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CHAPTER 1 

INTRODUCTION 

1.1 Definition 

Electron beam (e-beam) controlled switching entails the electron induced 

ionization of a high resistance insulator into a low resistance conductor. Among earlier 

electron beam controlled switch designs, the most common were the Electron-Bombarded 

Semiconductor (EBS) and the gas-filled electron beam controlled switch. The gas filled e-

beam activated fast opening switch utilized electron-impact ionization of a high pressure 

gas between two electrodes [1]. The switching current was primarily due to the resulting 

secondary electron flow to the opposite electrode, and desired switching properties were 

designed by selecting the appropriate gas characteristics [1]. One of the major drawbacks 

of this design is that large current densities require bulky, large sized switches [21. The 

EBS, discussed in greater detail in Section 2.5.3, operated on the principle of beam 

induced space charge limited current within a semiconductor, which inherently sets a limit 

on the ultimate switching power. Contemporary electron beam controlled switches utilize 

semiconductors for the switching medium in either the surface or bulk mode (enhanced 

performance of the EBS), and are used for fast on-off, high power switching applications. 

The switching properties vary sparsely, and are determined by the particular 

semiconductor selected and corresponding material processing. Numerous types of 

electron sources may be used for e-beam controlled switching. The most common sources 

used in this field of research are thermionic [3] or cold cathodes [41. Typical beam 

voltages are on the order of 100 kV, while beam current densities range from tens of 

mA/cm^ to tens of A/cm^. In all cases, the beam is pulsed for a time on the order of 

microseconds to nanoseconds. 



1.2 Previous Research 

1.2.1 Research at Texas Tech University 

Previous electron beam controlled switching research at Texas Tech University's 

Pulsed Power Laboratory has been geared towards feasibility studies of quartz and 

polycrystalline ZnSe [4], using a nanosecond, tens of A/cm' electron beam. ZnSe was 

used in both the surface and bulk (enhanced EBS mode) configuration, and quartz was 

used in the bulk, directly ionized mode. The surface contact ZnSe sample showed 10 

orders of magnitude reduction in resistance in response to the e-beam, while the others 

showed reduction by 9 orders of magnitude. The quartz sample current density gain was 

approximately 50. The quartz response essentially followed the e-beam stimulus, whereas 

the ZnSe opening time exponentially decayed after stimulation ceased. Rise time 

increased for increased charging voltage (explained in section 3.1). The feasibility study 

concluded that quartz is useful for fast current control, whereas ZnSe is useful for power 

gain applications [4]. 

Theoretical studies for ZnSe, based on previous work [4] have been performed [5]. 

ZnSe was chosen over GaAs for the indirect ionization mode (enhanced EBS) because of 

its higher dielectric strength and dark resistivity. Data from the previous work in both the 

bulk and surface configurations was used to calculate the carrier mobility, recombination 

coefficients, and carrier generation efficiency in the indirectly ionized region. The carrier 

mobility was calculated to be less than half of that previously found. The carrier 

generation efficiency in the indirecdy ionized region was found to be less than 1%, 

implying that the carrier generation was not due to radiative recombination, but instead 

possibly due to bremsstrahlung of electrons [5]. It was also deduced that direct 

recombination in polycrystalline ZnSe is negligible compared to indirect recombination. 

1.2.2 Some Previous Research at Other Institudons 

In an effort to determine how to improve the off response of some electron beam 

controlled switches, the lock-on effect (described in Section 2.5.4) in semi-insulating 

GaAs has been studied [31. The phenomenon was also studied because the lock-on 



threshold field for GaAs in particular is as little as 4 kV/cm [61, which is not suitable for 

high power fast switching. The lock-on steady-state dark resistance was found to depend 

on the applied voltage as well as the impurity concentration, but to be independent of the 

initial e-beam intensity. To explain the lock-on phenomenon, an experimentally derived 

model was created. The authors proposed that although the lock-on effect makes these 

devices unsuitable for opening switch applications, it may benefit fast-triggered closing 

switch applications [6]. 

In order to design better beam activated devices, several modeling schemes have 

been used. The closed and open states of the cathodoluminescence mode bulk electron 

beam controlled switch (enhanced EBS) have been modeled with density rate 

equations[71. In addition, L,R,C circuit analysis has been applied to modeling beam 

activated switch behavior [8]. 

Research efforts have been focused towards developing high power and high speed 

e-beam controlled switches, requiring higher hold off voltages and short carrier lifetime 

[91. In diamond, the maximum hold off field was found to be nearly 2 MV/cm. The 

biasing voltage polarity with respect to the silicon substrate was found to affect lock-on 

behavior. It was speculated that the polarity dependent lock-on effect was directly 

dependent on carrier trapping and hole injection processes [91, and could possibly be 

altered through appropriate contact and biasing schemes. The performance limitation on 

diamond e-beam switching samples have also been studied [10]. High electric fields on 

the order of 200 to 400 kV/cm were found to produce 10 to 11 orders of magnitude 

increase in the dark current of natural diamond. A much higher hold off field of 900 

kV/cm for CVD diamond on a heavily doped silicon substrate was found, and the dark 

current was dependent on bias voltage polarity. It was concluded that high voltage levels 

still need development, and that further contact studies should be performed [10]. Further 

experimentation involved the study of three switching configurations [11]. The first 

switching configuration involve direcdy ionizing the semiconductor, and utilized blocking 

contacts (negligible carrier injection from the contact). The measured current was 

primarily dependent on the incident beam energy, proving the usefulness of blocking 



contacts. Annealing of the aluminum contacts yielded a decrease in the required field for 

significant dark current by nearly a factor of six. The second configuration allowed 

electron injection via the cathode, and funcdoned as an EBS switch. Typical EBS 

behavior was observed, i.e., direct dependence on the square of the voltage. The third 

configuration allowed for charge carrier injection from both electrodes, from which a 

cubic voltage dependence of the current density was measured. It was decided that more 

studies on switch performance and contacts should be undertaken [11]. 

Further efforts to develop the cathodoluminescence enhanced EBS involved 

studies with diamond, GaAs and ZnSe [12]. It was found that both GaAs:Cr and ZnSe 

showed ohmic behavior of dark current density versus applied field up to 10 kV/cm (for a 

critical voltage, Vc), whereas diamond nonlinearity began at higher fields on the order of 

100 kV/cm. The lock-on effect was observed in GaAs for voltages above Vc, where 

nonlinear behavior begins, and it was found that the lock-on current and dark current 

curves were nearly identical. The lock-on effect was also observed in ZnSe and diamond. 

It was determined that diamond functions as a superior directly ionized material, but ZnSe 

and GaAs are superior enhanced EBS materials, because they have a high conversion 

factor of beam energy into photons which ionize the bulk [12]. 

1.3 Applications and Advantages Over 
Conventional Switches 

High power gain and fast on/off response are the major objectives of optical or 

electron beam activated switching. Both types of switches outperform conventional gas 

and mechanical switches in terms of speed, trigger jitter, simplicity of mechanical design, 

and thermal conductivity [13], and are major competitors to the thyratron and spark gap 

[12]. Both types of switches are useful for inductive energy storage systems, in which 

high current, fast switching characteristics are required [14]. Inductive energy storage 

systems offer higher energy density efficiency and have, potentially, one hundred fimes the 

energy storage density of capacitive systems [14]. Both switches can also be applied to 

inducfive energy storage systems where optimal power transfer to a time varying load is 

required [7], and are also suitable for high power microwave modulafion applications. 
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1.4 Comparison to Optically Activated 
Switching 

Optically activated solid state switches are inherently dependent on optical 

absorption, where incident waves of energy above the bandedge are absorbed at small 

distances into the semiconductor and lower frequency incident waves below the bandedge 

are absorbed deeper [8]. There are essentially two modes of optically acfivated 

semiconductor switching: linear and avalanche (due to lock-on). Optical intensity 

requirements in avalanche semiconductors are lessened, provided the lock-on threshold 

has been reached. With this in mind, the optically acfivated switch is less flexible than the 

electron beam controlled switch, since significant gain can be accomplished only in the 

nonlinear mode [15]. On the negative side, electron beam induced direct ionization of 

semiconductors is limited to thin film materials, which require a high dielectric strength 

[3]. 

In the typical optically activated [8] and e-beam switch configuraUon, the 

switching sample is mounted in series with a transmission line. In the ideal experiment, the 

switch functions as an infinite resistance [8], instantaneously changing to zero resistance 

upon activation. Because of the stripline configuration, both switches have limited rise 

time [8] due to fringing field propagation. The dielectric thickness may be changed to 

adjust the rise time [8], but the corresponding impedance is then changed. The spatially 

varying fields between the stripline conductors are produced when the switch is quickly 

de-activated (i.e., the beam stimulation has ceased), and also act upon the semiconductor. 

Both the optical switch and the e-beam switch are used for power gain devices. In 

optical switches, the maximum power switching is given by the product of maximum 

stand-off voltage and current [8]. In enhanced EBS e-beam switching, the power gain is 

determined by the conversion efficiency from the beam energy to the radiative energy 

which ionizes the bulk and produces charge carriers[3]. Finally, both optically and e-beam 

activated devices have the potential of being integrated with their beam source; the former 

with laser diodes and the latter with various cathodes, including ferroelectric or cold 

cathode emitters. 



1.5 Advantages and Disadvantages Compared 
to Optical Switching 

The optically activated switching material depends on availability of the desired 

wavelength laser source, whereas virtually any wide-bandgap semiconductor can be 

activated with an e-beam source. The corresponding solid state switch properties for the 

e-beam activated switch are therefore more diverse. Other advantages include large 

absorption coefficients [9], higher efficiency, pulse shaping, and high repetition rate [4]. 

Provided the metallic contact is thinner than the electron penetration depth, the e-beam 

activated switch may be stimulated through the contact [14], whereas the optical switch 

material must be directly exposed to the beam, placing some restrictions on contact 

design. Another disadvantage of the optical switch is that high speed switching requires a 

large photon flux to sustain photoconductivity (due to the fast recombination time) [16]. 

For short pulses, the required optical energy is therefore impractical [16], and the source 

becomes cumbersome and expensive [17]. The optical switch is flexible in terms of beam 

control parameters that are easily adjusted: intensity, spatial distribution, and temporal 

distribution [8]. Similarly, the e-beam pulse frequency is easily controlled, and the beam 

intensity is adjusted by simply adjusting the distance between the target and the source. 

However, the e-beam spatial distribution is very difficult to adjust, and the incident energy 

is usually restricted to a specific range, although the electron gun used in this thesis is 

adjustable over a limited range. The e-beam controlled semiconductor switch in the 

indirectly ionized mode is inferior to the optical switch in that only about one-third of the 

beam kinetic energy is converted to band-edge radiation [12]. Therefore, there is a 

significant amount of energy dissipation in the layer closest to the surface, which can lead 

to overheating [12]. 



CHAPTER 2 

THEORY 

2.1 Semiconductor Band Structure 

2.1.1 Energy Levels 

A fundamental understanding of band structure provides the background necessary 

for selecting suitable e-beam switching materials. With elementary knowledge, general 

trends can be predicted for dark resistivity, breakdown field, and charge carrier properties. 

Excitation of an electron from the valence band to the conduction band yields an 

electron-hole pair, where a hole is an empty state in the valence band. Once in the 

conduction band, the electron is free to move about via an abundance of surrounding 

unoccupied energy states [12]. Most of the electrons and holes are located at the 

conduction band minimum and valence band maximum [13]. 

Electrons in a solid are restricted to specific ranges of energy. The band structures 

for the insulator, metal, and semiconductor, based on a standard figure from reference 

[18], are given in Figure 2.1. At 0 K, the semiconductor structure is similar to the 

insulator structure, in that there is a filled valence band, empty band gap, and an empty 

conduction band. The energy gap. Eg, is often referred to as the forbidden band, since, for 

a perfect insulator, no electron energy states occur in this region. 

Theoretically, the ideal insulator is obtainable only at absolute zero temperature 

[19]. In fact, all semiconductors become insulators at absolute zero temperature, in which 

case the free electron density in the conduction band is zero. At high temperatures all 

insulators theoretically become semiconductors[19]. Depending on the application, many 

insulators are considered to be wide band gap semiconductors. For instance diamond, a 6 

eV band gap insulator, can be regarded as a semiconductor when the appropriate means of 

valence electron excitation exists; the 150 keV electron gun used in this thesis meets the 

requirement. 



'g 
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Insulator Semiconductor Metal 

Figure 2.1. Band Structures at 0 K. 
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The electrons in narrow gap semiconductors can be easily excited from the valence 

to the conduction band through optical or thermal excitation. For instance, a room 

temperature, 1 eV band gap semiconductor has an abundance of conduction electrons 

compared to a room temperature 10 eV band gap semiconductor, which has a negligible 

amount [18] of conduction electrons. 

Transitions within semiconductor energy bands are classified as either direct or 

indirect. For example, based on reference [18], a plot of energy versus wave propagation 

vector is given in Figure 2.2. The smallest electron energy transition, from conduction 

minimum to valence maximum, is accompanied by zero change in momentum 

h 
{p = — k ) for direct semiconductor bands. For indirect semiconductor bands, there is a 

271 

change in wave vector, k, and therefore a change in momentum; the band extrema occur at 

different wave vector values [19]. Therefore, indirect-gap semiconductors have two types 

of gap energies: direct gap energy which is the difference across the bands at k[0,0,0] and 

indirect-gap energy which is the difference between the conduction band minimum and 

valence band maximum [19]. As illustrated by the level, Et, in Figure 2.2, indirect 

transitions are frequentiy enacted through transitions to impurity levels [18] within the 

band gap, and then to the corresponding destination level. Indirect transition energy 

changes are generally given off as heat energy to the lattice, whereas direct transition 

energy loss is usually given off as photon energy [18]. As a result, light emitting or lasing 

semiconductors consist of direct transition materials or indirect transition materials having 

vertical transitions between defect states [18]. However, light emission is most efficient 

for direct materials [18]. The indirect transition probability and corresponding optical 

absorption coefficient are much smaller than the direct transition probability since the 

former is a two-step process [19]. 

2.1.2 The Fermi Level 

The probability of an electron occupying an available energy state, E, at a given 

temperature, T, in a solid is given by the Fermi-Dirac distribution, as shown in Figure 2.3. 



> k > k 

(a) (b) 

Figure 2.2. Direct (a) and Indirect (b) Transitions Between Energy Levels. 
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(a) Intrinsic semiconductor 

f(E) 1 0.5 0 

(b) n-type semiconductor 

f(E) 1 0.5 0 

(c) p-type semiconductor 

Figure 2.3. Fermi Level Distribution and Band Structure for 
the Three Semiconductor Types. 
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The Fermi-Dirac distribution function is given as [19] 

/<g>= (E-E,,),kT (2.1) 
1 + e ^ 

where k is Boltzmann's constant and Ef is the chemical potential, or more commonly 

called the Fermi level [18]. At T=0 K, the states with E< Ef are completely occupied by 

electrons and those with E> Ep are empty [19]. It is important to note, from Figure 2.3, 

that for T>0, the probability of a filled state above the Fermi level, f{Ep- + AE), is equal 

to the probability of an empty state below the Fermi level, [\- f{Ef - AE)]. Therefore, 

the Fermi level is used as a reference point in electron and hole concentration calculations 

[18]. Notice how the Fermi-Dirac distribution function for intrinsic, n-type, and p-type 

materials is plotted against the corresponding band structure. By inspection, we leam that 

the Fermi level of intrinsic materials lies in the middle of the band gap, since the 

conduction electron and valence hole concentrations are equal [18]. Although the 

distribution is evaluated within the band gap, there are no available energy states in this 

region, so that electrons do not actually occupy this energy range. Furthermore, small 

changes in the distribution function result in significant carrier concentration changes [18]. 

As the Fermi level moves closer to the conduction band, the value of /(E^) increases, 

meaning the conduction electron concentration increases; E(jj - Ep gives a measure of 

the electron concentration [18]. 

The Fermi-Dirac distribution varies with temperature, but the probability of the 

Fermi level is always 0.5. In other words, the slope may change but the nonlinear region 

is always centered at Ep-. However, the Fermi level itself is dependent upon temperature. 

In particular, it can be shown [19] that for: 

E^ + E^ kT N^, 
1. Intrinsic Semiconductors (any T) Ep: = + —In (2.2 a) 

2 2 N, 

N type and P type Semiconductors (high T) 

(n and p type explained in Section 2.2), 

12 



where Â^ and Â^ are the effective densities of conduction-band and valence-

band states. 

2. N type Semiconductors, N^ > N^ 

Intermediate T region Ep = E - kT In (2.2 b) 
^d-^a 

, ^ . E^+E^ kT 2N^ 
low T region Ep = — - — In — - (2.2 c) 

2 2 Nj 

where N^ and Â^ are the densities of donor and acceptor states 

3. P type Semiconductors (derived as suggested in ref [19]), Â^ > N^ 

Intermediate T region Ep = E + kT\n (2.2 d) 

^a-^d 

At high T, thermal excitation of carriers dominates in all semiconductor types, meaning 1, 

applies to intrinsic at any temperature, and also to n and p type semiconductors at 
sufficiently high temperatures. Also, if N^ = N^, then Ep^ is exactly in the middle of the 

band gap. 

2.1.3 The Band Gap 

The band gap is directiy related to changes in the bonding for a given group of 

semiconducting compounds [20] including dependence on interatomic distance [19]. The 

band gap or "forbidden gap" determines the energy needed to excite valence electrons to 

the conduction band. 

The band gap tends to increase as the chemical bond ionicity (percentage of ionic 

bonding) increases. The degree of ionicity can be found through the difference of the 

static and high frequency (optical) dielectric constants [19]. The dielectric constant is 

affected by the positive and negative ion displacement in an ionic crystal yielding electric 

polarization [19]. The effective ionic charge is equal to SZe , where Z is the valence of the 

13 



compound, and S is an experimentally determined parameter. For the III-V compounds 

GaAs and GaP, S varies from 0.10 to 0.20, whereas for the II-VI compounds ZnS and 

MgO, S varies from 0.48 to 1. For many compounds, the corresponding degrees of 

ionicity therefore increase from III-V to II-VI compounds [19], consistent with the 

tendency of the larger band gap for many II-VI compounds. 

By interpretation of electronegativity tables for III-V and II-VI compounds [19], 

the general trend is that the degree of ionicity is greater for compounds with a greater 

difference in their elemental electronegativities. As the difference of the compound's 

elemental electronegativities increases, the band gap energy also increases. For example, 

the difference in electronegativity for AIN (III-V) and ZnSe (II-VI) are 1.43 and 0.9, 

corresponding to band gaps of 6.28 eV and 2.67 eV [21], 

For the optical excitation, the intensity of light, I{x), at a given depth, x, is given 

by I{x) = I^e where /^ is the incident photon intensity and a is the absorption 

coefficient, which varies with the incident wavelength and material [18]. Depending on the 

incident energy, the optically excited electrons may have greater energy than the average 

conduction electron. Therefore, the electron loses energy to the lattice through scattering 

until its velocity reaches the thermal equilibrium velocity of other conduction band 

electrons [18]. The probability of photon absorption is high when the valence band has 

many electrons and the conduction band has many unoccupied states [18]. As a general 

rule, semiconductors are most optically sensitive (bulk conductivity) to incident photons 

of energy equal to or slightly greater than the band gap [18]. Photons with energy less 

than the band gap are transmitted, since they are unable to excite electrons from the 

valence to the conduction band [18]. Materials are therefore transparent for certain 

wavelengths [18], allowing one to see through them, provided that the band gap is in the 

visible region. Photons of energy much greater than the band gap are mostly absorbed at 

the semiconductor's surface, contributing a very small amount to the bulk conductivity 

[18]. It is possible to optically excite semiconductors with incident energy less than the 

band gap, provided the excited carriers originate at impurity levels within the gap [18]. 

The electron-hole pairs (EHPs) created through optical absorption are called excess 

14 



carriers, and they contribute to the semiconductor's conductivity until they ultimately 

recombine [18]. 

The form of the electron beam absorption, 7̂ .̂ = I^e'^, is identical to the optical 

absorption equation, although the actual absorption process differs as described in Section 

2.5.2. For a given switching sample, the band gap may be relatively wide, meaning the 

required excitation energy approaches U.V. or x-ray frequencies. Therefore, e-beam 

activation offers a better alternative for wide band gap semiconductors. 

2.2 Impurity and Defect Levels 

Isolated impurities in a semiconductor can introduce a set of energy levels in the 

forbidden energy gap [22]. The levels are composed of a ground state and series of 

excited states. 

Most impurity atoms with low ionization energies are ionized by thermal excitation 

at room temperature. Therefore, phenomena due to transitions from shallow impurity 

levels to the conduction band can only be observed at low temperatures. Shallow 

impurities are those with a ground state level in close proximity to a band edge [22]. The 

donor and acceptor impurity activation energies are defined as the differences E^ - E^ 

and E^ - E^, where subscripts d and a mean donor and acceptor. Impurities in narrow 

bandgap, high permittivity semiconductors form shallow donor or acceptor energy levels 

[23]. For instance, in silicon crystals with phosphorous or boron impurities, electron 

transitions from the donor ground state to the conduction band (excited state) correspond 

to infrared absorption in the photoconductivity band [23]. 

Deep levels are those for which there is a small probability of thermal ionization at 

room temperature [23]. The levels often correspond to secondary ionization of defects or 

impurities. These ionization energies can be determined through electrical measurements 

or photoconductivity spectra measurements. Deep level impurities and defects affect 

nonequilibrium carrier recombination velocity, photoconductivity spectmm, and the 

luminescence spectrum. In photoconductive material, deep levels can affect dark i-v 

characteristics and switch recovery [8], by providing rapid recombination centers. 
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Intrinsic semiconductors are those that do not have charge carriers at 0 K, meaning 

a filled valence band and an empty conduction band. In addition, perfect intrinsic 

semiconductors have no impurities or lattice defects [18]. The only charge carriers are the 

ones that are created by thermal excitation from the valence to the conduction band for 

temperatures above 0 K (about 50 K to ionize the shallow levels of most materials). For 

all EHPs, the concentration of the conduction band electrons and valence band holes are 

equal. For a given temperature, if a steady state carrier concentration is maintained, then 

the EHP generation and recombination rates are equal. An increase in temperature yields 

an increase in both rates, so that equilibrium is maintained at higher concentrations of 

electrons and holes. The recombination process entails an electron direct or indirect 

transition from the conduction band to a hole (empty state) in the valence band [18]. 

Both lattice defects and impurities create additional energy levels, usually within 

the band gap, in what normally would have been considered a perfect crystal stmcture 

[18]. Extrinsic semiconductors are those that have carriers due to impurity doping, so that 

the majority carriers are electrons (n type) or holes (p type) with equilibrium concentration 

differing from their respective intrinsic carrier concentrations [12]. Donor impurity levels 

(n-type material) are those for which the energy level is very close to the conduction band, 

so that only a small amount of thermal energy is required to excite the electrons to the 

conduction band. Acceptor impurity levels are those for which the energy level is very 

close to the valence band [18]. In this p-type material, a small amount of thermal energy 

excites valence electrons to the impurity level, where they are "accepted," thus creating 

holes in the valence band. In Ge and Si, columns III and V elements from the periodic 

table respectively create acceptor and donor impurity levels on the order of hundredths of 

eV from a band edge [18]. 

After direct excitation, the direct recombination is usually accompanied by light 

emission energy equal to the band gap, where the EHP lifetime is less than or on the order 

of 10 nanoseconds [18]. Defect levels within semiconductors tend to temporarily capture 

(trap) electrons as they transition from the conduction band back to the valence band [18]. 

The electron remains trapped until it is thermally reexcited to the conduction band, after 
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which it eventually falls back to the valence band. This process is referred to as temporary 

trapping. The longer EHP Ufetime in the indirect semiconductor depends on the 

probability of thermal excitation from the trap to the conduction band, and the number of 

times retrapping occurs [18]. Hence, after stimulation, the emission of phosphorescent 

Ught may persist for a long time [18]. Most recombination events in indirect materials 

occur through recombination levels within the band gap, and the corresponding energy 

loss is given up to the lattice as heat energy [18]. After the trapping occurs, if the most 

probable next event is reexcitation, then the impurity or defect is called a defect center or 

trap [18]. If the most probable next event is capture of the opposite charge carrier, then 

the impurity or defect is referred to as a recombination center [18]. 

2.3 Suitable Materials for e-Beam Switching 

Some of the main parameters determining successful e-beam switching candidates 

are band gap energy, dark resistivity, and electron beam damage threshold energy. 

Depending on power switching requirements, other issues include dielectric strength, 

recombination time and lock-on. The switch closing time also becomes an issue when the 

electron beam pulse width approaches or exceeds this value. The band gap energy 

determines the amount of thermally generated conduction electrons, if any, at a given 

temperature. The number of thermally excited conduction electrons per unit volume is 

given by [24] 

N^ = 4.82X10^^ 
f .\ 3/2 

m * 
( E^ \ 

T^'^e ^ "" ' (2.3) 

where m* is effective mass, ke is Boltzmann's constant, and Eg is band gap energy. The 

exponential shows that wider band gap solid state switches have more ideal open modes 

than narrow gap materials. Wide band gap materials possess higher hold-off voltage and 

dark current small enough to allow for dc-charging [3]. The electron beam damage 

threshold energy, given for several semiconductors in Table A. 1, Appendix A, determines 

the high energy limit of the e-beam source to be used. The dark resistivity determines how 
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ideal the solid state switch is in the open mode. The general expression for the reciprocal 

of resistivity, conductivity, is given by o = e(n\i^ + P\^p) where the electron and hole 

mobilities and concentrations are indicated by n and p [20]. The carrier concentrations are 

dependent upon the Fermi level location. By inspection, the semiconductor conductivity is 

directiy proportional to the mobility, and the mobility directly determines the sample 

current by J = e[i nE + e\i pE. Therefore, for materials of comparable band gap, the 

higher mobility semiconductor is preferable. 

The most common electron-beam activated switch materials for pulsed power 

applications are silicon (Si), semi-insulating gallium arsenide (SI-GaAs) [3], diamond, and 

zinc selenide. Silicon, an indirect semiconductor, offers high current gain due to 

microsecond to millisecond carrier lifetimes, but previous test results have shown high 

dark current [3]. SI-GaAs offers at least an order of magnitude higher mobility than Si, as 

well as nanosecond to picosecond carrier lifetimes [3]. Materials like diamond and quartz 

are suitable for the direct ionization switching mode, whereas materials like GaAs and 

ZnSe are better when used in the indirect ionization switching mode [5]. ZnSe has a 

higher dielectric strength and dark resistivity than GaAs, and is therefore a better 

switching sample for high voltage applications [5]. Diamond has a much higher 

breakdown field than any of the above materials (10^ V/cm [3]), as well as a 

subnanosecond carrier lifetime [3]. 

The latest wide band gap semiconductor research is geared towards materials 

including diamond, SiC, and group III nitrides [21]. These materials promise to be 

interesting potential e-beam switching samples, and already excel over GaAs, Si, II-VI, 

and traditional III-V compounds, because they offer radiation hardness, high frequency 

operation, and significant tolerance to high temperature and high power. Diamond 

leakage current is negligible for fields in excess of 10"* V/cm [21], and the breakdown field 

is on the order of 10̂  V/cm [21]. In addition, natural intrinsic diamond resistivity up to 

10̂ ° Qcm [21] has been measured and the relatively high resistivity of certain 

polycrystalline diamond films has been found to be lO'̂  Qcm, with a carrier lifetime of 
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about 530 ps [21]. Diamond has already been successfully implemented in GeV electron 

beam calorimeter applications [21], which implies it can withstand any practical incident 

beam energy. 

Since the initiation of the e-beam switching project, it has been frequently 

proposed to investigate the feasibility of SiC as a switching sample. SiC offers high 

temperature operation without intrinsic conduction effects, high frequency operation 

because of high saturated electron drift velocity [21], and the breakdown field of SiC is on 

the order of 10 V/cm [21]. SiC meets the wide band gap semiconductor requirement as 

seen in Table 2.1, but currentiy has several disadvantages including numerous surface 

defects due to large lattice mismatch [21]. Out of all the SiC polytypes, 2H-SiC has the 

largest band gap and most likely the highest mobility [21] but currentiy suffers from the 

inability to be produced in useable quantities and geometric form [21]. Also, many 

metallic contacts to SiC have resulted in Schottky diode behavior [21], which is less 

preferable than ohmic contact behavior. Finally, commercially available quantities of SiC 

are only available as relatively low dark resistivity materials at an unreasonable cost. 

The direct gap Ill-nitrides AIN, GaN, and InN materials offer superior 

optoelectronic advantages. Major emphasis is currently placed on the nitrides' deep-blue 

and UV applications. Diamond and cubic BN (c-BN) have superior intrinsic properties 

over other wide gap materials, but are relatively more difficult to grow [21]. Cubic BN is 

advantageous over diamond in that it does not react with ferrous metals [21], which is 

important for future e-beam switching designs [17], [25] where we wish to integrate the 

ferroelectric cathode and switch sample all on one chip. 

Four switching materials were tested, namely crystalline quartz, crystalline 

sapphire, polycrystalline ZnSe, and amorphous silicon. In the case of ZnSe, single crystal 

material offers higher current gain while polycrystalline material offers 3 orders of 

magnitude higher dark resistance. For the experiment in this thesis, polycrystalline ZnSe is 

more suitable [5] since the switch utilizes a D.C. charging voltage. 

The following tabular summary (Table 2.1) of potential e-beam switching 

candidates was compiled from several references [8, 19, 20, 21, 26, 27, 28, 29, 30]. 
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Please refer to Appendix B for more details on materials that were not selected from a 

given group. 

Table 2.1 Potential e-Beam Switching Candidates 

Compound 

CdO 

ZnS 

*ZnSe 

HgS 

a -S iC 

p-SiC 

*diamond 

c-BN 

AIN 

GaN 

*GaAs 

AlP 

InSe 

ZnSiP2 

CdAl2Te4 

*Al203 

*Si02 

Amorphous Si 

Group 

II-VI 

II-VI 

II-VI 

II-VI 

IV-IV 

IV-IV 

IV 

III-V 

III-V 

III-V 

III-V 

III-V 

III-VI 

II-IV-V2 

II-III-VI 

III2V3 

IV-VI2 

IV 

Band Gap 

(eV) 

2.35 

3.54 

2.7 

2 

2.86 

2.3 

5.5 

6.4 

6.28 

3.5 

1.42 

2.45 

1.8 

2.3 

3.44 

8.67 

9 

1.61 

e Mobility 

(cm^/Vs) 

100 

180 

540 

50 

400 

4000 

2000 

125-150 

8500 

80 

900 

1000 

60 

10 

20 

1 

Resistivity 

{Q. cm) 

10^ 

10"* 

10^-10^ 

10'° 

10" 

10" 

10̂ « 

>10'° 

10'^ 

>10^ 

10^ 

10'^ 

10'̂ ' 

10^ 

* Materials that are known to have been used in e-beam switching (excluding electron-

pumped lasing mediums). 
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2.4 Metallic Contacts 

2.4.1 Contact Configurations 

The two metallic contact configurations, given in Figure 2.4, are used for surface 

or bulk e-beam switching configurations, as described in Section 2.5.3. The contact 

properties determine limitations on switching sample voltage and current as well as 

carrier-injection properties [8]. When processing samples in configuration B, the bulk 

configuration, the contacts may not always turn out exactly aligned. Therefore, 

configuration C, a variation of configuration B, may also be used [31]. In this contact 

scheme, the lower contact covers most of the sample, while the upper contact, of 

considerably smaller dimensions, determines the active current density area. 

For solid state switches, adherent, low resistance, ohmic contacts are desirable. 

Depending on the metallic resistivity, the contact resistance, for certain geometries, may 

make up 1 to 50% of the total switch resistance. Low resistance contacts to wide gap 

semiconductors are difficult to produce, because of the corresponding large potential 

barrier [32] which is formed when the metal contacts the semiconductor. 

2.4.2 Rectifying Contacts 

The rectifying contact is made when the semiconductor and metal work functions 

follow the inequality: ^n-type < ̂ metal ' ^p-type > ^metal • ^ "̂ ^ âl contacting 

an n or p type semiconductor induces charge carrier diffusion [33]. The corresponding 

electric field aligns the Fermi levels of both materials so as to reduce the effective work 

function [18]. The Fermi energy leveling process is accomplished through establishing the 

contact potential, which is a potential barrier equal to the difference of the work functions, 

O , of the semiconductor and metal, as shown in Figure 2.5 a. If a positive voltage V is 

applied, then the contact potential decreases by VQ ~V, and if a negative (reverse bias) 

voltage, V, is applied, then the contact potential is increased by V̂  + V [18]. At the 

semiconductor-metal interface, there are typically very thin (i.e., charge carriers are 

capable of tunneling through) interfacial layers such as oxide layers or there are surface 

states (e.g., incomplete or broken bonds) which influence the way the actual 
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Figure 2.4. Sample Contact Configurations. 
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Figure 2.5. Metal - n-type Semiconductor contacts: (a) Rectifying and (b) Ohmic. 
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barriers look. If there is an interfacial layer on a compound semiconductor, then states 

within the semiconductor's band gap are produced which "pin" the Fermi-level at a 

constant position, no matter which metal is used for a contact [18]. Depending on the 

semiconductor, Fermi level pinning determines whether the contact is ohmic or rectifying; 

the Schottky barrier heights are nearly independent of the metal used to make contact 

[34]. For instance, n-GaAs Fermi level pinning yields any metal's Ef about 0.8 eV below 

the conduction band (rectifying), whereas n-InAs pinning yields any metal's Ef above the 

conduction band (ohmic) [18]. Poor contacts have large Schottky barrier heights, so for a 

given unpinned semiconductor, the metaUic contact should be chosen such that the optimal 

barrier height is established [34]. 

Lowering of the contact resistance may be achieved by introducing a large number 

of efficient recombination centers within the depletion region [32]. Another method to 

decrease contact resistance is to increase the probability of carrier tunneling by either 

applying heavy doping which yields a decrease in barrier height or through the use of a 

narrow-band-gap contact layer [32]. ZnTe, which has a slightiy smaller band gap than 

ZnSe, was contacted to a p-type ZnSe layer. The resulting compound ZnSci.xTcx (graded, 

where x varies with distance) has been shown to produce true ohmic contacts, whereas 

previous ZnSe contacts were nothing more than leaky Schottky barriers [34]. 

2.4.3 Ohmic Contacts 

An ohmic contact is formed when the semiconductor and metal work functions 

follow the inequality: ^n-type > ̂ metal ' ^p-type < ^metal • ^hmic contact 

resistance determines maximum speed and high power performance [34]. The ohmic 

contact is produced when the induced charges in the semiconductor are provided by 

majority carriers [18], which in turn produce image charges in the metal. Note that the 

direction of band bending in Figure 2.5 is opposite to the case of the rectifying contact. 

In addition, there is no depletion within the semiconductor because the potential difference 

required to align the Fermi level is based on majority carrier collection. The ohmic i-v 

characteristics for both the metal-n-type and metal-p-type contacts have linear behavior 
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with turn-on voltage discontinuities. The turn-on voltage is proportional to the difference 

between the semiconductor and metal work functions [33]. Ohmic contacts are often 

formed through heavily doping the semiconductor in the contact region [18]. This results 

in a depletion width at the interface that is thin enough to permit charge carrier tunneling 

through the barrier [18]. Regardless of the metal and degenerate semiconductor's work 

function, the junction essentially behaves like an ohmic contact [33]. 

2.4.4 Effects on e-Beam Switching Properties 

If the contact material diffuses into the sample, then deep energy impurity levels 

may develop [8]. From Section 2.2, we recall that deep level impurities affect 

recombination time, dark i-v characteristics, and switch recovery. As a result, the hold-off 

voltage, switching speed, and current decay time may also decrease [8]. 

Carrier concentrations are higher near the forward biased junction than the 

reversed biased junction. Heavily doped regions for low resistance contacts influence 

transient and steady state properties of optically activated semiconductor switches, since 

the associated potential barriers have fields due to the junction [35]. 

When designing ohmic contacts, the correct dopant must be chosen. For example, 

p-type and n-type dopants have been found to produce samples with vastly different 

breakdown voltages [8] due to electric field enhancement. In addition to lowering barrier 

height, doping is also used to increase device performance. In a GaAs device [7], a highly 

p-type doped layer lies beneath the cathode on the sample side which is exposed to the e-

beam. The conversion efficiency of direct beam energy into secondary band-edge 

radiation is increased, and the corresponding emitted radiation energy is decreased, 

allowing for deeper bulk penetration [7]. 

The metal-semiconductor junction also influences switch degradation. Generally, 

most of the switch damage occurs near the contacts [8], where the damage is due to poor 

adherence, large potential barriers at the junction, high current densities due to current 

pinching or filaments, and local heating at the contact interface [8]. Current pinching 

usually occurs at the interface between the edge of the contact and the semiconductor 
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surface. In order to prevent current pinching in certain materials, an underlying 

conductive region below the metallic contact should be made [8]. However, adding 

conductive layers below the metallic contact to reduce the current pinching has a couple of 

drawbacks. In some experiments, samples with ion-implanted conductive layers below the 

contacts require higher electric field or light intensity and have been found to have 

relatively short device lifetimes [8]. 

2.4.5 Surface Flashover 

Surface flashover limits the maximum holdoff voltage [8] and maximum power in 

optically activated and e-beam controlled switches, because it occurs at average fields 

much less than the bulk breakdown field of the semiconductor [36]. Flashover occurs at 

relatively low fields for switching samples with scratches or a dirty finish on the inter-

contact surface, and occurs at higher fields for surfaces with a good mirror finish. The 

flashover path often follows the surface defect [13]. Conditions which lead to high fields 

also increase the probability of surface flashover [8]. Methods used to improve the 

flashover field limitation include better surface preparation (coating), contact geometry, 

tike shaping the contact induced field away from the surface [13], and varying the switch 

environment. For bulk configurations surface flashover is less likely to occur when the 

centered contacts are of dimensions well within the borders of the semiconductor, i.e., not 

extending to the edge [8]. In addition, square sample comers are actually less likely to 

flashover than rounded corners [8]. 

In an effort to combat flashover, the switch environment has been varied with 

dielectric media such as SF6, transformer oil, deionized water, and freon [15], For GaAs 

and Si, varying the environment yielded an increase in breakdown strength from the 

original sample field strengths on the order of 35 kV/cm to an improved field strength on 

the order of 100-150 kV/cm. 

For silicon switches, it has been proven that the switch current is primarily inside 

the semiconductor and not on the surface [36] during surface flashover. "Aged" samples 

that had undergone a relatively high number of shots showed very similar breakdown 
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paths for most of the shots, whereas "new" sample breakdown paths varied randomly from 

shot to shot [36], In the experiment under discussion, high di/dt occurred, indicating 

breakdown after which the flashover occurred [36]. The flashover first appears as a small 

spot usually near the cathode. At a speed on the order of 10̂  cm/s, the emission spreads 

from the spot to the opposite contact "New" samples showed high di/dt (which indicates 

flashover) within 10 ns of the voltage pulse, whereas "aged" samples showed a delay on 

the order of 100 ns before high di/dt appeared [36], 

One possible explanation of the "aging effects' " delay before flashover is that each 

breakdown event yields surface damage, reducing carrier mobility and also producing 

traps, which reduces the surface heating rate, and increases the breakdown delay [36]. 

The visual emission is speculated to be associated with luminescence from heated gas 

evaporated from the semiconductor surface, as indicated by the fact that flashover has also 

been observed to occur at the midgap, initially unconnected to either contact [30]. 

Contrary to the classical model, the switch breakdown (indicated by high di/dt) and 

several tens of amperes current occurred before the appearance of any visible emission 

[36]. In addition, typical sample current greater than 300 A flowed for 50 ns before the 

visible emission completely bridged both contacts. One of the major contradictions with 

the standard model is that current cannot flow through a gas discharge without yielding 

visible emission [36]. 

Based on the experimental results for the silicon switch, the surface breakdown 

model is described as follows [36]. Initially, electric-field induced band bending causes a 

surface layer of enhanced conductivity (carrier accumulation). After voltage is applied, 

current flows in the layer, causing approximately uniform heating. Then current is 

constricted near the cathode, and becomes localized to one or more thin filaments. At the 

tip of each filament, enhanced conductivity yields increased heating, causing the filament 

length to increase. The breakdown is complete when one or more of the filaments bridge 

both electrodes. In other words, thermally generated carriers cause the increased 

conductivity and, therefore, more carriers until thermal runaway and breakdown occur. 
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2.5 Switching Process 

2.5.1 Radiation Effects on the Semiconductor 

In e-beam switching, radiation defects are possible by-products due to the nature 

of the experiment, occurring often if the incident beam exceeds the material's damage 

threshold energy. Insight gained through study of radiation defects allows one to select 

appropriate materials for e-beam switching. As the beam energy approaches the defect 

threshold energy [23], the depth of the defects tend toward the surface. Radiation defects 

influence the semiconductor properties in various ways. For example, in irradiated silicon 

[23], the defect deep levels act as carrier acceptors. Radiation defects also change the 

conductivity, vary the Fermi level with the number of defects, and increase the volume 

recombination rate for many materials, including Si and Ge, provided the defect energy 

levels are deep [23]. An increase in volume recombination rate means that nonequilibrium 

carrier pairs have a shorter lifetime [23]. 

Electron beam induced radiation damage can be used for controlled defect 

formation [22] and can be reversed. For instance, 2 MeV electron bombardment of 

diamond is completely reversible by high-temperature annealing [22]. For CdS, as 

electron beam energy increases, the number of Cd atom displacements increase and the 

corresponding annealing temperature also increases [22]. The annealing results in a 

photoluminescence spectrum identical to that of the original sample [22], implying reversal 

of lattice damage. 

The simplest defects, Frenkel defects, are due to electron scattering on the crystal 

atoms. Frenkel defects consist of a vacancy (empty lattice site) and an atom occupying an 

interstitial position [23]. 

Energy transfer through Frenkel defect formation can be described as follows. 

Consider an electron traveling in the horizontal direction, incident on a crystal. By 
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conservation of momentum, the atomic kinetic energy after the electron collision along 

the axis is found to be 

£A = ^Amax^<'^^K)- (2.4) 

where £ . is the maximum energy transferred to the atom and 6 ^ is the angle of the 

velocity of the atom relative to the axis after the collision [23]. The amount of energy lost 

in this process is a small fraction of the incident electron energy [23]. The electron cloud 

surrounding the nucleus is not taken into consideration in the above equation, since fast 

electrons collide with the nuclei. 

Table A.l in Appendix A, based on reference [22], shows damage threshold 

energies for several II-VI compounds. Inspection of the table reveals that ZnSe, used with 

the 150 keV electron gun, is a reasonable choice for switching material. Conversely, if 

CdS is selected as a switching sample, a less energetic beam would be required to avoid 

radiation damage. Note that the two distinct damage threshold energies correspond to 

one of the two atomic sublattices, i.e., A or B in compound AB. If atom A and B have 

significantly different masses, then the higher energy corresponds to the heavier atom [22]. 

For two comparable masses, a general rule is that the metal atom displacement 

corresponds to the lower threshold energy. On the contrary, it has been argued that atom 

B should have a threshold much greater than atom A, and that the higher of the two 

energies in Table A.l corresponds to impurity displacements [22]. 

For low energy loss of incident electrons, the probability of defect formation can 

be found [23], provided the following assumptions are made: 

1. The electrons are projected towards thin samples, so that the change in 

energy is much less than the incident beam energy. 

2. The threshold energy is independent of the atomic momentum direction. 

3. Each scattering act, with the energy transfer, £ ^ , greater than the 

threshold energy, yields a corresponding Frenkel defect. 

The last assumption is valid only when the beam energy is slightiy greater than the 

threshold energy. The probability of defect formation is given as [23] 
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The concentration of defects per cm^ is then found to be Â  , = Z , {E)ON where the 

electron flux per cm and the atomic concentration are, respectively, O and N. 

2.5.2 Energy Transfer and Penetration Depth Versus Thickness 

In many switch materials, the electron's path length may be greater than the 

material thickness. An electron passing through matter loses kinetic energy through 

electromagnetic interactions, thus raising electrons in the solid to excited energy states. 

The total distance that the electron can penetrate the material before losing all of its 

kinetic energy is called the range [37]. The number of particles emerging through the 

material versus thickness is an exponentially decreasing curve [37] due to scattering. 

The electrons may be absorbed if the material thickness is greater than the range. 

The absorption process involves scattering, combination with atoms, or energy loss [38]. 

Energy loss occurs through collisions or radiation, and scattering refers to electron 

interaction with the Coulomb field of the nuclei [38] (elastic scattering or generic 

interactions which change the electron direction). For relatively low energies, the loss is 

due to electromagnetic interactions that excite electrons to higher energy states. The 
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energy loss of electrons in matter is given by [38] 

dE Ine'^N 

^ion mV^ 

- ~T { I ~T ^^\ -, 
In—— r r - l n z ZV1-P~ - 1 + P" + l - p -

2/2 (l-P^ V ; 
(2.6) 

where the average ionization potential, relativistic kinetic energy, electron mass, electron 

charge, velocity, and number of electrons per cm"* are given by, respectively. I, T, m, e, V, 

and N. In the above equation, the ratio of the electron velocity to the speed of light is 

V 
given by P = —. For large electron densities, a correction to the equation is needed due 

to a potential shielding effect [23]. 

The intensity of the electron beam traveling through the material a distance, x, is 

given by the following equation, which applies only after full scattering has occurred 

(i.e., for a thick enough material): 

Ix = ioe~^ (2.7) 

[38], where /^ is the intensity at the beam source. Provided that the depth, x, is known, 

the absorption coefficient, j l , can be measured by comparison of the particle intensity 

before and after the beam passes through a given medium. The coefficient is constant for 

a limited energy range of the electrons. 

Ionization losses determine the electron range in a given material. The ionization 

losses of high energy, charged particles incident on a semiconductor are due to interaction 

with valence and inner shell electrons, directiy related to the average ionization potential 

[23]. The outer electrons generally acquire more energy than the inner electrons, since the 

outer ones have less binding energy and because their wave functions are more spread out 

[22]. Inner shell electrons acquiring sufficient energy may excite additional electrons, as 

well as produce soft x rays, which are usually absorbed within the crystal, yielding 

nonequilibrium carrier pairs [23]. Additionally, some of the energy is converted 
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to bremsstrahlung losses in the nuclear electric field [23]. At energies exceeding a critical 

value, bremsstrahlung losses can be greater than ionization losses. The ratio of radiation 

to ionization losses for fast electrons is given by [23] 

fdE^ 

^ dx rad ^o^ 
A = j—pi^ = i ^ ^ . (2.8) 

dE\. 1600wc-loni: 
\dx J 

In addition, some of the energy transfer goes to direct excitation of crystal lattice 

vibrations. However, losses due to phonon generation are generally negligible compared 

to ionization losses [23]. 

2.5.3 Switching Configurations and Corresponding Carrier 
Mechanisms 

The solid state switch can be thought of as a three-port device [8], where the first 

two ports are the metal contacts, and the third port is the optical or e-beam input. The 

two basic configurations are surface and bulk geometry, as shown in Figure 2.4. It has 

been pointed out that surface switches are easier to fabricate than bulk switches [8]. 

Referring to the metal contacts section of this thesis, we recall that the contacts are made 

through vacuum evaporation. Therefore, for a given switching sample, surface contacts, 

on the same side of the semiconductor, are made in one evaporation process, whereas bulk 

geometry requires two evaporation processes. The bulk switch is advantageous, however, 

in that it is less likely to exhibit surface flashover than the surface geometry switch [8], 

leading to better standoff voltage characteristics. 

Ionization of valence or impurity levels is the underlying principle of electron-beam 

controlled semiconductor switching. Upon bombardment, free charge carriers are 

generated, thus closing the switch [14]. When the e-beam is deactivated, the processes of 
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electron-hole recombination, trapping of free charge carriers, and diffusion lead to a 

decrease in conductivity [14], meaning the switch opens. 

For a given material, the switching behavior is determined by parameters including 

dielectric strength, effective ionization energy, carrier mobility, recombination rates, and, 

for indirect ionization devices, the efficiency of carrier generation in the indirectly ionized 

region [5]. 

There are three methods to implement electron-beam controlled switching. The 

first method [14] employs bombarding the semiconductor perpendicular to the applied 

electric field, a method usually accomplished through surface (coplanar) contacts. 

Directiy ionized semiconductors (in other words by e-beam ionization only) must have a 

high dielectric strength [3]; the material must be thin since the electron penetration depth 

is limited. The switch current is determined by the carrier density in the directly ionized 

region, since the carrier density in the indirectly ionized region is much smaller [5]. 

The next two methods of e-beam switching entail an incident beam parallel to the 

applied electric field, in a bulk or "sandwich" configuration. Higher switch current is 

obtained in this mode of operation [5]. The original bulk e-beam switch was called the 

Electron-Bombarded Semiconductor (EBS). In the EBS, the electrons directly ionize the 

layer beneath the front contact, closing the switch through space charge limited current 

flow to the opposite contact. The EBS may have large dimensions, and therefore have a 

high hold-off voltage. The drawback of the EBS, though, is limited current density [3]. 

Provided the following assumptions are made: 

1. the value of the electric field is limited such that the electron drift velocity 

is proportional to the electric field intensity, and 

2. optimum condition for space-charge limited current: the semiconductor is 

trap-free. 
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the space-charge limited current density is given by Mott-Gurney's square law [14] 

7 = (9/8)E^lV'/J' (2.9) 

where V is the applied voltage, d is material thickness, e is the permittivity, and |J. is 

the electron mobility. 

The third method is an improved version of the EBS, allowing for high power 

switching. This switch is regarded as a photoconductive switch with an integrated 

radiation source [3]. In this mode, the switch current is determined by the carrier density 

in the indirectly ionized region [5]. Direct gap semiconductors have a high internal 

quantum efficiency [3] and have a high probability for direct electron-beam ionization 

that yields electron-hole pair radiative recombination [3]. This method reduces the space-

charge limited current effect by converting the beam energy into photon energy, which 

then ionizes the bulk [14]. Both bremsstrahlung X-ray radiation and bandedge radiative 

recombination are produced in this mode [14]. The radiation is generated in the 

semiconductor up to the electron penetration depth and is absorbed in the next region, 

where an electron-hole plasma is produced [14]. The canier-acceptor plasma in the 

directly ionized layer decays and emits radiation at the semiconductor's bandedge, referred 

to as cathodoluminescence. The semiconductor is ionized through a depth dependent on 

the inverse absorption coefficient at the specific radiation wavelength [3]. Compared to 

the radiative recombination process, the bremsstrahlung radiation process is very 

inefficient, as can be seen through the energy efficiency ratio given in the energy transfer 

section (section 2,5.2) of this thesis. The semiconductor power gain is determined by the 

conversion efficiency from the beam energy to the radiative energy [3], 
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In polycrystalline ZnSe, nonradiative processes dominate the near-surface 

recombination. The opposite is expected for single crystal ZnSe [3]. The switch current 

density of single crystal ZnSe and the time to decay to 10% of its initial value are given by 

[3] 

/ \l/2 / \l/2 
y = .^£(TiP^/a^.^„j) r = 9/(anP^/^.^^^) , (2.10) 

where a is the direct electron-hole recombination coefficient, and d is switch thickness. 

For carrier density in either the direct or indirectiy ionized region, the changing 

rate of the carrier density, neglecting detrapping effects [3], is given by [5] 

dn t 

— = S-an'-bn S = PJ%,J (2.11) 

where S is the source function for carrier generation, P̂  is the electron beam power 

density, ^ .̂ „ is the effective ionization energy, / is the electron range, a is the direct 

recombination coefficient, and b is the indirect recombination (trapping) coefficient. 

Once the carrier density is determined, the switch current density is found by [11],[6] 

J = eyinE, (2.12) 

where |x is the carrier mobility and E is the electric field. Inherentiy, the switch 

resistance is inversely proportional to the carrier density 

It has been found, in polycrystalline ZnSe, that the carrier depletion rate in the 

directly and indirectiy ionized regions are nearly equal [5]. It has also been found that 

direct recombination is negligible compared with indirect recombination. Furthermore, 

recombination in the directly ionized region does not contribute to carrier generation in 

the indirectly ionized region. 

The carrier generation efficiency in the indirectiy ionized region is given by [5] 

T| = —^, where the source function in the directly and indirectly ionized regions are 5, 
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and S^. For ZnSe, efficiency calculations have shown that bremsstrahlung radiation may 

be the source for carrier generation in the indirectly ionized region, and not radiative 

recombination. 

The steady-state carrier density in the indirectiy ionized region is given by 

n=r\P^ Ib^.^J, from which the ratio of switch to beam power (maximum power gain) is 

found to be [5] 

^ ion 

where d is sample thickness, and E^ is dielectric strength. 

2.5.4 The Lock-On Effect 

The activation of the lock-on effect is independent of the physical source of 

ionization, meaning the following five properties apply to both electron-beam and optically 

activated switches [6]. The first property is that the phenomenon occurs above a specific 

threshold applied voltage, Vc, where the switch does not recover after irradiation [6]. The 

threshold voltage varies for different materials [15]. The second property is that the 

voltage during lock-on is essentially independent of the current [6]. The third lock-on 

property is that this effect occurs only when triggered by an intense enough beam [15] and 

the lock-on characteristics are independent of the beam intensity [6]. The fourth property 

is that the threshold voltage, Vc, is directly dependent on the semiconductor impurity 

content [6]. The last property observed is that suppression of the lock-on effect for 

certain materials can be achieved by using blocking contacts which do not inject carriers 

into the semiconductor [6]. 

The typical linear photoconductor generates one electron-hole pair per absorbed 

photon of energy above the bandgap [8]. The nonlinear mode is activated when the bias 

voltage and optical intensities exceed a threshold which yields a high gain, avalanche 

process [8]. The initial response is identical to the linear mode response, but after a time 

delay on the order of a few nanoseconds, the resistivity rapidly drops (on the order of 0.1 

to 1 ns) by several orders of magnitude [8]. The switch then continues to conduct in the 
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lock-on mode provided a specific field is maintained [7]. The lock-on effect has also been 

observed in electron-beam activated switches, but the primary parameter determining 

threshold for e-beam induced lock-on is the bias voltage [3], since most electron beams 

have intensity above the required lock-on threshold. 
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CHAPTER 3 

EXPERIMENTAL SETUP 

3.1 S vstem Description 

At the initiation of the electron beam controlled switching project, the Radan 1502 

electron gun was used. This very compact Russian design utilizes a dual resonant 

transformer, and provides a 150 keV, 200 A electron beam within a pulsewidth of about 2 

ns. The Radan 1502 was found to have a uniform beam density for a given cross-section 

[4]. During sapphire testing, the Radan 1502 began to deliver consecutively smaller beam 

magnitudes until it failed altogether. After in-depth trouble shooting, it was determined 

that the 1502 was irreparable. The Russian manufacturer indicated that the primary and 

secondary coil, and the insulators around which the secondary coil and pre-pulse coil are 

wound need to be replaced. Therefore, most of the research was performed with another 

Russian electron beam pulser, the SEF 303A, with a design based on a Tesla pulse 

transformer charged Blumlein line. Since the SEF 303A uses the same field emission 

diode, and since the voltage was set to 150 keV, the cross-sectional distribution for this 

source was also assumed to be uniform. By adjusting the spark gap spacing on the back 

of the SEF 303A, the electron beam energy can be adjusted over a range of 50 keV to 210 

keV, The SEF 303A is slightly inferior to the 1502 in that it has a longer electron beam 

rise time and broader, triangular beam pulsewidth of approximately 7 ns. 

The experimental arrangement is given in Figure 3,1, The vacuum chamber is 

pumped to an ultimate pressure of 10"̂  Torr through an oil diffusion pump and two-stage 

rotary vane roughing pump, as shown. The liquid nitrogen cold trap keeps diffusion pump 

oil from contaminating the sample and chamber. Note that the power to the high voltage 

charging supply and electron gun is drawn from an isolation transformer, with the ground 

connection going to the screen room ground ("Mecca"). From Figure 3.1, note that the e-

beam trigger switch is located outside of the screen room, since bringing the line inside of 

the screen room causes erroneous, negative time readings on the 7104 oscilloscope 
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Figure 3.1. Experimental Setup with Emphasis on Grounding Scheme. 
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due to electromagnetic interference. The high voltage charging supply charges the coaxial 

charging cable to the desired voltage. When the e-beam is pulsed and bombards the 

sample, the coaxial capacitor discharges through the sample, and the sample current is 

read on the oscilloscope. The large resistor at the middle branch of the high voltage "T" 

network limits the charging current and prevents the actual supply from contributing to the 

sample current. Two high speed oscilloscopes are used: one for the e-beam signal and one 

for the sample current. 

Towards the end of the research, a ground loop was discovered [39], Close 

inspection of Figure 3,1 reveals that a ground loop runs from Mecca through the high 

voltage "T" cable charging network, through the outer conductor coaxial sample input and 

output feedthroughs, back to the screen room and into the 7104 oscilloscope. In the 

open-circuit stripline noise experiment described at the end of Section 3,3, the loop was 

temporarily broken by removing the scope power cord ground connection, so that 

everything was grounded to only one point. In order to avoid any electrical shock 

hazards, the scope power cord ground connection was removed (with the scope 

unplugged) only when the experiment power was on. Although the noise magnitude was 

unaffected, this ground connection scheme will be used in future experiments. 

3,2 Diagnostics 

3,2.1 Measurement Apparatus 

Oscilloscopes used to record fast transient phenomena must have extremely high 

writing speed and short rise time [40], The applicable specifications of the Tektronix 

7104, used in conjunction with the 7B10 time base and 7A29 amplifier (accurate within 

4%) include a 350 ps rise time and bandwidth of 1 GHz, The CRT readings are accurate 

to within 5% [41], 

The electron beam current was measured with the Faraday cup used in previous 

work [4], Several phenomena that can interfere with the exact measured beam current 

include [42]: 
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a. Charges escaping via ionization or radiation after having traveled through the 

detector 

b. For particles of energy greater than tens of eV, charges escaping by 

backscattering 

c. Detection of other charges, i.e,, ionization of gas surrounding the Faraday cup 

To avoid problems (a) and (b), the bulk detector material was chosen to be graphite [42], 

which was positioned relatively deep within the copper well. Problem (c) can be 

minimized by having a sufficient vacuum; the vacuum in this experiment was on the order 

of 10-̂  Torr. 

3,2.2 Signal and Charging Cables 

In this experiment, all cables have a characteristic impedance of 50 Q, The 

charging cable is a 3 meter RG 214/U, This cable has a maximum RMS voltage rating of 

5 kV, but the maximum allowable DC charge voltage is expected to be much higher [41]. 

The coaxial cables connected from the Faraday cup and the sample stripline to the screen 

room are equivalent to Andrew LDF 2-50, The inner conductor is surrounded by a foam 

dielectric and the outer conductor is solid, corrugated copper. The advantages of this 

cable are RFI/EMI shielding, minimal attenuation, 88 percent the velocity of propagation 

of light, and high average power rating. In addition, at a frequency of 1 GHz, the 

attenuation is 3.5 dB per 100 feet and the power rating is 445 W [43], Despite their 

flexibility, the cables have added weight and tension and may bend the 50 Q. coaxial 

feedthrough to the Faraday cup and sample. Therefore, RG 400/U cable was taken 

directiy from feedthroughs to the LDF 2-50, At a frequency of 1 GHz, the RG 400/U is 

rated for 600 W, but the attenuation is 17 dB per 100 feet [43], In addition, the outer 

conducting jacket is braided, which may be a noise source due to extraneous field induced 

current, although the jacket is a very heavy braid designed for noise shielding. Because of 

the numerous drawbacks, a length of only a couple of feet of the RG 400/U was taken 

from the feedthroughs to the Andrew cable. At the end of the thesis work, a supporting 

structure was used to relieve tension on the feedthroughs when connected directly to the 
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Andrew cable. Preliminary measurements, though, did not show any change in the zero 

voltage noise. 

3,3 Modifications to Previous Switching 
Sample Setup 

Samples are mounted on a stripline of 50 Q impedance to match the coaxial cables 

and thus obtain a fast current rise [4], The stripline used in previous work was tested on a 

time domain reflectometer, after which an impedance of 61 Q was calculated. The 

stripline conductor width for fresh samples was therefore increased to approximately 0,17 

inches, with tolerances in the thousandths of an inch range to allow for relative dielectric 

constant deviations of about 4%. Measured striplines showed impedances ranging from 

43 Q to 47 n . 

The e-beam current and sample signal are, ideally, measured at the same point in 

space. However, the opening to the Faraday cup and the sample itself can be within a few 

millimeters apart from each other, since the e-beam cross-sectional distribution is uniform. 

Current density measurements were accomplished in the previous work and at the 

initiation of the thesis research by putting a hole in the dielectric, vertically beneath the 

sample on the stripline. Through experimentation, it was found that this setup may 

introduce significant error in the e-beam reading, unless the Faraday cup hole is perfectly 

aligned. Imagine an experiment where the Faraday cup hole and the hole in the stripline 

may initially have been perfectiy aligned. The distance between the beam source and 

sample is decreased by moving the Faraday cup and sample inwards. A certain point is 

reached where the viewing angle does not permit one to check the hole alignment. This 

problem was verified during the first ZnSe experiment, where rotating the Faraday cup at 

a given distance showed almost a factor of two increase in the beam current. The first 

method used to overcome the e-beam measurement error was to take remaining data 

points once the maximum beam current density was obtained at a given distance. The 

second method used was to simply cut the stripline dielectric so that the vertical portion 

below the sample allowed complete exposure of the Faraday cup opening. Satisfactory 
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experimental results with quartz were obtained using this configuration. Both stripline 

configurations are given in Figure 3,2, 

The previous work [4] gives a figure which portrays the entire stripline and sample 

to be exposed to the incident e-beam. During experimentation, it was found that the 

sample response was essentially the same, for charging voltages between 200 V and 3 kV, 

After careful consideration and consultation [44] it was discovered that bombarding the 

entire stripline and sample with the e-beam was equivalent to superimposing the sample 

signal and e-beam on the same reading, inherently injecting an extremely high extraneous 

current into the sample circuit. It was therefore suggested [44] that the stripline should be 

covered with a ground plane mask with a hole, as shown in Figure 2,4, so that only the 

sample would be exposed to the e-beam. Figure 3.3 compares the results for the ZnSe 

sample before and after ground plane shielding. In some cases, the zero-voltage noise was 

reduced by as much as a factor of one-hundred. 

In considering the fact that certain samples showed an increase in noise from one 

experiment to the next, it was proposed that perhaps the stripline itself conducts in 

response to the e-beam, or that the copper ground plane mask thickness was too small to 

prevent all electrons from passing through to the stripline. Addressing both issues, an 

open circuited striphne with the usual copper tape ground plane mask or a mask of 

thickness of 0.584 mm was placed in the test chamber. Regardless of the mask thickness 

or charging voltage, the noise magnitude remained at about 40 V peak to peak. Because 

the charging voltage did not affect the output signal, the stripline is not believed to 

conduct. Using data tables from reference [45], the average range of 150 keV electrons in 

copper was calculated to be 48.1 |jm, implying that the ground plane mask was effective 

in preventing electrons from bombarding stripline areas not aligned with the mask hole. 

The zero voltage noise is therefore believed to be inherent to the experiment, dependent 

on the mask hole dimensions. 

43 



Cut open for 
switching sample 

0.430 
mm 

Hole for Faraday cup 

U . i j / m m liliiliiillllilliii-iliiilll^ 1.70x10-2 mm 

(a) Stripline Type 1 

Faraday cup fully 
exposed 

(b) Stripline Type 2 

Figure 3.2. 50 Ohm Stripline Types. 
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(a) Unshielded ZnSe at d = 80mm 
Zero Charging Voltage 
5 Shots 
Avg Beam Density = 0.31 hicufl 

(b) Shielded ZnSe at d = 80mm 
Zero Charging Voltage 
3 Shots 
Avg Beam Density = 0.31 A/cm^ 

Figure 3.3, Noise Reduction in ZnSe Sample 1, 
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CHAPTER 4 

RESULTS AND DISCUSSION 

Initial testing was done with the Radan 1502 electron gun. Preliminary results for 

the oscillator quartz crystal (described in Section 4,2) and sapphire (described in Section 

4,4) were obtained at about the time the 1502 began to malfunction. All other positive 

switching sample results were obtained using the SEF 303A electron beam source. All 

contacts were connected to the stripline by silver conducting epoxy. 

Gold contacts are established through placing the samples on top of a mask, and 

evaporating the appropriate contact metal. The mask itself should be made of metal, since 

previous mylar masks outgassed in the evacuated bell jar, causing a big jump in pressure. 

The outgassing was most likely due to the mylar reacting to the hot, evaporated gold, or 

possibly just vacuum outgassing [46], To ensure relatively uniform contacts, the 

evaporation mask thickness was rigid enough to prevent bending, yet thin enough (0.254 

mm Al) to prevent shadowing of the evaporated contact [46], After drilling holes, the 

mask was finished with fine sand paper and cleaned with methanol. 

All pure z alpha quartz samples were manufactured with a clear optical polish, 

were cleaned with acetone, and were checked for a smooth surface before delivery [47], 

By inspection, the samples appeared very clean. Furthermore, residue was often found on 

some samples after cleaning with methanol or trichloroethane. Therefore, a study of pre-

contact evaporation sample treatment versus switching performance was originally 

intended, although incomplete. Future switching samples to be tested were cleaned prior 

to contact evaporation, while the two quartz samples with gold contacts, in Table 4.1, 

were taken directiy from the manufacturer's containment to the evaporation process. 

The pure z alpha quartz samples were originally grown by Motorola, and have a 

very low number of impurity parts per million. The other quartz samples that were tested 

are referred to as oscillator quartz crystals. These crystals were obtained from 100 MHz 

frequency crystals, and are believed to have a much higher concentration of impurity 
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levels. The appropriate facility needed to study the exact difference between the impurity 

levels of the two crystals is still being sought. 

4.1 Pure Z Alpha Ouartz 

Two different groups of pure z alpha quartz samples were processed by K-W 

Corporation, one with 49 ^m sample thickness and the other with 100 |im sample 

thickness. The samples that were tested are described in Table 4.1. 

Table 4.1 Pure Z Alpha Quartz, thickness 49 |im, diameter (J) = 6.35 mm 

sample number 

4 

5 

1 t 

2 

3 m 

configuration 

B 

B 

C 

A 

A 

contact dimensions 

IkAAu, 

(})=2.8 mm, 

overlap area = 

2.5 mm^ 

IkAAu, 

(j)=2.8 mm 

conducting epoxy 

conducting epoxy 

conducting epoxy 

stripline type 

9 

2 

2 

1 

1 

t = pre-contact cleaning with trichloroethane 

m = pre-contact cleaning with methanol 

The hole in the ground-plane mask for quartz sample 1 was made such that only a 

small area of the sample was exposed to the incident beam. For charging voltages less 

than 300 V, the signal was a 4 V peak to peak oscillation assumed to be noise. The 

sample signal showed a pulse response on the order of 5 ns wide, with an 8 V magnitude 

peak delivered to the load, regardless of charging voltages. Between 300 V to 2.5 kV, 
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occasional, off-scale, negative-going readings would appear, and at 2.5 kV, a double 

humped, negative-going, 40 ns wide, 1 kV peak would appear, but occurred at random in 

response to the e-beam, so that a photograph could not be taken. 

The square hole in the ground plane mask for quartz sample 2 was such that one of 

the conducting epoxy contacts plus some of the inter-electrode sample surface was 

exposed to the e-beam. Regardless of charging voltage, from 0 to 2.5 kV, the load 

voltage behaved as shown in Figure 4.1. Note that the oscillations always began at the 

same point in time as the e-beam trace. After considering the fact that the mask opening 

only exposed one contact plus about half of the inter-contact distance, it was proposed 

that the carrier lifetime was too short for a complete conduction path to the opposite 

electrode [39]. Therefore, the mask hole dimensions were increased such that the entire 

inter-electrode surface was exposed, while minimizing the contact exposure to the beam. 

Although the noise magnitude increased from 5 V to about 48V, the sample response was 

the same. 

The ground plane mask hole area for quartz sample 3 covered the sample in a 

manner similar to the latter experiment of sample 2. For charging voltages of 0-2 kV and 

a peak e-beam density of 0.42 A/cm', the sample response was similar to that of sample 2, 

with a noise magnitude of 45 V. Based on results with samples 2 and 3, it appears that 

pre-cleaning with methanol and applying conducting epoxy contacts does not aid in 

yielding satisfactory switching results for Configuration A. 

Quartz sample 4 was tested within hours of the quartz crystal oscillator sample 3, 

so that the only experimental parameters that were changed were removal and replacement 

of the Faraday cup flange, the sample, stripline, and connections to the solid copper jacket 

coaxial feedthroughs. However, as shown in Figure 4.2, the test results were much 

noisier. The major significance of this test, though, is that positive results for e-beam 

switching in pure z alpha quartz are obtainable. The maximum charging voltage for this 

sample was limited to 1 kV. At the maximum voltage, a negative scale, damped 

oscillatory trace, with negative time effects (backwards signal tracing), was often noted. 

At higher voltages, similar negative trace effects were observed. The sample was retested 
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the next day in an attempt to decrease the noise magnitude. Unfortunately, the noise 

magnitude was comparable to the previous experiment. However, at a charging voltage of 

1.5 kV and distance of 9,70 cm (beam density roughly 0,2 A/cm^) from the e-beam 

source, a 500 V magnitude reflection phenomenon (similar to that described in the ZnSe 

tests, section 4.3) was observed at about 250 ns after the sample response. 

The plot of the beam density versus distance for sample 4 is given in Figure 4.3. 

The sample current density versus beam density is given in Figure 4.4. The zero volt noise 

magnitude was on the order of 50 V, which makes the error magnitude unreasonably 

large. In the best case, the ratio of the peak signal to average noise is 160/50. Serious 

analysis is very difficult with this set of data, but the general trends follow. Note the 

decrease of the sample response for a beam density value of 1.1 A/cm'. The error bar 

magnitude is, unfortunately, so big that various curves of different slopes may fit. The 

outlying point may be due to a decrease in sample performance (inconsistent response to a 

given beam density has been observed in other samples) or most likely due to noise. The 

same data point appears in the plot of sample current density versus charging voltage 

given in Figure 4.5, which verifies a decrease in sample response for an increased charging 

voltage of 1 kV. The plot of beam current density for a given charging voltage in Figure 

4.6 emphasizes the fact that for a given voltage, the sample response stayed the same, 

despite a deviation in the e-beam current density at a given distance. However, for a 

bigger e-beam current density, the sample performance decreased. 
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Figure 4,1. Typical Response of Pure Z Alpha Quartz Sample 2 
0 - 2 kV Charging Voltage 
e-Beam Current Density = 0.37 A/cm^. 

50 



(a) Electron Beam at d=35,5 mm 
Maximum Beam Current Density = 1.08 A/cm^ 

(b) Pure Z Alpha Quartz Response 

Contact Configuration B 
1 kV Charging Voltage 
Maximum Current Density = 58.3 AJcnfi 

Figure 4.2, Typical Response for Pure Z Alpha Quartz Sample 4. 
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Figure 4,3. Beam Current Density Versus Distance, Using 
SEF 303A Electron Source. 
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Figure 4.4. 
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Pure Z Alpha Quartz Sample 4 
Sample Current Density Versus Beam Current Density. 
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Figure 4.5. Pure Z Alpha Quartz Sample 4 
Sample Current Density Versus Charging Voltage. 
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Figure 4.6. e-Beam Current Density for a Given Charging Voltage— 
Jb is NOT a function of Vo. The plot shows that at data point 
for Vo=500 V, the e-beam was inconsistent. 
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For the experiment with sample 4, the lowest switch resistance obtained was 280 

Q for a beam density of 0.96 A/cm' and 750 V charging voltage. The maximum current 

density amplification, for a sample resistance of 790 Q, Jb = 0.27 A/cm' and Js = 45 A/cm" 

was 170 , which is very close to the maximum gain 160 of the oscillator quartz sample 3, 

for a beam density, sample density, and switch resistance of, respectively, 0.29 A/cm'. 45 

A/cm', and 530 Q.. Both quartz samples showed approximately 3.5 times the gain of 

previous work [4] on 100 MHz quartz, although previously a minimum switch resistance 

R of 160 Q was obtained. 

The original ground plane mask for quartz sample 5 was made such that only the 

conducting epoxy was exposed to the beam. Unfortunately, the typical response was 

again oscillatory. Note that the oscillations were only observed when the foam cable was 

hooked up to the experiment (i.e., the sample output connection), and no signal was 

detected when the cable was placed next to the experiment, meaning that the oscillations 

were not extraneous "leaky cable' signals. The oscillation amplitude was on the order of 

80V peak to peak, regardless of charging voltage. In response to the e-beam and 1,5 to 2 

kV charging voltages, occasional off-scale readings or readings of nonlinear, negative-

going peaks greater than 320 V in magnitude and wider than 25 ns were observed. It was 

questionable whether or not the e-beam was fully penetrating the conducting epoxy. 

Therefore, the sample was removed and the ground plane mask hole area was increased 

such that the conducting epoxy, gold contact, and part of the quartz were exposed to the 

beam. The usual oscillatory response was still evident, similar to that of the typical pure z 

alpha quartz response given in Figure 4.1, and occasional off-scale readings occurred at 

about 2 kV. For charging voltages less than 500V, the oscillations occur at times both 

earlier and later than the e-beam stimulus. For charging voltages between 500 V to 1 kV, 

the sample signal occurred mostiy when the e-beam stimulus occurred. For charging 

voltages greater greater than 1 kV, the oscillations always started at the same time the e-

beam stimulus occurred. As a check for noise, sample 4 was reconnected to the 

experiment. Although the sample showed positive response to the e-beam for charging 

voltages between 500 to 1 kV, 2.5 ns wide oscillations on the order of 80 V peak to peak, 
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very similar to those of sapphire 4 were evident. Therefore, the entire system was again 

re-examined. 

4,2 100 MHz Ouartz Crvstals 

For samples 1, 2, and 3 in Table 4.2, the contacts (configuration B) were 1 |im 

thick Ag, with diameter (t)=3,0 mm, and area 7.1 mm". All samples were 80 |im thick. 

Table 4.2 100 MHz Quartz Crystals 

sample 

1 

1 
^ 

3 

shielding 

unmasked 

masked 

masked 

frequency (MHz) 

100 

100 

99.8 

stripline type 

1,60Q 

1 

2 

Sample 1 was an old sample used in previous work [4], Initial experimentation 

was based on information provided by reference [4], Therefore, no ground plane mask 

was used in front of the sample, so that a large magnitude noise component was 

superimposed on the sample response. Following the experimental setup of previous 

work, a small hole in the stripline was used for e-beam measurement, such that is was 

possible for the Faraday cup hole to be misalligned with the opening, yielding error in the 

e-beam reading. Using the charging cable interconnection scheme given in reference [4], 

where the charging line is in series with the high voltage supply and current limiting 

resistor, the sample response did not change for charging voltages between 500 V to 1 

kV, and changed by only a factor of two for a charging voltage of 3 kV. The typical 

response was two 48 V peak pulses separated by about 2 ns, followed by over 80 ns of 

damped oscillations, starting with nearly equal magnitude to the two initial pulses. 

Therefore, the correct coaxial charging cable scheme was suggested [41] and employed. 

Using the high voltage "T" setup as given in Figures 2,4 and 3,1, a more reasonable 

sample response was obtained. The sample behavior essentially followed the e-beam 
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stimulus. The maximum sample to beam current amplification for this experiment was 

about 25, which is about half of that obtained in earlier work [4], A typical response to 

the Radan 1502 electron beam pulser is given in Figure 4,7, With no stimulation, the 

sample did not show any sign of breakdown until a charging voltage of 2 kV, upon which 

the scope was automatically triggered, showing one cycle of a nonlinear, triangular-like 

AC spike . The sample response to the e-beam was then inconsistent, showing erratic, 

off-scale negative spikes. For a given e-beam pulse, response magnitude was independent 

of the small (fu-st pulse) or big (5 ns later) e-beam pulse magnitude. 

Oscillator quartz crystal 2 showed a positive response to increased charging 

voltage, but the e-beam and sample readings showed negative time traces (signal 

distortion and "curly Q's"). The negative time problem occurred directiy after moving the 

experiment and bringing the SEF control line into the screen room via a shielded cable. 

The two most important discoveries in this particular experiment were that the quartz 

crystal showed positive response and that the reflection phenomenon was observed in 

oscillator quartz. Severe noise interference prevented accurate analysis of this experiment. 

A typical sample response for oscillator quartz crystal 3 is given in Figure 4,8, 

Note that inconsistent, positive-going spikes at the initiation of the sample response 

occasionally occurred, as shown in Figure 4.9, typical negative resistance phenomenon. 
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Figure 4.7. 100 MHz Quartz Sample 1: Typical Response 
Using RADAN 1502 e Source. 

1 kV Charging Voltage 

e Beam Density: 0,57 A/cm^ 
Quartz Density: 14 A/cm^ 
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(a) Electron Beam at d=54.5 mm 
Maximum Beam Current Density = 0.83 A/cro^ 
2 Shots 

(b) Sample Response 
2kV Charging Voltage 
Maximum Current Densities: 59 A/cm2 

66 A/cm2 

Figure 4,8. Typical Response of Oscillator Quartz Crystal 3, 
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(a) Electron Beam at d = 64.5 mm 
Maximum Beam Current Density = 0,499 A/cm^ 

0,707 A/cm2 

(b) Sample Response 
2 kV Charging Voltage 
Maximum Current Densities 128 A/cm2 

216A/cm2 

Figure 4,9, Typical Negative Resistance Phenomenon 
of Oscillator Quartz 3. 
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Similar behavior was observed in sample 2. It is believed that the positive-going peak is 

not due to noise or the sample behavior itself, as now explained. The first supporting fact 

is that typical zero-voltage noise components for this sample consistently oscillate around 

20 V peak to peak, four times less than that of Figure 4.9 and eight times less than one 

case where the positive-going peak was 160 V. For comparison, in unmasked ZnSe tests, 

at low charging voltages, the noise component originally yielded a bi-directional sample 

signal. For high enough charging voltages, the noise component was suppressed enough 

for the sample current to become essentially unidirectional. 

For sample 3, the beam density versus distance is plotted in Figure 4,10 a, from 

which we see a fluctuation in the beam density of 40% at a given distance of 57 mm. The 

sample current density versus beam density is plotted in Figure 4.10 b. The plot of sample 

current density versus charging voltage, given in Figure 4.11, has a positive slope as 

expected. Note that the minimum switch resistance obtained was 210 Q for a charging 

voltage of 2 kV and beam density of 1.1 A/cm". The maximum current amplification was 

160 for a switch resistance of 530 Q, beam density of 0.29 A/cm ,̂ and sample current 

density of 45 A/cm", Comparison to pure Z Alpha quartz sample 4 is given in Table 4,3, 

Table 4,3 Pure Z Alpha Sample 4 versus Oscillator Quartz Sample 3 

Experimental Parameter 

lowest R 

Jb (A/cm^) 

Vo (V) 

maximum Js/Jb 

R (Q) 

Jb (A/cm^) 

Js (A/cm^) 

0 Vo Noise Magnitude 

(peak to peak) 

minimum charging voltage (V) 

for observable switching current 

PureZ 

280 

0,96 

750 

170 

790 

0.27 

45 

50 

500 

99.8 MHz 

210 

1,1 

2000 

160 

530 

0.29 

45 

10 

750 
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1.5 

1.35 

1.2 

1.05 

( A / c m 2 ) 0-9 
0.75 

0.6 

0.45 

0.3 

0.15 

A 

I 

_ a 

a 
^ 

1 
20 40 

(a) 

1 

Q 

a 

a 

1 
60 

d(mm) 

1 

B 

a 
a — 

1 
80 100 

e-Beam Current Density Versus Distance 

Js (A/cm2) * 

02 0.4 0.6 0.8 1 1.2 

Jb (A/cm-) 

(b) Sample Current Density Versus Beam Densit\' 
for Charging Voltage Vo = 2 kV 

Figure 4.10. e-Beam Current Density Distribution (a) and Oscillator 
Quartz Sample 3 Response to e-Beam (b). 
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Js (A/cm2) 

1000 1250 1500 1750 2000 

Vo(V) 

Figure 4.11. Oscillator Quartz Sample 3. Sample Current Density Versus 
Charging Voltage for Average Beam Current Density Jb = 0.31 A/cm .̂ 
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4.3 Polycrvstalline ZnSe 

The polycrystalline ZnSe samples are described in Table 4.4. All samples were 

used in switching configuration A, 

Table 4,4 PolycrystalHne ZnSe Samples 

sample 

1 

1 

2 

critical dimensions (mm) 

unmasked 

surface gap =1,5 

mask hole: 1,57 x 1,40 

surface gap =1.5 

mask hole: 1.12 x 1,14 

surface gap = 2,6 

contacts 

Ag conducting epoxy to 

0,05 |im Cr -i- 0,2 |Lim Au 

Ag conducting epoxy to 

0.05 ^mCr +0.2 (imAu 

conducting epoxy 

stripline type 

1,60U 

l , 6 0 n 

2 

Chromium and gold contacts were used since gold alone does not adhere well. 

The original, unmasked sample 1, taken as-is from previous work [4] actually responded 

to the e-beam for charging voltage as small as 50 V, although 100-200 V was needed for 

reasonable signal to noise ratios. Typical ground plane masked ZnSe sample responses for 

a later experiment are shown in Figures 4.12-4.14. The zero voltage noise magnitude was 

about 4 V at a distance of 80 mm from the e-beam source. Figures 4.12 and 4.13 show 

increased sample current in response to increased charging voltage, as expected. Figures 

4.13 and 4.14 show increased sample current in response to increased beam density. The 

decay profile following the initial pulse should match that of the exponential decay after 

the second pulse [25]. Figure 4.15 shows a superposition of the two areas, taken from 

Figure 4.14, Note that the curve from the second decay time fits over the first decay time 

very well. 
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5hs 

inn 

(a) Electron Beam at d=88.5 mm 
Maximum Beam Current Density = 0.37 A/cm^ 

(b) Sample Response 
300V Charging Voltage 
Maximum Current = 0,65 A 

Figure 4,12, Typical Response of ZnSe Sample 1. 

64 



(a) Electron Beam at d = 88.5 nmi 
Maximum Beam Current Density = 0.34 AJcnfi 

lOiV 5nS 

(b) Sample Response 
700 V Charging Voltage 
Maximum Current = 1,3 A 

Figure 4,13, ZnSe Sample 1 Response With Charging Voltage 
Increased to 700 V, 
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(a) Electron Beam at d=69,5 mm 
Maximum Beam Current Density = 0,42 A/cm^ 

(b) Sample Response 
700V Charging Voltage 

Maximum Current = 2.0 A 

Figure 4,14. ZnSe sample 1 response with beam 
current density increase from 
0.34 A/cm2 to 0.42 A/cm^. 

66 



• • I 
• • • • • • > • ^ . ^ • • • • • • • • • • 1 

• • • • • • • • • • • • • • I 
• • ^ ^ ^ H • • ^ J a • • • • • • • • • • a I 

ilyHiJIIIljjjjjjIljl 

Section '/ 'r^ 
(a) Sample Response at d = 69.5 mm 

Max. Beam Density = 0.42 AJcrrfi 
700V Charging Voltage 
Maximum Current = 2.0 A 

(b) Section 1 fitted over region 2 Section 2 fitted over region 1 

Figure 4.15. Matching Switch Decay Regions for ZnSe Sample 1. 

67 



The plots of sample current versus charging voltage and beam density are given in Figures 

4.16 and 4.17, both of which have positive slopes as expected. As in previous work [4], 

the sample current increases in response to an increase in charging voltage, and the sample 

current increases in response to an increase in beam current density. The switch recovery 

behavior for 300 V charging voltage and 0.37 A/cm' beam density, corresponding to 

Figure 4,12, is given in Figure 4,18, from which we see a nonlinear increase of resistance 

after beam stimulation (region 2). For exponential increases, the dominant carrier loss 

mechanism is indirect recombination [4], which means the direct recombination coefficient 

a=0 in the rate equation given in section 2,8,3, The plot in Figure 4,19 (a) (corresponding 

to Figure 4,13) for identical beam density, but 700 V charging voltage shows a slightly 

longer decay time, due to the increased sample response magnitude. In Figure 4,19 (b), 

the log plot of the resistance versus recovery time is nearly linear, indicating that the 

switch recovery is indeed exponential. 

For ZnSe sample 1, the plot for identical charging voltage but increased beam 

density of 0.42 A/cm^, Figure 4.20, corresponding to Figure 4.14, shows a longer current 

decay. The minimum switch resistance was found to be 52 Q, for a charging voltage and 

beam density of, respectively, 2.5 kV, and 0.31 A/cm , compared to 15 Q obtained in 

previous work [4]. Beginning at a charging voltage greater than 400 V, a "reflection" 

phenomenon of about 80 V magnitude was noted at 250 ns after the sample response. 

This phenomenon was undetectable for voltages lower than 400 V. A typical example is 

given in Figure 4.21. For increased charging voltage, the reflection magnitude typically 

increased and occurred earlier in time. 

Simple, non-uniform conducting epoxy contacts to the fresh piece of 

polycrystalline ZnSe sample 2 yielded positive e-beam switching results. A plot of sample 

current versus charging voltage at a distance of 78 mm (beam density on the order of 0.4 

A/cm') from the e-beam source is given in Figure 4.22. The lowest resistance obtained 

was 380 Q. for a charging voltage of 500 V. The zero-voltage noise was found to be of 

greater magnitude (about 30 V) than sample 1, possibly because the mask opening was at 

a greater distance of about 5 mm from the sample surface area. 
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Figure 4.16. ZnSe Sample Current Versus Charging Voltage 
for Average e-Beam Current Density Jb = 0.31 A/cm .̂ 

69 



1 ( A ) 

3 

2.5 

2 

1.5 

1 

— 

— 

o 

1 1 

a 

1 1 

1 
a 

a 

"̂ 

— 

1 
0.3 0.4 0.5 0.6 0.7 

J (A/cm^) 

Figure 4.17. ZnSe Sample 1: Vo = 700V. Sample Current 
Versus Beam Current Density. 

70 



R (kQ) 

30 

27 

24 

21 

18 

15 

12 

9 

6 

3 

1 I 1 ' 

o B a 

a a a 

a 

a a 

I E 

0 1.1 22 5.3 4.̂  5.5 6.6 7.7 8.8 9.9 11 

t(ns) 

Figure 4.18. ZnSe Sample 1 Switch Recovery for Charging Voltage 
Vo = 300 V, and e-Beam Current Density Jb = 0.37 A/cm-
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(b) Log Plot of Switch Resistance Versus Time. 
Linear Curve Proves True Exponential Decay. 

Figure 4.19, ZnSe Sample 1 Switch Recovery. 
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Figure 4.20, Switch Recovery for ZnSe Sample 1 with Charging Voltage 
Vo=700 V, and e-Beam Current Density Jb = 0,42 A/cm .̂ 
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(a) Electron Beam at d=80 mm 
2 Shots 
Maximum Beam Current Density = 0.31 AJcnfi 

0,29 AJcnfi 

(b) Sample Response 
1,1 kV Charging Voltage 
Max, Current = 5,6 A, 10.4 A 

Figure 4,21. Typical Reflection Phenomenon in ZnSe Sample 1. 
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Figure 4.22. ZnSe Sample 2 at d=78mm. Sample Current Versus 
Charging Voltage. 
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The e-beam readings for this particular experiment seemed to be distorted and unusually 

small in magnitude, most likely due to the fact that the Faraday cup hole was not precisely 

aligned with the stripline hole. Additionally, the reflection phenomenon was observed to 

occur later in time and at higher charging voltages for this experiment in comparison with 

ZnSe sample 1. For a charging voltage of 1 kV, the phenomenon was noted to occur on 

the order of about 700 ns later in time after the initial sample response. This phenomenon 

was undetectable at lower charging voltages, and at higher voltages the reflection occurs 

on the order of 140 ns after the initial sample response. Reflection magnitude (non-

constant) is usually greater than the initial sample response magnitude. Note that on any 

given time scale, the e-beam signal line showed no evidence of reflection, implying that 

this phenomenon is solely contained within the switching circuit. 

With regard to the reflection phenomenon, increasing charging voltage resulted in 

earlier occurrences of this effect, until both the sample signal and effect join at the same 

point in time. On the same time sweep, the reflection phenomenon prohibits the sample 

current from decaying to zero until it has itself ended. Note that the sample initially 

follows the beam, after which it tends to zero, but goes negative again. Also, this effect 

was observed only at or above specific fields (for sample 1, on the order of 4 kV/cm). 

The last two observations are very similar to lock-on behavior observed in single crystal 

ZnSe [3] at a threshold field on the order of 4 kV/cm, with the exception that the lock-on 

current should be maintained at a certain level, whereas the response region under 

question tends to mimic the initial behavior, the way a reflection would, and has larger but 

inconsistent magnitude. Another piece of evidence counting for reflections is that the 

same type of effect was also observed in quartz, i.e., tending to mimic the sample's initial 

response. 

Referring back to ZnSe sample 1, the average slope of the switch recovery curve in 

Figure 4.19 b was found by curve fitting. The indirect recombination coefficient was then 

calculated, in Appendix D, to be b = 1.5 x 10̂  s'', very close to the value obtained in 

previous work [5], 
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4,4 Sapphire 

Each sapphire sample had a thickness of 254 |im and diameter ()) = 7,645 mm. The 

sample configurations are given below in Table 4.5. 

Table 4.5 Sapphire Contacts and Configurations 

sample 

1 

unmasked 

3 

4 m 

2 

configuration 

C 

contact area = 

8.5 mm^ 

C 

A 

contact gap = 

3.4 mm 

C 

contact area = 

4.9 mm" 

contacts 

Ag conducting 

epoxy 

Ag conducting 

epoxy 

Ag conducting 

epoxy 

Ag conducting 

epoxy 

stripline 

type 

1 

1 

1 

1 

During sapphire sample 1 testing, the Radan 1502 started to malfunction. A 

typical response of the sample to the 1502 is given in Figure 4,23, After increasing the 

charging voltage to 1 kV and pulsing the Radan a few more times, the sample signal 

decreased to less than 40 V peak until giving an undetectable trace. The unpredictable 

beam pulses combined with the fact that only one 7104 GHz scope was available at the 

time, made it very difficult to determine the validity of the sapphire response given in 

Figure 4.23. The current density amplification was approximately 167. 
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Figure 4.23. Unmasked Sapphire Sample 1 
Typical Response to RADAN 1502 e-beam 
Average Beam Current Density > 2.5 PJcnfi 
500 V Charging Voltage 

Maximum Current Density = 420 A/cm^. 
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The remaining sapphire samples were tested with the SEF 303A. Sapphire sample 

2 showed a 6 V peak response to an e-beam current density of approximately 0,42 A/cm', 

regardless of charging voltage. In another experiment, the mask hole area was increased 

so that the entire upper contact was exposed, and the sample was retested with a beam 

density of 0.25 A/cml Occasional off-scale negative-going readings or a wide-time-width 

reading would result. The typical response was a signal trace that essentially followed the 

e-beam pulse. The reading, superimposed with noise, was 4 V maximum peak, again 

independent of charging voltages from 0 to 2 kV, as shown in Figure 4,24, The maximum 

current density amplification ratio was calculated to be 6,8, Switch resistance was not 

calculated, since the sample response was independent of charging voltage. 

Sapphire 3 was tested with an electron beam density of 0,42 A/cml The sample 

showed an oscillatory response (approximately 1 GHz) of lOV peak regardless of 

charging voltage from 0 to 2,25 kV, 

Directiy following the above experiment, sapphire 4 was tested. The first 10 ns of 

the response to an e-beam peak density of about 0.333 A/cm^ behaved similar to pure z 

alpha quartz sample 5, but later oscillations increased in period to nearly 5 ns wide. The 

20 V peak response was independent of charging voltages between 0-2 kV, The 

oscillation magnitude was decreased in response to increased attenuation, indicating that 

the reading was indeed on the signal line. Without e-beam triggering, occasional off-scale, 

negative-going, nonlinear peaks, of magnitude greater than 320 V, were observed. 

By analyzing sample specifications [30] found in a typical sapphire window, it is 

generally believed that a total of 100 parts per million cation impurities are in a given 

sapphire sample. The most impurities are silicon and gallium, each respectively making 

20-50 and 20 parts per million of the total impurities. It is therefore questionable whether 

or not a sufficient number of impurity levels exist in the samples to allow for significant 

sample response to the e-beam. In other words, for a insignificant number of traps, 

recombination time may be very short. Conversely, calculations for Czochralski grown 
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(a) Electron Beam at d=7,15 cm 
Maximum Beam Current Density = 
0.21 Aycm2, 0.25 A/cm^, 0.25 A/cm^ 

9 

(b) Sample Response 
Vo = 0 - 2 kV 
Maximum Current Density = 
1.3 A/cm2, 1.5 A/cm^, 1.7 A/cm^ 

Figure 4,24, Sapphire Sample 2. 
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sapphire have shown the carrier Ufetime to be about 14 ns [48], implying that if the 

sapphire is activated, then results should have been detectable on the 7104 oscilloscope. 

Consider a 30 MeV, 4 }is pulse width e-beam ionizing a cylindrical volume of Czochralski 

grown sapphire, where the length and radius are equivalent to the sample thickness and 

range (perpendicular to the e-beam) of secondary electrons [49], The range of the 

secondaries has been calculated to be on the order of 100 nm, implying for sapphire used 

in switching Configuration A, the entire inter-contact area should be exposed. 

4.5 Amorphous Si 

The contacts to amorphous silicon sample # 207.6 were chromium lines spaced 

about 0.5 mm apart. The mask hole dimensions allowed an exposed sample area of 8.0 

mm'. The sample response was independent of charging voltages between 0 to 1 kV 

(upper limit suggested by reference [31]). The response was very similar to the pure z 

Alpha quartz sample a response in Figure 4.1. 
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CHAPTER 5 

CONCLUSIONS 

5.1 Switching Samples 

The oscillatory signal obtained from switching samples with zero charging voltage 

is assumed to be noise. The magnitude of the zero charging voltage noise is severely 

decreased when using a ground plane mask to allow exposure of only the switching 

sample. The noise magnitude is much greater than any leaky cable signal measured. Once 

the sample is shielded, the irreducible zero voltage noise may be due to carrier properties 

related to the contact geometry, material, and beam exposure, or possibly may be inherent 

to the experiment or screen room. When implementing the surface contact configuration, 

the entire inter-contact distance should be exposed to ensure a complete conduction path, 

not limited by the carrier lifetime or range. 

The observed oscillator quartz and pol} crystalline zinc selenide data match the 

general trends found in earlier work [4], In particular, the quartz oscillator crystal shows 

nearly instantaneous closing and opening switch characteristics in response to the electron 

beam. The zinc selenide responds to approximately three times lower charging voltage 

than previous work, most likely because of a difference in the ground plane masking 

scheme. The ZnSe samples show nearly instantaneous closing response, but decay on the 

order of tens of nanoseconds before completely opening. The examination of 

exponentially increasing switch resistance indicated that indirect recombination is the 

dominant post-beam carrier loss mechanism. The pure z alpha quartz data clearly show 

positive switching results, with a response that essentially follows the e-beam, but the 

severe degree of noise prevents accurate comparison with the oscillator quartz data. 

It has been found that simple conducting epoxy contacts yield positive switching 

results for ZnSe, Simple conducting epoxy contacts to the pure z alpha quartz have not 

been proven to yield positive results, regardless of cleaning treatment before making 

contacts. 
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The sapphire switching results are intriguing, but certainly inconclusive. The 

sapphire responded to the electron beam, but not the charging voltage. One explanation is 

that the noise magnitude was too high, meaning that a greater charging voltage should 

have been used. As of yet, no data has been obtained for e-beam switching of amorphous 

sihcon, 

5,2 Future Research 

Much experimental research remains to be done concerning contact effects on the 

switching property. The sapphire samples and the 98 |im thick, 10,16 mm diameter quartz 

crystal samples to be tested next will be processed [46] with gold contacts. In addition, 

two 101.6 ^m thick sapphire samples, processed as described in Appendix C will be 

tested. Unfortunately, the gold or conducting epoxy contacts have previously been made 

to the samples without giving thought to the resulting contact type, leaving research in the 

future as to finding the optimum contact material. 

The numerous advantages of e-beam and optically controlled switching over 

conventional high power and high speed switching technology ensure that this field of 

research will continue to develop. The future of e-beam controlled switching will entail 

integrating the switching sample and cathode on one chip [17, 25]. Microscopic cold 

cathodes can be processed so that they are encapsulated within their own vacuum and are 

therefore compatible with conventional electronics technology [50]. However, the 

microscopic field emitters are still undependable in terms of lifetime, deviation from 

theoretical designs, and control parameters [51]. Using conventional device fabrication 

technology, microscopic ultraviolet photocathodes have been developed [51] and possibly 

may be encapsulated with the same technology used on the cold cathodes. In addition, the 

photocathode offers more flexible control parameters and requires relatively low operating 

fields. Based on this concept, then, is the optically controlled electron beam activated 

switch given in Figure 5.1. The light source may be either external or integrated with the 

emitter and switching sample. This design accomplishes what visible wavelength optically 

activated semiconductor switching cannot: the switching of wide band gap 
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semiconductors. Once the low work function emitter is activated, the anode's attracti\'e 

field determines the energy of the incoming photoelectrons, so that a small voltage of 10 V 

yields a 10 eV beam which is sufficient for most wide gap materials. However, the design 

must account for significant beam current density and device substrate breakdown field. 

The current density problem may be overcome through using parallel devices. 

84 



Charging Cable Network 

Switching Sample 

Attenuator 7104 

Low Work Function Emitter 

Figure 5.1. Photocathode e-Beam Integrated Switch. 
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APPENDDC A 

ELECTRON BEAM DAMAGE THRESHOLD ENERGY FOR II-VI 

SEMICONDUCTORS 

Table A. 1 Damage Threshold Energy* 

Compound 

BeO 

ZnO 

ZnO 

ZnS 

ZnS 

ZnSe 

ZnSe 

ZnTe 

ZnTe 

CdS 

CdS 

CdSe 

CdSe 

CdTe 

CdTe 

Threshold 

(eV) 

-400 

310 

900 

185 

240 

200 

-240 

110 

300 

115 

285 

250 

320 

>235 

>340 

T(K) 

300 

300 

300 

300 

300 

35 

85 

77 

77 

300 

77 

77 

5 

300 

300 

* based on data in [22] 
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APPENDDC B 

SOME CRITERIA FOR SOLID 

STATE SWITCH SELECTION 

Table B.l based on information in reference [26] gives important electrical 

properties of II-VI compounds, including band gap. HgS has the highest forbidden gap, 2 

eV, out of all the Hg II-VI compounds and has a room temperature resistivity as high as 

10'° Q cm, but suffers from a low mobility of 20-50 cmWs [20]. CdSe has band gap of 

1.88 eV, and electron mobility of 580 cmWs, but has a low resistivity of 10̂  ^ c m [29] 

and is therefore not selected as a potential e-beam switching candidate. 

Table B. 1 Some II-VI Semiconductor Electrical Properties 

(based on data in reference [26]), 

II-VI Compound 

ZnS 

ZnSe 

ZnTe 

CdS 

CdSe 

CdTe 

HgS 

HgSe 

HgTe 

Band Gap (eV) 

3,6 

2,7 

2.2 

2.4 

1.8 

1.5 

2.0 

0.6 

0.02 

High Freq. Permittivity 

8 

8,1 

10,1 

7-9 

9,7-10,7 

11 

30,7 

25,6 

48 

Static Permittivity 

5.75 

8.26 

7.6 

Successfully tested e-beam switching samples showed instantaneous on-response, 

but this may not always be the case. For example, the II-VI compound CdS offers a 2.58 

eV band gap and a resistivity as high as lO'̂  Qcm [27], However, CdS has a turn on 

response time on the order of seconds, and may take up to minutes to recover its full dark 
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resistivity, CdS is therefore not a desirable material to be used in conjunction with the 

nanosecond electron beam source. 

Inspection of a data table from [26] indicates that the only IV-VI compound that 

merits e-beam switching feasibility investigation is GeS, with a band gap of 1.8 eV. 

Additionally, from inspection of physical property tables [26] the Ai^Bs^ compounds have 

band gaps on the order of 0.1 eV as do the A^B^-A2^B3^ systems. The only exception 

to this trend [26] is PbSb2Se4, which has a band gap of 1.8 eV but low resistivity on the 

order of 10̂  Qcm. 

AlSb has a band gap of 1.65 eV, and electron and hole mobilities of 35 and 150 

cmWs. However, at room temperature AlSb suffers from a low resistivity on the order 

of 0.2 Q. cm and easily oxidizes [27] after long-term ambient exposure, giving way to 

crumbling and breaking. 
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APPENDDC C 

SAPPHIRE SAMPLE THICKNESS PROCESSING 

The following information will be useful for the individuals responsible for future 

sapphire processing. Eight samples, of the original dimensions 254 p.m thick, diameter 

7.645 mm, were sent to a processing company to decrease the thickness to 50.8 |im. The 

sapphire processing was very difficult [52], since SiC or aluminum oxide would not cut 

the sapphire. SiC was only capable of removing the polish, so that 12.7 |im of the surface 

was removed, and the surface was very rough. A diamond compound was therefore used 

to process the sapphire. Diamond of 1 jim sized particles are usually used to cut quartz, 

but this was found to be too fine for sapphire. Therefore, coarser diamond of 30 fim sized 

particles were used to cut the sapphire, and then the sapphire was to be polished with the 

1 |im sized diamond particles [52]. While using the 30 |Ltm sized particle diamond 

abrasive, the thickness was decreased to 152.4 mm, cracking only one sample. Upon 

switching to 15 |im sized particles, the thickness was further decreased to 101.6 jim, 

yielding 5 cracked samples. The remains were partially (to avoid further damage) polished 

with 1 |im sized diamond particles. The final result was 2 sapphire samples, cracked in 

half, with a thickness of 101.6 |im, ft was believed that future samples could be decreased 

to about 127 }im without any damage [52], Upon inspection of the samples, it was 

decided that only two pieces of the entire eight sapphire samples are useable for future 

experiments. 
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APPENDDC D 

CALCULATION OF INDIRECT RECOMBINATION COEFFICIENT 

After consultation [2], the indirect recombination coefficient was derived as 

dn 
follows. We begin with the rate equation (2.11), — = S -an^ -bn , S = P^ l^^^J . 

dt 

The switching sample response time under consideration is the recovery time, meaning 

that the electron beam is off and therefore the source function S is zero. The direct 

recombination coefficient, a, is zero since indirect recombination is the dominant carrier 

loss mechanism during the initial switch recovery [5], Therefore, equation (2,11) becomes 

^ = -bn. (D-1) 
dt 

Using Ohm's Law, (2,12), we rewrite the carrier concentration as 

n = — . (D-2) 

Using the standard equation for conductivity in terms of resistance, R, area. A, and length, 

1, we may rewrite equation (D-2) as 

/ 

n (D-3) 
RA\}ie 

Substituting equation (D-3) into (D-1) we find the indirect recombination coefficient b: 

b = -— . (D-4) 
R dt 

The average slope. 
ydt J 

was found by curve fitting the switch recovery curve in Figure 

4.19 b). The average resistance R was found by averaging the switch resistance over the 

time interval. From these two values, we find the average indirect recombination 

coefficient: 

b = r.«Yn '•9V2.̂ .5,,o»s-. 
dt \R) 1,3 :̂10^ 
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