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ABSTRACT 

An impact ionization theory is proposed to explain an unusual phenomenon in 

GaAs photoconductive semiconductor switches under high-voltage bias and optical 

illumination. The effect is characterized by a persistent electric field across the 

switch after illumination is turned off. The field appears to remain 'locked-on' 

leading to the name 'lock-on' for the effect. It is found that these switches are 

bistable with filamentary current flow in the ON state. The theory, originally 

proposed by Hjalmarson, is based on a band-to-band impact ionization mechanism 

which becomes increasingly efficient due to carrier-carrier scattering as the carrier 

density increases. The key mechanism of the theory is collective impact ionization. 

The theory focuses on the dependence of impact ionization on carrier density. 

Impact ionization requires a hot carrier. For an electron initiated process, the 

electron must be heated to a bandgap of energy above the conduction band edge, 

which allows it to generate an electron-hole pair by colliding with a valence band 

electron. The collective impact ionization idea is that, above a critical carrier 

density, the heating of these high energy carriers is very efficient due to energy 

redistribution by carrier-carrier scattering. At low carrier density, the 

carrier-carrier scattering rate is negligible so that each carrier must acquire all of 

its energy from the electric field. The theory has been implemented by 

approximating the distribution function by an interpolation between the low and 

high density extremes. This involves a two temperature approximation to the low 

IV 
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density distribution function. Although this implementation works well for the 

lock-on field, it is expected to be inadequate in explaining the growth of a filament. 

To develop a more microscopic theory requires a better calculation of the 

carrier distribution function. This involves solving a kinetic equation for the time 

evolution of the distribution function. In this dissertation, the kinetic equation is 

approximated by the Boltzmann equation, which is solved by a Monte Carlo 

method. The method includes the carrier density dependence of impact ionization 

as well as carrier-phonon scattering, carrier-carrier energy redistribution, and 

impact ionization. The results show that the density dependence of carrier-carrier 

scattering is the key mechanism for the initiation of lock-on. 
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CHAPTER I 

INTRODUCTION 

Photoconductive semiconductor switches (PCSS's) with very fast closure and 

relaxation times were first developed by Auston et al. [1]. Since that time, 

numerous workers have investigated laser controlled PCSS's for use in high speed 

and high power applications. PCSS's have hold-off voltages up to hundreds of 

kilovolts and current handling capabilities scalable to tens of kiloamps. They also 

have very fast turn-on and turn-off times, which are in the range of 

subnanoseconds. These times are limited primarily by the optical trigger speed. A 

variety of applications of PCSS's have gained attention over the past few years. 

Among these are wideband, high power, low loss RF switches; DC to RF 

conversion devices; frozen wave generators; and opening power switches [2]. 

The two modes of operation of a PCSS are the linear mode and lock-on mode 

[3, 4]. In the linear mode, excess carriers come from the optical radiation. The 

number of generated electron-hole pairs is proportional to the optical radiation 

intensity. Therefore, the switch closing time is limited only by the laser rise time, 

while the opening time depends on carrier recombination. Operation has been 

successfully achieved in this mode up to fields of 25kV/cm [3]. The linear mode is 

easily understood theoretically, but the gain is very small. 

The lock-on mode is the ON state of the switch in which the current flows in 

filaments. This mode was first observed by Loubriel et al [5, 6]. Normal 
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photoconductive switches close when illuminated and open when the illumination 

stops. However, under the right conditions, the illumination, usually from a laser, 

triggers the lock-on mode. The residual voltage across the switch is called the 

lock-on voltage. This voltage is much lower than that needed to trigger 

conventional avalanche breakdown. The switch remains closed until the lattice 

heating by the filaments destroys the contacts. The switch current depends on the 

initial charging voltage and is independent of the optical trigger energy. Also the 

lock-on voltage is independent of circuit parameters and the initial bias voltage 

[7]. This mode can switch up to 1 MV and 156 kA using available lasers [5]. 

The gain, initiation, or growth phase of lock-on has been described as a third 

mode, an avalanche mode in which each photocarrier generates multiple secondary 

carriers by impact ionization [3]. This mode starts with low conductivity and after 

a delay of approximately a nanosecond, the a\^lanche phenomenon begins. After 

the avalanche starts, the closing time is also approximately one nanosecond, which 

is independent of the laser rise time. In this mode, gains of over 1000 are possible. 

These phenomena are not well understood theoretically, but play a basic role in 

the efficiency, jitter, opening behavior, and lifetime of PCSS's. The initiation and 

early filament growth phase of the lock-on is the focus of this dissertation. 

In this dissertation, the microscopic physics of the lock-on mode ("the lock-on 

effect") and related phenomena are investigated theoretically. These phenomena 

can be understood by using collective impact ionization theory (or collective 
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breakdown theory). Collective breakdown is the term used to describe the fact 

that for large carrier densities, breakdown can occur at lower electric fields than 

the avalanche breakdown field. 

In our approach, we develop an ensemble Monte Carlo (EMC) method, and 

show that carrier-carrier (CC) scattering leading to collective impact ionization is 

a key mechanism which can explain the lock-on phenomenon. Including CC 

scattering in the EMC method simulates transport in semiconductors without 

having to make any assumptions about the shape of the carrier distribution 

fruiction. Carrier motions in semiconductors axe determined by scattering and 

drift. When carriers go up to high energy, they can impact ionize and eventually 

cause breakdown. 

We include CC scattering in our calculations in order to try to show that the 

breakdown field is lower at high densit}^ than it is at low density. CC scattering 

can move carriers up to high energies. We use various niunbers of particles in 

order to see how high the carriers can move up for the same electric field as the 

carrier density is changed. When we used only five particles at a low electric field, 

which is approximately the lock-on threshold field, we found that no carriers can 

achieve the impact ionization threshold energy. However, when we used a larger 

number of particles at the same electric field, we found that some carriers can 

achieve the impact ionization threshold energy. 



We also calculate the impact ionization coefficient including CC scattering. 

Impact ionization is a carrier-carrier scattering which corresponds to the inverse of 

the Auger process in the high energy region. Conventional impact ionization 

treats two particle scattering events, one from a valence band and the other from a 

conduction band. Our theory extends this to the conduction band and allows for 

CC scattering to the upper valleys, such as the L-valleys, the X-valleys and the 

K-valleys for the first conduction band and the F-valley (Fis), the X-valley (X3), 

the L-valley (L2), and the K-valley for the second conduction band. Once we 

obtain the impact ionization coefficient with carrier-carrier scattering, we calculate 

the impact ionization threshold by varying the carrier density. A collective 

breakdown can be obtained at high carrier density and this corresponds to the 

lock-on mode. Because of the time limitations, only preliminary results have been 

obtained so far. 

The remainder of this dissertation is organized as follows. Chapter II reviews 

the background of the PCSS and the lock-on mode, including the experimental 

results and a brief history of some of the earlier theoretical models of lock-on. The 

collective breakdown and impact ionization theory is also described. As a tool for 

implementing the collective impact ionization theory, the ensemble Monte-Carlo 

technique is discussed in Chapter III. In that chapter, the history of Monte-Carlo 

simulations is reviewed briefly and the time of free flight and the scattering 

mechanisms, which are the basic concepts of a Monte-Carlo simulation, are 
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described. Next, the ensemble Monte-Carlo simulation method is discussed. The 

ensemble Monte-Caxlo simulation method calculates the impact ionization 

coefficient and the number of impact ionization events. In Chapters I \ ' and V, we 

discuss the scattering mechanisms. Chapter IV presents v^arious phonon scattering 

rates. These rates cire used in the ensemble Monte-Carlo method described in 

Chapter III. Chaper V describes carrier-carrier scattering and impact ionization, 

and includes higher subbands in the calculations. These carrier-carrier scattering 

rates cind impact ionization coefficient are calculated microscopically using the 

Fermi golden rule. The \'alence bands, and the conduction bands, F, L, X, Fis, L2, 

X3, K-valleys axe also included. Non-parabolicity effects are included in all of 

these bands. Chapter \'̂  discusses the results. In the first few sections of that 

chapter, we explain the computationad method in detail and some physical 

chcuracteristics such as the band structure model used and distribution functions 

are discussed. Chapter \T sunomarizes the results and contcdns a discussion. 



CHAPTER II 

BACKGROUND 

2.1 Photoconductive Semiconductor Switches 

PCSS's are triggered by a laser via photon absorption, which generates 

electron-hole pairs. Figure 2.1 shows the typical PCSS switch and its application 

circuit. An external voltage is applied through the resistor. Once the laser 

triggers, electron-hole pairs are generated and the switch turns on. The photon 

absorption is extremely fast. The time for this is in the subnanosecond range and 

is roughly proportional to the optical absorption depth divided by the speed of 

light. Their speed is one of the reasons for the interest in PCSS's. Furthermore, 

they can be designed to have much lower inductance than any other switching 

technology. Thus, they are the only possible choice for very fast operation in a low 

impedance system. 

Jitter-free switching is also an advantage of PCSS's [12]. Jittering is a 

oscillation when a switch is on or off before settling. Another advantage is the 

possibility of thermal isolation between the control and switching circuit to reduce 

the thermal effect from the power devices. 

The primary material for PCSS development has been GaAs. There are several 

reasons for this. First, this material has a resistivity which is several orders of 

magnitude higher than that of the highest resistivity Si material, so that GaAs 

switches can withstand high dc voltages without thermal runaway. Second, GaAs 



Optical Trigger 

Illuminated stri 

Figure 2.1: The semi-insulating semiconductor switch and it's application circuit. 
Electron-hole pairs are generated after the laser triggers, which in turn makes the 
switch turn on. (After H.P. Hjalmarson et al. [8].) 



8 

also has a higher carrier mobility and thus a higher speed than Si. Finally, since 

GaAs switches have short carrier lifetimes, the residual carriers are removed 

quickly after the switch is turned off. Thus they can have naturally fast opening 

times, which are of the order of nanoseconds at room temperature and low field. 

By contrast. Si switches typically have opening times of the order of milliseconds. 

Other materials have been examined for use in optically activated switching, 

including InP:Fe [13], CdS:Cu, ZnS:Cu, ZniOrCu, ZnSe:Cu [14, 15], 6H-SiC [16], 

ZnSe [17], quartz [18], and diamond [19]. 

Many experimental observations of semiconductor PCSS's have shown the 

lock-on effect at a critical electric field [20, 21, 22, 23]. There also have been many 

theoretical models to investigate this phenomenon. Impact ionization is one of the 

key mechanisms which has been used to explain this effect. However, a detailed 

understanding of the microscopic physics of the lock-on effect is still not well 

developed, despite the fact that this effect has been observed in GaAs [7], InP [29], 

ZnSe [30, 31], and diamond switches [32]. 

Many characteristics of lock-on, which is characterized by persistent current 

flow after photo or electron beam ionization of the switch, have been discussed in 

a variety of papers. It has been experimentally verified that in GaAs it is always 

accompanied by the development of current filaments. In Fig. 2.2, which shows 

the results of experiments by Loubriel et al. [7], the time dependence of the switch 

voltage for various initial voltages in a GaAs PCSS is shown. The lock-on effect is 
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Figure 2.2: Experimental results for lock-on in GaAs. Time dependence of the 
switched voltage for various initial voltages is shown. As can be seen, the de
vice switches to lock-on at about 25ns. It is also clear that the lock-on voltage is 
independent of initial voltage. (After G. Loubriel et al. Ref. [7]). 
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clearly visible after about 25ns and is independent of initial voltage. The lock-on 

electric field is dependent on the type and density of defects. For example, in EL2 

compensated GaAs switches, the lock-on fields are in the range of 3.6 kV/cm-4.5 

kV/cm for switch lengths from 1 cm to 3.38 cm [21]. However, for Cr compensated 

GaAs, the lock-on field is the range of 8-9.5 kV/cm [22]. A higher lock-on field is 

observed for a higher defect density in the semiconductor. Therefore, higher 

resistivity material, which has more defects, shows a higher lock-on field. Other 

factors affecting the lock-on field are neutron damage and temperature. It is 

changed to 6.2 kV/cm by cooling to 77 K [7]. From these results, one can conclude 

that the lock-on field is independent of initial voltage and switch length along the 

field direction but it is dependent on the temperature and impurity type. 

It has been observed that the delay to lock-on is reduced as the amount of 

light is increased, but it is worthwhile to note that the opposite effect was 

observed in very small voltage range [33]. Current filamentation is also observed 

when switching to lock-on in the infrared range [22]. It should be noted that 

lock-on has been observed in GaAs and InP but has not been observed in Si even 

though fields as high as 82 kV/cm have been switched in the latter material [23]. 

2.2 Models of Lock-on 

There are a number of studies which have proposed physical mechanisms to 

explain the lock-on effect. We briefly review some of these earlier works here. 

Among the theoretical explanations which have been proposed for this nonlinear 



11 

switching behavior are metastable impact ionization [34], double injection and 

carrier trapping [35, 36, 37], avalanche injection [38, 39], electric field dependent 

trap filling [40], and localized impact ionization [41]. 

Even though many models use impact ionization as a mechanism which causes 

the lock-on effect, others use multiple Gunn domains and impact ionization of 

deep levels as the metastable mechanism to lower the avalanche breakdown field to 

the lock-on field [34]. Deep level impact ionization implies that high energy 

electrons in the conduction band collide with electrons in defect or impurity states 

and transfer enough energy to them so that they can jump to the conduction 

band. At low electric fields, impact ionization is slow due to the low free carrier 

densities and its rate is determined by photogenerated carriers. This mechanism 

predicts a unique lock-on field that is independent of sample length. Deep level 

impact ionization also predicts gain, in agreement with experiment. It also 

predicts that a switch in the dark will exhibit lock-on seconds after the field is 

turned on. However, this prediction is in disagreement with one experiment, in 

which Cr:GaAs withstood a field of 16.8kV/cm for about 30 minutes. 

Double injection has been proposed as another possible mechanism for the 

lock-on effect [35, 36, 37]. If the electrons are injected from the cathode and holes 

axe injected from the anode (double injection), carriers are trapped in the center 

of the switch. With a large injection of carriers, there is large density of mobile 

carriers after filling the traps. These form a solid state plasma, which increases the 
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current sharply. This model is able to reproduce qualitatively the lock-on behavior 

and explain many characteristics of lock-on, such as the threshold and current 

filaments. However it cannot account for all of the lock-on characteristics 

quantitatively. This model also predicts the wrong scaling law with switch length. 

In particular, it predicts that the threshold voltage is not proportional to the 

switch length [38]. 

Gunderson et al. [39] proposed an avalanche injection by a transferred electron 

(TE) effect (Gunn effect) to explain the lock-on effect. This model requires a 

conduction band structure with a low lying, small effective mass (high mobility) 

valley and a high lying, large effective mass (low mobility) valley. The details of 

the lock-on characteristics within this model can be determined by the TE effect 

with impact ionization due to high field domains and trap scattering effects due to 

deep levels. In this model, the lock-on effect itself is fundamentally related to the 

same conduction band structure characteristics responsible for the TE effect. 

Electric field dependent trap filling [40] is a mechanism proposed to explain the 

voltage threshold, the observed voltage dependent delay between the laser pulse 

trigger, the onset of switching and the sharp increase of current when optical 

illumination is applied. This model uses impact ionization and dynamic trapping, 

in which an increasing electric field is assumed to increase the trapping cross 

section. When the switch is turned on, the current is not increased until all the 
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traps are filled. After filling the traps, and if the laser is still on, the current is 

increased sharply. 

Another model for lock-on is the quasi-two-dimensional model in which the 

impact ionization occurs locally [41]. This model combines two regions: the 

filament in the core of the cylinder and the bulk outside the filament region. The 

increased electric field at the cathode is high enough to generate a large number of 

carriers by impact ionization. This localized impact ionization moves toward the 

anode with a large density of carriers behind the front and eventually causes the 

filamentation. 

Thermal ionization is another model which was proposed to explain lock-on 

[42]. In this model electrons are ionized both from deep levels and from the 

'̂B,lence band. The positive temperature dependence of this process leads to an 

S-like instability of the current-volt age characteristics. Such a characteristic is 

found to produce a filamentary current, which is guided by the Townshend 

mechanism of gaseous breakdown. 

All of the above mentioned models can explain some aspects of lock-on. 

However, each of them predicts results which are in contradiction with 

experiments done of Sandia National Laboratory. 

2.3 Collective Impact Ionization Theory 

Our theory, originally proposed by Hjalmarson [8], is based on a band-to-band 

impact ionization mechanism which becomes increasingly efficient due to 
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carrier-carrier scattering as the carrier density increases. The key mechanism of 

the theory is collective impact ionization. 

Avalanche breakdown is the principle breakdown mechanism for low carrier 

densities. This, however, depends on the geometry of the material. For this reason, 

in collective breakdown theories, intrinsic breakdown has been used with the 

conduction electron energy balance equation, which contains both hot electron and 

hot phonon effects. If an electric field is applied to the material, carriers obtain 

energy and become "hot". The rate of energy gain A is a function of electric field. 

There are several mechanisms by which electrons can transfer energy to the 

lattice. Let us represent them by B. This can be a carrier-carrier or carrier-phonon 

scattering mechanism. The condition for energy balance in the electric field F is 

A(F,E) = B{El (2.1) 

where E is the carrier energy. Depending on details of the model, this equation 

can be satisfied only for values of electric field below a certain critical value. This 

critical value is called the intrinsic breakdown field [43, 44, 45]. Breakdown 

theories are of two types: (1) Those which use the low density approximation. 

These are theories of avalanche breakdown. (2) Those which use the high density 

approximation. The latter are theories of intrinsic breakdown, and are usually 

called collective breakdown [46]. 
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At high caxrier density, the electron-electron collisions are of such great 

importance that they determine the form of the electron distribution function. At 

these densities, electrons interchange energy with each other much more rapidly 

than with the lattice [44]. Thus, the carrier-carrier scattering at high carrier 

densities overwhelms the cooling effectiveness of the smaller density of the 

zone-center LO-phonons. 

Calculations show that this intrinsic breakdown arises only with carrier 

densities of the order of lO^^cm"^ and greater [47]. It is believed that the 

collective breakdown mechanism can develop when the breakdown process is 

initiated at a large carrier density by other mechanisms, e.g., impact ionization. In 

photoconductive semiconductor switches, this mechanism can be photoexcitation. 

The key quantity in collective impact ionization theory is the expression for 

the impact ionization rate [8]. For electrons, this has the form 

Rn = A„(nJ - np)n (2.2) 

where An is the Auger coefficient, n is the electron density, p is the hole density, 

and n,- is the intrinsic carrier density. The latter is given by 

n.- « ^ ( A r , i V „ ) e x p ( - ^ ^ ) , (2.3) 

in which Â ^ and Âc are the valence band and conduction band thermal densities 

of states, respectively, Eg is the bandgap energy, and Tc is the carrier temperature. 
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Then, the energy balance equation can be used to calculate the carrier 

temperature as. 

'-ks^ = \qvF\ - R(T,), (2.4) 

where the first term on the right hand side corresponds to Joule heating and the 

second term corresponds to carrier cooling. In this expression, q is the charge, v is 

the drift velocity, and F is the electric field. Assuming a single carrier 

temperature, the carrier cooling term can be written in terms of an energy 

relaxation time r as 

i?(r.) = ^fcgi^Ljy. (2.5) 
Z T 

This is especially valid if Tc is near TL, where TL is the lattice temperature. 

For GaAs, which has a Gunn effect, the carrier distribution function is not 

characterized by a single temperature, but needs to be described in terms of two 

temperatures. One of these temperatures governs the distribution function in the 

conduction bands for carriers in the F-valley and the other governs the 

distribution function for the carriers in the L-valley and higher valleys. The carrier 

cooling rates are different for carriers in the F and L-valleys. Thus, two 

temperatures are needed to describe the distribution function. 

For electrons in the F-valley, polar optical phonon scattering is the dominant 

cooling mechanism, whereas the cooling is dominated by intervalley scattering for 
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electrons in the L-valley. This is the explanation of the well-known Gunn effect in 

which the drift velocity decreases with increasing electric field (so-called negative 

differential conductivity). This has two primary causes. First, the effective mass in 

the L-valley is heavier than that in the F valley. Second, the L-valley has a larger 

scattering rate than the F-valley, leading to a faster momentum relaxation, which 

also reduces the drift velocity. The latter property is a key to understanding the 

lock-on effect. 

A density-dependent cooling rate can be defined by a linear combination of the 

low and high carrier density rates. The crossover density ric is the density at which 

the carrier-carrier scattering rate is equal to the carrier-phonon scattering rate. 

For GaAs, ric ~ 5 x lO^'^cm"^ [9]. For n > > Uc, the distribution function will be 

Maxwellian and characterized by a single temperature Tc and a drift velocity vj. 

For n « ric^ the distribution function will be characterized by two temperatures. 

The carrier cooling problem can be approximated by expressing the cooling 

rate in Eq. (2.4) as a weighted average of the two limiting rates: 

, T ; ) = ncRc,UTc)^nRc,HiATc) ^3.6) 

ric + n 

Rc,iow{Tc) and Rc,high{Tc) are cooling rates for low and high density limits 

respectively. Figure 2.3 shows this cooling rate computed by Eq. (2.6). Since the 

energy gap is a function of carrier temperature, the intrinsic carrier density in Eq. 

(2.3) can be modified with a temperature dependent energy gap obtained from 
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Blakemore [10] using Varshni's formula [11]. Figure 2.4 shows the intrinsic carrier 

density as a function of carrier temperature. 

The steady state solutions for the lock-on field FLO obtained from Eq.(2.4) by 

setting the left side to zero as 

\qvFLo\ - R{Tc) = 0. (2.7) 

Results also can be obtained from Figure 2.3 by finding the intersection of the 

Joule heating rate with the cooling curve. To a good approximation, the Joule 

heating term is independent of carrier temperature. Thus it would appear as a 

horizontal line in Fig. 2.3. 

Use of Eq. (2.7) with the cooling rate Eq. (2.6) results in a quantitative 

problem. The low and high density cooling rates appear to be too small to give 

the observed lock-on field. Given the GaAs saturation drift velocity v « 10^cm/s, 

the lock-on field from Fig. 2.3 and Eq. (2.7) is FLO ~ lO^V/cm, which is low by a 

factor of approximately four. This agreement is reasonable, however, given the 

simplicity of the theory. 

A better approximation to the carrier distribution function at very short times 

is needed to study the initiation of lock-on and of the current filaments. In 

principle, this requires the solution of the Boltzmann equation. This can be done 

by an ensemble Monte Carlo method. Carrier-carrier scattering as well as 

carrier-phonon scattering also need to be included. We have used an ensemble 
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Figure 2.3: The electron cooling rate in GaAs in the low (upper dotted curve) 
and high (lower dotted curve) density limits. The solid curve is the interpolation 
between these two limits obtained from Eq. (2.6). 
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Figure 2.4: Intrinsic carrier density in GaAs as a function of carrier temperature. 
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Monte Carlo method to show that carrier-carrier scattering leading to collective 

impact ionization is a key mechanism which can explain the lock-on phenomenon. 

Our model investigates the impact ionization phenomenon by combining collective 

impact ionization theory with quantum mechanical formulas for the various 

scattering rates and by using the available microscopic material properties. 

In addition, we have used the Monte Carlo technique to obtain the distribution 

function, and the results are combined with the ionization rate to obtain the 

ionization coefficient. 



CHAPTER III 

MONTE-CARLO METHOD FOR ELECTRON 

TRANSPORT 

3.1 Background 

The "hot electron" problem is the terminology used for the general problem 

dealing with high electric field electron transport properties in semiconductor 

materials. Many hot electron problems were once intractable because of computer 

limitations. This is no longer the case with modern large and fast computers. 

Formally, one wants to solve the Boltzmann transport equation for electrons using 

realistic bandstructures and with realistic models of the appropriate scattering 

mechanisms. Two general numerical approaches have been used to solve these 

problems. These are the Monte-Carlo (MC) technique [48] and the iterative 

technique [49]. These were developed because it is impossible to obtain exact 

numerical solutions of the Boltzman equation for microscopic physical models of 

considerable complexity. They have since been widely used to obtain results for 

vaxious situations in practically all materials of interest. 

Of these two techniques, the MC method is the more popular because it is 

easer to use and more directly interpretable from the physical point of view. This 

technique was made more accurate and efficient by Price [50], Rees [51], and 

Fawcett et al. [52]. The calculation of the time of free ffight by selection of 

random numbers is the main mathematical concept used in the MC method. This 

method is originally attributed to Fermi, Von Neumann, and Ulam, who used it to 

22 
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solve problems related to neutron transport during the secret research at Los 

Alamos for the construction of the atomic bomb during the World War II [53]. In 

principle, the MC method is a very general mathematical tool for the solution of a 

great variety of problems. By direct simulation of the dynamics of charge carriers 

inside a crystal, much physical information can be extracted using this statistical 

numerical approach to the solution of Boltzmann equation. 

Since the Kurosawa's first presentation of the MC method at the Kyoto 

Semiconductor Conference in 1966, many significant developments have been 

introduced, including the self-scattering scheme [51], nonparabolicity effects [54], 

distribution anisotropy [55], diffusion [56], many particle simulations [57], the 

calculation of transient times and their spatial equivalents [58], harmonic time 

variation [59], the treatment of alloy semiconductors [60], and quantum effects of 

strong electric fields [61]. 

As semiconductor device physics has become more sophisticated with the 

recent advances in materials growth, the accurate solution of the hot electron 

problem has become more important. At the same time, MC algorithms have 

gained in sophistication and are now able to handle phenomena and systems of 

great complexity. Thus, many semiconductor devices can now be simulated with 

the MC method. 
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3.2 The Monte-Carlo Method 

The principle of the MC method as applied to the solution of the Boltzmann 

equation is to simulate the motion of an electron in momentum space by the 

equation of motion. 

eFr 
k = k o - ^ , (3.1) 

where k is the wavevector, r is the time of free flight, and F is the electric field. 

This motion consists of two parts. The first is a drift of the electron under a 

constant acceleration by the applied electric field described by Eq (3.1), and the 

second is the scattering of the electron by one of the several possible scattering 

processes. 

In a Monte-Carlo calculation, scattering mechanisms which may change both 

the magnitude and the direction of the wave vector k with known probabilities can 

be investigated. Usually MC calculations include polar optical phonon scattering, 

acoustic phonon scattering, intervalley scattering, and intravalley scattering. One 

of the drawbacks of the MC technique in this case is that it obtains a one electron 

approximation to the distribution function. Ensemble Monte Carlo with 

caxrier-carrier (CC) scattering as an additional scattering rate can improve the 

results for some parameters, such as the drift velocity at high electric fields, and 

can give results in reasonable agreement with experiment. 
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Figure 3.1: Particle motion by applied field and scattering. The electric field is ap
plied in the x direction, (a) The particle motion in k-space. The thick line shows the 
drift in the electric field and the thin line shows the scattering by phonons or other 
carriers, (b) Time dependent of the average velocity of the particle. Steady-state 
values can be obtained after a long time. 
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Figure 3.1 schematically illustrates the principles of Monte Carlo simulation 

with the electric field applied in the x direction. The thick line shows the drift in 

the electric field and the thin line shows the scattering by phonons or other 

carriers. The time which the electron drifts in the electric field, the type of the 

scattering process, and the final state are random quantities with probability 

distributions which can be expressed in terms of the transition rates due to the 

various processes and the strength of the electric field. These probability 

distributions are quite complex, so random numbers are generated to define 

scattering probabilities under the assumption of equal probability over some small 

finite range. 

The probability that an electron does not scatter during time 0 to < and then 

scatters during the time At is given by [62, 63] 

P{t)M = X{k)exp{-X{k)t)At. (3.2) 

If there are n different scattering processes, each with a different scattering 

- * —• 

probability A,(/:), the total scattering probability X(k) can be written as 

n 
m = T,Hk), (3.3) 

1=1 

Each Xi{k) can be expressed as 
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k' 

where 5,(A:, k ) is the quantum mechanical rate for scattering from state k' to state 

- • 

k for process i. 

Kurosawa [48] generated the time of free flight r from the probability 

distribution by using a random number r generated with equal probability 

between 0 and 1. That is 

r= r dtPit). (3.5) 
Jo 

This equation, however, is complicated to solve. As an alternative, Rees [51] 

introduced a virtual scattering process in addition to the real scattering processes. 

The virtual scattering process has the scattering rate 

5(fc,fc') = ^ A o ( f c ) % ' . (3.6) 

where V is the volume of the lattice. This virtual process is called a "self 

- • 

scattering" process. It has no physical meaning and \o(k) is completely arbitrary. 

If both virtual and real scattering axe included, Eq. (3.2) becomes 

P[i) = [K{k) + X{k)]exp[- f dt[Xo[k) + X{k)]. (3.7) 

Rees also defined a constant F 
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r = Xo{k) + X(k), (3.8) 

which is larger than X{k) so that Xo(k) is positive. Using this, Eq. (3.7) becomes 

P{t) = rexp{-Tt). (3.9) 

From Eq. (3.5) and Eq. (3.9), the time of free flight can be computed in terms of 

the random number r as 

r = - i l n ( l - r ) . (3.10) 

The MC procedure including this virtual scattering process is carried out as 

follows. A random number r is chosen in Eq. (3.10) to define the times of free 

flight T between the first position and the final position. As time progresses, the 

particle moves in k space according to Eq. (3.1) and scatters after random times 

of free flight according to scattering rates which are computed quantum 

mechanically. The distribution function is updated after each scattering. Then 

this process is repeated until enough flight times have occurred that steady state 

has been reached. After enough flight times or after many scatterings, the starting 

position has no influence on the final results. A flight is terminated by a scattering 

process that is selected by another MC procedure (by selecting another random 
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number). The scattering mechanism automatically specifies the electron energy 

after scattering. 

Figure 3.2 shows a typical flow chart of single particle Monte Carlo calculation. 

The free flight time is selected by random number generation and the scattering 

rates are computed quantum mechanically. The particle is accelerated by the 

electric field during the flight time and then scattered by phonons or other 

electrons. This procedure continues until a steady state is reached. 

3.3 Ensemble Monte-Carlo 

Carrier-carrier scattering can cause the hot-photoexcited carrier ensemble to 

evolve to a quasi-equilibrium energy distribution at a carrier temperature far 

above the lattice temperature in less than 1 psec [64]. One way to understand this 

thermalization, which arises through the interaction between carrier-carrier and 

carrier-phonon scattering, is an ensemble Monte Carlo process. 

The ensemble Monte Carlo method is based on the successive and 

simultaneous calculation of the motions of many carriers during a small time 

increment. The method is essentially dynamic, and is therefore suitable for the 

analysis of transient carrier motion. However, it can also be applied to stationary 

problems by continuing the calculations until the system reaches a steady state. 

Figure 3.3 shows a schematic of an ensemble Monte Carlo calculation. The 

horizontal line indicates the path of each carrier and the vertical broken line is 

time of free flight when the particle is scattered. Each x on the horizontal lines 
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Figure 3.2: Flowchart of the single-particle Monte Carlo calculation. 
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Figure 3.3: Schematic diagram illustrating ensemble Monte Carlo. The vertical 
broken lines are the random times of free flight. The horizontal lines indicate the 
paths of each carrier. The symbols x on the lines show scattering events. 
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indicates a real scattering. For the observation of the whole system, the particle 

positions in momentum space must be calculated every r . The average value of 

quantities like drift velocity and mean energy can be defined as the ensemble 

average at time t over the N carriers. 

In this dissertation, we have developed an EMC computer code which includes 

the quantum mechanical scattering rates discussed in the next chapter. We have 

also used this code to calculate phenomena relevant to the lock-on effect. 



CHAPTER IV 

SCATTERING RATES 

4.1 Introduction 

The carrier scattering rate is one of the most important quantities in carrier 

transport because carrier motions are determined by drift processes and carrier 

scattering. The theory for the scattering rates is based on time-dependent 

perturbation theory. For a given type of carrier-phonon scattering process 

described by the Hamiltonian Hint-, the total transition rate for scattering between 

all possible pairs of carrier energy states can be derived from first-order 

time-dependent perturbation theory using Fermi's Golden Rule. The result is 

- = 1^ E I < ^\H,nt\k' > |Vjt(l - fk')S{Ek> -EkT hu). (4.1) 
T h zrz 

k,k' 

Using this expression, the relation to the scattering rate defined in the last chapter 

is 

-=Y.^(k)fk. (4.2) 
k 

with the explicit form for X{k) thus being given as 

^(^) = y E I < k\HM\k' > 1̂ (1 - MS{E^- -EkT ku). (4.3) 
it' 
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If there are several scattering processes, the rates for separate processes are 

summed to give the total. (See Eq. (3.3).) Combining Eqs. (4.3) and (3.4), the 

—t -* 

scattering rate 5(/c, k') defined in Eq. (3.4) has the form 

S(k,k') = y l < k\Hint\k' > \\l-MS{Ek'-EkThu). (4.4) 

Equation (4.4) describes the probability that an electron at a wave vector k with 

energy Ek is scattered by a phonon with energy huj to a state with wave vector k' 

and energy Ek'. The plus and minus signs correspond to the absorption and 

emission of a phonon, respectively, and fk is the carrier distribution function. 

- • - • 

For phonon scatterings, < k\Hint\k' > is the matrix element of the 

electron-phonon interaction Hamiltonian. The square of the matrix element in 

Eqs. (4.1) - (4.4) can be derived using Bloch wave functions for the carrier 

eigenstates. It has the form 

|<fc>,,|,-'>p = ^ ( „ + l ± l ) , (4.5) 

where p is the mass density, V is the volume of the lattice, u is the phonon 

frequency, C is the electron-phonon coupling constant, / is overlap integral 

between states \k > and jA:' >, and n is the phonon distribution function. The 

positive sign is taken when a phonon is absorbed and the negative sign is for 

emission. 
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The overlap integral / provides a selection rule which depends on the 

symmetries of the interaction and of the Bloch functions of the initial and final 

states. For acoustic phonon, optical phonon, and piezoelectric scattering, the 

produced macroscopic field is long ranged and varies very slowly. In other words, 

for these cases Hint is approximately constant over the unit cell. Furthermore, the 

cell periodic part of the Bloch function does not vary rapidly with k. This means 

that the periodic part of the Bloch function for the initial particle is almost the 

same as that for the final particle. Thus we have approximately / « 1. Even 

though this is strictly less than unity when the non-parabolicity of the bands is 

included, we use unity for simplicity. 

Five major electron-phonon scattering processes are included in our 

calculations : optical deformation potential scattering, polar optical phonon 

scattering, acoustic phonon scattering, intervalley scattering, and piezoelectric 

scattering. The dominant scattering process is the optical deformation potential 

scattering mechanism. It is the best to treat absorption and emission as two 

separate mechanisms, even though the scattering rates can be calculated together. 

4.2 Optical Deformation Potential Scattering 

Energy and momentum conservation restricts the intra-valley scattering by 

optical phonons to the long-wavelength mode. This long-wavelength mode 

displacement may affect the electronic energy directly. This type of scattering is 
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called optical deformation potential scattering. The square of the matrix element 

for this is given by (see for example [65].) 

I < fc|J?.„,|fc' > p = - ^ ( „ + J ± k (4.6) 

where Do is the optical deformation potential, p is the mass density of the 

material, and UQ is the optical angular frequency. Therefore, the scattering rate 

becomes 

pVuJo ^ 2 2 

In order to get an explicit formalism for this scattering rate, we can proceed as 

follows. The number of phonons at frequency UJQ and temperature T can expressed 

as 

n = €xp{huJo/kbT) — 1 

Do^ n, and CJQ are all independent of k'. By the definition of the density of 

states 

(4.8) 

D{E) = Y,SiE-E,.), (4.9) 
*:' 

we obtain 
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•̂̂  = ^ ^ ^ ^ ^ ^""'^ ? ( ^ - /£;T»^^J(" + ^ ± ^)- (4.10) 

where /E^ is the carrier distribution function at energy Ek. 

To test Eq. (4.10) for a simple case, consider the effective mass approximation 

and the low density limit. In this case, 

E. = ^ (4.11) 

and 

fk' « 0 (4.12) 

the density of states is 

D{E) =Y^S{E-EkTnujo) 

V{mj:myTn^y^^ 
y/E =F huo. (4.13) 

Thus we obtain an optical deformation potential scattering rate for the simple 

effective mass band structure which has the form 

Z?2^3/2 
Um ' I I 

^op = J" ,3 [{n -f 1)JE - huo - nJE + huo]. (4.14) 
y/2nph ujo 



38 

This is the case for one valley and has been tested by comparing to our EMC 

simulations. We have found that results obtained by this equation and by the 

EMC simulations are almost the same for the F-valley. 

4.3 Polar Optical Phonon Scattering 

In polar materials, oppositely charged atoms have some vibrational modes 

which cause long-range electric fields in addition to deformation potentials. The 

interaction of the carriers with these fields produces additional types of scattering. 

As with the other scatterings, the square of the matrix element is easily obtained. 

It is 

where — = — — and Coo and eo are dielectric constants for high frequency and 
Cp Coo Co 

—• - * 

low frequency respectively and q = \k — k'\. Then the scattering rate is 

V = ̂  E V(^*' - ^̂  ^ M(l - h'){n + I ± J)- (4.16) 

4.4 Intervalley, Acoustic, and Piezoelectric Scattering 

Once one obtains the scattering rates for the optical deformation potential and 

polar optical phonon scatterings, it is relatively easy to obtain it for intervalley 

scattering. The electron-phonon interaction can apply to phonons where the initial 

and final states of the electron are in different conduction band valleys. Intervalley 

scattering is basically the same as optical phonon scattering except carriers in 
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higher conduction band Vcdleys scatter with phonons and move to lower valleys. 

Thus the intervalley scattering rate is easily obtained by using the same matrix 

element as for optical phonon scattering, by modifying the phonon frequency u;,-

and the deformation potential Z), and by including the energy difference between 

the valley minima in the energy conserving delta function. 

As in optical phonon scattering, energy and momentum conservation restricts 

the intra-valley scattering by acoustic phonons to long-wavelength modes. 

However, unlike the case of the optical phonon scattering, the long-wavelength 

acoustic displacement mode cannot change the carrier energy. This is because the 

neighboring unit cells all move by the almost the same amount in this mode. Only 

the differential displacement, which is known as strain, is of importance. The 

square of the matrix element for acoustic deformation potential scattering is 

\<m„^k'>?=^{n^\±\), (4.17) 

where 5 = |k — k'|, Vs is the sound velocity, and Da is the acoustic deformation 

potential. 

In a crystal without inversion symmetry, electric strain may be accompanied 

by a macroscopic electric field. This piezoelectric effect provides an additional 

coupling between the caxriers and the acoustic vibrations. The square of the 

matrix element for this scattering is similax to that for acoustic deformation 

potential scattering and has the form. 
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where e is dielectric constant and p is the piezoelectric constant. 



CHAPTER V 

CARRIER-CARRIER SCATTERING AND IMPACT 

IONIZATION 

Carrier-carrier (CC) scattering is very important at high carrier density when 

collisions between carriers can become more frequent. Furthermore, each carrier is 

influenced by the presence of other carriers while interacting with phonons. There 

axe two types of processes which give rise to carrier-carrier scattering. One is a 

normal binary scattering in which one carrier collides with other carriers, and the 

other is due to the excitation of the collective plasma-like motion of the carriers. 

Only the normal binary scattering is considered in this dissertation. 

Impact ionization can be thought of as a type of CC scattering process with 

electron-hole pair generation after the scattering. The impact ionization process 

can be explained as follows. A highly energetic electron in an applied electric field 

collides with the lattice. If this collision occurs with enough energy (at least the 

"threshold energy"), an atom can be ionized, creating an electron-hole pair. In the 

band picture, the electron impact ionization process begins with an electron which 

has been excited to a high conduction band by the field or scattering. This 

electron loses some of its energy in a collision with the lattice, so that it falls to a 

lower conduction band. See Fig. 5.1 which schematically shows this process. For 

collisions at energies above the threshold energy, a second electron is created in 

the conduction band and a hole is created in the valence band. For hole impact 

41 
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Figure 5.1: Schematic diagram of an electron initiated impact ionization. If the 
initial paxticle in state k,- collides with the lattice with enough energy, an ionization 
can occur. This results in a second electron in state k2 created in the conduction 
band and a hole in state ki created in the valence band. The original electron has 
fallen to a state k^. Energy and momentum are conserved in this process. 
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ionization, the initicJ energetic charge carrier is a hole deep in the valence band 

and ionization results in a second hole in the valence band and an electron in the 

conduction band. The charge carriers created by impact ionization, of course, 

themselves gain energy in the applied field and undergo more collisions, which can 

cause more impact ionizations. Eventually, as this process repeats itself over and 

over, enough charge carriers are produced to create a large current in the material. 

The Pauli exclusion principle can be thought of as a many-body effect that 

influences the transport properties of degenerate semiconductors. In general, the 

probability of a carrier transition from a state k to k' is proportional to the 

distribution function fk that the initial state is occupied and the distribution 

function (1 — fk) that the final state is unoccupied. The carrier-carrier scattering 

rate for two carriers in states with initial wave vectors ki and k2 scattering to 

states with final vectors k[ and k!^ is obtained using Fermi's Golden Rule and has 

the form 

- = ¥ E \<ki,k2\Hi«>\k[,k',>\'fkJkA^-fk[)(l-fk') (5.1) 
/ fl ^ ^ .^ •» 

kl 1*^21*! >'»2 

Electrons and holes interact with each other and themselves through the 

Coulomb potential. 
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e2 
^(^) = 4 ^ ^ = ^ - ' (^-2) 

where e is the dielectric constant. Others have already obtained the matrix 

element of the Coulomb potential between the Bloch states of the initial and final 

carriers [28, 66, 67, 68, 69, 70]. It is given by 

K. ' . / J ' = \<kuk2\Hint\k[,k'2>\ (5.3) 

'" / ^ 3 r ^ 3 . ^ « ( r ) ^ . ' ( r ' ) ^ / ( r ) ^ r ( r ' ) 
/ . 3 r / d^r 

Aneeo J J |r — r' | 

For simplicity, the notations i, i\ / , and f are used for the states ^1,^25^15 and ^2 

respectively. Using the relation 

h^ e^ 
ER = ^ = J ^ — (5.4) 

for the Hartree energy in terms of the Bohr radius a^, this quantity becomes 

yi,i'JJ' = —^J dv j dv j^;—^;;j . (5.5) 

The Bloch wavefunctions each have the form 

* . ( r ) = *„ , t , ( r ) . (5.6) 

with 
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^nik(r) = -7=Unk{r)exp{ik • r ) . (5.7) 

The crystal structure is assumed to be composed of N unit cells on a lattice 

with lattice vectors R„. The total volume V = NVQ is defined in terms of the unit 

cell volume CIQ. The standard procedure for a problem with periodicity is to 

Fourier transform the potential. Using the Fourier transform of the Coulomb 

potential 

1 _ 1 / ' ^ 3 ^ e x p ( i q - ( r - r O ) 

|r —r' l ZTT^ J q' 

and using the form of the Bloch functions Eq. (5.6), the matrix element becomes: 

Vi.i:,.r = ^^^ld'rJ<lh'^^Ui{r)u,{r')u,{r)uAr') (5.9) 

xexp{i{q — ki -f kf)r)exp{i{—q — A:,/ -|- kfi)r). 

This expression can be evaluated in a straightforward way by integrating over each 

unit cell separately and adding the results. To that end, we define ro to be the 

position variable within the unit cell located at site R„: 

r = Rn + ro- (5.10) 

Using this notation, 
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J d^rui{r)uf{r)exp{i{q - ki -}- kf)r) = "^^^ exp{i(q - ki -{- kf)Rn) (5.11) 

X /cProw.(ro + Rn)uf(ro i- Rn)exp{i{q - ki -\- kf)ro). 

At this point we use two additional relations. First, 

E exp{i{q - ki -I- kf)Rn) = NS,.ki+kf,G, (5.12) 
Rn 

in which the vector G indicates that an arbitrary reciprocal lattice vector can be 

added without changing the result. This enables us to include Umklapp scattering. 

Second, since we use the fact that the unit cell functions are periodic so that. 

Ui{Rn + To) = Ui{ro). (5.13) 

Using Eqs. (5.12) and (5.13), Eq. (5.12) gives, 

I d^rui{r)uf(r)exp{i{q - ki -f kf)r) = NSq.ki+kf,Glif{G), (5.14) 

in which 

Iif{G) = I dhQUi{ro)uf{ro)exp{iGro). (5.15) 

Similaxly, 

I dW,{r'mr')exp{i{-q - k\ + k'^Y) = N5.,.kl+k'^,G'Ii'p{G)- (5.16) 
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Some complexity occurs because the sum in Eq. (5.10) ranges over the entire 

reciprocal lattice. Thus, the delta functions pick out a subset of reciprocal lattice 

vectors which must be summed. In other words, the sum changes from a full sum 

to a restricted sum. At this point, we simplify Eq. (5.10) by ignoring the Umklapp 

terms. Thus we obtain 

v,,,,j. = : ^ l ^ ^ ^ ^ i ^ . ^ , - _ , - ^ , - , / . , ( o ) / . , H O ) . (5.17) 

Finally we obtain the total carrier-carrier scattering rate 

1 ^ ^ ^ 4 ^ M^/./.,(l - m - M (5.18) 

x<5g+^,_,-+,;/(£i + E, -El- E,.) 

in which 

q = ki-kf. (5.19) 

For our MC calculations we need the rate A (A;,). This expression is defined such 

that 

- = E^(W<:.. (5.20) 
T 

ki 

Thus 
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2̂ „2 A^2 ir. |2 i r . ..|2 

X{k) = ^ ^ ^ E " ' " ' ' ^ ' ' M l - / / ) ( ! - / / - ) (5-21) 
tl 6 Si «'//' ^ 

The delta function removes one of the k-sums. The remaining sums can be 

converted to integrals. The resultant expression is 

x/ . ' ( l - / /)(1 - fp)S{Ei + Ei. -Ef- Ep), 

with 

fcy, = A;- + ki> — kf, (5.23) 

which expresses conservation of momentum. For calculations it is convenient to 

use dimensionless wavevectors defined by A: = ^k. Thus we obtain 

X{ki) = CO I d']^ f d'Vr^-^^^^^^ (5.24) 

with 

CO = ^4 ( - ) ' - (5-25) 
hne^ a 
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Energy conservation, obtained from the delta function, means that 

Ei + Ei' = Efi-Ep. (5.26) 



CHAPTER VI 

RESULTS AND DISCUSSION 

6.1 Computational Details 

The purpose of the EMC simulation is to compute the impact ionization 

coefficient as a function of carrier density. Carrier-carrier (CC) scattering makes 

carriers move to higher energy states. Thus, in principle, all possible CC 

scattering and impact ionization candidates must be found. However, this 

procedure would be very time consuming. For example, if 500 particles are used in 

the EMC simulation for 10000 iterations, 500 x 500 x 10000 calculations are 

needed for one k-grid point. These calculations include energies, momenta for each 

particle and determinations of whether they satisfy momentum and energy 

conservation. If we use the grid of 21 k points in the x direction, this means that 

there are (21)^ possible k combinations for each of the two initial and two final 

particles in 3-dimensional k space or (21)^^ combinations in all. Such calculations 

would need many days of CPU time, even using our 433MHz Alpha workstation. 

In order to reduce the CPU time, a look up table for all possible candidates for 

CC scattering and impact ionization is made using momentum and energy 

conservation. That is, all possible pairs of carriers which satisfy the Eqs. (5.23) 

and (5.26) are found and tabulated. This table includes scattering between the 

same bands and different bands of the valence band, the first conduction band. 
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and the second conduction band. Also CC scattering and impact ionization events 

for both electrons and holes are tabulated. 

The initial caxriers axe distributed by using random numbers. Each wavevector 

is chosen by this random number and the energy corresponding to this wavevector 

can be obtained using the look up table for energies. The EMC calculation uses 

these initial carriers. The applied electric field moves these carriers in a certain 

direction. We have chosen the x-direction for the electric field. Thus wavevectors 

axe changed due to this field according to Eq. (3.1). 

Our EMC method then computes the total scattering. A random number is 

chosen to see if the phonon scattering rate is larger than a certain large value. If 

this is true, carrier-phonon scattering occurs. The carrier energy distribution 

function, wavevectors, and energies are each updated after each real scattering. 

Next, the EMC code searches the table for CC scattering and impact 

ionizations. If none axe found, a virtual scattering occurs. When candidates for 

these events are found, the CC scattering rate and impact ionization coefficient 

axe calculated. In the same conduction band or valence band, two carriers are 

generated after one scattering if the final carrier is of the same type as the initial 

paxticles, which are listed in the look up table. These initial particles axe then 

annihilated. In other words, if one electron collides with another electron, two 

final electrons axe generated and two initial electrons are removed. Thus the 

number of total carriers remains the same in a CC scattering event. However, an 
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impact ionization event involves scattering of carriers between the conduction and 

valence bands, in which case an electron-hole pair is generated without 

annihilation. This is the fundamental difference between CC scattering and 

impact ionization. We have also included the reverse case of impact ionization, 

which is called Auger recombination. In this case, an electron-hole pair is 

removed. After CC scatterings and impact ionizations, wavevectors and energies 

for the new carriers are updated and the process is repeated with the EMC code. 

The carrier energy distribution function is then calculated using the EMC 

code. The carrier history is accumulated over many scatterings. The distribution 

function can be easily determined from the time the carrier spends in a particular 

energy range and from the density of states in that range. 

6.2 Band Structure of GaAs 

In GaAs, at normal temperatures and low electric fields, all of the conduction 

- • 

electrons lie in the central F (000) valley near its minimum at A: = 0. To a good 

approximation, the constant energy surfaces are ellipsoidal and centered on the 

origin. We have also included more realistic bandstructure effects, such as the 

nonparabolicity of the bands at low energies. Electrons in the central F valley act 

like classical particles of effective mass mj = 0.063me, where rUe is the electron 

mass in free space. Electrons in this band are therefore very light and mobile. 

Besides this central valley, there are three X-valleys and four L-valleys which lie in 

the (100) and (111) directions, respectively. 
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If electrons have an energy above ErL, which is the separation energy between 

the r and L-valleys, or higher due to the electric field, there is a strong probability 

that they will scatter into one of the satellite L-valleys that lie in the (111) 

directions in reciprocal lattice. For the X-valleys, we see similar phenomena as for 

the L-valleys. The separation energy between the F and X-valleys is higher than 

that between the F and L-valleys. Thus, one needs a higher electric field for 

particles to move up to these valleys than to the L-valleys. Although the satellite 

valleys are non-parabolic and have tensor effective masses, we have treated them 

as parabolic bands with non-parabolic corrections. The effective masses which we 

have used are m j = 0.27me for the L-valley and mj = 0.43me for the X-valley. In 

these states, the electron is thus much more massive than it is in the central F 

valley. Hence, electrons in the satellite valleys are sluggish and have low mobility. 

We have also included the K-valleys at (110). Since the parameters for the 

K-valleys are not well-known, we simply used the X-valley parameters and a 0.5 

eV separation energy between the K and X points. 

Some workers have used pseudo-potential or tight-binding band structures in 

their Monte Carlo calculations. However, due to the complexity of our problem 

and the associated long computational time, it is difficult and expensive to 

simulate electron transport with a realistic three-dimensional band structure. The 

time it would take to do such a calculation is probably not justified. Instead, most 

workers have used a simplified band structure comprised of two bands. This model 
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works well for energies up to 0.7 eV. However, at high energy it is unrealistic and 

has large errors in both the energy dispersion with k and the density of states 

(DOS). Furthermore, it assumes that the valleys are infinite in extent and does 

not account for the upper bound of the bands. Thus, it does not produce reliable 

results for the high energy electron transport that is of interest here. Further, for 

the same reason, it cannot describe the high energy tail of the electron 

distribution function, which is mainly responsible for the impact ionization which 

is the focus of our calculations. Thus, a model somewhere between a simple but 

rather inaccurate effective mass approximate model and the accurate but time 

consuming pseudopotential bandstructure model is needed. 

In this dissertation, we approximate the energy bands in the effective mass 

approximation, but correct them by including second-order non-parabolicity. This 

is the similar to the method Mouton et al. [72] have used. The advantage of this 

method is that it is more realistic than the effective mass approximation without 

non-parabolicity and it is more computationally cost effective than using 

pseudopotential bands. For the valence band, we use the lightest band. For the 

first conduction band, it is recognized that upper bands play a major role in 

determining the impact ionization coefficient [73]. Thus, a realistic impact 

ionization model should consider at least two conduction bands. All bands in this 

approximation are adjusted to simulate the known wavevector dependence of the 
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pseudopotential band structures as closely as possible. This is particularly 

important in the conduction band at the F, L, and X-valleys. 

In the effective mass calculation with non-parabolicity, the energy is given by 

£ ( 1 + a £ + PE') = g j , (6.1) 

where a and (3 are the first-order and second-order non-parabolicity parameters, 

respectively. Figure 6.1 shows the difference between parabolic, first-order 

non-parabolic, and second-order non-parabolic bands for GaAs in the L (111) 

direction. The three energies are matched at low energy (low wavevector). At high 

energies, however, large discrepancies can be seen between the three 

approximations. The parabolic band produces energies which are too high in the 

(111) direction. The second-order non-parabolic band is below the first-order 

non-parabolic band. This difference increases with increasing wavevector. Table 

6.1 shows the parameters which we have used to approximate the energy bands we 

have used in our calculations. 

6.3 Density of States 

We have discussed the density of states and scattering rates in Section 4.2. 

The results in that section are for the effective mass band structure. Further, this 

result is useful if we use only one valley. However, in our calculations, we have 

used many valleys in both the first and second conduction bands. Thus we need a 

more general method to compute the density of states. Lehmann and Taut [74, 75] 
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Figure 6.1: Energy as a function of A;. The solid curve is the effective mass band 
without non-parabolicity. The dotted and dashed curves are effective mass bands 
with first order and second order non-parabolicity, respectively. 
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Table 6.1: Paxaxneters for GaAs energy band structure. 

Parameter/valley 
Effective mass 

Non-paxabolicity 
a (eV-i) 
P (eV-2) 

F 

0.063 

0.61 
0.0 

L 

0.27 

0.467 
0.25 

X 

0.43 

0.204 
0.0 

a. Ref. [72]. 

have used an algorithm which is employed to define an approximate constant 

energy surface at the desired energy within each cube. We have used their 

method. They divided A;-space into cubes with equal volume and described the 

bandstructure within the cubes by a linear interpolation expression for which the 

density of states can be evaluated analytically. 

The density of states can be written as 

D(E) = ^ l 
^ ^ 27r^ JE(k)= 

dS 
Eik)=E \'^E(k)\' 

(6.2) 

where V is the volume, dS is the constant energy surface (see Figure 6.2), and 

E{k) is the energy as a function of wavevector. The Brillouin zone is divided into 

small tetrahedra with the same volume as shown in Fig. 6.2. Within the 

tetrahedra AE{k) is interpolated by a linear function, 
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Figure 6.2: Six tetrahedra and constant energy surface, (a) A cubic cell is divided 
into six tetraliedra. (b) The shaded region is shown as the constant energy surface. 
The DOS is calculated by summing up these triangular areas. 
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AE{k) = AEo + 6A;. (6.3) 

Using the triple r,- contragradient to A;,-

I, X A:2 X A;3 Âs x A:i A:i x A:2 ,^ , , 
rjki = Sij] ri = ; r2 = -; rg = -, (6.4 

V V V 

where v is the volume of the tetrahedron, we define 

3 

h = E ( A £ ; , - AEo)ri. (6.5) 
1=1 

The density of states now has the form 

zn^ JE{k)=E \h\ 

Figure 6.3 shows the density of states (DOS) of the conduction bands of GaAs 

obtained using pseudo-potential bandstructures [72]. Figure 6.4 shows the density 

of states for the same energy range using our approximate bands. 

We note that energies in our figure axe measured from the top of the valence 

band whereas those in Fig. 6.3 axe measured from the bottom of the conduction 

band. Some of the discrepancy between our results in Fig. 6.4 and those in Fig. 

6.3 may be explained by fact that we do not use as many higher conduction bands 

as the authors of Ref. [72]. At higher energies, our density of states is thus much 
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Energy (eV) 

Figure 6.3: Conduction band density of states for GaAs obtained for various pseu
dopotential band structures. The solid curve is from Mouton et al. [72], the dashed 
curve is from Bude and Hess [66], and the dashed-dotted curve is from Fischetti 
[76]. 
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Figure 6.4: Density of states for the first and second conduction bands of GaAs in 
our approximation. 
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lower than the pseudopotential results. This is because we neglect higher bands 

than the second conduction band. 

It is useful to look at the density of states due to the second conduction band 

in order to understand why both Figures 6.3 and 6.4 have two peaks. Figure 6.5 

shows the relative contributions of the two bands to the density of states. The 

second band DOS begins to increase strongly at 2.8 eV. That energy represents 

the K-valley minima. Since GaAs has 6 K-valleys in the first Brilloun zone and we 

have simply used the same parameters as for the X-valleys', the K-valleys 

contribute much more to the DOS than the X-valleys in our calculations. Above 

3.0 eV, the first band contributes less than the second band. 

Despite the higher K-valley contribution to the DOS, these results show that 

our band structure, which is relatively easily computed, contains the main physical 

features of the true band structure of the lower lying bands of GaAs. The 

discrepancies between our results and the pseudopotential results axe obviously 

due to our approximations. 

6.4 Scattering Rates 

Figure 6.6 shows the total phonon scattering rate we have used in our EMC 

simulations. The scattering rates axe proportional to the DOS, as discussed in 

Chapter V. Thus the overall shapes are similax to the those of the DOS with the 

differences being due to the prefactors. The acoustic phonon scattering rate is less 

than the optical scattering rate cind it can be neglected in calculating the total 
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Figure 6.5: The first and second band contributions to the density of states. The 
solid curve is for the first band and dashed curve is for the second band. The density 
of states for the second band increase at about 2.8 eV and it becomes higher than 
the first band contribution above 3.0 eV. 
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phonon scattering rate because acoustic phonon scattering becomes less effective 

as the electron energy increases. Up to 1.8 eV above the bottom of the conduction 

band, which is the position of the L-valley minima, only the F-valley contributes 

to the total scattering rate. There is a peak at 2.3 eV. This corresponds to the 

X-valley minima in the second conduction band. Also we can see another peak at 

2.8 eV, which is contributed by K-valley minima. 

The individual scattering rates are important in the usual MC calculation 

because the scattering mechanisms can be chosen for each carrier flight and the 

results may be different with the different types of scattering. However, in our 

calculations at high carrier density, CC scattering becomes more important than 

carrier-phonon scattering because CC scattering can move carriers up to the top of 

the DOS. Carriers which achieve these energies are candidates for impact 

ionization. In other words, a much higher electric field is needed to move the 

carriers to higher energy states by phonon scattering than by CC scattering. 

6.5 Carrier Distribution 

The carrier distribution function is a fundamental result of an EMC 

simulation. Once this is determined, one can derive all other quantities of interest. 

Thus, it is important to first check to see if our model gives a reliable energy 

distribution function. Figure 6.7 shows our results for the distribution function for 

the first conduction band without CC scattering at four different electric fields. 

The results for 50 kV/cm, 100 kV/cm, 200 kV/cm, and 300 kV/cm are shown 
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Figure 6.6: Total phonon scattering rate, (a) Log scale (b) Linear scale. 
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respectively as solid, dotted, dashed, and dash-dotted curves. At low electric 

fields, the high energy tail of the distribution has an exponential form which 

corresponds to the Maxwell-Boltzmann distribution. At higher fields, the number 

of carriers at high energies increases, which causes the distribution function to 

deviate from this Maxwellian form. The non-Maxwellian character, particularly at 

intermediate fields, is easily seen in Fig. 6.7. There is a kink at 2.6 eV, which is 

the K-valley minima. As we discussed before, the K-valleys are dominant in the 

scattering rates. In comparison with a Maxwellian distribution at the same energy, 

which, if plotted in Figures 6.7 and 6.8 would be a straight line intersecting the 

curve for the given field value, there are relatively fewer low energy electrons, and 

relatively more high energy electrons. 

The contributions of the two conduction bands of our model to the distribution 

function is presented in Fig. 6.8. The solid curve shows the distribution function 

for the second conduction band and the dashed curve shows it for the first 

conduction band. The electric field in this case was 300 kV/cm. CC scattering has 

been turned off. We notice that the distribution function for the first conduction 

band has a quasi-exponential behavior at high energy. This demonstrates the 

different non-exponential shapes of the distribution function in the first and 

second conduction bands. This because the band minima in these two conduction 

bands are different. In Fig. 6.8, the distribution function for the first band and 

the second conduction band has a kink at 2.5 eV and 2.8 eV, respectively. These 
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\ \ 
\ \ 

\\ \ 
\ \ 
\ 

T — I — r 

I 

. / - , 

v.-/ \ 

\ 

J I ' ' ' l ' , i I I JL J_L1 J L 

67 

2.0 2.2 2.4 2.6 2.8 3.0 3.2 
Energy (eV) 

Figure 6.7: Distribution function for the first conduction band without car
rier-carrier scattering at four different electric fields, 50 kV/cm (solid curve), 100 
kV/cm (dotted curve), 200 kV/cm (dashed curve), and 300 kV/cm (dashed-dotted 
curve). 
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Figure 6.8: The contribution of the two conduction bands to the distribution func
tion. The solid curve shows the distribution function for the second conduction 
band and the dashed curve shows it for the first conduction band. There are large 
dips at 2.5 eV and 2.8 eV, which correspond to the K-valley minima. The electric 
field in this case was 300 kV/cm and CC scattering has been turned off. 
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are correspond to the K-valley minima. At these energies, the scattering rate 

curve has large dips, which reflect similar dips in the DOS. This is seen as peaks in 

the distribution function of Fig. 6.8 at 2.5 eV and 2.8 eV. 

As the electric field increases, more electrons jump up to the higher conduction 

bands. In order to find impact ionization candidates without CC scattering, it is 

useful to compute the electron population of the conduction bands as a function of 

electric field. Figure 6.9 shows the electron population in the first two conduction 

bands as functions of field. Up to fields of 50 kV/cm, only the first conduction 

band (dotted curve) is significantly populated. The electrons begin to significantly 

populate the second conduction band (solid curve) for fields of around 100 kV/cm. 

At 300 kV/cm, the relative electron occupancy in the second conduction band 

reaches almost half of the total contribution. 

To investigate the role of CC scattering on the electron energy distribution, 

and in creating candidates for impact ionization, the distribution has been 

calculated with and without CC scattering. Fifty particles have been used for the 

calculation which included CC scattering. One can see many differences if CC 

scattering is included, as shown in Fig. 6.10. 

The solid curve in Fig. 6.10 shows the distribution function without CC 

scattering. The dotted curve shows the distribution function with CC scattering. 

The electric field is 300 kV/cm in both curves. As can clearly in the figure, the 

presence of the CC scattering interaction redistributes the energy among the 
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Figure 6.9: The relative electron populations in the first (dotted curve) and second 
conduction bands (solid curve) as functions of electric field. The first conduction 
band starts to be significantly populated at a field of 50 kV/cm and the second 
band contribution becomes significantly populated at field of around 100 kV/cm. 
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carrier-carrier scattering at a field 300 kV/cm. Carrier-carrier scattering moves the 
carriers up to and above 3.0 eV. Fifty particles were used for the CC scattering case. 
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electron population in such a way that there are numerous electrons in the high 

energy tail of the distribution as well as at low energies. That is, more electrons 

have populated the upper conduction band in this case than without CC 

scattering. In contrast to the distribution without CC scattering, when CC 

scattering is included, as the field increases and the distribution heats up, there 

are electrons with energies as high as 3.51 eV. Due to the fact that CC scattering 

changes the electron distribution significantly, our calculations predict that if the 

number of caxriers becomes large, CC scattering puts carriers in to the high energy 

states that would be empty at the same field in the absence of CC scattering. 

Figure 6.11 compares the normalized distribution function without CC 

scattering (solid curve), with CC scattering at low density (dotted curve), and 

with CC scattering at high density. The electric field is 300 kV/cm. We have used 

50 particles to simulate low density and 500 particles to simulate high density. 

Clearly, the distribution function is changed at high density so that more carriers 

go up to the high energy tail to energies more than 3.51 eV. 

From Fig. 6.11 we can see that the CC scattering in the first conduction band 

does not change the distribution function very much at low carrier density (below 

2.8 eV). However, in the second conduction band, CC scattering changes the 

distribution function very much. At high carrier density, more hot carriers occupy 

both the first and second conduction bands. The slope of the distribution at high 

energy determines the carrier temperature because the figure plots the log of the 
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Figure 6.11: The distribution function at an electric field of 300 kV/cm with and 
without carrier-carrier scattering at high and low caxrier densities. The solid curve 
shows results without CC scattering. The dotted curve is for the low density (50 
particles), and the dashed curve is for high density (500 particles). The distribution 
function is clearly changed at high density in the presence of CC scattering. More 
carriers go up to the high energy tail at high carrier density. 



74 

distribution function as a function of energy. From the slopes obtained from this 

figure, we can calculate the approximate carrier temperature. Calculated carrier 

temperatures from this figure are 580 K, 848 K, and 850 K without CC scattering, 

with CC scattering at low density, and with CC scattering at high density, 

respectively. We expect 3000 K at long times [8]. However, the figure shows two 

temperatures, which indicates that the final distribution has not been reached. 

It is also worthwhile to compute the carrier distribution in momentum space 

with and without CC scattering. Figures 6.12, 6.13, and 6.14 show the electron 

distribution in momentum space at at 100 kV/cm, 200 kV/cm, and 300 kV/cm, 

respectively in the absence of CC scattering. For these calculations, 30 particles 

are used to show particle positions clearly. At 100 kV/cm, most of the electrons 

reside near the L-valley minima. At 200 kV/cm, most are still confined to the 

L-valleys but some of them have started to distribute themselves in other regions 

of k space. One should notice that the centroid of the electron distribution in each 

valley shifts slightly with increasing electric field, which gives rise to a finite drift 

velocity. At extremely high electric field, about 300 kV/cm, the electrons become 

distributed in the entire Brillouin zone, indicating a high average electron energy. 

Next, we turn on CC scattering and see how the k space positions of the 

particles are changed. Figures 6.15, 6.16, and 6.17 show the particle positions at 

different electric fields with CC scattering. At 100 kV/cm which is shown in 

Figure 6.15, the paxticles have already started to redistribute. In Figures 6.16, and 
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Figure 6.12: Particle positions at 100 kV/cm without carrier-carrier scattering for 
30 particles, (a) 3D plot, (b) 2D plot. The paxticles are confined to the L-valleys. 



76 

1.0 

0.5-

CS 0.0 

-0.5 

- I .OL 

Particle Position 
~ i 1 r 1 r- I • ! • • • ! 1 1 r I 1 I 1 1 r-

• • • • ' • ' * ' 

•1.0 

1.0|C 

0.3 

0 
? 0-0 

-0.5 0.0 0.5 
kx (2n/a) 

(a) 

1.0 

(b) 

Figure 6.13: Particle positions at 100 kV/cm without carrier-carrier scattering for 
30 particles, (a) 3D plot, (b) 2D plot. The particles are mostly confined to the 
L-valleys but have started to redistribute. 
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Figure 6.14: Particle positions at 300 kV/cm without carrier-carrier scattering for 
30 particles, (a) 3D plot, (b) 2D plot. The particles are widely redistributed. 
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6.17, which are the k space particle positions at 200 kV/cm and 300 kV/cm, 

respectively, they axe completely redistributed. However, with CC scattering 

turned on, the centroid of the k space positions do not shift appreciably with 

increasing electric field. Thus, we conclude that CC scattering can influence the 

carrier distribution more than the electric field. 

6.6 Impact Ionization Coefficient 

As mentioned in Chapter V, energy and momentum are conserved during an 

impact ionization process. In our calculations, some degree of uncertainty must 

necessarily be present in the satisfaction of these conservation laws because the 

initial and final states are generated numerically with a finite number of k points. 

If these conservation laws are only satisfied loosely in the numerical sense, i.e., if 

the delta function is allowed to be more easily satisfied by allowing a range of 

energy values, then the computed transition rates clearly contain errors. However, 

if the energy conservation condition is regarded to hold more rigidly, the 

computational cost becomes high. Another consideration regarding this trade off 

between cost and accuracy is the number of k-points in the Brillouin zone. Thus, 

it is very difl&cult to determine the absolute value of the impact ionization 

coefficient. In other words, a numerical calculation of it depends on the 

conservation conditions and the number of k-points. 

In this section, we focus on finding the dependence of the impact ionization 

coefficient on the paxticle density rather than on a calculation of the absolute 
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Figure 6.15: Particle positions at 100 kV/cm with carrier-carrier scattering for 30 
particles, (a) 3D plot, (b) 2D plot. The particles are mostly confined to the 
L-valleys but have started to redistribute. 
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Figure 6.16: Particle positions at 200 kV/cm with carrier-carrier scattering for 30 
particles, (a). 3D plot (b). 2D plot The particles are widely redistributed. 
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value of the impact ionization coefficient. Problems with conservation of energy 

and momentum and the finite k point size are not expected to severely affect the 

qualitative dependence of the impact ionization coefficient on particle density. 

We can estimate the contribution to the impact ionization coefficient of the 

electrons that have higher energy than a critical energy by counting the electrons 

which cause impact ionization instead of phonon scattering. This critical energy is 

called the impact ionization threshold energy. Figure 6.18 shows the calculated 

impact ionization coefficient per particle obtained by our EMC simulation. We 

have used 3.51 eV as the impact ionization threshold energy. This value can be 

obtained by searching the look up table and choosing the minimum energy for the 

impact ionization candidates. This figure shows both results for the impact 

ionization coefficient for low carrier density (dashed curve) and for high carrier 

density (solid curve) as functions of inverse electric field. We have used 5 particles 

to simulate low carrier density and 500 particles to simulate high density. The 

effect of CC scattering on the impact ionization coefficient can be clearly seen. 

The results for low carrier density have been obtained for fields from 400 

kV/cm to 800 kV/cm. Shichijo and Hess [77] have calculated an impact ionization 

coefficient which is similar to this result. Their probability that electron causes 

impact ionization without phonon scattering is higher than ours at low density. 

Even though our results are lower than their results, they predict a similar trend 

with inverse electric field. Part of the discrepancy is due to the fact that they used 
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a lower deformation potential and a lower threshold energy. If the deformation 

potential for the carrier-phonon scattering rates is low, the particles can easily go 

to energies over threshold energy. Their lower threshold energy for impact 

ionization can be understood the same way. More particles are counted as impact 

ionization candidates if the threshold energy is lower. 

At high density, the impact ionization coefficient is increased by orders of 

magnitude over its lower density value even for low electric field. This result could 

be very important in understanding the initiation of lock-on in photoconductive 

semiconductor switches. In such a switch, current filaments occur when the switch 

is in the lock-on mode. In these filaments, a large current density is produced. In 

our model, this high carrier density can cause collective impact ionization even at 

low fields. Our calculations have therefore simulated the conditions of lock-on at 

very short times when it and the current filaments are initiated. Thus, the 

collective impact ionization model of lock-on is qualitatively verified by our results. 

From our calculations of the density dependence of the impact ionization 

coefficient, summarized in Fig. 6.18, we conclude that, at a given field, if the 

carrier density increases, the impact ionization coefficient increases. One can use 

these results, along with collective impact ionization theory, as a starting point to 

explain how the lock-on current filaments grow and to understand what carrier 

density is needed for the initiation of lock-on. 



85 

So far, we have investigated the conditions needed to initiate lock-on and the 

associated current filaments at short times. We have focused on the initiation of 

lock-on. The filament growth reaches a steady state value at long times. 

Simulation of this will give important information about the current densities 

inside the current filaments. No one has yet succeeded in measuring the current 

density inside the filaments. Thus, a calculation of this will be valuable. This will 

be the focus of our future work. 

We also have to consider some modifications to the present short time theory 

to obtain better results. First, a better band structure is needed. Our results show 

the peaks in the scattering rate and the kinks in the distribution functions are 

related to the K-valley minima. This is because we have used the same "valleys" 

at all K points. However, in a real band structure, such as a pseudopotential band 

structure, the K points are not true "valleys", but the energy bands increase from 

the X-valley to the F-valley through the K-valley. Thus, the total scattering rate 

at high energy becomes lower if we use the more realistic band structures. 

Second, the inaccuracies in the calculated energy and momentum conservation 

conditions must be reduced. Of course, we can reduce this by using a large 

number of k points. However, as discussed earlier, this increases the CPU time 

needed for the calculation. Another way to reduce the inaccuracy without 

appreciably affecting the CPU time is to use an interpolation scheme. Between the 

k-grid points, the energies can be calculated by interpolation. Furthermore, once a 
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look up table is obtained, this method can read the energies without further 

calculations, which reduces the CPU time. With these two modifications, a more 

accurate impact ionization coefficient can be obtained. 

It should be strongly emphasized, however, that despite the limitations of our 

calculations, we have shown in a qualitative manner for the first time that, for a 

given electric field, impact ionization is easier at high carrier density than it is at 

low carrier density. This is due to the effect of carrier-carrier scattering, which can 

clearly increase the impact ionization coefficient at high density. These simulations 

have thus qualitatively confirmed the collective impact ionization theory of the 

lock-on phenomenon. 



CHAPTER VII 

CONCLUSIONS 

An ensemble Monte Caxlo method has been used to try to understand the 

effect of carrier-carrier scattering on the lock-on phenomenon in GaAs 

photoconductive semiconductor switches. The effect is characterized by a 

persistent electric field across the switch after the laser is turned off. 

The calculations are based on the collective impact ionization theory proposed 

by Hjalmarson et al. [8]. The theory focuses on the dependence of the impact 

ionization probability on carrier density. The theory explains how carriers can 

have high enough energy to cause impact ionization even though the field is below 

the avalanche breakdown field. The essential idea is that above a critical carrier 

density, the heating of high energy carriers is very efficient due to energy 

re-distribution by carrier-carrier scattering. At low carrier density, the 

carrier-carrier scattering rate becomes negligible, so that each carrier must acquire 

all of its energy from the electric field. 

In our calculations, the band structure of GaAs is approximated by using 

second order non-parabolicity corrections to effective mass bands. The advantage 

of this method is that it is computationally easier and less time consumming than 

using more accurate bands. For the valence band, we use the lightest band. For 

the conduction bands, we recognize that upper conduction bands play a major role 

in determining the impact ionization coefficient. Thus, our impact ionization 
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coefficient calculations include two conduction bands. The density of states and 

the phonon scattering rate axe calculated with this band structure. These have 

high energy peaks at 2.5 and 2.8 eV, which correspond to the K-valley minima in 

the first and the second conduction bands, respectively. 

We have computed the carrier distribution function for various electric fields. 

At low density, the distribution function has the Maxwellian form at low electric 

field. As the electric field increases, the Maxwellian characteristics are changed, 

leading to a high energy tail. 

At both low and high electric fields, CC scattering has a large effect on the 

electron energy redistribution. In order to investigate the role of CC scattering on 

this distribution and to identify carriers as candidates for impact ionization, the 

distribution function was calculated with and without CC scattering. The results 

show that the presence of the CC interaction redistributes the energy among the 

carrier population in such a way that, at high fields, there are electrons both in 

the high energy tails and at low energies. In contrast to the distribution without 

CC scattering, as the field is increased and as the distribution heats up, there are 

electrons which move up to 3.51 eV at very low fields compared to the avalanche 

"breakdown field. 

We have investigated the dependence of the impact ionization coefficient on 

carrier density. Our results for this quantity at low carrier density have been 

obtained for electric fields from 400 kV/cm to 800 kV/cm. Our results are lower 
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than the results of Shichijo and Hess [77], but have a similar trend with electric 

field. At high carrier density and at fields from 100 kV/cm to 300 kV/cm, we find 

that the impact ionization coefficient at all fields increases by orders of magnitude 

over the low density result. This characteristic could be very important in 

understanding the triggering of photoconductive semiconductor switches by 

injection of carriers. We conclude that the impact ionization coefficient is a 

strongly increasing function of carrier density. Our results thus indicate that 

collective impact ionization theory can explain the conditions which are needed to 

initiate lock-on and current filaments. They can also be used as a starting point to 

model filament growth and to understand the carrier density which is needed for 

the initiation of lock-on. 

In this dissertation, we have investigated the conditions leading to lock-on and 

current filaments at short times. After their formation at longer times, the 

filaments can grow further and will eventually reach steady state. With Auger 

recombination, the filament growth reaches a certain value at steady state and the 

current density inside the filaments can be calculated. This will give important 

information, because no one has succeeded in measuring the current density inside 

a current filament. A calculation of this current density will be the focus of our 

future work. 

For our future work, we also will consider some modifications of the present 

theory to obtain more accurate results for the impact ionization coefficient. 
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Among other improvements, the use of a better bandstructure should lead to more 

quantitative results for the impact ionization coefficient and other properties. 
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