 33].                         

Photoconductive switches made from semi-insulating (SI) GaAs were proposed in 

the late 1970’s for use as both closing and opening high-power switches. [34] Closing 

was achieved by exciting electrons from the valence band into the conduction band using 

a laser with photon energy greater than that of the band gap. An alternative method to 

direct excitation across the bandgap was proposed by Schoenback. [35] This concept, 
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which is called the Bistable Optically controlled Semiconductor Switch (BOSS), relies on 

persistent photoconductivity followed by photo-quenching to provide both switch closing 

and opening, respectively. Work by Zutavern and Loubriel, [36] at Sandia National 

Laboratories in Albuquerque, NM, with GaAs switches, has demonstrated an “avalanche-

like” closure phenomena that requires much less of the optical energy requirements of 

linear switches. Conduction is maintained through the switch and “locks on” until the 

electrical energy is dissipated or removed. The “avalanche-like” and the “lock on” 

phenomena appear to be related. A lot of work on the “lock-on” phenomena was studied 

by Charles Myles. [37] Collective impact ionization (CII) theory, [38, 39] explains the 

main experimental characteristics of “lock-on”. 

 

Figure 3.1 Opposed contact photoconductive switch with diffused +n  layer near the 

cathode. An error function profile with a peak donor concentration of 318 /101 cm×  is 

used in the simulations 

 

Naz Islam [25], had devised a different switch design at the university of New 

Mexico, Albuquerque shown in Figure 3.1. This is a specially designed and modified 

version of the PCSS using refractory metals and a Rogowski- profiled contact on the 
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front and back (opposed contact) of the wafer.  This has been used in generating ultra 

wide band (UWB) high power microwave (HPM) radiation with improved hold off 

characteristics [25], as can be seen in Figure 3.2 

 

 

Figure 3.2: Improved hold-off characteristics with the inclusion of the n+ region 

at the cathode. 

 

Biewer [40] observed a variety of effects when RF power is applied to the plasma. 

The on-axis electron temperature was observed to rise, when the RF antenna is 

broadcasting. The electron temperature remains high until MHD activity begins. At that 

point Te is reduced but still elevated, especially compared to the electron temperature 

after the RF has terminated. This electron heating is expected, since calculations show 
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that the electrons absorb energy efficiently from the High harmonic fast wave [41]. The 

temperature of the hot edge ions increases as the amount of RF power is increased. [42] 

Study of RF heating effects had become popular as a lot of research is done in this 

field. The thermal response of metals to ultrashort-pulse laser excitation was carried out 

by Corkum P. B. [43] It was observed that both electron thermal conductivity and thermal 

exchange with the lattice can cool an electron distribution initially heated on a metallic 

surface with an ultrashort laser pulse, and measurements of optical damage were 

reported. A lot of research has also been done on the edge ion heating in the National 

Spherical Torus Experiment (NSTX). [44] An implanted cardiac pacemaker is usually 

regarded as a contraindication for magnetic resonance imaging (MRI) due to safety 

reasons. Nevertheless, at some MRI sites patients with pacemakers underwent MRI 

examination at different field strengths [45, 46]. However, heating of pacemaker leads is 

still a potentially harmful effect that has drawn recent attention [47, 48]. Heating Effects 

of Magnetic Resonance Imaging on Pacemaker Leads has been studied by Roger 

Luechinger. [49] 

Switches made from semi-insulating GaAs after some initial promise, failed in 

high power applications during sustained operations and the failure mechanisms included 

premature breakdown and burnout after a number of switching operations. 

The main reason for the failure has been attributed to; i) premature breakdown 

also called ‘surface flashover’ mechanism and, ii) the loss of integrity of the contacts 

during sustained high powers operation which lead to heating. The premature breakdown 

was also attributed to the high concentration of EL2 trap sites in the compensated 

material, where the phenomena of trapping and de-trapping during switching altered the 
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material characteristics and thus was not conducive to the filamentary conduction 

processes, common to such devices [50]. Ghandhi [51, 52] has made an extensive study 

on the properties of GaAs double injection devices as in the characteristics of identically 

fabricated double-injection devices made from oxygen-doped and chromium-doped bulk 

gallium arsenide were investigated. The characteristics of the double injection devices 

show that a current saturation occurs in the prebreakdown region. 

Schoenberg et al [19] AFRL developed an ultrawide-band (UWB) pulse generator 

based on high-gain (lock-on mode) gallium arsenide (GaAs) photoconductive 

semiconductor switches (PCSS’s). A UWB HPM source has been developed which 

utilizes the 0.25 cm PCSS, laser diode module, and pulse-charging system. The PCSS is 

incorporated into a Blumlein pulse-forming network (PFN) which is attached to a TEM 

horn antenna to radiate UWB HPM as shown in figure 3. 

An application of the PCSS is for high power ultra wide band microwave 

generation. Figure 3.3 shows a high power microwave (HPM) source/antenna module.  

 

Fig. 3.3 UWB radiation source and opposed contact PCSS 
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  The source is composed of a high gain PCSS which commutes a 190 Ω parallel 

plate Blumlein configured to minimize the parasitic impedance, thereby maximizing the 

output voltage for the matched load case. The source provides a balanced, low dispersion 

feed into a square aperture 190 Ω TEM horn to produce Ultra Wide Band (UWB) 

radiation as shown in Figure 3.3. Further details of the experiment can be found in [19]. 

A PCSS can be a component of an airborne system in a combat situation. In such 

a case there is a possibility of heat generation due to interaction with HPM pulses that is 

directed against the airborne system. In order to guard against such a possibility and in 

order to protect the system, a thorough understanding of RF systems interaction is 

necessary. In particular, the effects of heating on the performance of PCSS must be 

looked into. In order to protect electrical systems from harmful effects of electromagnetic 

pulses and lightning, a detailed knowledge of electromagnetic-electrical-system 

interactions is essential. This is best achieved by non-destructive analysis such as 

simulation studies using codes.  
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CHAPTER IV 

SEMICONDUCTOR DEVICE SIMULATION 

 

Semiconductor studies are carried out by solving a number of equations that relate 

to the physics of the conduction process. Compensated materials also behave as lifetime 

semiconductors, so, the equations for lifetime materials hold good for compensated 

materials. Mostly for ‘lifetime materials’ discussed earlier, the three basic equations that 

provide the general framework for the charge transport are: 

 

POISSON’S EQUATION 

 

ρψε −=∇ )(div                                                                                                               (4.1) 

 

CARRIER CONTINUITY EQUATIONS  
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where  

q = Magnitude of the charge on an electron, 

n and p = electron and hole concentrations respectively 

nJ  and pJ = electron and hole current densities 
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nG  and pG  = Generation rate of electron and holes  

nR  and pR  = Recombination rates for electrons and holes 

In addition, secondary equations are used to specify particular physical models for  

electron and hole generation, recombination and current densities. 

 

4.1 THE TRANSPORT EQUATIONS 

 

Equations 4.1, 4.2, and 4.3 provide the general framework for device simulation. 

However, further secondary equations are needed to specify particular physical models 

for: Jn, Jp, Gn, Rn, Gp and Rp. The current density equations, or charge transport models, 

are usually obtained by applying approximations and simplifications to the Boltzmann 

Transport Equation. These assumptions can result in a number of different transport 

models such as the drift-diffusion model, the energy balance model or the hydrodynamic 

model. The choice of the charge transport model will then have a major influence on the 

choice of generation and recombination models.  

The simplest model of charge transport that is useful is the “drift-diffusion” 

model. This model has the attractive feature that it does not introduce any independent 

variables in addition to y, n and p. Until recently, the drift-diffusion model was adequate 

for nearly all devices that were technologically feasible. However, the drift-diffusion 

approximation becomes less accurate for smaller feature sizes. 

More advanced energy balance and hydrodynamic models are becoming popular 

for simulating deep submicron devices. ATLAS supplies both drift-diffusion and 

advanced transport models. 
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4.2 THE DRIFT-DIFFUSION TRANSPORT MODEL 

 

Derivations based upon the Boltzmann transport theory have shown that the current 

densities in the continuity equations may be approximated by a drift-diffusion model. In 

this case the current densities are expressed in terms of the quasi-Fermi levels pφ  and 

nφ as: 

nqJ nn µ= ∇ nφ                                                                                                                (4.4) 

pqJ pp µ= ∇ pφ                                                                                                              (4.5) 

where pµ and nµ are the hole and electron mobilities. The quasi-Fermi levels are then 

linked to the carrier concentrations and the potential through the two Boltzmann 

approximations: 
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where nie is the effective intrinsic concentration and TL is the lattice temperature. These 

two equations may then be re-written to define the quasi-Fermi potentials: 

ie

L
n n

n
q

kT ln−=ψφ                                                                                                         (4.8) 

ie

L
p n

p
q

kT ln+=ψφ                                                                                                         (4.9) 



 40

By substituting these equations into the current density expressions the following adapted 

current relationships are obtained; 

 

))(ln(( ieLnnnn nkTnqnnqDJ ∇−∇−∇= µψµ                                                               (4.10) 

))(ln(( ieLpppp nkTpqppqDJ ∇+∇−∇−= µψµ                                                           (4.11) 

 

The final term accounts for the gradient in the effective intrinsic carrier concentration, 

which takes into account the bandgap narrowing effects. Effective electric fields are 

normally defined as, 
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which allows the more conventional formulation of drift-diffusion equations to be 

written: 

 

nqDEqnJ nnnn ∇+= µ                                                                                                  (4.14) 

pqDEqpJ pppp ∇−= µ                                                                                                (4.15) 

 

It should be noted that this derivation of the drift-diffusion model has tacitly assumed that 

the Einstein relationship holds. In the case of Boltzmann statistics this corresponds to: 
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If Fermi-Dirac statistics are assumed for electrons, these become: 
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where αF is the Fermi-Dirac integral of order α and Fnφ is given by nqφ− . An analogous 

expression is used for holes with Fermi-Dirac statistics. 

 

4.3 ENERGY BALANCE TRANSPORT MODEL 

 

A higher order solution to the general Boltzmann Transport Equation consists of 

an additional coupling of the current density to the carrier temperature, or energy. The 

current density expressions from the drift-diffusion model are modified to include this 

additional physical relationship. The electron current and energy flux densities are then 

expressed as: 

n
T
nnnn TqnDqnnqDJ ∇−∇−∇= ψµ                                                                             (4.19) 
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where Tn and Tp represent the electron and hole carrier temperatures and Sn and Sp are 

the flux of enery (or heat) from the carrier to the lattice. The energy balance transport 

model includes a number of very complex relationships and therefore a later section of 

this chapter has been devoted to this model. 

 

4.4 DISPLACEMENT CURRENT EQUATION 

 

For time domain simulation, the displacement current is calculated and included 

in the structure, log file, and the run time output. The expression for displacement current 

is given as: 
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t
EJ dis ε                                                                                                                 (4.23) 

 

4.5 TRAP DOMINATED SEMICONDUCTORS 

         

The presence of deep level compensating EL2 donors, which also acts as electron trap 

centers in the PCSS, will significantly influence the electrical characteristics of the device 

[7].  Thus the trap parameters for the code are activated during simulations.  As a result 

the physics associated with charge exchange with the conduction and valance bands, 
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changes in space charge density and recombination statistics are also incorporated in the 

solution.  The code computes the densities of the trapped carriers through equations that 

relate the density of the generation and recombination terms, the capture cross sections 

for electrons and holes, density of trap centers, degeneracy of the trap centers for 

electrons and holes, and the Fermi level position.  The densities of trapped carriers at a 

trap center are given by [26] 

∑
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where  

k = number of acceptor like traps  

m = number of donor like traps. 
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where  

iε  = intrinsic Fermi level position 

γ  = degeneracy factor of the trap level 

nV  and pV  = Thermal velocities of electrons and holes respectively 

nσ  and pσ  = Carrier capture cross sections 

taN  and tdN  = Density of trap centers 

tε  = Energy level of the discrete trap state 

In addition, to account for the effects of trapped charge, the code assigns an additional 

charge term to the right hand side of Poisson’s equation.  This charge term is equal to the 

difference in the densities of the trapped carriers multiplied by the electronic charge.  The 

recombination model is also modified with a correction term that accounts for trapping 

and detrapping effects.  For transient solutions, the code accounts for the behavior of 

traps over time through the solution of additional trap rate equations.  The parameters 

required for traps include their density, energy level, carrier capture cross sections, 

degeneracy factor of the center and the intrinsic Fermi level positions.  The values of 

these parameters for the device simulated are given later in this chapter. 

The equations 4.1 through 4.31 described above can be developed into a code for 

simulations. Since a generic semiconductor code requires a large number of models and 

parameters for specific simulations, it is virtually impossible to write a simulation code. 

A better option is to ‘tailor’ commercially available codes to the specific situation. The 

SILVACO [53] code has been used in this study. 
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Before building the actual switch, it is necessary to have some simulation data 

which can assure that the results are as expected.  For this, the software modeling of the 

switch is done using Silvaco simulator. 

 

4.6 ABOUT SILVACO 

 

Simulations were carried out using the SILVACO (SILicon VAlley COmpany) 

International software for Semiconductor studies. This is a comprehensive tool that unites 

semiconductor process, device and circuit simulations, and includes numerous models 

and parameters. SILVACO has become a major tool for semiconductor companies to 

acquire physically-based simulation capabilities as semiconductor devices are becoming 

smaller and faster and integrated circuit design and performance become significantly 

more reliant on process related effects. SILVACO is the leading vendor among 

Technology Computer Aided Design (TCAD) simulation software. The code also has 

provisions to incorporate user defined functions through a C-interpreter. Some of the 

major tools included in this software are ATHENA, ATLAS, DEVEDIT, TONYPLOT, 

SMARTSPICE, etc. In this project the device was built using Devedit and the simulation 

was run in Atlas. 

 

DECKBUILD 

 

The Interactive Runtime Environment is the central environment for interactively using 

process and device simulators. It provides many important capabilities. A graphical user 

interface for input deck specification allows users to avoid simulator-specific input 
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syntax. Information is typed into a series of pop-up windows. When specification is 

complete, DECKBUILD automatically produces a syntactically correct input deck. Decks 

can be edited by the user at any time. Multiple decks are produced if input parameters are 

looped, and parameters can be extracted from the calculated results. Multiple simulators 

can be called from within a single input deck, and information transfer between 

simulators is transparent to the user. DECKBUILD allows precise user control of how an 

input deck is run, with stop at, pause, restart and single step capabilities. It provides a 

history function that permits the user to backtrack to a previous point in the deck, and 

then continue computation from this previous point. This capability is extremely useful 

for interactively developing a simulated process flow specification. DECKBUILD can 

invoke other simulator support tools, such as TONYPLOT, DEVEDIT, and 

MASKVIEW. DECKBUILD also works with the OPTIMIZER. Optimization targets 

may include structural dimensions, device parameters after a complicated electrical test, 

and any intermediate outputs. 

A brief on ATLAS, DEVEDIT, TONYPLOT and ATHENA follows: 

 

ATLAS 

 

Atlas is a physically-based two and three dimensional device simulator. It predicts 

the electrical behavior of specified semiconductor structures, and provides insight into the 

internal physical mechanisms associated with device operation. ATLAS can be used 

standalone or as a core tool in SILVACO’s VIRTUAL WAFER FAB simulation 

environment. In the sequence of predicting the impact of process variables on circuit 
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performance, device simulation fits between process simulation and SPICE model 

extraction. 

Silvaco International Corporation’s ATLAS is a semiconductor simulator that has 

been used extensively in academia and industry. Notable companies that use ATLAS are 

Advanced Micro Devices Corporation, Harris Semiconductor, NASA, Sensitron 

Semiconductor, and Science Applications International Corporation (SAIC). Academic 

institutions that use ATLAS include the University of California at Berkeley, Stanford 

University, and the University of California at San Diego. ATLAS has been continually 

refined since the 1970’s to be more realistic for a wide range of semiconductor device 

configurations. The S-Pisces module of ATLAS focuses on accurate device simulation 

for silicon devices. Important features of the S-Pisces module include : drift-diffusion and 

energy balance transport equations, surface/bulk mobility, incomplete ionization, 

bandgap narrowing, Shockley-Read-Hall and Auger recombination, impact ionization, 

band-to-band and Fowler-Nordheim tunneling models , and trap and defect modeling. 

The underlying model for S-Pisces simulations is the Shockley-Reed-Hall model, but 

additional models can be used by the device simulator if the simulator deems the models 

to be applicable or if the user explicitly directs the simulator to use additional models. 

The Giga module allows S-Pisces to correct for non-isothermal properties of the device, 

including: heat generation, heat flow, lattice heating, heat sinks, and the effect of local 

temperature on physical constants. Since the standard device is modeled under room 

temperature conditions, the isothermal effects accounted for by Giga should be limited to 

local thermal fluctuations. The Giga model does allow simulations at temperatures far 
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below and far above a typical terrestrial environment, but all of the simulations were 

performed at room temperature (T = 300 K). 

ATLAS solves three fundamental types of equations when simulating a 

semiconductor device: Poisson’s equation, the continuity equations, and the transport 

equations, including the drift-diffusion transport model, energy balance transport model 

which will be explained later in this chapter. Poisson’s equation relates the space charge 

density to electrostatic potential, and allows calculation of electric fields based on the 

potential. The transport equations are all derivative of the Boltzmann transport equation. 

For most applications, the drift-diffusion transport model is used. Only for extremely 

small, deep submicron devices are the energy balance transport or hydrodynamic models 

deemed necessary for the simulation. 

Unfortunately, neither ATLAS nor any other commercially available 

semiconductor simulator is capable of solving full time-dependant equations, so here 

every solution is an equilibrium solution. The time scales associated with the motion of 

the device must therefore be addressed to determine if a collection of equilibrium 

solutions accurately models the time-dependant behavior of the device. 

 

ATLAS INPUTS AND OUTPUTS 

 

As shown below, most ATLAS simulations use two inputs: a text file that 

contains commands for ATLAS to execute, and a structure file that defines the structure 

that will be simulated. ATLAS produces three types of output. The run-time output 

provides a guide to the progress of simulations running, and is where error messages and 

warning messages appear. Log files store all terminal voltages and currents from the 
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device analysis, and the solution files store two and three dimensional data relating to the 

values of solution variables within the device for a single bias point. 

 

 

Figure 4.1: ATLAS inputs and outputs 

 

Each input file must contain these five groups in order. Failure to do this will usually 

cause an error message and termination of the program, but it could lead to incorrect 

operation of the program. For example, material parameters or models entered in the 

wrong order may not be used in the calculations. The order of statements within the mesh 

definition, structural definition, and solution groups is also important. 

 

DEVEDIT 

 

DEVEDIT (DEVice EDITor), the structure editor, is an interactive tool for specifying 

and modifying structures. It includes a meshing module that supports mesh generation, 

refinement, and unrefinement. Doping may be defined and modified using analytical 
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Figure 4.2: ATLAS Command Groups with the Primary Statements in each Group 
 

 

functions. DEVEDIT can be used in a stand-alone mode or can be invoked by 

DECKBUILD. Large devices with many grid points may be specified completely using 

DEVEDIT, making this tool valuable as a pre-processor for 2D device simulators. A 

special mode of DEVEDIT supports the definition and meshing of 3D structures. 

 

TONYPLOT 

 

TONYPLOT (The Visualization Tool) provides comprehensive interactive scientific 

visualization capabilities. All of the usual ways of displaying scientific data are 

supported. These include x-y plots with linear and logarithmic axes, surface and contour 

plots, Smith charts, and polar plots. Virtually every characteristic of the plots, including 

the text and position of labels, may be specified by the user. Full hardcopy capabilities 

are also supported. TONYPLOT includes animation features that permit viewing a 

sequence of plots in a manner showing solutions as a function of some parameter. The 

parameter can be varied under slider control, or frames can be looped continuously, a 
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feature very helpful in developing physical insight. TONYPLOT supports production of 

hard copy plots on a wide range of printers. 

 

ATHENA 

 

ATHENA is a simulator that provides general capabilities for numerical, physically-

based, two-dimensional simulation of semiconductor processing. ATHENA has a 

modular architecture that includes many tools and extensions. Some of the primary tools 

are: Athena, SSuprem4, Elite, Optolith, and Flash. Athena performs structure 

initialization and manipulation, and provides basic deposition and etch facilities. The 

capabilities of Athena include time and temperature bake specifications, photoresist 

material flow models, and photo-active compound diffusion. It allows user access to the 

calculations of the diffusion coefficient, activation, and segregation. Other capabilities 

include Chemical Mechanical Polishing, Deposition, Development, Diffusion, Epitaxy, 

Etch, Exposure, Imaging, Implantation, Oxidation, and Silicidation. 

The simulation provides a self consistent solution of Poisson’s equations and the 

continuity equations, describing the variation in the electrostatic potential with local 

charge densities.  The evolution of electron and hole densities due to transport generation, 

recombination, and the like. can be later plotted for analysis.         

Finally, the code also provides for a number of numerical methods that can be 

used for calculating solutions to the set of equations.  The default method (coupled or the 

Newton method) solves for the total system of the unknowns together.  Other user 

defined methods available are Gummel (decoupled) and the Block method, wherein some 

equations are solved fully coupled while others are decoupled.  We have used the 
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Newton, two carrier simulation option for all the simulations, reducing the step size 

whenever there was a convergence problem.  The graphic package accompanying the 

simulation tool provides information on the carrier concentration, electric field profile, 

electrostatic potential, current densities, and other important parameters that would be 

helpful in analyzing the physics associated with device operation.  The output data 

obtained can be converted to excel data and can be plotted easily.  Further information 

about the software can be found in reference [53].  

 

4.7 THE BASIC PARAMETERS USED FOR THE SIMULATION 

  

-GaAs with shallow acceptor (DDSA): Carbon is used as shallow acceptor with  

density = 315 /103 cm×   

--opposed Palladium (Pd) contacts 

--EL2 Trap: Donor 

--Energy level: 0.730ev from valence band 

--Electron and hole capture cross-sections: 16104 −×  and 18102 −×   

--Electron and hole lifetimes: 0.5ns and 6ns. 

--Trap Concentration: 315 /10006.3 cm×  

-Models used for simulation: 

--Recombination Models: Auger and SRH 

--Mobility: Fldmob (field dependent mobility), Conmob (for concentration dependent 

mobility), Surfmob for effects like subsurface conduction, phonon scattering, surface 

roughness.  
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--Lat.temp model (for the heating) 

--Field enhanced tunneling: bbt.std (band to band tunneling) 

--Impact Ionization: Selberherr’s  

--Method used: Newton 2 carrier. 

--Fermi-Dirac distribution is used. 

 

4.8 SIMULATION MESH 

 

 The correct specification of a mesh is critical in process simulation. The number 

of nodes in the grid pN  has a direct influence on simulation accuracy and time. A finer 

mesh should exist in those areas of the simulation structure where ion implantation will 

occur, where p-n junction will be formed, or where optical illumination will change 

photoactive component concentration. The number of arithmetic operations necessary to 

achieve a solution for processes simulated, using the finite element analysis method could 

be estimated as α)( pN , where α  is of order 1.5-2.0. Therefore, it is obvious that in order 

to maintain the simulation time within reasonable bounds, the fine grid should not be 

allowed to spill over into unnecessary regions.  

The simulation mesh for our device looks as shown in figure 4.3.  To get rid of 

convergence problem the mesh is made finer near the surface.  
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Figure 4.3 Mesh definition 

 

The mesh is a crucial parameter in obtaining the correct simulation results.  There is a 

trade off between the accuracy and the numerical efficiency.  Typical crucial areas are  

1. High electric fields at the electrodes 

2. Recombination effects near the electrodes 

3. Areas of high impact ionization 

4. Areas of trap filling 

Three most important factors to look for are 

1. Ensure high mesh density in the high field areas 

2. Avoid obtuse triangles in the current path or high field areas 

3. Avoid abrupt discontinuities in the mesh density 
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Chapter V 

RESULTS AND DISCUSSIONS 

 

This chapter presents and discusses the effects of RF heating of a GaAs and 6H-

SiC PCSS, both used in circuitry for generating HPM. As stated earlier, simulations were 

performed using the SILVACO software. This code uses some of the basic semi-

conductor equations during the simulation at every point in the mesh. Besides the 

equations discussed earlier, models specific to this simulation were incorporated and are 

discussed here. The rise in temperature due to RF heating is also discussed.   

 

5.1 DEVICES STUDIED 

 

 There were two PCSS devices studied in this research. One was the semi-

insulating GaAs PCSS and the other was a 6H-SiC PCSS. The SI GaAs PCSS shown in 

Figure 5.1 has contacts on the front and back of the wafer (opposed contacts). The 

shortest distance between the contacts is about 0.25 cm, and the contacts are made from 

layered Pd/Ge/Ti/Pt of thicknesses 200/400/400/300 Å, respectively. The device 

dimensions are 2 cm x 1.3 cm x 630 um. The primary material used in photo-switches is 

Liquid-encapsulated Czochralski (LEC) grown GaAs, in which deep donors are 

compensated by shallow acceptors (DDSA).  In the DDSA compensation scheme, a 

balance is obtained between the deep lying EL2 and shallow acceptor impurity which is 

generally carbon. The bulk resistivity is on the order of 107-108 Ω-cm. Semi-insulating 

GaAs generally exhibits crystal flaws, which are caused by dangling bonds at interfaces 
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or due to the presence of impurities in the substrate [54]. The presence of these defect 

centers or traps in the semiconductor material may significantly influence the electrical 

characteristics of the device [55]. Trap centers exchange charge with the valence and 

conduction band through the recombination and emission of electrons. The trap centers 

change the density of the space charge and hence influence recombination statistics [56, 

57]. 

 

 

Figure 5.1 semi-insulating GaAs PCSS 

 

The 6H-SiC PCSS studied is shown in Figure 5.2. The length and the width of the 

device are 1.2 cm x 1.2 cm and it is approximately 350-400 µm in depth. The radius of 

contact curvature is 0.2cm. A contact leaves the 6H SiC slab around 0.4cm from the 

center of the switch. The nickel silicide contacts have resistivity of about 1×10-5 Ω-cm. 

The actual contacts are made up of NiSi2/Ti/Pt/Au/Cu layers with thicknesses 

200/200/100/100/500 nm respectively. The SiC component of the PCSS is represented 

seen as the small rectangular disc in the middle of the contacts. 
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The PCSS tested and analyzed are fabricated from 6H-SiC semi-insulating 

materials that are grown through the compensation process. Compensation comes from a 

donor or acceptor type deep trap level and a shallow dopant, which can also be donor or 

acceptor. At room temperature the shallow dopant level is completely ionized and the 

deep traps are partially ionized, which makes the material semi-insulating. In 6H SiC the 

two deep trap levels, both acceptors and donors are formed by Vanadium. The ++ 43 /VV  

acceptor trap level is present at 0.74eV from the conduction band and a deep donor trap 

level ( ++ 54 /VV ) is present at 1.6eV, close to the middle of the band gap. Deep levels 

other than Vanadium, because of their low concentration, are usually not used in analysis. 

The shallow dopant used for compensation is Nitrogen or Boron. Nitrogen is absorbed at 

porous graphite parts and Boron is inherently present in crucible material. Thus, the 

material is classified as shallow donor-deep acceptor (SDDA, ++ 43 /VV  compensated 

with Nitrogen) or deep donor shallow acceptor (DDSA, ++ 54 /VV  compensated with 

Boron) type. 

 

 

Figure 5.2 6H-SiC photoconductive switch 
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5.2 SIMULATION MESH OF THE DEVICES 

 

The simulation mesh of the GaAs PCSS of dimension 2700 x 630 um is similar to 

the structure shown in Figure 5.3. The active region (the distance between the contacts) is 

the same as in the actual device (0.25 cm). However, to economize on simulation time, 

the contact length has been reduced to 100 um and only the material that is in intimate 

contact with the device (Pd) has been used. This is not expected to affect the results since 

the contact material will dominate conduction. A 3 x 1015 atoms/cc carbon doping and a 

0.730 eV EL2 trap level was used. The electron and hole capture x-sections were 4 x 1016 

atoms/sq.cm and 2 x 1018 atoms/sq.cm respectively. Details are provided elsewhere [25]. 

The optically activated switches discussed here are bulk semiconductor devices which 

consist of Semi-Insulating (SI) GaAs.   

 

 

Figure 5.3 Simulation mesh of the SI GaAs switch 

 

The simulation mesh for the 6H-SiC switch has the dimensions of 1200 x 400 um 

with Nickel Silicide material used for the contacts. The material simulated is semi-



 59

insulating 6H SiC with acceptor traps compensated by nitrogen donor level. Nitrogen 

being a shallow donor level is completely ionized at room temperature. The trap data 

used in the simulations are given below.  For simulations, the Nitrogen concentration was 

fixed at 316 /101 cm× while the trap concentration was varied between 

31615 /102101 cm×−×  to fit the experimental I-V data. Trap concentration of 

316 /10006.1 cm× provided the best fit with experiments. The simulation mesh for the SiC 

switch is as shown in Figure 5.4. 

 

 

Figure 5.4 Simulation mesh of the 6H-SiC switch 

 

Besides the equations discussed in Chapter II, the models used for simulation 

were the mobility and recombination models, and the lat.temp model which uses the 

Wachutka’s thermodynamically rigorous model of lattice heating which accounts for 

Joule heating, heating and cooling due to carrier generation and recombination, and the 

Peltier and Thomson effects. The Lattice Heat flow equation is solved. The heat flow 

equation has the form: 
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where: C is the heat capacitance per unit volume, κ is the thermal conductivity, H is the 

heat generation and TL is the local lattice temperature. The recombination models used 

were the standard auger and the Shockley-read-hall recombination models. Auger 

recombination is commonly modeled using the following expression 
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where the model parameters AUGN and AUGP are user definable. 

 The Shockley-Read-Hall recombination is modeled as follows: 
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where ETRAP is the difference between the trap energy level and the intrinsic Fermi 

level, LT  is the lattice temperature in degrees Kelvin and TAUN0 and TAUP0 are the 

electron and hole lifetimes which are user definable.  

 

5.3 SCHEMATIC OF HEATING FOR THE PCSS 

 

 The PCSS was simulated for the heating effects, so a temperature of 330K 

was taken for heating. The explanation for why a temperature of 330K was chosen 

follows. To study the effects of RF heating, a power density of 260 W/cm2 from a 

magnetically insulated line oscillator (MILO) on a target at a given distance was 
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simulated. At this density the temperature change that might affect the PCSS was 

calculated. Radiant energy is absorbed at and below the surface of the device and then 

transferred by conduction throughout the material’s thickness. By using equation 5.4, the 

temperature increase with that power density due to the MILO source can be calculated.                      
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q

∆
∆

−=  W/cm2                                            (5.4)                   

 

where k is the thermal conductivity, T is the temperature and ∆ x is the width. The 

thermal conductivity of GaAs is 0.55 W/cm.K and ∆ x is 630 um. So, by substituting the 

above values in equation 5.4, we get the temperature as 330 K. So, simulations were 

performed at 330 K to study the effect of RF sources on PCSS’. 

There were three different schemes of heating as shown in Figure 5.5. The results 

are presented later in this chapter. 

Scheme A: anode was heated to a temperature of 330K 

Scheme B: cathode was heated to a temperature of 330K 

Scheme C: wall was heated to a temperature of 330K 

  

 

 

 

 

 

Figure 5.5 Different Schemes of heating on the PCSS. 
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5.4 RESULT PLOTS 

 

The simulation results for the switches before and after heating for different 

heating schemes are presented in this section. Results for the GaAs PCSS are discussed 

first. 

Figure 5.6 shows the steady state I-V characteristics of the PCSS. The current 

voltage characteristics of semi-insulating GaAs PCSS follow non-linear carrier injection 

behavior [25]. The hold off characteristics value achieved for the switch is around 34kV, 

after which it breaks down. It is recommended that the switch is operated at a voltage 

around 20 kV. At higher voltage the negative resistivity is observed, and the negative 

resistivity voltage is higher than the operating voltage, so in normal operation condition 

the negative resistivity does not influence the working of the switch. 

 

0.00E+00

2.00E-04

4.00E-04

6.00E-04

8.00E-04

1.00E-03

1.20E-03

0 5000 10000 15000 20000 25000 30000 35000

Anode Voltage (Volts)

A
no

de
 C

ur
re

nt
 (A

m
ps

)

 

Figure 5.6 I-V characteristics of the GaAs PCSS without heating 
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SCHEME A 

 

In order to study the device performance when anode contact is heated, an 

external heat source at the anode contact, that raises its temperature to 330K is assumed 

and then simulated. The resulting I-V curve under this condition is obtained as shown in 

Figure 5.7. The figure shows the signature form of current controlled negative resistivity. 

Negative resisitivity starts at a voltage much lower than the operating voltage. This 

characteristic is referred to as CCNR (current controlled negative resistance) 

characteristic. The device exhibiting such behavior is considered to be open circuit stable. 

If the device exhibits current controlled negative resistivity, it would lead to current 

conduction through a filament between the cathode and the anode and hence is termed as 

filamentary conduction. As the current is increased, thermal secondary breakdown, a 

destructive, irreversible process, occurs. Thermal secondary breakdown is a result of 

heating in the junction region. For a bias voltage applied to the junction, the voltage drop 

appears across a narrow region about the junction that is called the depletion region. 

Consequently, the heating is localized to the junction region. Second breakdown is 

thought to be a filamentation process that occurs in three stages: nucleation of the 

filament, growth of a relatively broad filament across the depletion region, and growth of 

a second filament of molten material within the first filament. The filamentation growth 

begins in a region of high current density, and more than one filament may occur. With 

the formation of the filament of molten material, the device is irreversibly damaged. 
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V-I Curve With Heat
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Figure 5.7  I-V char’s of GaAs switch with anode contact being heated to 330 K 

 

From the I-V characteristics, the behavior of the device and the filamentary 

conduction can be explained with the help of the filamentary conduction equations [58] 

which can be expressed as 

                                                        )( aAIaIAI bBx −+=                                      (5.5) 

                                      )/()( bBbx IIIIAa −−=                                  (5.6) 

Assuming the semi-conductor material has the cross-section area of A. The semi-

conductor material is biased at x in the negative resistance region where the 

corresponding current is Ix. The current IB and Ib are associated with points B and b, 

respectively. The terminal voltage reaches a minimum value at point a after B where the 

negative incremental resistance tends to get reduced to zero. Since the value of IB  is much 

larger compared to the other two currents, most of the current flows through a smaller 

cross section a. Hence, excess current flows through this cross section and the resistivity 

at this cross section is lower compared to the remaining part of the semi-conductor 

material which would shunt more of the total current further lowering it’s resistivity and 
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increasing the resistivity of the remaining part of the semi-conductor and this process 

continues until almost all the current flows through this area in the form of a filament. 

If a photoconductive switch is uniformly illuminated, the carrier density is almost 

uniform throughout the semiconductor switch and hence the current is uniformly 

distributed through out the switch. At low current densities, the thermal conductivity has 

a negative temperature co-efficient and hence increase in temperature would result in 

decrease in the current and also increase in thermal conductivity and thermal carrier 

generation due to which the setup studied would be affected as the switch does not 

perform well under heat. Figure 5.8 is an overlay of plots, I-V curves with and without 

heating, where it can be clearly seen the damage caused due to heating. 

 

 

Figure 5.8 Overlay of I-V plots of GaAs switch with and without heating 
 

 

The temperature profile and the electric field distribution after heating are as shown in 

Figures 5.9 and 5.10 respectively. 



 66

 

Figure 5.9 Temperature profile of the GaAs switch after the anode being heated 

 

In Figure 5.9, the anode is taken to be at 330K and the temperature increase 

through out the switch is due to the heating of the anode. Simulation models, like before, 

were incorporated using the lattice temperature heating tools in the software. Figure 5.10 

shows the electric field distribution in the PCSS after the anode being heated.  

 

 

Figure 5.10 Electric field distribution in the GaAs switch after the anode being heated 
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SCHEME B 

 

In order to study how the device reacts when the cathode contact is heated, an 

external heat source is assumed and the cathode contact is assumed to be heated to a 

temperature of about 330K and then simulated. The I-V curve obtained is shown in 

Figure 5.11. This result again shows the signature form of current controlled negative 

resistivity (CCNR). 

 

 

Figure 5.11  I-V char’s of GaAs switch with the cathode contact being heated to 

330 K 

 

 

SCHEME C 

 

In order to study how the device operates when the wall is heated, an external heat 

source is assumed, and the wall is assumed to be heated to a temperature of about 330K 
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and then simulated. The I-V curve obtained is shown in Figure 5.12. This result shows 

the signature form of current controlled negative resistivity. 

 

 

Figure 5.12  I-V char’s of the GaAs switch with wall being heated to 330 K 

We can clearly observe from the Figures 5.7, 5.11 and 5.12 that the anode contact getting 

heated gives the worst result in the sense it has the least hold-off voltage. 

Now, the simulation results for the GaAs PCSS with the n+ layer at the cathode 

are presented. Figure 5.13 shows the GaAs PCSS with the n+ layer at the cathode.  

 

Figure 5.13 GaAs PCSS with the n+ layer at the cathode 
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The same simulations were run on this device as was done previously in the case 

of the device shown in Figure 5.3. Current-Voltage (I-V) characteristics were measured 

from the model. Figure 5.14 shows the steady state I-V characteristics of the PCSS with 

the n+ layer at the cathode. The addition of the n+ layer at the cathode has given 

immense improvement in the hold-off voltage as is observed in the Figure 5.14. 

 

 

Figure 5.14 I-V char’s of the GaAs switch with n+ layer before heating 
 

 

SCHEME A 

In order to study how the device works when anode contact is heated, an external 

heat source is assumed and the anode contact is assumed to be heated to a temperature of 

about 330K and then simulated as in the case for the previous switch configuration. The 

I-V curve is obtained as shown in Figure 5.15. This figure also shows the signature form 

of current controlled negative resistivity as the previous one when heated. Negative 
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resisitivity starts at a voltage much lower than the operating voltage and this device too 

exhibits the open circuit stable behavior, whose characteristic is referred to as CCNR. 

 

 
 

Figure 5.15 I-V char’s of the switch with n+layer after the anode being heated 
 
 

Figure 5.16 is an overlay of plots, I-V curves with and without heating, where it 

can be clearly seen the damage caused due to heating. 

 

Figure 5.16 Overlay of I-V plots of the switch with n+layer with and without heating 
 

The temperature profile and the electric field distribution of the GaAs PCSS with the n+ 

layer at cathode after heating are as shown in figures 5.17 and 5.18 respectively. 

w/o heating 

w/ heating 
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Figure 5.17 Temperature profile of the switch with n+layer after the anode being heated 

 

In Figure 5.17, the anode is taken to be at 330K and the temperature increase 

through out the switch is due to the heating of the anode and it can be observed that the 

anode is at 330K and the temperature is distributed through out the switch 

 

 

Figure 5.18 shows the electric field distribution in the PCSS with n+layer after the 

anode being heated. 
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SCHEME B 

 

In order to study how the device reacts when the cathode contact is heated, an 

external heat source is assumed and the cathode contact is assumed to be heated to a 

temperature of about 330K and then simulated. The I-V curve obtained i shown in Figure 

5.19. This result again shows the signature form of current controlled negative resistivity 

(CCNR). 

 

 

Figure 5.19  I-V char’s of the switch with n+layer with the cathode contact being 

heated to 330 K 

 

SCHEME C 

 

In order to study how the device operates when the wall is heated, an external heat 

source is assumed, and the wall is assumed to be heated to a temperature of about 330K 

and then simulated. The I-V curve obtained is shown in Figure 5.20. This result again 

shows the signature form of current controlled negative resistivity (CCNR). 
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Figure 5.20  I-V char’s of the switch with n+layer with the wall being heated to 330 K 

 

It can be again clearly observed from Figures 5.15, 5.19 and 5.20 that the anode 

contact getting heated gives the worst result in the sense that it has the least hold-off 

voltage. 

 

HEATING OF 6H-SiC PCSS 

 

Now, the simulation results for the 6H-SiC PCSS will be prsented. Figure 5.4 

shows the 6H-SiC PCSS. The contacts used were made of Nickel Silicide. The same 

simulations were conducted with this device as was done previously in the case of the 

device shown in Figure 5.3. Current-Voltage (I-V) characteristics were measured using 

the model. Figure 5.21 shows the steady state I-V characteristics of the 6H-SiC PCSS. 

The hold-off voltage is observed to be around 32 K and is shown in Figure 5.21. 
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Figure 5.21 I-V characteristics of the 6H-SiC PCSS before heating 
 

SCHEME A 

 

All the previous simulations were again repeated for the 6H-SiC switch. In order 

to study how the device works when the anode contact is heated, an external heat source 

is assumed and the anode contact is assumed, to be heated to a temperature of about 

330K and then simulated, as in the case for the previous switch configuration. The I-V 

curve obtained is shown in Figure 5.22. This figure also shows the signature form of 

current controlled negative resistivity, as the previous one, when heated; the negative 

resisitivity starts at a voltage much lower than the operating voltage, and this device also 

exhibits the open circuit stable behavior, whose characteristic is referred to as CCNR. 
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Figure 5.22 I-V characteristics of the 6H-SiC PCSS after the anode being heated 
 

 

Figure 5.23 is an overlay of plots, I-V curves with and without heating, where the 

damage caused by heating can be clearly seen. 

 

Figure 5.23: Overlay of I-V plots with and without heating for the 6H-SiC PCSS 
 
 

The temperature profile and the electric field distribution of the 6H-SiC after heating are 

shown in Figures 5.24 and 5.25, respectively. 

w/ heating 

w/o heating 
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Figure 5.24 Temperature profile of the 6H-SiC switch after the anode is heated 

 

 

Figure 5.25 Electric field distribution in the 6H-SiC switch after the anode is heated 

 

SCHEME B 

 

In order to study how the device works when the cathode contact is heated, an 

external heat source is assumed, and the cathode contact is assumed to be heated to a 

temperature of about 330K and then simulated. The I-V curve is obtained as shown in 
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Figure 5.26. The figure again shows the signature form of current controlled negative 

resistivity (CCNR). 

 

 

Figure 5.26  I-V characteristics of 6H-SiC with the cathode being heated to 330 K 

 

SCHEME C 

 

In order to study how the device works when the wall is heated, an external heat 

source is assumed and the wall is assumed to be heated to a temperature of about 330K 

and then simulated. The I-V curve obtained is shown in Figure 5.27. This figure again 

shows the signature form of current controlled negative resistivity (CCNR). 

As Figures 5.22, 5.26, 5.27 show, 6H-SiC switches are more severely affected 

than the GaAs PCSS. The SiC switches have a better hold-off voltage under the effect of 

RF heating because of its high thermal conductivity due to which there is rapid 

distribution of the temperature and the heat, but because there is no escape for the heat, 

the switch is damaged.  
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Figure 5.27  I-V characteristics of the 6H-SiC with the wall being heated to 330 K 

 

In summary, one can say that the heating effects on a PCSS is very damaging. As 

was seen from the simulation results, the switches had breakdown voltages that were 

significantly less than the operating voltage, due to heating effects. The breakdown 

mechanism is different from the surface flashover mechanism of the insulators. A double 

injection process causes the space charge barrier for electron flow to be lowered, 

resulting in a negative resistivity. A negative resistance characteristic can also be initiated 

by impact ionization. Excessive heating of the contact has a negative effect on the device, 

and the switch lifetime would be severely affected. Current controlled negative resistivity 

has been observed. Current filamentation forces the device to breakdown at a much lower 

voltage. With the formation of the filament of molten material, the device is irreversibly 

damaged. These devices are expected to operate at high electric fields and with improved 

performance characteristics, except for thermal runaway. 
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CHAPTER VI 

CONCLUSIONS 
 
 

 
The main objective of this research was to simulate, and develop process and 

device technologies that directly affect the performance of photoconductive switches 

used in high power microwave generation. The Silvaco suite was extensively used in this 

research on semiconductor devices. Simulations were performed on SI-GaAs and 6H-SiC 

Photo-Conductive Semiconductor Switches. Heating effects and radiation effects on these 

devices was studied. The changes in the I-V characteristics before and after heating in the 

switches were studied. A power density input had been taken from an electromagnetic 

code and the simulations were performed at a temperature of 330 K. The following 

conclusions can be made from the research: 

 

• The breakdown mechanism is different from the surface flashover mechanism 

of the insulators.  

• Double injection process causes the space charge barrier for electron flow to 

be lowered resulting in a negative resistivity.  

• A negative resistance characteristic can also be initiated by impact  

      ionization.  

• Excessive heating of the contact would have a negative effect on the device 

and the switch lifetime would be severely affected.  

• Current controlled negative resistivity has been observed. Current 

filamentation forces the device to breakdown at a much lower voltage. With 
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the formation of the filament of molten material, the device is irreversibly 

damaged.  

 

In summary, we can say that the heating effects on the PCSS is very damaging as 

switches had breakdown voltages that were very much less compared to the operating 

voltage. These devices are expected to operate at high fields and with improved 

performance characteristics except for thermal runaway. 

 

The scope for possible future work in this area of research could be to devise a 

mechanism to prevent a device from failing and try to implement any EMI 

countermeasures like shielding or provide the switches with heat sinks and simulate. 
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