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ABSTRACT 

Presented in this paper are the results of theoretical study and of 

actual tests on unijunction transistors in a nuclear environment of fast 

neutrons. The investigation of Silicon Control Rectifiers was principally 

restricted to their use with unijunction transistors. 

In the theoretical study, a technique was developed to predict damage 

caused by neutrons. A number of sample unijunction transistors were 

irradiated, then tested, and the results compared with predicted values. It 

was found that the construction of the device was important in determining the 

level of radiation that the device could withstand. This study indicates that 

the monolithic device can be expected to operate in neutron environments 

about five times higher than the bar type device and the Silicon Control 

Rectifiers. 
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CHAPTER I 

INTRODUCTION 

The field of neutron irradiation i* a fairly new field of endeavor. The 

first observation of the neutron took place ir 19:10 and was observed by Bothe 

and Becher [11. At this time, a highly penetrating radiation was found when 

beryllium was bombarded with alpha particles. This radiation was thought to 

be a very short wavelength gamma ray. Not until 1932 did Chadwick [11 show 

that this radiation was a neutrally charged particle called a neutron. This dis¬ 

covery did not have an impact on engineering because at this time the only 

source of neutrons was limited to laboratory generation. 

With the advent of nuclear reactors in 1943 [21 and the atomic bomb in 

1945, the neutron environment became a problem to be considered. Due to the 

highly penetrating characteristics of neutrons, no adequate way of shielding has 

been developed other than that which is prohibitive. A number of studies were 

conducted between 1945 and 19G0 to determine the effects of radiation, and 

The Transient Radiation Effect on Electronics Handbook [3 ) is a summation of 

work done during this period. From these studies it was found that electronic 

equipment employing vacuum tubes could survive in higher levels of neutron 

radiation than man could endure. No appreciable work was done on electronics 
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in a neutron environment until the advent of transistors which were developed 

by Bell Telephone Laboratory in 1948 [4]. These devices depend on a very 

uniform crystalline structure which is very susceptible to damage from 

neutrons [5). 

During the ten-year period from 1948 to 1958, semiconductor devices 

came into widespread use. Turing this same period both the engineers and 

physicists became interested in the effects of neutron damage to semiconductor 

devices. The engineering community studied the effects on particular devices 

as exemplified by The Boeing Company 16-9], while the physicists studied the 

damage mechanism in the semiconductor material. 

la 1951 James and Lark-Horavitz developed a defect-energy-level 

model [10] which permitted work on the effect of neutrons on the conductivity 

of semiconductor material, and Vovilov [11 ] worked in the minority carrier 

lifetime. In 1962 [12] these two disciplines were merged. Larin [131 of 

Bendix Company, using this combination, developed a technique for predicting 

radiation effect. 

The work in this thesis is closely aligned with the work done by Larin. 

The technique for predicting damage to transistors and diodes is used as a 

model to develop a technique to predict displacement damage to unijunction 

transistors caused by neutrons. To evaluate this technique, a number of 

devices were irradiated and the results compared with these predictions. 

In this paper a technique is developed that allows the prediction of 

changes in the operating characteristics of the unijunction transistor and the 
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Silicon Control Rectifier (SCR) due to neutron irradiation. A network model 

is developed for the unijunction transistor, and this model is compared with 

empirical data and then modified to account for the differences. This network 

model is then used in predicting circuit operations. 



CHAPTER II 

THEORY OF SOLID-STATE DEVICES 
AS RELATED TO RADIATION DAMAGE 

A. General Theory of Solid-State Devices 

The devices considered in this paper were made of a silicon base 

semiconducting material. In order to facilitate the discussion of these 

devices, a brief presentation of solid-state theory is included as developed by 

Van der Zicl's |1-1] interpretation of radiation. Larin's damage theory [13) 

is also included. 

The four electrons in the outer shell of silicon are shared with other 

atoms in covalent bonds. These electrons are usually found in the valence 

band, but energy can be added to drive these electrons into the conduction 

band. Energy to raise the electrons to the conduction band can originate from 

a number of sources. The most important of these sources are thermal, 

electro-magnetic, and nuclear radiation. When an electron is raised to the 

conduction band, a positive charge (hole) is left by the absence of the electron. 

Two current carriers are then available and such a process is termed hole- 

electron pair generation. The reverse action is called recombination. 

In pure uncharged silicon, the number of electrons must equal the 

number of holes and is given as 
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The number of carriers available is directly dependent on the tempera¬ 

ture, and the carrier concentration for a particular temperature is dependent 

on the dopant added to the silicon. Both P and N types of doping material are 

commonly used. The N type dopant causes the silicon to have an excess of 

electrons whereas the P type produces an excess of holes. 

If the case is considered where a chip of silicon has been doped with an 

element to produce an excess of electrons and there is sufficient energy avail¬ 

able for these electrons to be in the conduction band, the electrons in the con¬ 

duction band can then be attributed directly to the doping element. A large 

number of electrons results, which consequently raises the recombination rate. 

Since \ must remain constant, the number of holes is reduced from the 

intrinsic v alue as indicated by the following relation: 

Nj = f (number of holes) (number of electrons) l2 . (2-2) 

Equation (2-2) applies for both intrinsic or doped silicon. 

Imperfections in the silicon crystal lattice allow electrons to obtain 

energy levels which lie between the valence band and the conduction band which 

is called the forbidden band. " These imperfections can be built in at the time 

of manufacture or can be caused by radiation displacement damage. These 

imperfections or defects are the center of hole-electron pair generation and/or 

recombination. The lifetime of a carrier (hole or electron) is dependent on 

the number of these defects in the silicon lattice. 



This is an important concept because the carrier lifetime is propor¬ 

tional to the number of defects and in turn to the radiation dose received. 

The Shockley-Read-Hall [13] theory is used to determine the electrical 

behavior of these defects. The equation can be written for electrons in P type 

material as [13] 

At thermal equilibrium 

dN % 
dt ' 8 ’ r g 

n 

dN 
dt 

N R . 
P n 

(2-3) 

and the minority carrier concentration N is given as 
po 

N = _g_ 

po R (•>-4) 

The nonequilibrium condition of minority carriers conforms to the following 

equation 

where 

N + AN ... 
dN _ po__ AN 
dt K T T 

n n 

AN = N - N 
P po 

(2-5) 

and a solution to equation (2-5) can be shown to be 

AN(t) = AN e 
o (2-6) 

At t = 0, AN = AN . 
o 

Í 



Equation (2-6) permits the prediction of radiation effects on recombina¬ 

tion and generation rates in a silicon base. Defects thus indicate a measure 

of neutron damage. The number of defects produced by radiation is propor¬ 

tional to radiation cumulative dose. After irradiation the recombination rate 

per carrier can be expressed as [13] 

R = Ro + K0 . (2-7) 

The radiation damage coefficient K is appropriately named "coefficient” 

because it varies from device to device and is dependent on doping levels, 

temperature, and radiation energy. A device which depends on a low rate of 

recombination would be seriously affected by radiation. 

The motions oi carriers through semiconductors are of two types, 

diffusion and drift. Carrier diffusion is random and takes place in the absence 

of an electric field. The type of motion that occurs in the presence of an 

electric field is called drift. 

The velocity of the carrier in the electric field is given as 

Vo = V ‘ <2-8) 

The mobility is a function of doping levels. 

When the electric field becomes excessively large, the velocity 

reaches a maximum of 8.5 ^ 106 centimeters per second; however, in most 

devices, the fields are sufficiently small to prohibit the velocity from near¬ 

ing saturation. 

The current passing through an area A can be expressed as 

In = QANíw (2-9) 
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foi’ electrons and 

I = qAPjJ f 
p P 

(2-10) 

for holes. 

The total current due to the motion of both holes and electrons can be 

expressed as the sum of equations (2-9) and (2-10) 

1 = 1.1 <2-n> 
n P 

1 = qA^N * ^I’). . 

Since < = v/l, where f is the length and V is the applied voltage, the current 

can be expressed as 

I = qA(gnN - PpP)y • 

The resistance of the silicon can be calculated by rearranging 

(2-13) 

equation (9-13) 

R 
V 1 (2-14) 
I * q(P„N * h/') 

From the simple equation defining resistance for a uniform geometry of 

resistivity p 

R = 
pt 

X ’ 
(2-15) 

and equation (2-14) the resistivity can be determined to be 

_1 (2-16) 

P = t»N * V) 
In the absence of an electric field, the current is proportional to the 

gradient of the carrier concentration. The electron current is a linear 
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function of gradient and is given as 

(2-17) 

where D is the diffusion constant. The diffusion constant is similar to 

mobility in that they both describe the carrier's ability to move through the 

medium. These two constants are related to each other by Einstein's 

equation 

(2-18) 

The concept that is important to this study is the diffusion length. The 

diffusion length is the distance that the minority carrier can travel before it 

recombines with a major carrier. This is expressed as 

L“ - D T . (2-19) 

It is significant to describe the operation of a diode. Important in the 

understanding of the diode operation is the involvement of the diffusion current 

at the junction boundary. This current at the boundary can be determined if 

the gradient of the minority carrier concentration is known. The minority 

carrier concentration is computed by use of the Boltzmann relation. The diode 

behavior can be calculated from 

dN 
n dX ‘lx = o - (2-20) 

X 0 

where X is the displacement from the junction. 

The differential equation for the carrier concentration as a function of 

time can be written as 

9 



T 
(2-21) 

where the electric field t is zero. 

The solution to equation (2-21) is a complex hyperbolic function which 

can be simplified for two cases. In the first case, the width W is large in 

comparison with the diffusion length L, and in the second case, the width is 

small. The first case has an exponential solution, whereas the second has a 

linear solution. 

Equations (2-20) and (2-21) have solutions which reduce to 

(2-22) 

where L « W. 

(2-23) 

where W « L. 

Equation (2-22) can be combined with the general diode equation, 

(2-24) 

to yield 

ard 
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By adding equations 2-2.¾ and 2-25b equation 2-26 is obtained. 

I = qA -P-P2 + JL™ 
q I W W 

D N DP 

P n 
(2-26) 

In power diodes, the width is not small in comparison with the diffusion 

length, and the equation for 1 must be modified by replacing W with the appro¬ 

priate diffusion length L. 

In many applications, the next logical item of discussion is the low cur¬ 

rent injection mode; however, in the application of this paper only the high 

current injection mode need be considered. The difference between low injec¬ 

tion and high injection is the relation between the number of minority carriers 

and the impurity concentration. When the number of carriers approaches the 

impurity concentration, the device goes into the high injection mode. 

There is one high injection characteristic that is of particular interest 

in the study of unijunction transistors and SCR’s in a neutron environment, 

saturation resistance. The number of minority carriers controls this charac¬ 

teristic and is affected directly by radiation. 

The conductivity of a silicon device can be expressed as (14 ] 

(2-27) 

Although this is a low injection equation, it can be modified for high injection. 

At high injection, an increase in the minority carriers causes an increase in 

majority carriers. The above equation can be modified to read: 

11 



(2-28) 
'[yN * 

or 

c = ifv'’ 4 Mn(ND * AP)] 1 
depending on the type of semiconductor material. 

Since 

(2-29) 

» 
n 

2.5 

equation (2-29) can be reduced to 

a = a + 1.4q¿¿ AN , (2-30) 
o n 

where a is the low injection conductivity, 
o 

It then follows that the resistivity can be expressed as 

1 

P = <7 + 1.4 q^i AN 
o n 

(2-31) 

Because of the uniform geometry of the semiconductor material, its resistance 

can be conveniently expressed as 

Resistance = 
PL 

A * 

The unijunction transistor power diodes and SCR's are operated in the 

high injection mode. A unijunction transistor operates in a manner similar to 

that of a power diode. The voltage drop across a power diode conducting in the 

forward direction is a function of doping levels, current, and diffusion length. 

If the diffusion length is long in comparison with the width of the region, the 

diode can be expected to have a low voltage drop. The voltage can then be 

expressed as 

12 



2qADN. • (2-32) 
q 

As diffusion length is decreased, the current that the diode is carrying 

must pass through a resistance: The diffusion length is then a direct function 

of minority carrier lifetime. 

L2 = Dnrn (2-33) 

When rn is the minority carrier lifetime, a transistor can be considered 

as two back-to-back diodes and consists of three layers of doped silicon. 

For the purpose of the following discussion, an N-P-N transistor is 

chosen ior consideration. A junction which forms a diode exists between each 

of the areas. The purpose of such a three-layer device is to control a large 

current from the emitter to collector with a small base current. Electrons 

must move from the N region at the emitter to the N region at the collector 

without recombining in the base. The time for this transition is called the base 

transit time t^. Multiplication of base transit time and recombination rate 

yields the probability of recombination occurring |13). 

The common emitter gain Hfe can then be expressed as 

H - 1 . (2-34) 

As a function of neutron radiation Hfc can be expressed as 

H 1 . (2-35) 
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The current-gain bandwidth product f(t) is given as 

fit) (2-36) 

and is the frequency for which the common emitter current gain equals unity. 

These expressions are necessary for the discussion of SCR’s. 

B. The Unijunction Transistor 

There are two general constructions of unijunction transistors, the 

monolithic and the bar types. Both types operate in similar manner. The 

unijunction transistor consists of a single diode junction with two ohmic con¬ 

tacts on the P or N type material. 

For the sake of simplicity, consider the unijunction to be constructed as 

shown in Figure 1. The P type material is implanted in the N type material at 

a point such that i, is about 80 percent of i2. This forms the single diode 

junction which is treated as a point contact. If a voltage Vbb is applied between 

contacts B2 and Bl, an electric field is established between the ohmic contacts. 

Figure 1. Physical Model of Unijunction Transistor 

14 



A voltage is produced at the junction as a result of this applied field and is 

dependen, on the relation of f 2 and 1,. This voltage can be expressed as 

(2-37) 

where 

t , f 0 
R, = —1 and R2 = —. 

1 (tA í (tA (2-38) 

As long as the voltage applied to the P type material is less than 

plus the built-in diode voltage V^, current will not flow from the source driv¬ 

ing V except for leakage. When the voltage applied to V reaches the same 
0 C 

level as V. + V,, a current flow's into the diode junction. This current 
f d 

causes holes to be injected into the N type material which reduces the resis¬ 

tance in the N type material, and, in turn, allows more holes to be injected. 

This process continues until the lower part of the N type material is flooded 

with injected holes, producing a condition termed saturation. The exact value 

of resistance that remains in the unsaturated area is dependent on the carrier's 

lifetime and injected hole current. The unijunction transistor in this configura¬ 

tion can be considered the same as the power diode case. 

A network analogy model of this device is shown in Figure 2. 

Figure 2. Network Analogy Model of Unijunction Transistor 

15 



The variable resistor R represents the resistance of the area to be 

saturated. The equations of this circuit are written as 

kVe = Vd + (il " Í2)R 

+Vbb = (i2 - il)R * »2^1 

where R - 1.5 kilohms and V . = 0.7 volt. 
d 

It then follows that equation (2-39) can be solved for i,. where 

K is 103. 

(2-39) 

»1 = 

VR + 1.5 kV - 0.7R - 0.7(1.5k) - V ,R 
__bb 

1.5 kR (2-40) 

Equation (2-40) can be used to obtain the value of V 

ij(1.5kR + 0.7R2 4 1.05k J V R,) 
y =___ bb 

e R2 4 1.5 k (2-41) 

These network equations are combined with the damage equations in 

the next chapter producing the predicted operating characteristics. 

16 
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CHAPTER III 

\ 

» 

PREDICTED RADIATION DAMAGE 

A. Unijunction Transistor Damage 

I he unijunction transistor can be broken into four elements; these are 

U ? diode junction, resistance R,, saturated resistance R2, and unsaturated 

resistance R3. The diode junction and resistance R, are affected by radiation 

but at much higher radiation levels than will affect the saturation resistance. 

In the following discussion, it is assumed that R, is fixed and that the junction 

voltage of the diode is also fixed at about 0. G volt. 

When a voltage is applied to the diode ( Figure :i), and when this 

voltage reaches or exceeds the voltage developed across the X type material, 

the diode becomes forward biased and a current flows into the diode. This 

current causes holes to be injected into X type material. The number nf holes 

injected and the diffusion length determines the value of R2 and R.,. There was 

Figure .‘i. Saturation Resistance Model 

17 
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an attempt to calculate the value of R2 from the theory, but it did not result in 

a meaningful conclusion. This resistance was calculated from measured data. 

R3 is caused by the unsaturated volume through which the combined currents 

flow. The holes injected by the diode current follow an exponential decay 

toward the ohmic contact B, where electrons are injected into the N type 

material; thus indicating that the hole concentration must fall off very quickly 

in this area ( Figure 4). Hole concentration decay leaves an area of high 

resistance for the combined currents to flow through. Such high resistance is 

termed the unsaturated resistance and is indicated as R3. 

DIODE 

E 
P 
< 

z e 
u 
i 
u DOPING 

LEVEL 

OHMIC 

CONTACT 
B1 

Figure 4. Charge Distribution in the Unijunction 

Five 2N491B transistors were selected at random. One unit was dis¬ 

assembled, and its dimensions were measured. A sketch of the unit with the 

measurements is shown in Figure 5. All dimensions are in mils. 

/ V \ 
The intrinsic standoff ratio(-—£-] was found to be 0.66 and the length w 

60 mils. When the diode voltage of 0.6 volt was removed, the length of the 

material available for saturation was calculated to be 36 mils. In the metric 
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/ 60 MILS / 

“ IMPLANTED DIODE JUNCTION 

Figure 5. Bar Unijunction Transistor with Dimensions 

system, the area is equal to 7.45 x lo-1 square centimeters and the length 

9 x io-2 centimeters. 

The doping level N , 1.25 x lo" atoms per square centimeter, and 

the lifetime r, 10"4 seconds, v/ere obtained from the material. From the 

graph in Larin's [13] paper, the mobility of the holes p was found to be 
p 

0.5 x io* square centimeters per volt-second. The diffusion constant can 

then be determined as 

The diffusion length can thus be calculated as 

L 

A comparison of the diffusion length, 3.6 x io-2 centimeters, with the 

region available for saturation, 0.0 x is"2 centimeters, shows that the dif¬ 

fusion length is the smaller. 

It has been assumed that the concentration of holes at the point where 

the rapid decay begins is equal to the hole concentration that would exist at 

this point if there were no ohmic contact to disrupt the distribution. 

The current injected at the diode junction was calculated and found to be 
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(3-3) , 2t'AVp<») I = ——^-amp , 

P 

where 

■H q = 1.6 V 10' 

A = 7.43 V 10'1 cm2 

D - 13 ——- 
p see 

The concentr ration of injected holes ^AI\0) J can bc cxPressed as 

II. 

AP ^r (3-4) 
(0) 3.1 N IIT 

The concentration of holes as shown in Figure 4 decreases exponentially 

and can be expressed as 

1.2L 
p r- _^p e 

(X) (0) 
(3-5) 

Equation (3-5) can then bc used to calculate the apparent hole concen¬ 

tration at the ohmic contact 

0.09 
‘ 1.2L 

e P . (3-6) 
IL 

(9 X 10"2) “ 3.1 X 10' 

It is first necessary that a determination be made of the length of the 

unsaturated region. In doing so, it is assumed that the decay from the injected 

hole concentration to the normal hole concentration is of the exponential form. 

Additionally, it is assumed that the saturation of the N type material ceases at 

a level of ten times the doping level or about 1.25 x 1015. The decay can then 

be expressed as 
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Y 

1.25 y lo,s 

and the resistance as 

I* "> \ 1 - e cj X itrV 
0.015 

(.‘1-7) 

R 
Y 

qu NA ’ 
ni) 

C’-S) 

where 

* 1*45 s 10* and \^= 1.25 x io" 

The values of and N^ are assumed constant over the radiation levels ofe 

eern. The resistance of the unsaturated region R can then be expressed as 

(’-9) 

on- 

0,075 

n i ¢03 e,, 11 . ^ ' 10" c Li> 
IL t (3-10) 

Under condition of no radiation, a plot of the above equation can be repre¬ 

sented as in Figure G. 

The next problem was to determine a model for the saturated resistance; 

this was accomplished by empirical means. The four unijunction transistors 

previously referred to were tested on a transistor curve-tracing oscilloscope 

using the circuit shown in Figure 7. 

The dynamic impedance of the transistors was measured at different 

current levels. These data were averaged and plotted on log-log paper and it 

was found that a straight line offered the best approximation of these points, as 

shown in Figure 8. A mathematical expression for the line was found to be 

£n R = -0. 7G8£n I 4 0.735 . (3-11) 
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Figure 6. Unsaturated Resistance as a Function 
of Current for Bar-Type Unijunction 
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OSCILLOSCOPE Ö 
figure 7. Circuit for Measuring Characteristics Curves 

In order to check the conformance of the model with the actual results, 

the two curves representing the saturated and unsaturated resistance were 

added to give the composite curve as shown in Figure 9. By combining the 

composite curve and the network equations, a characteristic curve was calcu¬ 

lated and is shown in Figure 10. 

The next item to be considered is the radiation effect. The only 

parameter to be considered as being affected by neutron radiation is the dif¬ 

fusion length Lp. Present literature did not reveal data on the degree of 

damage that a unijunction would sustain for a specific radiation level. 

In order to determine the radiation coefficient K for the unijunction, the four 

2N491B transistors were irradiated at 1.71 x 1012 neutrons per square 

centimeter. After irradiation, the characteristics were again measured 

(Figures 11 through 14). 

In order to determine the changes in L , the actual results were plotted, 
P 

and the saturated resistance was subtracted from the main characteristics, 

leaving the unsaturated resistance. One point was selected to calculate L 
P 

and, therefore, the damage constant. The point selected was 10"2 amperes 

which yielded a resistance of 200 ohms and represented a distance Y of 

40 x lo'6 meters. Equations (2-31) and (3-10) can be combined to yield 
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Figure 8. Saturated Resistance as a Function 
of Current for Bar-Type Unijunction 
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Figure 10. Voltage-Current Characteristic Curve 
for Bar-1ype Unijunction 



Figure 11. Saturated Resistance for Bar-Type Unijunction 
1.71 x 1012 Neutrons per Square Centimeter 
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Figure 12. Unsaturated Resistance of Bar-Type Unijunction 
1.7 X 1012 Neutrons per Square Centimeter 
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Figure 13. Composite Curve for Bar-Type Unijunction 
1.7 V 1012 Neutrons per Square Centimeter 
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Figure 14. Voltage-Current Characteristic Curve 
for Bar-Type Unijunction 1.7 x 1012 Neutrons 

per Square Centimeter 
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i 

0.075’ 
L 

0.00215JCn ll - ----8 o 01"^ P i = 0.004 (3-12) 

L = 0.0198 cm . 
P 

It has been established that the diffusion length L changed from 0.036 
P 

centimeter with no radiation to 0.0198 centimeter with 1.71 x 1012 neutrons 

per square centimeter. A knowledge of this change then permits a calculation 

of the damage coefficient K. 

L = Í7 
P h) 

T T 
+ K4> 

(3-13) 

(3-14) 

Then 

K = 1.30 x 10‘8 . 

The next problem was to develop the expression for the radiation effect 

on the saturation resistance. The unirradiated expression for the saturation 

resistance was found by using the general equation for a line and is given as 

£n R = -0.768 JCh I + 0.735 . (3-15) 

The case for 1.71 x 1012 neutrons per square centimeter was found to give 

£n R = -0.72 «fin I + 1.3 . (3-16) 

Utilizing the general form of equations (3-15) and (3-16) and knowing 

that they are a function of diffusion length, the author predicts the following 

empirical relation: 
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0.0264 

R 
_e 
-JJÿî 

L 
P 

+ 3.09L \ 
P) 

(3-17) 

If the diode junction voltage is assumed to be 0.6 volts, the transistor 

operating characteristic at given radiation levels can be predicted. Because 

the values of radiation doses on the actual test units were 1.73 x 10lw and 

7.29 X 1012 neutrons per square centimeter, these values were used in the 

prediction. From equation (3-14), the diffusion length becomes 0.0036 

centimeter at 7.29 x 1012 neutrons per square centimeter. 

Unijunction failure was defined to exist when a current of 10'2 

amperes fails to hold the unijunction in the on state. Such failure occurred at 

a diffusion length of 0.0195 centimeter. The corresponding level of radiation 

when failure occurred can be determined as follows 

(0.0195)2 = 13r 

T = 2.9 x 10"5 

1 1 VA 

r t 
o 

T = 10"4 
0 

K = 1.30 x 10-8 

0 = 1.93 x 1012 n/cm2 » 2 x 1012 n/cm2 . 

When the predicted characteristics are compared with the actual 

oscilloscope traces shown in Chapter IV, it is apparent that the 2N3980 and 

2N3480 units do not conform to this predicted technique. The reason for this 
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discrepancy is due to construction of these devices. The construction of these 

units was found to be monolithic compared with the bar-type in the 2N491B 

unit. One of the 2N3980 unijunction transistors was opened and the semi¬ 

conductor chip removed. This chip was measured under a comparison micro¬ 

scope, and a drawing of the semiconducting chip with the measured dimensions 

is shown in Figure 15. 

•m 

w 
Figure 15. Monolithic-Type Construction 

The doping levels and resistivity were obtained from the manufacturer and 

were found to be identical with the bar-type previously discussed. The resis¬ 

tance between B1 and B2 was measured and found to be 3.9 kilohms. The 

effective area can be calculated by 

A Aqp N 
n p 

The effective area was used instead of the actual measured area 

because the electric field is forced into a nonuniform geometry between the 

contacts B1 and B2. 

An equivalent model of the monolithic unijunction is shown in Figure 16. 



This model allows the use of the previously derived expression for the 

bar-type. All factors should remain the same except for a change in f. It 

should be noted here that the monolithic unijunction is operated in a condition 

where Lp is long in comparison with the diffusion length. 

where 

1.2L 

'(#) = AP(0)e 

0.00916 

(/) 

(/) 

AP e p <or 
0.0916 

IL„ 
_P p 
3.1 X 10"21 e • 

/ = 110 X 1(T4 m . 

By applying equations (3-7) and (3-10), the following relations can be 

expressed 
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] - e 

Y 
0.0215 1.25 y 1015 = p 

(t) 

R = 465£nll - 

0.00916 

3.88 y 10"® Lp 

-Il-e 
p 

The saturation resistance was measured and added to the unsaturated 

resistance. A very interesting change occurs in the characteristic of the 

device and is attributed to the construction of the device. With large currents 

being driven into the junction, the unsaturated resistance essentially becomes 

constant with increased current. The characteristics obtained for this 

unsaturated resistance are shown in Figure 17. 

The next step is to compare the prediction technique with the 

irradiated case 7.36 y 1012 neutrons per square centimeter. The damage 

constant (K = 1.3 y 10"8 cm2/n-sec) is assumed to remain the same. Thus 

the diffusion length is reduced to 0.0112 centimeter which is the approximate 

length of material. 

By adding the predicted saturated resistance to the predicted 

unsaturated resistance, a composite curve is obtained and from this composite 

curve the voltage-current characteristic curves can be determined (Figures 18 

and 20). 

No appreciable change in saturated resistance was noted over the range 

of neutron fluence. 
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Figure 17. Characteristic Curve for Monolithic-Type Unijunction 
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Figure 18. Voltage-Current Characteristic Curve 

for Monolithic-Type Unijunction 
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Figure 19. Characteristic Curve for Monolithic-Type Unijunction 

7.3 X 1012 Neutrons per Square Centimeter 
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Figure 20. Voltage-Current Characteristic Curve 
for Monolithic-Type Unijunction 

7.3 X 10” Neutrons per Square Centimeter 
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B. Silicon Control Rectifier Damage 

The silicon control rectifier is composed of alternate layers of P and N 

types of materials. This four-layer device can be modeled with two transis¬ 

tors, one being an N-P-N transistor and the other being a P-N-P transistor. 

The base of the P-N-P transistor is connected to the collector of the N-P-N 

transistor and the collector of the P-N-P transistor tied to the N-P-N tran¬ 

sistor's base. This connection forms the gate. This device is bistable. That 

is, it is either in saturation or is off. When both transistors are in the off 

mode, a high resistance is developed between the emitters of the tow transis¬ 

tors. When the gate current is sufficiently high to allow the product of the two 

gains to be equal to unity, the device goes into saturation. Once the device is 

in saturation, it remains saturated until power is removed. This is due to 

regeneration between the two transistors in this equivalent circuit. 

The SCR's gain is a function of neutron fluence, and when the gain- 

bandwidth-product falls below one for any current level the SCR will not satu¬ 

rate. Calculation of this level of radiation can be accomplished in the following 

manner. Consider that the base region of the P-N-P transistor is 75 x 10"K 

meters and the base region of the N-P-N transistor is 30 x lo"ß meters. In 

order to find the radiation level, the base transient time can be found from the 

following equation [13] 

(3-18) 
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where 

m = JCn 

and 

N = 5 X lO'vcm3 , 
e ’ 

N = 1014/cm3 o 

By proper substitution of these values into equation (3-18) t can be 
bp 

found and is given as t. = 55 n-sec. However, L is not the major contributor 
r* Dp 

to the radiation damage. The low-doped N region is in high injection and base 

transit time can thus be expressed as 

bn 2b (3-19) 

where 

Then 

b = 13 . 

t, = 1.08 Msec . 

The minimum criterion for turn-on is expressed as 

1 \/ 1 

Hfen/\Hfep, 
1 , 

(3-20) 

where 

ST* ‘bn“ • 
fen 
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and 

»rep 
K4> . 

By expressing the elements in equation (3-20) in terms of their approxi¬ 

mate equivalences related to base transistor time, the radiation fluence can be 

expressed as follows 

<i> - 
(3-21) 

The constant K has a value of 10G cmVn-sec; therefore 

1012 n/cm2 
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CHAPTER IV 

PROCEDURE AND RESULTS OF RADIATION TEST 

A. Irradiating Procedure 

Twenty-four unijunction transistors and nine silicon control rectifiers 

were mounted on a sheet of styrofoam in the retainer pattern shown in 

Figure 21. 

The X 's indicate the location of the dosimeters. This assembly was 

taken to the White Sands Missile Test Range fast burst reactor and 

irradiated. The irradiation levels as indicated by the two dosimeters are 

expressed in Table I. The dose received by each dosimeter can be seen in 

Table I. 

i 

4.1 



Tabic I. Irradiation Levels 

Dosimeter 

12 

13 

12 

13 

12 

13 

Shot 

1 

2 

2 

3 

Dosimeter Measurement 
(n/cnr) 

5.7 y 10 

5.7 V 10 

U 

ii 

1.17 X 1012 

1.15 X 1012 

5.71 X 1012 

5.6 X 10 12 

Average Level 
(n/cm2) 

5.7 X 10 ii 

1.16 X 10 12 

5.56 X 10 12 

Dose Total 
(n/cm2) 

5.7 X 10 ii 

1.73 X 10 12 

7.29 X 10 12 

Between each shot the transistors and SCR's were removed and their 

characteristics checked. The characteristics were measured on a transistor 

curve tracing scope (Tektronix model 57^ , and are shown in Figures 22 

through 30. 

B. Results 

After the comparison of the predicted characteristic, Figure 9, with 

the characteristics of the actual units, Figures 22 through 30, it is apparent 

that a discrepancy exists. This difference is about 20 ohms in the monolithic 

case and about 40 ohms in the bar-type. * These differences do not appear to 

be affected by neutron radiation. 

* These resistances are attributed to the ohmic contact which were 
originally considered to be in the range of milliohms. 
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Figure 25. 2N3980 Voltage-Current Characteristics 
for No Radiation 
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Figure 26. 2N3980 Voltage-Current Characteristics 
for 1.73 X 10,:! Neutrons per Square Centimeter 
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Figure 27. 2N3980 Voltage-Current Characteristics 
for 7.3 X 1012 Neutrons per Square Centimeter 

V V 

Figure 28. 2N3480 Voltage-Current Characteristics 
for No Radiation 
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Figure 29. 2N3480 Vol tage-Current Characteristics 
for 1.7 X 1012 Neutrons per Square Centimeter 

V 

50 

Figure 30. 2N3480 Voltage-Current Characteristics 
for 7.3 X 1012 Neutrons per Square Centimeter 
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ï 

The network model can now be modified as shown in Figure 31. 

20 

Figure 31. Modified Equivalent Circuit 

The 20 ohms is added to the prediction curves in Figures 8, 13, 17, 

and 19. The revised resistance-current curves are shown in Figures 32,34, 

36, and 38. From these revised resistance-current curves are obtained 

voltage-current curves which are shown in Figures 33, 35, 37, and 39. By 

adding this correction resistance, the calculated voltage-current characteristic 

curves compare favorably with the scope photographs. 

Three SCR's of four units each were irradiated. The initial charac¬ 

teristics that were measured were firing current, length of firing current, 

and saturation voltage. The 2N1772 SCR was used as the test case. All units 

were irradiated, and the results are shown in Figures 40 through 42. The 

firing current characteristics of the 2N1595 were statistically reduced to one 

curve, and this curve was used to generate a prediction curve shown in 

Figure 43. SCR firing current characteristic is plotted on the same graph as 

its prediction curve. An increase in the length of firing current to 2 n-sec was 

noted for fluence of 1012 neutrons per square centimeter. A theory explaining 

this change has not been developed, but this change in time should be taken 

into consideration. 



Figure 32. Corre rted Characteristic Curve 
for Bar-type Unijunction 
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Figure 33. Corrected Voltage-Current Characteristic Curve 
for Bar-Type Unijunction 
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Figure 34. Corrected Characteristic Curve for Bar-Type Unijunction 
1.7 X 1012 Neutrons per Sqi.are Centimeter 
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Figure 35. Corrected Voltage-Current Characteristic Curve 
for Bar-Type Unijunction 1.7 Id12 Neutrons 

per Square Centimeter 
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Figures?. Corrected Voltage-Current Characteristic Curve 
for Monolithic-Type Unijunction 
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Figure 39. Corrected Voltage-Current Characteristic Curve 
for Monolithic-Type Unijunction 

7.3 X 1012 Neutrons per Square Centimeter 
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The curve fitting prediction equations are listed in the Appendix. The 

equation selected for use is 

I0__ = 0.0145 - 0.00073 </>, * 0.000113 (t>\ , 
SCR 

where 

</>! = (0 - 10n) n/cm2 . 
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CHAPTER V 

EFFECT ON CIRCUIT DESIGN 

There are two circuits in which unijunctions are commonly employed. 

These are timing circuits and relaxation oscillators. A typical timing circuit 

is shown in Figure 44. 

Figure 44. Time C ircuit 

When Si is closed, the capacitor Cj is charged through Resistor R,. 

When the voltage across the capacitor C, retches the firing voltage of the 

unijunction, the transistor thus conducts and the capacitor discharges through 

the emitter base 1 junction and through the SCR gate circuit. If the current 

is of sufficient magnitude and of a sufficient pulse duration, the SCR will be 

turned on. A neutron environment has direct effect on the characteristic of 

both the unijunction and the SCR. Neutron radiation causes the base 1 to 
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emitter resistance to increase, thus reducing the amplitude and duration of the 

current pulse. This same radiation causes the SCR to require more current 

and for a longer 'ime. 

Consider the model in Figure 45. This represents the unijunction 

transistor after the device has fired. 

V 

Figure 45. Corrected Unijunction Model 

The loop equations can be written as 

V = ?5t " VD + (l1 ’ l2)(R* + R3 + 40> 

~Vbb = l2Rl + (l2 " Il)(Rz + R3 + 4°) • (5-1) 

Sample solutions to these equations for no radiation in a bar-type 

unijunction are shown in Figure 46. These curves are for 0.1-, 1-, and 

10-/if capacitors. 

By utilizing the prediction technique, a valley voltage can be predicted. 

Once the valley voltage or current has been established and the expression for 

the internal impedance has been developed, the discharge characteristics of 

the capacitor through the unijunction can be established. From these discharge 

characteristics, it is possible to determine if there will be sufficient current 

to turn on the SCR. 
66 
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A typical relaxation oscillator is shown in Figure 47. 

NODE NO. 1 

Figure 47. Relaxation Oscillator 

The wave shape at node No. 1 is shown in Figure 48. 

To find the time required to charge capacitor C from zero to the 

unijunction firing voltage V , the following equation for V, can be solved for t 
f P 

t = 3.7 y 10s . 
r* 

(5-2) 

In the relaxation oscillator after the first cycle, the capacitor voltage 

does not charge from a zero level but from the unijunction valley voltage. The 
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time to charge from zero to V can be obtained from the equation for 

V = V.. \1 - e 
V bb 

t 
y 

RC 

V = 20 \1 - e 
V 

3.6 X 10' 

20 
ty ' 3.6 X 10 5£n20 _ v . (5-3) 

From equation (5-1), the discharge time can be derived and expressed 

as 

Tf = (R2 + Rs + 40)C£n-JL . (5-4) 

f = 

In general, the frequency of oscillation can be written as 

1 

RC J2n 
bb 

V -V 
bb p. 

RC J2n 
bb 

V,, — v 
bb v, 

(R2 + Ra + 40)C J2n- 

(5-5) 

If Tf is assumed small, the frequency changes in this oscillator can 

be attributed to the change in valley voltages. Such an assumption allows 

equation (5-5) to be reduced to 

f = 
1 

RC 
bb " Vv 

Vbb ‘ Vp 

(5-6) 

By predicting the voltage-current characteristics and determining the 

valley voltage at a particular radiation level, an evaluation of the frequency 
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change can be made. 

Consider an oscillator as shown in Figure 47. In the previous case, 

the supply voltage was assumed to remain constant. However, a variation in 

this voltage causes a change in the firing voltage. When the voltage V.. is 
bb 

raised the firing voltage will also rise, thus increasing the energy stored in 

capacitor C. The saturation resistance emitter-base junction is dependent on 

the current being driven through this junction. This means that by operating 

at a higher supply voltage, the oscillator will continue to operate at higher 

levels of radiation. Timers that depend only on the firing voltage can be made 

to operate to levels of 1013 neutrons per square centimeter. 

In support of this statement, a circuit was connected as shown in 

Figure 47 with R = 270,000 ohms, C = 22 microfareds, and Rj = 47 ohms. 

An oscilloscope was connected from node No. 1 to ground and the voltage V 
bb 

varied between 10 and 28 volts. A number of 2N492 unijunction transistors 

that were irradiated at 1.7 x 1012 neutrons per square centimeter were placed 

in this circuit. The oscilloscope photographs of one of these units is shown in 

Figure 49. These photographs indicate that higher supply voltages V.. provide 
bb 

greater differences between firing voltage and valley voltage. Thus it follows 

that unijunction transistors should be operated near maximum rated voltage 

in order to provide maximum hardness to radiation. 

Further studies should probably be carried on in order to determine 

changes in oscillators at high supply voltage. The present data indicate that 

by operation of an oscillator with a higher supply voltage the effect of neutron 

damage on its frequency of oscillation would be reduced. 
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Figure 49. Change in Oi'erational Characteristic 
for Unijunction with Changes in Supply Voltage



Unijunction transistors and silicon controlled rectifiers are not the 

best behaved components, even in the unirradiated state. Unit-to-unit varia¬ 

tions are often large and only a general prediction can be made as to the effect 

radiation will have on a particular circuit. The two types of unijunction tran¬ 

sistors in common use are the bar-type and the monolithic-type. Neutron 

radiation has a greater effect on the bar-type than the monolithic because of 

the larger volume of silicon used in the bar-type. 

The unijunction's two characteristics that are generally employed in 

circuitry are the valley voltage and firing voltage. The firing voltage is 

apparently not affected by radiation. Circuits that are only dependent on the 

firing voltage can be expected to function until the valley voltage is approxi¬ 

mately equal to the firing voltage. When such voltage equality occurs, the 

usefulness of the device is destroyed. This occurs at a dose level rf 

2 X lo12 neutrons per square centimeter for the bar type and 1013 neutrons per 

square centimeter for the monolithic type. The circuit that depends on the 

firing voltage characteristics usually contains an SCR. Careful consideration 

must be given to the interfacing of these semiconducting devices because the 
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SCR requires a longer pulse length at a larger amplitude after being irradiated, 

while the unijunction tends to deliver less current at a shorter pulse width. 

The valley voltage is a direct function of dose level, and, for this 

reason, circuits that are dependent on both the firing and valley voltage 

characteristics are affected more severely by radiation than those dependent 

on the firing voltage. The change in frequency of a relaxation oscillator can be 

predicted as a function of valley voltage. This type of oscillator will not 

operate with the bar-type unijunction transistor above 1012 neutrons per square 

centimeter or with the monolithic above 7 x 10' " neutrons per square 

centimeter. 

A theor tical development was made leading to a prediction technique 

for the effect of neutron damage on unijunction transistors. It was found that 

this prediction technique works, in general, but considering the unit-to-unit 

variation, this method is accurate to within about 10 percent. 

The SCR can be made to work in environments up to 2 x 1012 neutrons 

per square centimeter with increased driving current and pulse width. The uni¬ 

junction pulse width is adequate and is not affected operationally at this level, 

therefore good design practices will assure sufficient pulse width. Care must 

be taken to assure that sufficient current is available to turn on the SCR. 

A unijunction circuit can be made harder by operating the device near 

its maximum voltage. In the oscillator case, changes in frequency due to a 

particular neutron dose will be less and the oscillator will continue to operate 

at higher levels of radiation. 



MM! 

In recent years, the computer aided analysis has become of significant 

importance in the electrical engineering field. Circuit performance under 

radiation conditions can be predicted by using these programs if an accurate 

model can be developed. In this thesis, all the necessary ground work has 

been laid so that a model can be developed. This author feels that additional 

work should be done to develop a radiation model of a unijunction that will 

work in the E.C. A. P. and SCEPTRE Computer Programs. 
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APPENDIX 

CHARACTERISTIC CURVE FITTING 
FOR THE SILICON CONTROL RECTIFIER 

The series listed below was selected as the general equation for the 

Silicon Control Rectifier in a radiation environment. Eight computer runs 

were made to select the coefficient for this series, and the results of these 

runs are contained on the following pages (Tables A-I through A-IV). 

f,t) = A°+ A>x + A’x! + A>x’+ - 

The SCR characteristic from which this function was approximated is 

shown in Figure 43. 

Table A-I. Input Data for Silicon Control Rectifier 
Curve Fitting 

Radiation 
Dose Current 

0.10000000D 01 
0.20000000D 01 
0.50000000D 01 
0.10000000D 02 
0.15000000D 02 
0.20000000D 02 
0.22000000D 02 
0.24000000D 02 

0.11700000D-01 
0.1320Ö000D-01 
0.16400000D-01 
0.21000000D-01 
0. 29000000D-01 
0.41000000D-01 
0.50000000D-01 
0.68000000D-01 
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Table A-II. Output Data for Three Terms 

Aj Value 

A 2 
A 1 
A 0 

0.11378685D-03 
-0.73335913D-03 

0.14547428D-01 

Table A-III. Output Data for Four Terms 

Aj Value 

A3 
A 2 
A 1 
A 0 

0.10207602D-04 
-0.26649547D-03 
0.29230303D-02 
0.83902432D-C2 

Table A-IV. Output Data for Five Terms 

Aj Value 

A 4 
A 3 
A 2 
A 1 
A 0 

0.70450034D-06 
-0.25350060D-04 
0.30929978D-03 

-0.25983777D-03 
0.12182874D-01 
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