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ABSTRACT 

The permanent effects of a neutron fluence on the device charac

teristics of the vertical-channel junction field effect transistor 

(VJFET), also known as the static induction transistor (SIT), are pre

sented. The VJFET was found to be less radiation tolerant than the 

standard JFET. A neutron dose of 1.5 x 1014 neutrons/cm2 is sufficient 

to reduce the device transconductance by 50 percent. The most criti

cally affected parameter is the device on-resistance which increases 

exponentially with neutron dose, severely limiting the dynamic range 

of the device. The poor performance of the VJFET in a nuclear radiation 

environment is attributed to the device's dependence on space-charge-

limited current flow which is inhibited by the presence of bulk defects. 

A review of the history of the development of the VJFET and a discussion 

of the defects produced in neutron irradiated semiconductors are also 

presented. 

xi 



CHAPTER 1 

INTRODUCTION 

In recent years there has been a renewed interest in an electronic 

device which is the solid-state analog of the vacuum tube triode; namely, 

the vertical channel junction field effect transistor (VJFET), also called 

the space-charge-limited (SCL) triode and the static induction transistor 

(SIT). Typical current-voltage characteristics are given in Figure 1. 

The unipolar analog type transistor was first proposed by Shockley in 

1952 [1] and was predicted to operate according to an SCL conduction law 

for solids analogous to Child's law for emission of electrons from a 

cathode into vacuum. There does not yet exist in the literature a defi

nite explanation of the mechanisms responsible for the triode-like opera

tion of the VJFET, but present understanding of the device requires a 

superposition of SCL current theory and JFET theory. Due to this unique 

combination of operating mechanisms, the VJFET is predicted to outperform 

other types of transistors in the areas of temperature sensitivity, noise, 

and radiation hardness, as well as be suitable for high frequency, high 

power applications when a short source-to-drain length and a multiple 

channel structure are employed. 

1.1 Space-Charge-Limited Current Flow 

Consider a block of semiconductor material. If excess majority 

carriers are injected into the material, creating a charge density p, 

what will be the time dependence for the recombination of this excess 

1 
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Figure 1. VJFET Chciracteristics 



"space charge"? From two of Maxwell*s equations and Ohm's law, we 

have 
V • E = p/e (1.1) 

V • ?= - ||- (1.2) 

;T = a E (1.3) 

where e is the permittivity and a is the conductivity of the material. 

Assuming that a is constant, combining the above three equation yields 

V •  3 -  aV •  S . f  p.-If a_4) 

and therefore 

\ 3p = - § 3t . (1.5) 

The solution to (1) is a familiar one: 

p(t) = p(t = 0)exp~t/T° (1.6) 

where T0 A -| (1.7) 

and Te is called the dielectric relaxation time or the space-charge 

relaxation time. Equation 1.6 says that any net charge imbalance must 

£ decay with a time constant of — . For reasonably doped semiconductors 

_1 3 

T0 is on the order of 10~ seconds. For this reason, the bulk regions 

of semiconductor devices are space-charge neutral. However, consider 

what happens when the conductivity of a channel of semiconductor material 

is made very small (as in a depletion region). In this case, T0 can 

become comparable to any relevant drift time, t^, for charge carriers 

in the channel. A suitable source contact (ohmic contact) can inject 

electrons into the conduction band or holes into the valence band of the 

material. Thus when T0 t^ this injected charge is a maintainable 

space-charge where the mutual repulsion between the individual carriers 

limits the total space-charge density which can be injected into the 



4 

crystal. Under these conditions SCL current flow dominates over the 

normal ohmic behavior of the material. This fundamentally different 

current flow mechanism results in a non-zero charge distribution in the 

channel and devices utilizing this mechanism will have drastically dif

ferent current-voltage characteristics from the conventional pentode-like 

characteristics of the other field-effect transistors. 

In addition, a characteristic length, called the extrinsic Debye 

length, has been defined [2] and is given by 

LDE " > 
— ( 1 - 8 )  
q Nd 

where K is the relative dielectric constant of the material and NQ is 

the net impurity doping density. For n-type silicon with = 1015 cm 3 

the Debye length is 0.18 ym- The physical significance of is that 

the transition from total free carrier depletion to toal charge neutrality 

at the boundary of a depletion region in a semiconductor occurs in a 

length on the order of several Debye lengths [3]. Also Shockley [4] 

interpreted the Debye length as follows: If the variation in the charge 

density due to impurities in a semiconductor is small over a distance 

comparable to L__, then the semiconductor will be substantially neutral 
DE 

in that region. However, if a large variation in the charge density 

occurs in this distance,- then a region of local space-charge will occur. 

Thus, when a semiconductor device is fabricated with heavily doped source 

and drain regions bounding a short, lightly doped channel region, the 

above two effects suggest that space-charge may be an important factor 

in the device operation. 



1.2 History of SCL Current Development 

The energy-band description of solids which emerged from the 

theory of quantum mechanics provided the essential theoretical framework 

for understanding conduction in semiconductors. In 1940, Mott and Gurney 

[5] observed that it should be possible, based on the band theory of 

solids, to inject mobile electrons into the conduction band of an insu

lator from a suitable source contact. Making the assumption that dif

fusion currents in this case are negligible, these authors predicted 

that SCL current in a perfect insulator should vary as the square of the 

applied voltage, similar to Child's Law for SCL current in vacuum. 

Consider a perfect trap-free insulator with suitable source and 

drain contacts. This is the direct, solid-state analog of the thermionic 

vacuum tube diode. If the contacts to the insulator are indeed ohmic 

contacts and one can get current to flow through the insulator by apply

ing a voltage across it, what will be the mathematical form of the 

current-voltage relationship? in the simplified theory of SCL current 

flow [6], the contribution to the total current density in the insulator 

due to diffusion of carriers is assumed to be negligible. This approxi

mation is necessarily in error in the immediate vicinity of the contacts, 

where the carrier density is assumed to be very large, but should ade

quately describe current flow in the bulk of the insulator and is abso

lutely necessary to make the problem mathematically tractible to 

elementary analysis. Therefore, the current density due to drift is 

given by 

J = q n p E [1.9] 

where q is the electronic charge, n is the carrier density injected into 
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the insulator, y is the carrier mobility, and E is the electric field 

strength. Also, the divergence of the electric field in one dimension 

is given by 

dE(x) _ qn 
dx ~ KE0 . (1.10) 

These last two equations combine to yield 

E(x)dE = J (1.11) 

Now, with the definition of boundaries such that x = 0 is the source and 

x = L is the drain, where L is the channel length from source to drain, 

and the boundary condition E(x=0) =0 (i.e., voltage is applied to drain 

with respect to source), equation (5) integrates to yield 

>0 M f . (1.12) E w - (n^rr) 

A second integration yields the voltage 
/  \ i  3 / 2  / Q .T l2v * 

,13) V(x) =£ D(x) ax= ( ££ f" '_ (1.: 

Thus, taking x = L and V = V(L) in this last equation we have the cur-

rent-voltage characteristic 

J- 9lC^/ . (1-14) 

Equation 1.14 is known as the Mott-Gurney square law and the Child's 

Law analog for solids. 

In 1952, Shockley proposed an analog type transistor with geom

etry very similar to the vacuum tube triode with an intrinsic semicon

ductor material being the analog of the vacuum (see Figure 2). Shockley 

predicted that this device would operate according to the Mott-Gurney 

+ "I" 
square law. in 1953, Shockley and Prim [7] proposed an n -i-n struc

ture SCL diode, and also in 1952, Dacey [8] observed SCL hold current in 

germanium at high fields and low temperature p-i-p structure diode. He 
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Figure 2. Shockley1s Analog Transistor 



also modified the Mott-Gurney square law to account for hole velocities 

in the "tepid" carrier range and found that current was proportional to 

3 
the - power of the applied voltage. 

Consider the usual regional approximation to the dependence of 

the drift velocity on electric field strength given below [9]: 

V = |i0E E < E (1.15a) 

V = (EE)^ E < E < E (1.15b) 
w w S 

V o y0 (EcEs)i = Vg Es E (1.15c) 

where Ec is the critical field strength at the transition from thermal 

to tepid carriers, E is the field strength at which the drift velocity 
S 

saturates (transition to "hot" carriers), Vg is the saturated drift 

velocity approximately equal to 107 cm/sec for electrons in silicon, and 

is the low field mobility of the carriers. Again, combining equations 

(3) and (4) and integrating twice using the appropriate velocity expres

sions from equation (7) we obtain the following results for SCL current 

including the effects of field-dependent mobility: 

Thermal carriers J = §• K (1.16a) 
o L 

m -i . 2 5 3/2 KE„Ub V3/2 ,, Tepid carriers J = — — — (1.16b) 

. . . .  _  2kE „  V sV  (1.16c) 
Hot carriers J = — 

Jj 

In 1955, Smith and Rose [10] observed transient SCL currents in 

cadmium sulfide crystals which rapidly decayed due to carrier trapping. 

It became apparent at this time that adequate compensation of trapping 

defects was necessary it SCL current was to be observed. Considerable 

work towards understanding the influence of carrier trapping on SCL cur

rent was carried out during the next four years by Rose (11], Lampert, 
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[12], Smith [13], and Laropert, et al [14]. More recently such work has 

been conducted by Many and Rakavy [15], Lampert and Edelman [16], and 

Rizzo, et al [17, 18]. The main result of the above work is that the 

actual structure of the SCL current-voltage characteristic is determined 

by the interaction of the injected carriers with localized defect states 

in the crystal [19]. If present in too large a concentration, the defect 

states inhibit SCL injection currents at practical voltages. However, 

single-injection SCL current measurements are now a well established 

technique for obtaining information about electronically dominant defect 

states, such as their energy location in the forbidden gap, their capture 

cross sections for free carriers, and their concentrations (as low as 

1012 cm 3 and even lower). 

After the realization of SCL diodes with low noise characteristics 

[20] and high frequency characteristics [21], the next obvious step was to 

make an SCL triode (transistor). In 1959, Ruppel and Smith [22] fabri

cated an "analog triode" with a cadmium sulfide single-crystal serving 

as the solid-state analog to a vacuum. The electrode arrangement of this 

insulator triode is shown in Figure 3. When the thin CdS crystal is pure 

enough, SCL injection can occur at the cathode. Applying a negative bias 

to the grid electrode reduces the amount of SCL injection at the cathode 

and thus the anode current. Ruppel and Smith's device had a voltage 

gain of about unity and a transconductance of about 10 micromhos. 

In 1966, Rittner and Neumark [23] did a theoretical analysis of 

the "surface gate dielectric triode," usually realized in the form of a 

thin film transistor [24], which also utilized SCL current flow (see 

Figure 4). Their mathematical analysis revealed that this triode 
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and the insulated gate field-effect transistor represent two different 

device geometries optimizing each mode [25]. 

In 1967, Zuleeg [26] fabricated and analyzed a silicon planar 

SCL triode with a buried gate structure (see Figure 5). His devices 

were the first ones with a multiple channel structure, and they exhibited 

both SCL and bipolar modes of operation with voltage amplification 

factors from 10 to 20. In addition, in the SCL mode, Zuleeg's devices 

operated with I - V characteristics described by both a three-halves-

power and a first-power law indicating tepid and hot carrier behavior 

in good agreement with the modification to the Mott-Gurney square law 

made by Denda and Nicolet [27]. 

In more recent years, the audio development group of the 

Japanese Yamaha company has successfully created a series of "vertical 

field effect transistors" with low noise, good linearity, and high power 

capability based on the "Static Induction Transistor" invented by Prof. 

Nishizawa of Tohuku University [28]. The SIT design includes a buried 

gate, multi-channel structure (see Chapter II, Figure 7) which looks 

similar to other SCL transistor designs,, and the I - V characteristics 

are triode-like. However, Nishizawa argues that the current in the 

device is not SCL current but rather is due to thermal injection over 

an exponential barrier due to the drain voltage. 

1.3 Why the VJFET 

Considerable theoretical work has been done on pure SCL triodes, 

but they have been difficult to manufacture. It is clear that the 

somewhat exotic designs and processing constraints necessary to produce 

pure SCL devices limit their usefulness. However, combining SCL 
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injection ideas with the structure of the JFET should yield a device 

which is manufacturable using current semiconductor technology and which 

combines the benefits of both modes of operation. This is the motivation 

for study of the VJFET. 

The VJFET should be capable of higher frequency operation than 

the bipolar transistor because the SCL current mode mobile carriers 

cross the device under the direct influence of an applied electric field 

as opposed to the random diffusion of carriers in the base region of 

a bipolar transistor. In addition, it should be easier to process a 

short channel VJFET than a narrow base width bipolar transistor. Further

more, since carrier transit through the channel is not random, shot 

noise is virtually eliminated. Calculations have shown that the limiting 

noise in SCL devices is thermal noise [29] . Also, under SCL conditions, 

the number of carriers available for conduction is independent of tem

perature. Thus, the operation of an SCL transistor (and therefore the 

VJFET) is not affected appreciably by temperature changes. In fact, the 

drain current temperature dependence should be the same as the tempera

ture dependence of the majority carrier mobility in the channel of the 

device. Finally, the VJFET may have a higher radiation tolerance than 

the bipolar transistor since it is a majority carrier device and is, 

therefore, immune to minority carrier lifetime degradation effects. 

The history and development of SCL single-injection devices 

leading up to the invention of the VJFET have been given. Sufficient 

interest in and possible benefits of the device certainly warrant the 

present research. A detailed account of the present understanding of 

VJFET operation will be given in Chapter 2, followed by a review of the 



theory of materials damage due to a neutron fluence In Chapter 3. 

Measurements of VJFET (manufactured by General Instruments Corp., 

Chandler, Arizona) device paramaters as a function of total neutron 

fluence (devices irradiated in the University of Arizona "TRIGA" 

facility) will be presented in Chapter 4. Finally, Chapter 5 will 

give a discussion about the performance of these devices. 



CHAPTER 2 

STRUCTURE AND OPERATION OF THE VJFET 

Essentially a field-effect transistor, the VJFET has several as

pects which make it unique. First, current flows vertically through the 

device, the source being diffused from the surface of an epitaxial layer 

and the drain being the substrate. The thickness of the epitaxial layer 

typically used for the VJFET is small (5-10 pm) which makes this device 

somewhat similar to the very short channel JFET. Second, current flow 

through the conventional JFET saturates when the conducting channel is 

"pinched off" by the reverse-biased gate depletion regions; whereas cur

rent flow through the channel of the VJFET never saturates, yielding 

current-voltage characteristics similar to the vacuum tube triode. 

Third, the fact that the substrate serves as the drain in the VJFET 

structure complicates its integration with other conventional device 

structures on a single silicon chip. 

A review of the normal JFET theory will be given including a 

discussion of the short channel problem. Next, several recent designs 

of VJFET's will be illustrated, including the design of the devices used 

for the present work. Finally, the present understanding of VJFET will 

be detailed. 

2.1 Review of JFET Theory 

The conventional theory of current saturation in the JFET is 

based on constriction and eventual pinch-off of the conducting channel. 

16 
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This theory is detailed in many texts [30] and is reviewed below. 

A cross-sectional view of a typical n-channel JFET ("epi-FET") 

is given in Figure 6. The channel is bounded on all sides by p-type 

regions which serve as the gate: on the bottom by the substrate, on 

the sides by an isolation diffusion, and on top by a base diffusion. 

The length L of the channel is defined by the length of the top gate 

base diffusion, and the width 0 of the channel is defined by the side 

gate isolation diffusion (not shown in Figure 6). The channel height d 

is determined by the epitaxial layer thickness and the depth of the top 

gate base diffusion. For the case when the gate is shorted to the 

source (V^s = O) we have the situation as pictured in Figure 6(a). 

The cross-sectional area of the channel is uniform throughout its length. 

When a positive drain-to-source voltage is applied we have the situa

tion as pictured in Figure 6(b). The cross-sectional area of the channel 

is reduced near the drain. This pinching effect is caused by the fact 

that the gate-to-channel depletion region width W is larger near the 

drain. A positive induces current to flow in the channel producing 

a negative gate-to-channel potential which is most negative at the 

drain end of the channel and decreases to zero at the source. With the 

above bias conditions electrons flow from source to drain and thus 

positive current flows from drain to source through the n-type channel. 

So long as Vdg is much less than the built-in voltage of the gate 

junctions <J>B, W will remain practically independent of Vjg and the 

channel will act as a linear resistor, with the channel resistance 

given by 

R = a B (d - 2W) (2*1J 
n 
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where 0n is tht average conductivity of the n-type channel and the quan

tity 0 (d - 2W) is the cross-sectional area of the channel. However, 

as Vds is increased, the gate junctions become increasingly reverse-

biased as we proceed from source to drain and thus W becomes a function 

of position in the channel, with W{x) being greatest at the drain. As 

a result, the cross-sectional area of the channel is reduced and the 

channel resistance R increases. Thus, the current-voltage characteristic 

of the JFET will begin to fall below the initially linear characteristic 

as V, is increased. 
as 

The topic of interest at this point is exactly what happens to 

the charge carriers in the channel as W(x) approaches the value id. 

When W(x) = id the gate depletion regions meet in the center of the 

channel and the drain is then "cutoff" from the source by the presence 

of a continuous depletion region from top gate to bottom gate and the 

channel is said to be "pinched-off." The earliest and most accepted 

explanation of current saturation at this point is based on the idea 

that, once the channel becomes pinched-off, further increases in V^g 

beyond the pinch-off voltage V cannot cause any corresponding increase 
P 

in the channel current. The increase in the drain bias ̂  Vds Vds ~ Vp 

is dropped primarily across the depletion region and thus the voltage 

crop across the active channel region from the pinch-off point to the 

source remains relatively unchanged. When electrons flowing in the 

channel reach the pinch-off point they enter the depletion region and 

are swept across to the drain by an electric field existing in the 

depletion region as a result of the application of V^. Net current 

flow lds is independent of the magnitude of this electric field. 
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but rather is dependent only on the number of electrons reaching the 

pinch-off point. 

The preceding theory of current saturation in JFET's is based 

on Shockley's original gradual channel approximation which states that 

components of the electric potential in the channel perpendicular to the 

channel direction X change only by a small amount with equal increments 

in X along the channel length from source to drain. Also, the electric 

field component along the direction of the channel was neglected, thus 

making the explanation of current flow along the channel essentially 

a one-dimensional problem. However, as early as 1963, an alternative 

explanation began to emerge based on the idea of carrier velocity satura

tion in the channel [31]. Motivation for this new theory arose from 

discrepancies between experimental results and the preceding theory 

(saturation currents were much less than predicted) which were especially 

evident with small length-to-width ration JFET's. In addition, early 

measurements showed that the saturation current in JFET's varied roughly 

as the inverse square-root of temperature which would be expected for 

velocity limited carriers in semiconductors [32]. 

In 1967, Hauser [33] used a two-dimensional numerical analysis 

to justify the theory of carrier velocity saturation in the channel 

of JFET's. Hauser's solution predicted that current would gradually 

approach a saturation value with no sharply defined saturation voltage. 

Furthermore, it predicted that the channel width goes to zero (i.e., 

W{x) approaches id) only as V^s approaches infinity, and Hauser postu

lated a minimum channel width of 2L^e, twice the extrinsic Debye length. 

Finally, Hauser concluded that Shockley's gradual channel theory was 
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adequate for describing devices with length-to-width ratios L/d greater 

than about four, whereas velocity saturation needed to be considered for 

devices with this ratio less than four, where depletion region spreading 

beyond the ends of the top gate junction becomes important. 

In 1970, Kim and Yang [34] completed an extensive two-dimensional 

numerical analysis of JFET's by solving Poisson's equation and the con

tinuity equation simultaneously while taking into account the effect of 

field dependent mobility. Their solution showed the existence of a 

conducting channel from the source to the drain with significant free 

carrier density for bias conditions normally considered as "pinched-off" 

conditions. These bias conditions were not large enough to cause com

plete velocity saturation but were sufficient to put the charge carriers 

in the tepid region discussed in Chapter 1. The results of this analysis 

are in general agreement with Hauser's assumption of a minimum channel 

width of the order of 2 Lfie at saturation. Finally, while Shockley's 

theory explains a finite output conductance by movement of the pinch-off 

point towards the source for V^s > V^, Kim and Yang explain output con

ductance in terms of a lengthening of that part of the conducting channel 

where the width is a minimum and the carrier velocity is in the tepid 

region. 

In 1975, Lehovec and Miller 135] studied the drain character

istics of JFET's using a completely analytical approximation of the 

field distribution in the channel to develop expressions for carrier 

concentration and potential distribution in the channel. In their 

analysis, Lehovec and Miller divided the conducting channel into two 

distinct regions: a gradual channel region and a velocity saturation 
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region. Note that the channel current 

X n q n v B (d - 2W) {2.2) 

is the product of three variables: the carrier concentration n, the 

carrier drift velocity V, and the channel width (height) h = d - 2W. 

Thus, Lehovec and Miller state that the gradual channel region is 

characterized by a constant carrier concentration: a decrease in 

channel height is compensated by a corresponding increase in drift 

velocity in order to maintain a spatially independent current. In 

contrast to the gradual channel region, the velocity saturation region 

is characterized by constant drift velocity. Now a change in channel 

height is compensated by a change in carrier concentration: a 

decrease in h is accompanied by an increase in n resulting in an 

accumulation of "excess" carriers in the channel. Thus, in both regions 

outlined above, the potential gradient increases along the channel 

because of channel narrowing, which squeezes the channel field lines, 

and because new field lines are added by the accumulation of space-

charge (excess charriers) in the channel. 

A review of the theory of JFET operation found in the literature 

has shown that Shockley's original theory is accurate for large length-

to-width ratio JFET's only. A new theory which incorporated the me

chanics of carrier drift velocity saturation is needed to more accu

rately predict the saturation currents in JFET's, particularly for 

those devices where the length-to-width ratio is small. 
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2.2 Four Recent VJFET Designs 

Prior to a discussion of the theory of operation of the vertical 

channel junction field effect transistor, it is helpful for one to become 

familiar with their design. The vertical channel JFET structure was 

first proposed in 1963, by Roosild, Dolan, and O'Neil [36]. However, 

the devices described in the present work, which exhibit triode-like 

characteristics, have not received much attention in the literature 

until recent years. 

In 1975, Nishizawa, et al [37], reported on a particular vertical 

channel JFET design which they called the "Static Induction Transistor." 

A cross-sectional view of their device is given in Figure 7. The design 

philosophy for the SIT was to minimize the gate-to-source distance, 

thus decreasing the series resistance of the channel. The fabrication 

was performed as follows: An N~ (low doped, high resistivity) epitaxial 

layer 100 ym thick was deposited on an N+ (heavily doped, low resis

tivity) substrate. Then, boron with a predeposition surface concentra

tion of about 1020 cm-3 was simultaneously diffused with tin into the 

silicon epitaxial layer at 1000°C to form a mesh-patterned gate region. 

A second N~ epitaxial layer with a dopant concentration less than 

1013 cm"3 was then deposited on the diffused gate layer to a thickness 

of 10ym. Finally, an N+ source contact was alloyed on the surface of 

this second epitaxial layer. This SIT is a multi-channel structure, 

with the channels being determined by the "holes" in the grid mesh pat

tern. The diameter of the gate grids is 25ym and the grid spacing 

is 40ym. If the series resistance of the channel is not reduced 
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enough, either by making the source epitaxial layer too thick or by 

doping it too heavily, the device will exhibit the saturating character

istic similar to a conventional JFET, instead of the desired triode-like 

characteristics. The above SIT structure was reported to operate with 

transconductances from 10 to 50 my , voltage amplification factors from 

5 to 30, and output resistances from 100 to 1000 Q. A drawback to this 

design is the large capacitance associated with the buried grid gate 

structure as well as out-diffusion of the gate impurity during the 

source epitaxial growth. 

In 1976, Ozawa, et al [38], reported on a vertical channel JFET 

fabricated using the silicon "planar" technology. A top view and a 

cross-sectional view of this p-channel device are given in Figure 8. 

The transistor is fabricated as follows: First, a 15 ym thick p-type 

epitaxial layer of 20 - 30 J? "cm resistivity is grown on a p+ type, 

0.002 J2 ~cm resistivity substrate. This thick epitaxial layer allows 

O 
for a drain-to-gate breakdown voltage of 200 volts. Then a 6000 A 

thermal oxide is grown and patterned with a photolithography step to 

open gate diffusion windows and source contact windows. Next, an 

LPCVD process at 800°C is used to deposit 2000 A° of silicon nitride. 

The silicon nitride is then removed from the gate diffusion windows 

with a masked plasma etch process. The remaining silicon nitride serves 

to mask the source contact openings from the subsequent n+ gate diffu

sion. Next, a high concentration phosphorus diffusion is performed in 

the gate windows in a steam oxidizing ambient. Then, the silicon 

nitride is plasma etched from the source contact windows. Note that 

since the gate diffusion windows and the source contact windows are 
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cut using the same mask level, registration errors are eliminated and a 

higher source-to-gate breakdown voltage is attained. Next, alp thick 

heavily boron-doped polysilicon layer is deposited. The excess poly-

silicon film (everywhere except under the source metal) is removed with 

a masked plasma etch process. The remaining heavily-doped polysilicon 

film acts as an efficient hole-injection source, rather than a diffused 

P+ source. Finally, after opening a gate contact window with a photo

lithography step, a metalization step completes the fabrication process. 

Typical electrical parameters for a 5520 - channel power VJFET were 

reported to be the following: voltage amplification factor m = 5, 

drain-to-gate breakdown voltage bvdG0 = 200 volts, and an output power 

capability of 50 watts. 

In 197$, Morenza and Este've [39] reported on an entirely 

diffused vertical channel JFET. A cross-sectional view of their tran

sistor is given in Figure 9. Since the device was an experimental 

transistor only, it was defined with a single-channel annular structure, 

fabricated as follows: The starting material was an n-type substrate 

with a thickneww of 200 ym and a resistivity of 50 S2-cm. The gate 

diffusion incorporated a boron predeposition surface concentration of 

5 x 1018 cm 3, followed by an 8 hour diffusion at 1150°C resulting in 

a gate junction depth of 8.0 ym. The source diffusion incorporated a 

phosphorus predeposition surface concentration of 1 x 1021 cm"3, 

followed by a 1 hour diffusion at 1050°C resulting in a source junction 

depth of 2.5 ym. For the above diffusion parameters, the constants in 

Figure 8 are: a = 1.4 ym, b = 100 ym, and c = 9.0 ym. Typical 

electrical parameters for a transistor of the above construction 
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were given as a voltage amplification factor of 5, a transconductance of 

1.17 m i and an output power of 38 mW. 

Also, in 1978, Ozawa and Iwasaki [40] reported on a VJFET fabri

cated with self-aligned ion-implanted source and gate regions. A cross-

sectional view of their transistor is given in Figure 10. The device 

fabrication is as follows: The starting material is <111> oriented 

P+ - type silicon. Next, a 15 pm thick 20 J2 - cm resistivity boron-

doped epitaxial layer is deposited. The surface is then covered with 

2000 A0 of Si3N4 and 5000 A° of Si02 deposited using LPCVD techniques. 

Next, a gate photolithography step is performed where HF and hot 

phosphoric acid are used to expose the silicon surface of the gate 

regions. The silicon surface of the gate regions is then etched to a 

depth of about 2 vim, where silicon etching also occurs laterally. 

A ledge of Si3N4 and Sic>2 films results. Using this ledge as a mask, 

phosphorus is then implanted into the gate regions with implant param

eters of 1 x 1015 cm"2 at 40 KeV. After SiC>2 removal, 5000 if of 

thermal oxide is grown in the gate regions using local oxidation tech

niques. A gate diffusion is then performed at 1100°C resulting in a 

gate junction depth of 2 ym and a sheet resistance of 50J2/sq. Next, 

a source photolithography step is performed where source windows are 

etched in the Sig^ using hot phosphoric acid. Boron with an energy 

of 50 KeV and a dose of 1 x 1015 cm"2 is then implanted into the source 

regions. The device is then annealed at 1000°C for 10 minutes resulting 

in a junction depth of 0.6 ym and a sheet resistance of 100 ft/sq. 

^totalization is performed by evaporating 2000 tf of Ti and 4 pm of 

aluminum to assure step coverage over the silicon mesa steps. This 
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p-channel device fabrication process has two critical steps. The first 

one is ensuring uniformity of the gate silicon etch which is important 

in determining the voltage amplification factor and the source-to-gate 

breakdown voltage. The second one is forming the ledge of Si3N4 and 

Si02 films so that it remains intact during cleaning steps and can be 

used as an ion implantation mask. Electrical parameters for a 97-channel 

device were reported as m = 5 to 10, BV___ = 50 volts, and BV___ = 
SGO DGO 

140 volts. 

2.3 Design of General Instruments Corporation VJFET 

The transistors used in the present study were supplied by 

General Instruments Corporation, Chandler, Arizona. A cross-sectional 

view of this device is given in Figure 11. A top view photograph taken 

after the metalization was stripped is also included. The devices were 

fabricated as follows: The starting material was an 0.05 £2 - cm 

n-type substrate. Next, an epitaxial layer of 5 - cm resistivity 

was deposited to a thickness of 10 ym. A drain window photolithography 

step was then performed, followed by a deep N+ diffusion to provide a 

topside contact to the drain (substrate). Next, a photolithography 

step was performed to define the gate regions. The gate diffusion 

process consisted of a boron ion implant with a dose of 2 x 101U cm"2 

at an energy of 60 KeV followed by a 90 minute diffusion at 1100°C. 

The resulting gate junction depth was 1.2 ym. Next,a source photo

lithography step was performed to define the source "stripes" and an 

ion implant and subsequent diffusion was performed resulting in a source 

junction depth of 0.8 ym. 
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The overall chip size is 44 x 44 mils with 25 source stripes 

of 4 ym width and 500 ym length. The voltage amplification factor for 

this device is determined by the relative depth of the gate diffusion 

with respect to the source diffusion and by the doping concentration in 

the epitaxial layer which serves as the channel. Typical device param

eters for the VJFET's used in the present study were: m = 3 to 5, 

transconductances of 6 - 10 m£J , and "on" resistances of 120 - 280 £2. 

2.4 Theory of VJFET Operation 

As mentioned earlier, Neumark and Rittner published a study in 

1967 [41], in which they used the theory of complex variables to analyze 

FET operation by solving Laplace's equation. This analysis resulted 

in a transcendental equation, with the PET drain characteristics found 

by solving for the roots of the equation. They proceeded to point out 

that there were two sets of roots of physical interest which yield either 

pentode-like or triode-like drain characteristics. This was the first 

tangible indication that triode-like behavior in a JFET might be 

possible. 

In 1970, Kim and Yang [42] published the results of an extensive 

two-dimensional numerical analysis of the JFET, with particular atten

tion paid to the criteria necessary for triode-like operation. They 

concluded that the ratio of channel length, L, (source to drain) to 

extrinsic Debye length, L , must satisfy the relation 
DE 

L < 6 

LDE 

for SCL current flow to occur in the channel. In addition, they con

cluded that the ratio of source-to-gate separation, a, to channel 



length, L, must also be small. The last result is intuitively obvious 

since the gates must be close enough together that their built-in de

pletion regions will completely deplete the channel of thermal free 

carriers under the source, thus forming the "analog vacuum". Kim and 

Yang's analysis also revealed carrier accumulation in the channel at 

large drain voltages for devices satisfying the above criteria. This 

phenomenon stands in direct contrast to the conventional JFET, which 

exhibits carrier depletion in the channel at large drain voltages, and 

supports the theory of SCL injection at the source. Again, Kim and 

Yang's work was strictly a mathematical study. No actual devices were 

fabricated. It is also of interest to note that for the present study 

we have 

—^— = 50 and — = 5 
L a 
DE 

In 1975, several authors [43] calculated the existence of a 

potential barrier in the channel due to the gate bias which is diminished 

by the application of a drain bais, thus resulting in the triode-like 

drain characteristics. In 1977, Yamaguchi and Kodera [44] completed a 

thorough two-dimensional analysis of the VJFET by solving Poisson's 

equation and the continuity equation simultaneously, subject to the 

appropriate boundary conditions. They demonstrated that since the 

depleted region in the channel reaches the drain, the gate bias gives 

rise to a potential barrier in the channel which inhibits carrier flow 

at low drain bias. Increasing drain bias diminishes the potential 

barrier and carrier injection begins. The potential barrier is defined 

by the difference between the peak potential in the channel and the 

source potential. Yamaguchi and Kodera made active devices exhibiting 
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pentode-like, triode-like, and mixed characteristics depending strictly 

on the device geometries and the doping level in the channel. They also 

proposed several "figures of merit" to be used for optimum device design 

which will not be discussed here because their model was more appropriate 

for buried-gate type device structures. 

In 1980, Ozawa [45] published an analysis of the electrical 

properties of a specific VJFET design utilizing a heavily doped polysili-

con source already discussed. Ozawa concentrated mainly on varying the 

channel doping concentration in the VJFET's, and he analyzed the current-

voltage characteristics, voltage gain, on-resistance, breakdown voltages, 

and capacitances based on Geurst's theory [46], obtaining good agreement 

with his experimental data. In an effort to better understand the 

carrier injection mechanism over a wide range of current levels, Ozawa 

measured point-by-point I - V characteristics for the device and plotted 

them in log-log and semi-log fashion. Above 3mA log IDg vs. log VDg 

was linear, thus leading to the following expression: 

I ce v k 
DS DS 

where b is the slope of the linear log-log plot. This expression is 

appropriate for SCL injection, where b = 2 when no field-dependent mo

bility effects are present and b = 1.5 when the carriers are in the 

"tepid1 region discussed in Chapter 1. Ozawa's experimental values 

for b ranged from 1.15 to 1.56. Below 100 p A log I vs. V was 
Uo Db 

linear, thus leading to the following expression: 

I
DS 06 exp UVDS) 

where A is the slope of the linear semi-log plot. This expression 

is appropriate for the thermal injection of carriers over a potential 
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barrier which is the mechanism for carrier injection in JFET's proposed 

by Brewer [47]. In this case, the drain current increases with tempera

ture as carriers are thermally excited over the potential barrier. How

ever, in the SCL current regime the drain current has been shown to 

exhibit an inverse dependence on temperature [48]. Thus, the VJFET 

shows excellent stability with respect to temperature variations at 

intermediate current levels. 

A similar analysis was performed on a control device.used in 

the present study. Point-by-point I - V characteristics were recorded 

and plotted in log-log and semi-log fashion. The results are shown in 

Figure.12 and Figure 13. In Figure 12, it is seen that the log I -

log VDS plot is fairly linear in the current range 0.5 mA to 5.0 mA. 

The non-linear behavior above 10 mA may be due to over-heating effects, 

since the present VJFET's were designed to operate at a power level of 

500 mW. The value of n for this device is 1.30 which agrees well with 

the data presented by Ozawa and would indicate device operation in the 

tepid to hot carrier range. In Figure 13, a distinctly linear region of 

the log I - V plot is not so obvious; however, one can conclude that 
D5 1J5 

below 0.5 mA the characteristic is fairly linear, agreeing qualitatively 

with Ozawa's data. Additional data at much lower current levels is 

needed to verify the thermal injection mode. 

A discussion has been presented which qualitatively outlines 

the theory of operation of the VJFET. Based on the data presented, it 

is reasonable to conclude that the operation of the VJFET is a super

position of the conventional JFET mechanism at low currents and the 

SCL carrier injection mechanism at higher currents. Ozawa has proposed 
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the following expressions for the drain current and the voltage amplifi

cation factor in the SCL current regime [49]: 

XDS = Bon tVDS + mVp ~ mVGS* 

m = D*exp (it x /4a) 
9 

where X is the gate junction depth. 

It should be understood here that the VJFET can be constructed 

such that the built-in depletion regions from the gates do not totally 

deplete the channel between source and drain (called a "normally off" 

device) in which case a gate bias equal to the conventional JFET pinch-

off voltage V must be applied before SCL current flow can begin. The 
ir 

factors B and D above are geometry dependent parameters which must be 

determined empirically for each device design. The two most important 

parameters which determine the triode-like operation of the VJFET are 

the channel doping concentration and the channel length. Xn addition, 

the gate diffusion depth, the source-to-gate distance, and the number 

of channels must all be juggled in order to produce a device with the 

desired voltage amplification, breakdown voltages, capacitances, and 

power handling capability. Since the triode-like characteristics are 

very linear, the VJFET is well suited for linear applications such as 

audio products. Also, the VJFET exhibits no thermal runaway and can 

be paralleled in a multi-channel arrangement to satisfy a wide range 

of power requirements. 
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CHAPTER 3 

RADIATION EFFECTS ON SOLID-STATE DEVICES 

Semiconductor electronic devices that are used in nuclear 

reactors, nuclear weapons, and space applications must be able to 

function in the present of radiation. The design of radiation "hard" 

semiconductor electronic components to operate in these environments 

depends on an understanding of the effects of all forms of radiation 

on solid-state devices. Furthermore, explaining the effects of radia

tion on device performance depends entirely on understanding device 

operation in the absence of any radiation. Then the appropriate device 

model can be modified to account for the presence of radiation. A 

qualitative discussion of VJFET operation in the absence of radiation 

has already been presented. The purpose of this chapter is to quali

tatively explain VJFET degradation in the presence of radiation. Only 

permanent damage effects due to a neutron fluence are considered. 

A general review of defects in semiconductors is given, fol

lowed by a discussion of neutron irradiation damage. Next, the charac

terization of radiation by its effects rather than its intrinsic pro

perties is presented. Finally, implications for VJFET performance 

degradation due to radiation are outlined. 

3.1 Defects in Semiconductors 

A defect in a semiconductor can broadly be defined as any de

viation from the perfect or "ideal" lattice structure for that 
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semiconductor. The form appropriate for a silicon single cyrstal 

is the diamond lattice [50], thus in the perfect silicon single crystal 

there is a one-to-one correspondence between silicon atoms in the crystal 

and points in the diamond lattice. Obviously a perfect crystal does not 

physically exist. For any given temperature, there is an equilibrium 

concentration of defects present in any semiconductor crystal. These 

defects can be generally classified into physical imperfections and 

chemical impurities. They may be further subdivided into (a) elementary 

point defects, such as lattice vacancies, interstitial atoms, and im

purity atoms (which may be located either substitutional^ or inter

stitial ly); (b) dislocations; and (c) defect complexes, such as the 

di-vacancy, formed by the association of two separate vacancies, the 

vacancy-interstitial combination called a Frenkel pair, impurity 

atom-vacancy pairs, vacancy clusters constituting voids in the lattice, 

twin structures, stacking faults, and the interaction between disloca

tions and impurity atoms in the lattice. The above defects all behave 

as active centers and control, to a large extent, the electrical 

properties of the semiconductor. 

Vacancies and interstitials are actually quite common in semi

conductors. The diamond lattice structure is a relatively open one, 

with large interatomic voids in which interstitial atoms can easily be 

accommodated. In fact, there are five preferred sites for interstitial 

atoms in the diamond lattice unit cell [51]. The presence of impurity 

atoms in a semiconductor can be beneficial or detrimental, depending 

on whether or not they were intentionally introduced into the crystal. 

The beneficial effects of a substitutionally placed dopant atom 
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(such as boron or phosphorus) is the contribution of an excess electron 

or hole to the conduction band or the valence band of a semiconductor. 

A detrimental effect of substitutional or interstitial dopant atoms is 

decreased carrier mobility due to the scattering effects from ionized 

impurity atoms and crystal stress. In addition, undesirable impurities 

(such as heavy metals) present in the semiconductor influence the 

electrical characteristics through trapping effects by introducing 

energy states in the forbidden band gap. 

The dislocation is a geometric fault in the crystal lattice. 

Dislocations are also called line defects. They result from the appli

cation of an external stress force to the crystal. A commonly observed 

dislocation type in semiconductor processing is "slip" which results 

when a semiconductor wafer is allowed to cool too rapidly, such as 

when a wafer is pulled too quickly out of a hot furnace. 

Defect complexes are energetically stable associations of the 

simpler point defects and dislocations or "partial" dislocations. A 

stacking fault, as its name implies, is a fault in the stacking sequence 

of the planes of atoms in a crystal. A localized stacking fault is 

bounded by partial dislocations. Stacking faults can often be observed 

in semiconductor processing after a heavy, high-temperature deposition 

+ 
(such as a P isolation deposition). In this case, localized regions 

of the crystal may contain a sufficiently high density of interstitials 

for a fault to occur. For example, a selective silicon etch performed 

on a <111> oriented silicon wafer following such a deposition will often 

reveal the characteristic triangular etch pits, which are indicative 
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of stacking faults bounded by partial dislocations (dislocation loops) 

extending in the [110] direction in the <111> plane of the crystal. 

3.2 Defects in Neutron Irradiated silicon 

The predominant damage mechanism in neutron irradiated silicon 

is the formation of vacancy-rich defect clusters. A defect cluster is 

a disordered region in the crystal resulting from a displacement col

lision cascade with intrinsic defect concentrations (vacancies, inter-

stitials, and their complexes) on the order of 1019 cm"3 [52]. Early 

electron microscope studies by Bertolotti, et al [53], provided evidence 

for the existence of disordered regions produced by 14 Mev neutron 

irradiation. Their study revealed the cluster defect to be a central 

core region of lattice damage approximately 500J? in diameter surrounded 

by a space-charge region approximately 20002? in diameter. The space-

charge region exists due to majority carrier trapping in the central 

core. 

The central core region is formed by a displacement collision 

cascade. When a fast neutron "collides" with a silicon atom (called 

the primary knock-on) it imparts sufficient energy to the silicon atom 

to displace it from its lattice position. Depending on the energy of 

the incoming neutron, the primary knock-on may have sufficient recoil 

energy to undergo several displacement collisions with other silicon 

atoms before coming to rest, thus resulting in a cascade effect. One 

study indicates that the core region remains essentially crystalline 

rather than converting amorphous [54]. Other studies have determined 

the presence of A-centers (oxygen-vacancy complexes), divacancies, and 

carbon centers in neutron irradiated silicon [55]. 
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In contrast to the spherical cluster described above. Holmes 

proposed a cylindrical cluster model in 1970, to more accurately describe 

the dependence of a majority carrier removal (i.e., trapping in core region) 

on neutron irradiation [56]. The model is based on Monte Carlo-type 

computations published by Van Lint, et al [57], which showed the damaged 

region to resemble a defect "tree". The branches of the tree arise 

from displacements occurring along the tracks of the recoiling lattice 

atoms. This type of cluster can thus be described as a supercluster 

composed of several subclusters of extremely high defect concentration 

(1021 cm-3) embedded in a tree of defects of lower concentration 

(1018 cm-3). The subclusters arise from the final stopping of the re

coil atoms, subclusters are calculated to be less than 60 JP in diameter 

and contain up to 100 individual defects. For mathematical convenience, 

Holmes modeled the supercluster as a cylinder with a radius of 60 JP and 

a length of 1600 rf . 

3.3 Characterization of Radiation Effects 

By considering radiation from the standpoint of what it does, 

rather than what it is, the problem is greatly simplified. The two 

principal physical effects of radiation are ionization and displacement 

as already discussed. The principal electrical effects in semiconductors 

resulting from displacement damage are minority carrier lifetime degrada

tion, reduced majority carrier concentration (free carrier removal due 

to trapping), and reduced net impurity concentration. Since the VJFET 

is a majority carrier device , minority carrier lifetime effects will 

not be discussed. 
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The effects of reduced majority carrier concentrations and re

duced impurity concentration are actually related [58]• The impurity 

concentration after irradiation is given by 

N = No " * * (3*1) 

where $ is the radiation exposure and the coefficient (^ ̂ ) is called 

the carrier removal rate, and has been measured by Curtis, et al [59]. 

For silicon with an impurity concentration of 1015 cm-3 an average 

value for the carrier removal rate (used by Lavin in reference 57) is 

1.3 carriers/neutron-cm for the bulk and 0.4 carriers/neutron-cm in a 

depleted region. The lower value for carrier removal in the vicinity 

of a p-n junction is thought to be due to incomplete ionization of 

deep-level defects. However, it should be noted that there is con

siderable variation in the measured values for carrier removal rates 

as reported in the literature. In addition, the removal rate for holes 

(p-type silicon) appears to be higher than the rate for electrons 

(n-type silicon) [60]. However, once these electrical effects in 

semiconductors are understood, then changes in the impurity concentra

tion and carrier concentration can be calculated for a given radiation 

exposure. The device designer can then use this information to deter

mine what parameters can be altered to improve performance in a radia

tion environment. 

3.4 Device Degradation 

Based on the preceding discussion of the effects of radiation 

on semiconductors, it is obvious that the performance of such devices 

will deteriorate after being irradiated. Given a general understanding 
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of semiconductor physics and the current flow mechanisms in the VJFET, 

it is possible to qualitatively explain the degradation of VJFET device 

characteristics. Using the concept of an effective doping density 

decrease due to a neutron flux, one would expect the series resistance 

in the channel to increase since bulk resistivity is inversely propor

tional to doping density: 

increased scattering from defects in the bulk. Junction capacitance 

per unit area will decrease since it is proportional to the square-root 

of doping density: 

Reverse-bias junction leakage currents will decrease due to the creation 

of trapping sites discussed previously. The normal reverse-bias satura

tion current for a p - n junction is due to the thermal generation of 

electron-hole pairs in the depletion region and in the bulk within one 

diffusion length of the depletion region edge. After irradiation the 

reverse-bias current is greater than this saturation current. The 

defects introduce energy levels in the forbidden gap which result in an 

increased probability for the generation and recomgination of electron-

hole pairs. Finally, one would expect both the device transconductance 

and the voltage gain to decrease with increasing radiation dose due to 

the negative effect of increased scattering from bulk defects on 

carrier mobility. 

l 
p = [q Un Nd] (3.2) 

In addition, carrier mobilities will also decrease due to 

(3.3) 



CHAPTER 4 

VJFET IRRADIATION 

4.1 Experimental Conditions 

All electrical measurements were carried out in the screen room 

in the Microelectronics Laboratory at the University of Arizona. On 

Resistance, transconductance, and voltage gain measurements were per

formed by photographing the VJFET characteristic curves on a Tektronix 

575 curve tracer and making the appropriate measurements on the photo

graph. Leakage currents were measured using a Keithley Instruments 

model 414 micro-microammeter. Capacitances were measured using a 

Tektronix type 130 L - C meter. 

All irradiations were performed using the University of Arizona 

"TRIGA" reactor under the direction of the reactor supervisor, Harry 

Doane. The reactor power level was 2.5 kilowatts. The total neutron 

energy spectrum for this reactor was not available; however, it had been 

demonstrated in the past that this power level would yield a 1 Mev 

equivalent spectrum with all neutrons having an energy greater than 

10 Kev being counted. The irradiation time was 56.9 minutes per shot, 

yielding a total integrated flux of 8 x 1013 neutrons/cm2 per shot. 

Twenty VJFET's were donated for this work by General instruments, 

inc. Initial characterization data was taken for all twenty devices. 

Five devices were held back as a control group, and the remaining fif

teen devices were exposed to a sequence of four equal neutron doses. 

48 
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After each irradiation, the devices were allowed to "cool" for a mini

mum of twenty-four hours until they were safe for handling. Then the 

characterization measurements were repeated and the next irradiation 

was performed. 

All data points presented represent an average for the fifteen 

devices tested. Two conventions were adopted for the determination of 

transconductance and voltage gain. In the first convention, all measure

ments were made in the vicinity of I^g = 5 mA and Vds - 10 volts. In 

the second convention, all measurements were made using the curves for 

VGS = 2.5 volts and Vqs - -3.0 volts with Ids = 5 mA. 

4.2 Experimental Results 

4.2.1 On-Resistance. 

The on-resistance, Ron* f°r the VJFET is defined as follows: 

R A A VDS on =3 
A  XDS V G S  = 0  ( 4 . 1 )  

With zero gate bias the channel is not totally depleted and the drain 

current is ohmic. Also, for low currents with no gate bias, there is no 

"statically induced" potential barrier in the channel to inhibit current 

flow. Referring to Figure 1, Ron is just the inverse of the slope of 

the first curve. Since the dynamic range of the VJFET is limited by 

Ron# it is desirable to minimize this parameter. A plot of on-resistance 

versus neutron dose is presented in semi-log form in Figure 14. It can 

be seen from this data that Ron increases exponentially with dose for 

total doses below about 2 x 101*1 neutrons/cm2. For doses above 2 x 101** 

neutrons/cm2, Ron increases even more dramatically. By modeling the 
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effect of a neutron fluence as a reduction in majority carrier density 

(doping density) only, one would expect Ron to increase linearly with 

dose. Thus, the observed exponential increase in Ron would seem to 

indicate that the effects on carrier mobility must predominate, since 

each neutron produces on the order of 103 displacements which greatly 

increase carrier scattering. An empirical expression for Ron as a 

function of neutron dose in the low dose region is given by 

Hon = 200 • exp (8.25 x 10-15 • $). (4.2) 

4.2.2 Capacitance. 

The total capacitances between the gate and source terminals 

C__ and the gate and drain terminals C__ were measured as a function 
bD 

of neutron dose and the results are presented in Figure 15. The major 

contribution to both C__ and C__ is simply the junction depletion 
uS GD 

capacitance associated with the gate diffusion. And, in fact, C__ and 
GS 

CGD are equal to within five percent for neutron doses less than 

about 2 x 1011* neutrons/cm2. For higher doses CqD becomes significantly 

less than CGS. This phenomenon may be due to the capacitance associated 

with the depletion regions surrounding the defect clusters in the bulk 

(discussed in section 3.2) being effectively placed in series within 

the gate junction capacitance. Both Cgg and CGD decrease approximately 

linearly with neutron dose. The simple theory of majority carrier 

removal would predict a square-root dependence rather than the observed 

linear dependence for the one-sided abrupt junction case. 
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4.2.3 Breakdown Voltages: 

For this work breakdown voltage was defined as the reverse-bias 

necessary to produce 1.0 yA of current flow. The gate-to-source break

down voltage BV„ was-9.4 ± 0.3 volts for all the measured data 
Go 

points. The gate-to-drain breakdown voltage BV__ was -50.4 ±1.0 volts 
GD 

for all the measured data points. The fact that neither of these 

breakdown voltages changed after a neutron fluence was surprising. 
/ 

For the one-sided abrupt-junction case, breakdown voltage is inversely 

proportional to doping density. Thus, one might expect the breakdown 

voltages to increase as a function of neutron dose. 

4.2.4 Leakage Currents. 

Leakage current was defined as that reverse-biased current 

which is measured when the reverse-bias voltage on the device was set 

to eighty percent of the breakdown voltage. The procedure was to 

measure the breakdown voltage, then reduce the reverse-bias to eighty 

percent of breakdown voltage and measure the current. Both gate-to-

source leakage current I__ and gate-to-drain leakage current I__ were 
bb bU 

measured. The results are presented in Figure 16. Both measured 

leakage currents increase approximately linearly with neutron dose. 

Two out of the fifteen devices had leakages over 100 nA after the 

first irradiation and were not included in the data presented. In 

addition, both currents were measured at a nominal reverse-bias of 

2.0 volts after each irradiation. The leakage current at this low bias 

level also increased steadily with neutron dose. The normal reverse 

current through a p - n junction is dominated by the generation current 
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from the depletion region. As defect centers are generated by a neutron 

fluence in the vicinity of a p - n junction, this generation component 

of the reverse current will increase. Localized areas of very high de

fect density at a p - n junction can also serve as high resistance 

"shunts" through the junction. This effect will result in a steadily 

increasing reverse current even at low bias levels, similar to "piping" 

observed in shallow junction bipolar transistors. 

4.2.5 Voltage Gain. 

The DC voltage gain for the VJFET is defined as follows: 

at I„_ = 5 mA 
DS 

AV D S  V = 10 V 
Convention #1 : m = r-r= 

GS and Av = 0.5V 

A VDS a t  VGS =  ~ 2* 5  t 0  ~ 3*° V  
Convention #2 : m = r— 

GS and IDS = 5 mA 

Convention #1 determines the voltage gain at a bias point that allows 

the gate voltage to vary, while Convention #2 determines the voltage 

gain at a bias point that allows the drain voltage to vary. A plot of 

voltage gain versus neutron dose is given in Figure 17. For Conven

tion #1, after a total dose of 3.2 x 1014 neutron/cm2 the dynamic range 

of the VJFET has been reduced sufficiently such that the gain can no 

longer be determined at the stated bias point. The VJFET is essentially 

dead at this point (See Figure 18). However, by Convention #2 the 
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gain increases linearly with neutron dose, provided there is no 

limit imposed on VDg. 

The equation developed by Ozawa for voltage gain (see Chapter 2) 

depends only on the geometry of the device and, therefore, offers no 

insight into the relationship between voltage gain and neutron dose 

(or equivalently - the doping level). However, consider the following 

argument: At low currents in the VJFET there exists a potential barrier 

in the channel. The drain voltage necessary to "turn on" the VJFET for 

a given gate bias is equal to the height of this potential barrier. 

Now, the potential distribution in the channel is proportional to an 

integral of the charge distribution in the channel, which is just due 

to ionized impurity atoms. A reduction in the doping density in the 

channel will produce a higher potential distribution. Equivalently, 

it will take less gate voltage to establish a given potential barrier 

in the channel. Thus, a reduction in doping density produces an in

crease in the voltage gain. 

This effect explains the increase in gain using Convention #2. 

The eventual decrease in gain using Convention #1 is due to the reduc

tion in dynamic range of the device brought about by the rapid increase 

in on-resistance. 

V 
4.2.6 Transconductance. 

The transconductance for the VJFET is defined as follows: 
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A plot of transconductance versus neutron dose is given in Figure 19. 

Using Convention #1, the device was essentially dead after a total dose 

of 3.2 x 10llf neutrons/cm2. For both measurement conventions the trans

conductance decreases with neutron dose, although decreasing somewhat 

less drastically for Convention #2. 

The predominant mechanism affecting the transconductance is the 

exponentially increasing on-resistance which drastically reduces the 

dynamic range of the device and is a direct result of carrier removal 

in the channel and mobility reduction due to scattering from defect 

centers in the bulk. 
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CHAPTER 5 

DISCUSSION AND CONCLUSIONS 

The VJFET was initially thought to possess the potential for 

superior radiation hardness since it is a majority carrier device. 

Such does not seem to be the case. Space-charge-limited current flow 

is severely inhibited by the presence of bulk defects and trapping 

centers which limits the survivability of the VJFET in a nuclear radia

tion environment. Furthermore, the VJFET is not readily compatible with 

dielectric isolation technology which is normally employed to increase 

the hardness of a process to ionizing radiation. 

5.1 Comparison of Radiation Hardness 

of VJFET's with Other transistors 

The radiation hardness of the VJFET appears to be only roughly 

equivalent to bipolar transistors [61] and is certainly inferior to 

modern JFET's which can withstand neutron doses on the order of 1015 

neutrons/cm2 [62]. The major limiting factor for the VJFET is the 

on-resistance which increases exponentially with neutron dose. The 

usual procedure for making the JFET radiation tolerant is to heavily 

dope the channel. This technique will not work for the VJFET because it 

would severely reduce the voltage gain of the device. In addition, the 

presence of carrier trapping centers in the bulk severely limits the 

ability of a semiconductor to support space-charge-limited currents. 

61 
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The poor performance of the VJFET relative to the JFET in a radiation 

environment is further proof that SCL current flow is a major part of 

the current conduction mechanism in the VJFET. 

McNichols and Ginell have reported on n-channel GaAs JFET's [63]. 

They demonstrated that the GaAs JFET can withstand neutron doses greater 

than 1015 neutrons/cm2 provided that the channel is doped greater than 

1017 donor atoms/cm3. Rieden has reported on the effects of neutron 

irradiation on I2L technology [64]. The work was conducted using a 

5-gate ring oscillator fabricated using Texas Instruments' "Second-

Generation-Oxide-Separated" I2L process. He found that a dose of 

lO1* neutrons/cm2 was sufficient to increase the gate delay by 50 per

cent. Long has presented a state-of-the-art review of radiation hard 

processes [65]. He reports the following failure thresholds for neutron 

doses: Fairchild's TTL LSI process - 1 x lO14 neutrons/cm2; Fairchild's 

ECL 100K series process - 1 x 1015 neutrons/cm2; and RCA's MOS processes-

1 x 1015 neutrons/cm2. MOS technologies are not greatly affected by 

neutron doses up to 1015 neutrons/cm2 because they are a majority carrier 

device and they occupy only a small fraction of the bulk semiconductor 

volume. In a nuclear radiation environment, MOS devices usually fail 

due to the ionizing radiation which always accompanies a neutron exposure. 

As a result, MOS processes are generally characterized in terms of the 

total ionizing radiation dose (gamma rays) that results in device or 

circuit failure. This total dose is expressed in units of "rads". 

One rad is the amount of ionizing radiation necessary to deposit 100 

ergs of energy in one gram of a given material. Thus, specification 

of total dose requires specification of the irradiated material as well. 
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Harris Semiconductor has a "metal gate CMOS - compatible complementary 

bipolar - dielectrically isolated" process for which the bipolar 

functions can withstand 1 Mrad and the CMOS functions can withstand 

10 Mrad [66]. it is also interesting to note that since MOS processes 

are relatively insensitive to neutron fluences, one can actually make 

use of moderate neutron doses (5 x 1013 - to - 2 x 10lf* neutrons/cm2) 

to reduce sufficiently the current gain of the parasitic vertical npn 

and pnp in bulk CMOS circuits to prevent latch-up [67]. 

5.2 Discussion of Radiation Damage Mechanisms 

When a semiconductor is exposed to a neutron fluence, the result 

is semi-permanent damage to the crystal lattice. Localized damage re

gions resembling "trees" are formed along the path of the primary knock-

ons as the crystal absorbs the energy of the incoming neutrons through 

deformation. These localized damage regions serve as trapping centers 

for majority carriers. Thus, some charge carriers are rendered unavail

able for conduction. This effect can be modeled as a net reduction in 

doping density, although a more accurate approach is to model one or 

more discrete energy levels within the forbidden band gap of the semi

conductor. As majority carriers move through the crystal lattice with 

some net drift velocity V due to an applied electric field E, they will 

experience an increased randomization of their individual velocity 

vectors due to increased scattering by the damaged regions in the 

crystal. Thus, the coefficient that relates the magnitude of the drift 

velocity to the magnitude of the applied electric field, namely mobility, 

will decrease [68]. Most all electrical effects from a neutron fluence 
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can be accounted for by these changes in doping concentration and 

mobility. In addition, the general "quality" of all p - n junctions will 

deteriorate due to increased reverse-biased leakage currents resulting 

from trapping sites acting as active generation centers within the de

pletion region. 

The observed changes in VJFET parameters as a function of neu

tron dose ranged from predictable to surprising. The increase in gate 

leakage currents was expected. The fact that breakdown voltage remained 

unchanged was surprising. If the observed junction breakdowns were 

governed by junction avalanche, then one would predict a dependence 

of ND-1. If the observed breakdowns were the "punch-through-limited" 

type, then one would predict a dependence of ND**4, since this is the 

dependence of junction depletion width for the one-sided abrupt junction 

case. Neither effect was observed. 

The decrease in measured capacitances is explainable in terms 

of a decrease in effective doping density. Since the drain is the back

side of the chip for the VJFET, C„ is necessarily more sensitive to 
GD 

bulk phenomena. Each defect cluster in the bulk consists of a central 

core region of trapped majority carriers surrounded by a depletion 

region, necessary to maintain overall charge neutrality in the bulk. 

Thus, there is a capacitance associated with each defect cluster. The 

fact that C__ decreases more rapidly with neutron dose than C would 
GD V99 

seem to indicate that this additional capacitance in the bulk is placed 

in series with the gate junction capacitance. 

The most sensitive parameter to neutron dose was R , which 
on 

increased exponentially. This result cannot be predicted from the 
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simple theory of a linear reduction in both doping concentration and 

mobility with increasing neutron dose. Since movement of charge 

carriers through the channel of the VJFET depends only on drift and 

not diffusion, this device will be very sensitive to bulk carrier 

mobility degradation. Also, since the channel of the VJFET is 

"depleted" for normal operation, and since the device depends on 

SCL current flow, the charge density available for conduction is not 

determined by the doping density of the channel, but rather by the 

crystal's ability to maintain an injected space-charge density. This 

ability is severely degraded by the presence of bulk defects. The net 

effects on both mobility and space-charge density result in an expo

nential dependence on neutron dose. 

Transconductance was observed to decrease linearly with neutron 

dose. The dose necessary to reduce gm by 50% was roughly 1.5 x 1011* 

neutrons/cm2 regardless of the measurement convention. This result can 

readily be accounted for by a linear decrease in mobility (and, therefore, 

channel conductance) with increasing neutron dose. Although no widely 

accepted form for the equation expressing VJFET transconductance as a 

function of the terminal currents and voltages exists, one can quali

tatively state that gm is linearly dependent on mobility. 

The effects on voltage gain were quite different for the two 

measurement conventions considered. Using Convention #1, m increased 

by roughly 10% after the initial dose of 8 x 1013 neutrons/cm2 and 

then decreased linearly for subsequent doses. Using convention #2, 

m increased linearly for all irradiations. Convention #1 would seem 

to have more utility since it specifies voltage gain at a constant 
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drain bias point. The effect of the first irradiation would appear to 

be equivalent to a net reduction in channel doping density, because 

reducing in the channel is one processing technique for increasing 

the voltage gain. The decrease in nt for subsequent irradiations was 

due to two effects. First, the dynamic range of the device decreased 

with increasing dose, forcing the measurement of m at lower values of 

gate bias. Second, the introduction of defect clusters in the bulk, 

with their associated trapped charge and surrounding depletion region, 

perturbed the potential distribution in the channel which further 

degraded the voltage gain. After the fourth irradiation (total $ = 

3.2xi01',neutrons/cm2) the VJFETS were essentially dead. The character

istic curves fell well below the stated bias point for the measurement 

of m using Convention #1. 

5.3 Recommendations 

Although this first pass look at the "permanent" effects of 

a neutron fluence on the performance of the VJFET is not encouraging, 

it does not mean that further research is not warranted. No attempt 

was made to "recover" the characteristics of the VJFET after a neutron 

fluence by thermal means or otherwise. No measurements were made of the 

transient effects on the device due to ionizing radiation. Nor were 

any of the high frequency characteristics of the device studied. These 

areas are all prime candidates for further study. 

In addition, it might be worthwhile to compare the various 

VJFET designs reviewed in Chapter 2 with respect to radiation tolerance. 

Finally, one could investigate the use of the VJFET as a memory element 
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[69] with respect to its susceptibility to alpha-particle-induced 

soft errors. 

In conclusion, the history of the development of the VJFET has 

been presented. Although the device is a relatively new one, the de

velopment of the underlying principles for VJFET operation can be traced 

back almost 40 years. Current understanding of VJFET operation involves 

a superposition of thermal injection of majority carriers over a poten

tial barrier at low currents and space-charge-limited injection of 

carriers at higher currents. There are many competing designs of the 

VJFET (or Static Induction Transistor) and the choice of design depends 

on the application. The radiation tolerance of the device appears to 

be mediocre, but further characterization of the device's behaviour in 

a radiation environment should be made before final judgement is passed. 

Although its initial use was limited to audio applications, the VJFET's 

potential for high speed, high frequency, and high power applications 

insures that the VJFET will be a viable semiconductor device in the 

years to come. 



68 

REFERENCES 

[1] W. Shockley, "Transistor Electronics: Imperfections, Unipolar and 
Analog Transistor," Proc. I.R.E., vol. 40, pp. 1289-1313, Nov.(1952). 

[2] R. W. Warner and J. N. Fordemwalt, ed., "Integrated Circuits, Design 
Principles and Fabrication," McGraw-Hill Book Co., New York, 
pp. 42-43, 1965. 

[3] P. E. Gray, D. Dewitt, A. R. Boothroyd, and J. F. Gibbons, Physical 
Electronics and Circuit Models of Transistors, John Wiley and Sons, 
Inc., New York, 1963. 

[4] W. Shockley, "The Theory of p-n Junctions in Semiconductors and p-n 
Junction Transistors," Bell Sys. Tech. Jour., vol. 48, p. 435, 
(1949). 

[5] N. F. Mott and R. W. Gurney, Electronic Processes in Ionic Crystals, 
Clarendon Press, Oxford, pp. 168-173, 1940. 

[6] M. A. Lampert and P. Mark, Current Injection in Solids, Academic 
Press, New York, 1970. 

[7] W. Shockley and R. C. Prim, "Space-Charge-Limited Emission in 
Semiconductors," Phys. Rev., vol. 90, No. 5, pp. 753-758, June 
(1953). 

[8] G. C. Dacey, "Space-Charge-Limited Hole Current in Germanium," 
Phys. Rev., vol. 90, No. 5f pp. 759-763, June (1953). 

[9] S. Denda and M.-A. Nicolet, "Pure Space-Charge-Limited Electron 
Current in Silicon," J. Appl. Phys., vol. 37, No. 6, pp. 2412-
2424, May £1966). 

[10] R. W. Smith and A. Rose, "Space-Charge-Limited Currents in Single 
Crystals of Cadmium Sulfide," Phys. Rev., vol. 97, No. 6, pp. 1531-
1537, March (1955). 

[11] A. Rose, "Space-Charge-Limited Currents in Solids," Phys. Rev., 
vol. 97, No. 6, pp. 1538-1544, March (1955). 

[12] M.-A. Lampert, "Simplified Theory of Space-Charge-Limited Currents 
in an Insulator with Traps," Phys. Rev., vol. 103, pp. 1648-1656, 
Sept. (1956). 



69 

[13] R. W. Smith, "Properties of Deep Traps Derived from Space-Charge-
Limited Flow and Photoconductive Decay," RCA Rev., vol. 20, 
pp. 69-78, March (1959). 

[14] M.-A. Lampert, A. Rose, and R. W. Smith, "Space-Charge-Limited 
Currents as a Technique for the Study of Imperfections in Pure 
Crystals," J. Phys. Chem. Solids, vol. 8, pp. 464-466, Jan.(1959). 

[15] A.Many and G. Rakavy, "Theory of Transient Space-Charge-Limited 
Currents in Solids in the Presence of Trapping," Phys. Rev., 
vol. 126, pp. 1980-1988, June (1962). 

[16] M.-A. Lampert and F. Edelman, "Theory of One-Carrier, Space-
Charge-Limited Currents Including Diffusion and Trapping," J. Appl. 
Phys., vol. 35, No. 10, pp. 2971-2982, Oct. (1964). 

[17] A. Rizzo, G. Micocci, and A. Tepore, "Space-Charge-Limited Cur
rents in Insulators with Two Sets of Traps Distributed in Energy: 
Theory and Experiment," J. Appl. Phys., vol. 48, No. 8, pp. 
3415-3424, Aug. (1977). 

[18] A Rizzo, C. DeBlasi, S. Galassini, G. Micocci, and A. Tepore, 
"One-Carrier Space-Charge-Limited Currents in Solids with Two 
Sets of Traps Distributed in Energy: Two Particular Cases," 
J. Appl. Phys., vol. 49, No. 6, June (1978). 

[19] M.-A. Lampert and P. Mark, op cit, Chapter Four. 

[20] N. J. Anderson and B. Meltzer, "Noise Smoothing Factors in Insu
lator Diodes," J. Electron. Control, vol. 11, pp. 111-113, Aug. 
(1961). 

[21] J. Shao and G. T. Wright, "Characteristics of the Space-Charge-
Limited Dielectric Diode at Very High Frequencies," Solid-State 
Electron, vol. 3, pp. 291-303, Nov. (1961). 

[22] W. Ruppel and R. W. Smith, "A CdS Analog Diode and Triode," 
R.C.A. Review, vol. 20, pp. 702-714, Dec. (1959). 

[23] E. S. Rittner and G. F. Neumark, "Theory of Surface Gate Di
electric Triode, "Solid-State Electron., vo. 9, pp. 885-898, 
(1966). 

[24] R. Zuleeg, "CdS Thin-Film Electron Devices," Solid-State Electron., 
vol. 6, pp. 193-196, (1963). 

[25] See also: G. F. Neumark and E. S. Rittner, "Transition from 
Pentode - to Triode-Like Characteristics in Field Effect Tran
sistors," Solid State Electron, vol. 10, pp. 299-304, (1967). 



70 

1.26] R. Zuleeg, "A Silicon Space-Charge-Limited Triode and Analog 
Transistor," Solid-State Electron., vol. 10, pp. 449-460, 
(1967) 

[27] S. Denda and M.-A. Nicolet, op cit. 

[28[ J-I Nishizawa, T. Terasaki, and J. Shibata, "Field-Effect Tran
sistor versus Analog Transistor (Static Induction Transistor)," 
IEEE Trans. Elec. Dev., vol. Ed-22, No. 4, pp. 185-197, April 
(1975). 

[29] Kr Takagi, K. Tazunegi, and A. von der Ziei, "Noise in Triode-
Like JFET's," IEEE Trans. Elec. Dev., vol. Ed-26, No. 6, pp. 997-
980, June (1979). 

[30] A. S. Grove, Physics and Technology of Semiconductor Devices, 
John Wiley and Sons, Inc., New York Chapter 8, 1967; G. G. 
Streetman, Solid State Electronic Devices, Prentice-Hall, Inc., 
Englewood Cliffs, pp. 285-293, 1972; D. G. Hamilton and W. G. 
Howard, Basic Integrated Circuit Engineering, McGraw-Hill Book Co., 
Chapter 5, 1975; J. M. Feldman, The Physics and Circuit Properties 
of Transistors, John Wiley and Sons, Inc., New York, Chapter 9, 
1972. 

[31] J. Grosvalet, C. Motsch, and R. Tribes, "Physical Phenomenon Re
sponsible for Saturation Current in Field Effect Devices," Solid-
State Electron., vol. 6, pp. 67-69, 1963. 

[32] D. P. Kennedy and R. R. O'Brien, "Electric Current Saturation in 
a Junction Field Effect Transistor," Solid-State Electron., 
vol. 12, pp. 829-830, 1969. 

[33] J. R. Hauser, "Characteristics of Junction Field Effect Devices 
with Small Length-to-Width Ratios," Solid-State Electron., vol. 
10, pp. 557-587, 1967. 

[34] C. Kim and E. S. Yang, "An Analysis of Current Saturation 
Mechanism of Junction Field-Effect Transistors," IEEE Trans. 
Elec. Dev., vol. 17, No. 2, pp. 120-127, Feb. (1970). 

[35] K. Lehovec and R. S. Miller, "Field Distribution in Junction 
Field-Effect Transistors at Large Drain Voltages," IEEE Trans. 
Elec. Dev., vol. ED-22, No. 5, pp. 273-281, May (1975). 

[36[ S. A. Roosild, R. P. Dolan, Jr., and D. 0"Neil, "A Unipolar 
Structure Applying Lateral Diffusion," Proc. IEEE, vol. 51, 
pp. 1059-1060, July (1963). 



71 

[37] J. Nishizawa, T. Terasaki, and J. Shibata, "Field-Effect Tran
sistor Versus Analog Transistor (Static Induction Transistor)," 
IEEE Trans. Elec. Dev., vol. ED-22, No. 4, pp. 185-197, April 
(1975). 

[38] 0. Ozawa, H. Iwasaki, and K. Muramoto, "A Vertical Channel JFET 
Fabricated Using Silicon Planar Technology," IEEE J. Solid-State 
Circuits, vol. SC-11, No. 4, pp. 511-518, Aug. (1976). 

[39[ J. L. Morenza and D. EsteVe, "Entirely Diffused Vertical Channel 
JFET: Theory and Experiment," Solid-State Electron., vol. 21, 
pp. 739-746, 1978. 

[40[ 0. Ozawa and H. Iwasaki, "A Vertical FET with Self-Aligned Ion-
Implanted Source and Gate Regions," IEEE Trans. Elec. Dev., 
vol. ED-25, No. 1, pp. 56-57, Jan. (1978). 

[41] G. F. Neumark and E. S. Rittner, op cit. 

[42] C. Kim and E. S- Yang, "Carrier Accumulation and Space-Charge-
Limited Current Flow in Field-Effect Transistors," Solid-State 
Electron., vol. 13, pp. 1577-1589, 1970. 

[43] K. Yamaguchi, T. Toyabe, and H. Kodera, "Two-Dimensional Analysis 
of Triode-Like Operation of Junction Gate FET's," IEEE Trans. 
Elec. Dev., vol. ED-22, pp. 1047-1049, Nov. (1975); J. L. Morenza 
and D. Estefce, "Vds Voltage Capabilities of a Diffuesed JFET with 
a Vertical-Channel Arrangement," Electron. Lett, vol. 11, pp. 
172-174, 1975; H. Ogawa, A. Abe, and T. Nakajima, "Direct Obser
vation of the Depletion Layer in a Multichannel Vertical JFET 
(MJFET)," Electron. Lett., vol. 11, pp. 223-225, 1975. 

[44] K. Yamaguchi and H. Kodera, "Optimum Design of Triode-Like jFET's 
by Two-Dimensional Computer Simulation," IEEE Trans. Elec. Dev., 
vol. ED-24, No. 8, Aug. (1977). 

[45] O. Ozawa, "Electrical Properties of a Triode-Like Silicon Vertical-
Channel JFET," IEEE Trans. Elec. Dev., vol. ED-27, No. 11, 
Nov. (1980). 

[46] J. A. Geurst, "Theory of Insulated-Gate Field-Effect Transistors 
Near and Beyond Pinch-off," Solid-State Electron., vol. 9, pp. 
129-142, 1966. 

[47] R. J. Brewer, "The Barrier Mode Behavior of a Junction FET at 
Low Drain Currents," Solid-State Electron., vol. 18, pp. 1013-
1017, 1975. 



72 

[48] O- Ozawa, "Temperature Dependence of Triode-Like JFET Drain 
Current after Pinch-off," IEEE Trans. Elec. Dev., vol. ED-24, 
pp. 768-769, 1977. 

[49] 0. Ozawa, 1980, op cit. 

[50] C. Kittel, Introduction to Solid State Physics, John Wiley and 
Sons, Inc., New York, pg. 25, 1976. 

[51] R. G. Rhodes, Imperfections and Active Centres in Semiconductors, 
The MacMillan Company, New York, pg. 12, 1964. 

[52[ H. J. Stein, "Electrical Properties of Neutron-Irradiated Silicon 
at 76°K: Hall Effect and Electrical Conductivity," IEEE Trans. 
Nucl. Sci., vol. NS-15, No. 6, pp. 69-76, Dec. (1968). 

[53] M. Bertolotti, D. Sette, and G. Vitali, J. Appl. Phys., vol. 38, 
pg. 2645, (1967) 

[54] Radiation Effects in Semiconductors, M. L. Swanson, J. R. Parsons, 
and c. W. Hoelke, Ed. J. W. Corbett and G. D. Watkins, Gorden and 
Breach Science Publishers, New York, pg. 359, 1970. 

[55] E. R. Whan, J. Appl. Phys. vol. 37, pg. 3378, (1966); L. J. Cheng 
and J. Lori, Phys. Rev, vol. 171, pg. 856, (1968); and Radiation 
Effects in Semiconductors, op cit, pg. 203. 

[56] R. R. Holmes, "Carrier Removal in Neutron Irradiated Silicon," 
IEEE Trans. Nucl. Sci., vol. NS-17, No. 6, pp. 137-143, Dec. (1970). 

[57] F. G. Wikner, D. K. Nichols, J. Nabor, T. Flanagan, H. Horiye, 
and V.A.J, van Lint, Transient Radiation Effects Final Report, 
DA-49-186-AMC-65(x)-1, Feb. (1967). 

[58] F. Larin, Radiation Effects in Semiconductor Devices, John Wiley 
and Sons, Inc., New York, Chapter 9, . 

[59[ D. L. Curtis, R. F. Bass, and C. A. Germano, Impurity Effects in 
Neutron Irradiated Silicon and Germanium, Nortronics Report 
NARD-65—20R, (November, 1965). 

[60] H. J. Stein and R. Gereth, "Introduction Rates of Electrically 
Active Defects in n- and p-Type Silicon by Electron and Neutron 
Irradiation," J. Appl. Phys., vol. 39, No. 6, pp. 2890-2940, 
May (1968). 

[61] Spratt, Schnable, and Standeven, IEEE J. Solid-State Circuits, 
vol. , No. 1, Feb. (1970). 



73 

[62] W. Shedd, B. Buchanan, and R. Dolan, IEEE Trans. Nucl. Sci., 
vol. NS-16, No. 6, pg. 87, Dec. (1969); W. L. George, IEEE Trans. 
Nucl- Sci., vol. NS-16, No. 6, pg. 81, Dec. (1969). 

[63] J. L. McNichols and w. S. Ginell, "Predicted Effects of Neutron 
Irradiation on GaAs Junction Field Effect Transistors," trkr 
Trans. Nucl. Sci., vol. NS-17, No. 2, pp. 52-54, April (1970). 

[64] R. P. Rieden, "An Experimental Study of Transient Annealing in 
I2L Devices Following Pulsed Neutron Irradiation," IEEE Trans. 
Nucl. Sci., vol. NS-26, No. 6, pp. 4775-4781, Dec. (1979). 

[65J D. M. Long, "State-of-the-Art Review: Hardness of MOS and Bipolar 
Integrated Circuits," IEEE Trans. Nucl. Sci., vol. NS-27, No. 6, 
pp. 1674-1679, Dec. (1980). 

[66] K. A. Ports, "A Process for the Simultaneous Production of Radia
tion Hardened Complimentary Linear Bipolar and Linear Metal Gate 
CMOS Devices," IEEE Trans. Nucl. Sci., vol. NS-27, No. 6, pp. 
1721-1726, Dec. (1980). 

[67] J. R. Adams and R. J. Sokel, "Neutron Irradiation for Prevention 
of Latch-Up in MOS Integrated Circuits," IEEE Trans. Nucl. Sci., 
vol. NS-26, No. 6, pp. 5069-5073, Dec. (1979). 

[68] J. M. Feldman, The Physics and circuit Properties of Transistors, 
John Wiley and Sons, Inc., New York, Chapter 4, 1972. 

[69] Nishizawa, Tamamushi, Mochida, and Nonaka, IEEE J. Solid-State 
Circuits, vol. SC-13, No. 5, pg. 662, Oct. (1978). 


