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ABSTRACT 

An experiment, in which 15 npn bipolar silicon transistors were 

e~.posed to co60 gamma radiation, ·s described. The known theory con­

e erning the radiation damage of transistors is presented. In addition, 

the distinguishing characteristics of ionizing radiation damage are dis­

cussed, and a method of estimating bulk damage is developed. 

During the experin1ent, the following transistor parameters were 

measured: AC and DC common emitter current gain, collector-to-base 

leakage current, gain-bandwidth product, and base spreading resistance. 

The damage curves for leakage current and AC and DC common emitter 

current gain are plotted and discussed The relation between transistor 

parameter degradation and bias current is investigated by dividing the 

transistor into three equal groups and biasing them at three different 

collector lt:vels during irradiation. The recovery of leakage current is 

plotted and an exponential curve fitted to the data. Recovery time of 

current gain is qualitatively observed. 

Data indicate that in some transistors damage to leakage current 

peaks near an accumulated radiation dose of 10
6 

rad. The value of this 

peak is as large as 300 times the final damage value. The recovery time 

constant of leakage current damage is less than 15 minutes for the tran­

sistors tested. 

ii 
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SECTION I 

IM'RODOOTI01' 

In addition to the natural radiation belts, seven artificial 

radiation belts have been created by the explosion of high altitude 

nuclear bombs since 1958.1 These belts, both natural and artificial, 

are large populations of charged particles trapped by the earth •s 

magnetic field. The natural belts consist mostly of energetic electrons 

and protons, plus small numbers of deuterons, tritons, and possibly some 

l 
alpha particles tUJd positrons. The artificial belts are canposed of 

l 
electrons, protons, and possibly some of the other particles. An ex-

tended exposure in the stronger belts, even with moderate shielding would 

be lethal to both man and electronics. Consequently, the nature of these 

belts and the damage they cause is of interest to the experimental and 

operatior.al satellite programs, as well as to the manned space p .... ogram. 

On July 9, 1962 the United States exploded the high altitude 

experimental nuclear explosion called Starfish. This explosion plus 

subsequent similar experiments performed by the u.s.s.R. greatly in­

creased the number of energetic particles in the artificial radiation 

belts. Telstar I, launched on July 10, 1962, was the fourth orbiting 

satellite to carry electron detector experiments. One of these satel­

lites operated for only a week after Starfish. Two others produced 

fruitful data for about one month after Starfish. Telstar operated 

for three months before it finally died. These satellites all showed 

1 
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excessive solar cell degradation attributable to the increased intenaity 

of trapped radiation. Solar cell degradation was expected but damage 

began at a much lower accumulated radiation dose than had been predicted 

by existing theory. 

Thus occurred the rather costly discovery ot the damage to 

semiconductors by exposure to ionizing radiation. Prior knowledge ot 

radiation damage was restricted to built or lattice damage caused by 

massive or energetic particles interacting with atomic nuclei. Bulk 

damage theory bad not predicted the large leakage current increases 

experienced by the solar cells and transistors on the ill-tated satel• 

lites . . 2 Dr. E. s. Peck et al proposed a model tor ionizing radiation 

damage based upon their experience wtth Telstar I. This early model 

stated that radiation ionized the gas enclosed in the transistor and 

fringing electric fields drew the ions to the surtace near the reverse­

biased junction. These ions would act on contaminants at the surtace 

and create an inversion layer causing large leakage currents. Early 

experiments3141 5 endorsed the original ionized gas model. As experiment• 

continued, however, the model seemed incomplete. It was thought that 

passivation (surface protection) of silicon transistors with an oxide 

layer would protect them from the harmtul ionized gas. Under the 

influence of ionizing radiation, however, ions now formed at the Si•Si02 

interface and migrated to the jun~tion again causing excessive leakage 

currents. The understanding of the exact mechanisms of increased leakage 

current is still incomplete. 

Ionizing damage is not a surface phenomenon alone. Radiation­

induced trapping centers in the bulk base region and in the t.ransi tion 

region, as well as at the surface, contribute independently to increase 

the base current am thus lover the de current gain of the transistor. 
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Tbeae •cbaniam are alao·undergoing caretul examination. 61718 The baae 

current component from each region is isolated and its radiation sensi­

tivity ia evaluated. 

Aside from any damage incurred in radiation, there 1s a photo­

current caused by ionizing radiation which is exactly analogous to that 

caused by light. Although this current exists ~nly while the transistor 

is in the radiation tield, the errors caused are just as real as if the 

transistors were damaged permanently. 

This report describes the performance of fifteen 2N2222 high 

frequency silicon npn bipolar transistors which are exposed to gamma 

radiation. This particular transistor type was chosen as a typical 

modern, general purpose, high-frequency transistor. The manufacturing 

procedures employ up-to-date passivation techniques which are reported 

to reduce susceptibility to radiation damage. The ac and de current 

gains and the collector-to-base leakage current are examined closely 

because ot their obvious importance and known susceptibility to ionizing 

radiation damage. The bulk base resistivity ( rbb') and alpha cutotf 

frequency are also monitored. 
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SECTION II 

BULK DAMAGE 

Bulk or lattice dwnage results primarily from collisions of 

high energy particles with atomic nuclei of the semiconductor. In 

these collisions, sufficient energy is transferred to create defects 

in the bulk of the solid. As a result, certain atoms are displaced 

from their normal positions in the lattice to form a vacancy and a 

nearby interstitial as shown in Figure l. The resulting defect is 

called a Frenkel pair. 

These defects are often highly mobile in ~he crystal and 

may recombine to restore the local crystal perfection. Otherwise the 

defects may become associated with one another or with other che!ll:ical 

or structural imperfections in th~ crystal. This type of combined 

center is in general stable at room temperature and constitutes bulk 

radiation damage. The damage is generally permanent although raising 

the temperature of the material may partially repair the crystai.9110 

Similar effects are produced in a1 l solids. Semiconductor 

devices, however, . .:-equire a high degree of lattice perfection and 

therefore, radiation damage is usually more important than in other 

solids. Bulk damage causes a decrease in minority carrier lifetime 

which is significant in•determining the current-voltage characteristics 

of p-n junctions and the current gain of transistors. The relation which 

des cribes the effect of radiation on carrier lifetime is:11112 

(II.l) 
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where: T • minority carrier lifetime 

T
0 

• initial minority carrier lifetime 

c1 = radiation damage constant of the material 

I = the integrated radiation flux 

5 

For efficient emitter-to-collector transfer, the minority 

carrier lifetime must be greater than the transit time across the base 

region. Equation II.l indicates how minority lifetime, T, decreases 

vi th increasing accumulated radiation flux. As T decreases, the base 

current must increase to make up for the loss of minority carriers. 

Thus emitter efficiency decreases. 

By neglecting emitter efficiency and considering only the 

degradation of minority carrier lifetime, the approximate relation for 

the change in conunon emitter current gain is:13,l4 

2 
= ...1,_ + a_ 

~O 2DC . 
(II.2) 

where: = de conunon emitter current gain 

= initial de con.'tlon emitter current gain 

w = effective base width 

D = diffusion const&nt of minority carriers in the base 

I and c1 are defined above 

It is significant that w 1£ the "effective" base width and is 

a function of the quiescent operating conditions of the transistor. 

Data on effective base width and its voltage and current dependence are 

not generally available. Effective base width is related to the alpha 

cutoff frequency, f
0

, of a transistor by: 15 
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= 
1.22 D 

2 
TT W 

6 

(II.3) 

One may now rewrite Equation II.2 in a more convenient fashion as: 

l 
= -

~o 
(II.4) 

where~ is the damage constant for a parti~ular transistor. Specifi­

cations of transistor alpha cutoff frequency are generally available, 

and even in cases where this information is not available, it is easily 

measured at the desired quiescent operating conditions. Thus, one can 

predict which of a number of transistor types is most radiation resistant 

( as far as bulk da.rnage is concerned) by knowing ~ and f
0

• In this ex• 

periment it is desired t o estimate how much bulk damage i s caused in the 

transistors. The remaining damage is then att ributable to ionizing 

damage. The discus s i on whi ch f ollows is devoted to estimating the bulk 

damage incurred by t he t rans is t ors under investigati on in this experiment. 

Bulk damage is highly dependent upon t he type of particle in• 

volved. Ionizing dama e , on the ot her hand, r equires only a knowledge 

of t he absorbed energy and perhaps t he rate of abs orption of energy. 

The problem is to correctly relate absorbed energy to bulk damage . The 

considerations which follow resolve this problem. 

(,() The radiation source in this experiment is Co • As it decays, 

the source produces one photon of 1.17 Mev energy and one photon of 1.33 

16 Mev energy over 'ffl, of th~ time. Knwing the atomic number of silicon 

(14) and the energy of t he gamma radiation, one may assume that the 

majority of absorbed gamma energy produces Compton electrons17 (see 

Figure 2). If one makes the final assumption that the Comptai electrons 

ar all approximately l Mev, then 100 ergs per gram of absorbed energy 
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produces about 107 1 Mev electroms per cm2. 

commonly employed is the Rad (100 ergs/gm). 

7 

The unit of absorbed energy 

11 18 Experimental results ' 

indicate equivalences of 1.7 x 107 1 Mev electrons/cm2/Rad and 3.2 x 107 

1 Mev electrons/cm2/Rad. For the purposes of estimation in this experi­

ment the equivalence, 

1 Rad 9! 2 x 107 1 Mev electrons/cm2, (II.5) 

is used under the assumptions described above. Table 1 shows an equiva­

lence of damage caused by various energetic particles obtained in a solar 

11 cell experiment. The equivalences are applicable to transistors as 

welL 18 

The damage constant,~' is now estimated using knO'wtl val ues 

for similar transistors19120121 and employing Equations II.4 and II.5 

and Table 1. Figure 3 shows the bulk damage estimated for the transistors 

under test. 
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SECTION III 

TRAH3IENI' DAMAGE 

Any charged particle passing through a solid produces ionization 

through collisions with bound electrons. These collisions excite electrons 

to the conduction band and leave holes in the valence band producing elec• 

tron•hole pairs in exact analogy to the production of pairs by light. The 

excited electrons and holes move through the material in response to 

electric fields and according to laws of diffusion. The current thus 

established is called primary photocurrent. The pairs recombine within 

microseconds and, for all practical purposes, the photocurrent exiats 

only while the transistors are in the radiation environment. 

Measurements have shown that the average energy required for 

electron-hole pair production is 3. 6 ev in silicon and 3.0 ev in ger-

i 22,23 man um. Thus, the intensity of the ionizing radiation does not 

have to be large to c~use photocurrent. The magnitude of induced photo­

current is directly related to the dose rate. At high intensities 

transient currents may be equal +.o or greater than the normal operating 

currents of the device. 

Primary photocurrents occur in both forward and reverse biased 

junctions. The reverse biased case is now considered for illustrative 

purposes. If one assumes that a reversed biased junction is ir~adiated 

by a short pulse of ionizing radiation which creates electron-hole pairs 

uniformly throughout the volume, then those carriers located in the 

junction transition region will be swept across the junction by the 

8 
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existing electric fields and collected within a few nanoseconds. These 

carriers produce a current which to a good approximation is instantaneous. 

Carriers produced outside the transition region cause a transient current 

increase at a slower rate because the minority carriers have to diffuse 

to the Junction before they are swept across by the electric field. 

24 A typical response for a back-biased Junction is shown in 

Figure 4. The ordinate in Figure 4 is highly rate dependent and the 

abscissa is on the order of microseconds. It should be noted that there 

is an immediate dropoff after the pulse is completed because of the 

removal of pai rs from the transition region. A decay then occurs which 

r ~aults from the finite time required for the carriers to diffus to 

the Junction. The current ceases .hen the last of the induced pairs 

recombine . 

Data was taken at 107 Rads to establish the magnitude of the 

transient current produced by the 5000 Curie (nominal) source used in 

the latter part of the experiment. The results of these data are shown 

in Figure 5. The primary phot ocurrent essentially doubled the transist or 

leakage curren~. The gradual decrease of leakage current after t = 0 

indicates partial recovery from permanent ionizing radiation damage (see 

Section IV). 
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SECTION rl 

IONIZI?«i DAMAGE 

A. Surface :..eakage Models 

As me ntioned in ection I t he failure of the four orbiting 

experimental satellites in 1962 directly after the high intensity 

nuclear explosion, Starfish, brought t he surface effect problem to 

i ncreased at tention. The first s i gnificant paper in this area, 

published by Peck et al, 2 noted that r everse biased devices shewed 

leakage current degradation at much lower accumulated radiation doses 

than unbiased devices or bulk semiconductor mater ial. They postulated 

a model to explain the leakage current increase as follows: The gas 

surrounding the transis t or is ionized by radiation. The fr i nging 

e l ectric field of t he r everse biased junction of an npn transist or 

separates the e l ectr on-ion pairs and causes e lectron accumulations on 

t he collect or s ide of t he j unction and posit i ve ion accumulat i ons on 

t he surface of t he base (Figure 6). Figure 7 shows an enlarged view 

of an npn trans istor. Accumul ated ions induce an electron-rich inversion 

l ayer or "channel" on t he surface and, in effect, ext end the coll ec t or 

r egi on out over t he base . The model i s the same for pnp transistor s i f 

one exchanges the r oles of electr ons and hol es. 

Even in such an early i nvestigation, t he authors r eal i zed hat 

a lack of reproduci til i ty of data among devi cea of t he same t ype with the 

s ~ i gas filling indica d t hat an x ns 1.ou of t he mode l was neces sary. 

10 
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It was postulated that the· gas ions themselves did not cause the damage 

but probably exchanged their charge with residual contaminants on the 

surface. In fact, it was noted that in some cases the chemical surface 

condition was more important than the magnitude of the fringe field. 

This model was checked experimentally3125 by bombarding a 

junction with electrons and ions. The surface damage which resulted 

confirmed the original ga, model. Various techn1ques which isolated 

the surface from the surrounding atmosphere appeared to increase the 

transistor's radiation resistance. 

If the above model were complete, Si02 passivation would 

eliminate the leakage problem. Surface passivation does eliminate 

much of the gas-induced damage. A second damage mechanism, hCMever, 

partially offsets the protection gained by passivation. Ions form at 

the Si0
2 surface. Ion accumulation produces an electric field across 

the passivation layer. The ions furthest from the surface are repelled 

and migrate thru the oxide. When the silicon surface is reached, the 

ions form chanr.els as des cribed in the gas model. Since migration must 

occur, the damage is not evident as quickly as i t 1s with an exposed 

silicon junction. In addition, dan.age is relative·.y permanent end 

virt ually independent of external electric fields. 

B. Characteristics of Surface Damage 

Irrespective of its origin or cause, surface damage very defi­

nitely exhibits certain charact eristics. First, and most important, i s 

the fact that surface damage occurs s ignificantly earlier than bulk 

damage. The effect may become apparent at radiation doses as lC',1 as 

103 Rads, depending upon the type of manufacturing process and the 

amount of contamination in the crystal. In contrast, the bulk damage 
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for the 2N2222 transistors in this experiment becomes noticeable af'ter 

107 Rads. 

Second, it is difficult to make surface conditions uniform 

from one semiconduct or chip to another. Thus, surface damage varies 

from one transist or to t he next. It has been shown that the damage 

in transistors of the s ame JEDEC number may be drastically different 

between manufacturers and in some cases even between different lots 

from the sa.--ne manufacturer. 

Third, the transistor bias conditions are import ant when the 

12 

gas model i applicable or when the surface passivation is poor. When 

transistors are properly passivated, damage occurs after charge mi~ation. 

As indicated previously, quiescent conditions are then rel atively un­

important. 

Fourth, devices that have suffered surface damage will recover 

upon removal fr om t he ioni zing radiation field. Recovery is accelerated 

when bias is removed because ions are no anger held by an electri c 

field and can diffuse more freely. Recovery also occurs when devices 

are i n t he radiation field without bias. 

Fifth, initial studies indicate that degradation of r ever se 

collector current is primarily a function of total radiation dose . 

Devices, hOWL, er, recover upon removal from he radiation fie ld. Thus, 

t he observed damage cannot be solely dependent upon total dose . In 

addition, devices irradiated at a high dose rate wi ll recover when t he 

rate is decreased . Therefore , although the damage is primarily a 

function of accumulated dose, there is evidence of some dose rate 

dependence. 

Sixth, when the devices have been allowed to r cover and then 

are placed in the radiation field they will degrade almost i rmnediately 
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to the condition that they were in before the radiation field was removed. 

This characteristic is commonly referred to as "memory". 

Seventh, the memory effect discussed above can be erased by 

. baking the device at elevated temperatures for a number of hours. In 

some cases, such annealing proces f:'.es virtually restore the transistor 

to its original condition. 

Finally, the leakage current degrades rapidly when exposed to 

ionizing radiation. After this early rapid increase, the leakage current 

approaches a constant value. Moreover, transistors from the same manu­

facturing lot appro ch very nearly the same constant leakage current. 

C. Recon~ination-Generation Centors and~ Degradation 

The model for ICBO degradation implies that~ will degrade 

because of the increased collector-to-base current . Certainly part of 

the de gain degradation results from this, since any leakage current 

must be considered part of t he base current . Hence, incree.s~d l eakage 

current will degrade the collector-to-base current ratio. One would 

expect, however, t hat this effect is only significant at low current 

levels . 
26 

In 1957, Sah, Noyce, and Shockley observed and reported tha 

the measured current-voltage characteristics of certain p-n junctions 

deviated from the ideal case presented by the diffusion model. They 

proposed that curr ent resulting from generation and recombination of 

carriers from traps in the transition region of the p-n junction account e 

for the observed deviation. The relative importance of the diffusion 

current outside the transition region and the recombination current in­

side the transition region also explained, they claimed, the increase of 

emitter efficiency (1n) of silicon transistors as a function of emitter 
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current. Shockley and Reed27 showed that recombination and generation of 

electrons and holes in semiconductors may take place at some types ot re• 

combination-generation centers or traps. These sites may be crystal 

lattice dislocations, impurity atoms located interstitially or substitu­

tionally in the crystal lattice, or surface defects. Recombination can 

also occur directly with emission of light. 28 In 1962, Coppen and Matzen 

used a dual base technique to distinguish between recombinativn current 

which is concentrated at or near the surface periphery of the junction 

space-charge region and recombination current distributed over the area 

of the junction (see Figure 8). It is stated that for oxide masked 

diffused structures, the space-charge region intersects a surface which 

has a very high impurity density and so may have many mechanical strains 

or some precipitation of impurities. These effects may give rise to a 

greater density of recombination centers near the surface periphery than 

elsewhere in the space-charge region. At least for the diffused types 

they tested, Coppen and Matzen claimed that the majority of recombination 

took place at the periphery and not in the space-charge regioo. 

Presently, it would appear that there are four contributl.ons 

to the base current of a transistor. The first is the normal diffusion 

current characterized by the equation: 

qVb 
(IV.1) ¾ = ¾ [ exp(---.!:.) - l] o kt 

where: ¾ = the base current 

¾o = <;. constant for a particular transistor 

q - the charge of an electroo 

Vbe • the base to emitter voltage 

k • Boltzmann's constant 

- the absolute temperature 
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The second contribution is bulk recombination in the transition region. 

The third is surface recombination in the transition region. The fourth 

is surface channel current. The ideal diffusion current equation can be 

modified to accommodate each of these contributions by placing an "n" in 

the exponential as follow: 

Ib = (IV. 2) 

Each of these currents may then be characterized by an"n" value. Obviously, 

n equals one for the ideal or diffusion ca e. N is approximately 2 and 

1.5 for the secorrl and third cases respectively, and n is between 2 and 

4 for the surface cnannel current. All of these investigations used the 

technique developec', by Coppen and Matzen. 28 In 1964 and 1965, Goben29 ' 30 

shc:Med that the neutron bombardment of silicon transistors induced a base 

current component which arose from the bulk space-charge region as opposed 

to the surface periphery region. 

It is Goben's contention that, at least for neutron damage, the 

base current component in the bulk space-charge region is predominant. 

Very recent (December, 1966) investigations617 ' 8 show that ionizing radi­

ation gives rise to independent increases in these current components. 

A different threshold for each component is observed and degradation 

contributed by each component is examined independently. 
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SECTION V 

EXPERIMENTAL PROCEDURES 

A. Experimental Approach 

Fift~en 2N2222 npn silicon bipolar transistors are irradiated 

with a Cobalt 60 source. In order to complete the experiment in a 

reasonable time, and yet to obtain data resolution in the lower accumu­

lated dose region, two dose rates are used. The less intense source is 
4 nominally 5.2 x 10 Rads per hour and the more intense source is nominally 

4.3 x 105 Rads per hour. The assumption is made that ionizing radiation 

damage is primarily dependent upon dose accumulation as opposed to dose 

rate (Section IV.A). 

The dosimetry is accomplished with the cobalt glass method. 31 

The change of transmission of the glass is a direct indication of the 

a cumulated radiation dose that the glass is exposed to. The change of 

transmission over a measured time period is then a measurement of dose 

rate. The glass used in this experiment is borosilicate and the trans­

mission is measured at 400 nµ wave length. The absolute accuracy of the 

dosimetry is approximately z 20,, and the .variance is approximately z 5~. 

The dosimetry is performed at the transistor sockets. Therefore, any 

attenuation cau1Jed by the surrounding environment and transistor container 

is accounted for in the dosimetry. 

The source consists of cobalt pencils placed in concentric 

circles within a pool of water. The water shields the user from the 

source. The canister conta.ining the test specimens is placed directly 

16 
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in the mlddle of t he source. Figure 9 shows the transistors as they would 
be irradiated from a nominal source. The radiation attenuat ion is a str ong 
function of di s tanc~ t hrough the water. Therefore, the intense radiation 
is ssentially perpendicular to the transistor as shown. The actual vert i cal 
variation of radiat i on intensity along the container is shown in Figure 10. 
Measurements taken around the axj.s of rotation of the container indicate 
negligible deviat ion from t he nominal surfGce value (less than~). None ­
theless, as an added precaution, the container is oriented the same way 
after each data measurement. hlso, the transistors are kept in known 
sockets at constant heights. 

If bias power were inadvertently lost, the data would be in 
serious error. Instead of degrading, the transistors would actual ly 
recover while being irradiated (Section IV.A.). To eliminate this 
possibility, a safety is employed which shuts down the experiment if 
power is lost, even monw?ntarily. Fortunately, power was never los t. 

The fifteen transist ors are divided equally int o t hree gr oups 
and irradiated in the common emitter configurat ion with VCE = 10 V. 
Bias collector current s are 0.1 ma for uni ts 1- 5, 1.0 ma f or units 6-10, 
and 10 ma for units 11-15 (see Figure 11). 

Measurements of base spreading resistance, alpha cutoff frequency, 
de current gain, ac Ct.U"rent gain, and leakage current are made be fore and 
after the irradiation. In addition, measurements of leakage current and 
ac and de current are made at various intervals during the irradiation. 

* The alpha cutoff frequency, r
0

, and the gain-bandwidth product, fT' are 
used interchangeably. Although they are not the same quantity, they have 
almost the identical numerical value. 

* 
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In order to observe the recovery of leakage current, measurements of ICBO 

are taken at one minute, two minutes, four minutes, eight minutes, 32 

mi nutes, and 64 minutes after removal from the source. The transistors 

are not removed from the pool, but rather, ICBO is measured at a distance 

far enough from t he s ource such that the source intensity is virtually 

zero. 

Between the 32 and 64 minute readings of leakage current, the 

transis t omare removed from the pool and gain measurements are made. 

The assumption is made that the ac and de current gains do not recover 

very much within the first half hour. This assumption is validated in 

the experimental results (Section V). 

B. Test Procedure 

1. ICBo· To obtain information about the ICBO recovery time, 
,_ 

measurements are made wi t hi n the first minute after removal from irradi­

ation. The only practi al way t o accomplish this is to leave the tran­

sis~ors in their sockets and switch each transistor from its bias circui t 

t o the test circuit . Fifteen DPST switches are employed as shown in 

Figure 12. 

The initial transistor leakage current is typically 100 pa. 

The length of cable required to place the transistors at the bottom of 

the pool is approximately 20 feet. Such remote high impedance measure­

ments require extreme care. First, a wire insulation is chosen which 

has high insulation resistance and high radiation resistance. The in­

sulation chosen to meet these needs is polyvinylchloride. Next, a guard 

voltage is used as illustrated in Figure 13. The signal ground return 

uses the power ground to establish essentially zero pot ntial across the 

signal ground insulation. Thus, for all practical purposes, the signal 
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ground current is truly the transistor leakage current. 

an empty socket is used to calibratJ the measurement. 

19 

As insurance, 

Also, the leakage 

current of each circuit is checked, after irradiation, with the transistors 

removed. This leakage is typically 0.1 pa and consequently introduces 

negligible error. 

The final important source of error is the severe temperature 

dependence of ICBo• To maintain a stable temperature during the vital 

early measurements, the container is left in the pool, which is isothermal 

-wlthin :t 2°C. Even with a :t 2°c constancy, the ICBC error due to temper­

ature is about :t 15%. 

2. Base Spreading Resistance. Base spreading resistance or 

base sheet resistance is the ohmic resistance of the base region. The 

common emitter T-equivalent circui t of Figure 14 shows the parameter of 

interest. 

The transistor input impedance is given by: 

= + (1 + 13) r 
e 

(V.1) 

Ordinarily, (1 + 13) re is large compared to rbb' which makes rbb' 

difficult to measure. However, for emitter currents large compared 

with the base-emitter leakage current: 

where: 

r 
e 

II_.!!.. 1 
q -r 

e 

I = the emitter current e 

k = Boltzmann's constant 

q = charge of an electron 

T = absolute temperature 

• 

At I equals 1 ampere, r is approximately .026 ohms. e e 

(V. 2 ) 
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Therefore, provided one operates a t sufficiently large emitter currents, 

the effect of r e on input impedancf i s ne ligible and rbb' is measurable. 

Figure 15 shows the test circuit used to obtain the conunon emitter input 

impedance. Emitter currents of about 8oO ma are used and a pulse technique 

employed. The pulse duty cycle is 0.1% and the collector-emitter voltage 

is 3 volts. 

At such enormous current densities the simple model of F: gure 14 

!'!lay be in error. Nevertheless, it is assumed that at least a relative rbb' 

measurement is achieved for comparisons of transistors. Actually, the 

spread of data showed 4 < rbb' < 10 ohms. This is in good agreement with 

the manufacturer's specifications which indicate that rbb' is typically 

15 ohms. 

3. Other Considerations. The ~ and fT measurements are 

relatively standard and the circuits used are shown in Figures 16 and 17. 

The~ measurement is made at 400 Hz on a Quan Tech Laboratories Transis t or 

Noise Analyzer, Model No. 300. 
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SECTION VI 

EXPERIMENTAL RESULTS 

A. Leakage Current (ICBO) 

l. Bias Dependence. The data show no correlation between 

transistor leakage current damage and the current at which the transistors 

are biased during irradiation. Neither the slope of the curve nor the 

extent of the damage can be related to bias current. 

2. Characteristics of Damage Curve. Three regions of 

interest exist on an ICBO damage curve. First, there is a region where 

relatively little damage is observed. Second, there is a region of rapid 

leakage current increase. Finally, the leakage current damage virtually 

ceases. Figure 18 shows the spread of data points taken at approximately 

two minutes aft er the unit s were removed from the pool. Bel°"' 10
4 Rads 

almost no damae;a occurs . Between 104 and 106 Rads, the rapid damage is 

evident. At 107 Rads , t he damage is saturated. There has been little 

mention of anomal o s peaki ng prior wO damage saturation and its import ance 

has not been given proper emphasis. Figure 19 sh°"'s the results for units 

15 , 3, and 10. Unit 15 exhibits rela ively uniform degradation and a 

positive slcpe only. Unit three is typical of the transistors tested. 

It shows Rome peaking. Finally, unit 10 is plotted to show the extreme 

peaking observed. Unit 10 reached a peak damage value 300 times larger 

than its saturated value. This may seem extrem1, but sincL the data 

points are taken sparsely on the abscissa, the probability is high that 

Unit 10 may have sustained even higher peak damage than observed. 

21 
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Another interesting observation is that the leak.age current 

values have a smaller spread in the saturation region then they did 

initielly. When the experiment began there was a 6:1 spread between 

22 

the maximum and minimum leakage units. In the saturation region there 

is only 2:1 spread between maximum and minimum leakage units. It would 

8 have been interesting to continue the experiment beyond 10 Rads; however, 

8 the time and money required to accumulate 10 Rads is prohibitive even 

when using a 5000 Curie source. Thus, one cannot state from the data 

obtained in this experiment that the surface damage to ICBO sa~urates 

beyond 107 Rads. There is supporting evidence, however, that this is 

the case. 2 ' 7 

3. Recovery Time of Leakage Current. This section is concerned 

with defining the time it takes for the leakage current to recover and 

whether this recovery time varies with bias current or accumulated dose. 

Since the nature of the recovery is unknown, one cannot describe it as a 

known function of time. In addition, the error in measurement is large 

and allows great freedom in fitting a curve to the data. One of the most 

natural types of decay or recovery is a simple exponential in which the 

rate of chang of a substan ~e is proportional to the amount of existing 

substance. If the first set of data taken at eac dose level corresponds 

to zero recovery, then the exponential curve fits the data in a reasonable 

fashion. Figure 20 shows ICBO as a function of time after 106 Rads for 

the thr e irradiation bias currents. The equation of this curve is given 

by: 

(vI.1) 

Percent recove ry i s defined as: 

Recovery = R = (VI.2) 
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('II.3) 

Before proceeding, it should be emphasized that this definition is a 
reasonable but arbitrary fit to the data, which lends itself t o ease of 
discussion, particularly for engineers who are familiar with this type 

function. 

The recovery is consistently about 5~ of the initial reading 
as illustrated by Figuz ~ 20. Since the accuracy of the initial data is 
only* 1~, the accuracy of the plot of recovery is only* 2~. 

There is no correlation etween recovery time constant and 
bias current (Figure 20) or d.ose rate. Although a substantial amount 
of degradation has taken place at 3 x 105 Rads, no recovery is apparent . 

6 6 The plots of r ecovery vs . t ime are shown for 10, 8.5 x 10, and 3. 8 x 
107 Rads in Figure 21. These plots indicate time constants of approxi­
mately ten minutes. No correlation of time constant and accumulated 
dose is evident . Figure 22 shows an extended time plot of the recover y 
after the last irradiation. 

Although we have discus sed the recovery in terms of a single­
time constant, data indicate that this viewpoint may not be valid over a 
long period of time. Fit~e 22 shOlils that even beyond f ve time constants , 
recovery of lD;t or more may be expected. 

Irrespective of what curve is fitted to the data, clearly sig­
nificant recovery occurs within the first f ew minutes a~er removal from 
the radiation field. 
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DC Current Gain Degradation 

1. Base Spreading Resistance (I'tb'). Common emitter de current 

gain is an i~portant functi on of the conductivity of the base region32 

(base spreading r esistance for a given geometry). Readings of base spread­

ing resistance were taken i n an attempt to correlate~ degradation with 

the initial values of base spreading resistance. The data show no corre­

lation, and the reason is that the base spreading resistance also varies 

with accumulated radiation. In fact, it appears to saturate at some low 

resistance value. Initially, 

After irradiation 

The damage to ~ is commonly observed to sa urate. Since ~E depends 

strongly upon rbb', it is not surprising that the rbb' damage also 

saturates. 

2. Bias Current. The transistors are biased in groups of 5 

at collector currents of 0.1 ma, 1 ma, and 10 ma. The experimental 

results show that t he damage is independent of bias current. This 

result is illustrated in Figure 23, which shows the de current gain 

measured at I = 0.1 ma. This result is in direct contrast to early 
C 

reports which state that damage is inversely related to bias current. 

The result is consistent with the concept that transistors which are 

passivated properly show little correlation between radiation damage 

and quiescent operating conditions. 
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3. Characteristics of h[E Damage Curve. The 11n; data corre­

lation is high. Since there is no bias dependence, the measured ~ of 

the 15 units may be averaged. Figure 24 shows the average~ versus 

radiation for IC values of O.l ma, l ma, and 10 ma. There is a notice­

able difference in the way these parameters degrade. The 0.1 ma~ 

degradation has an early threshold ( less than 104 Rads) and an early 

saturation (less than 106 Rads). As IC increases the damage threshold 

4 and saturation occurs later. The 10 ma 11n; damage threshold is at 10 

Rads and saturation is not reached even at 3.U x 107 Rads. Thus, it 

appears that the higher current 11n; has degraded less proportionallY 

than the lower current ~• This is another way of saying that the high 

current 11n; is more radiation resistant than the low current 11n;• 
4. Recovery. Data taken after th~ final irradiation indicate 

that no recovery occurs within the first six hours. After two months, 

only l~ recovery is observed. 

C. AC Conunon Emitter Current Gain(~) 

The ac current gain d'l.ta indicate no correlation of ~ degra­

dation as a function of radiation bias current. Figure 25 shows the 

average~ of the 15 units plotted against radiation dose. The pro­

nounced damage threshold and saturation regions exhibited by~ damage 

do not exist for~ damage. On a percent damage basis,~ measured at 

10 ma shows the greatest radiation resistance. In this respect 11n; and 

~ degradation are very similar. Recovery after six hours is negligible 

and after two months is approximately~. 
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D. Gain Bandwidth Product ( f'T) 

The common emitter gain-bandwidth product (fT) changed little 

during irradiation. Before irradiation: 

After irradiation: 

The average decrease is~-
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SECTION VII 

DISCtESION 

A. ICBO 

The ICBO data yield the most important results of the exper i ment . 
In particular, the peaking seen near 106 Rads is very significant. It i s 

not unusual for a satellite orbiting through the stronger belts to absorb 

106 R ads. If transi stors thought to be "radiation resistant" actually 

exhibit this anomalous peaking in orbit, the radiation damage est imate 

could be in error by nearly three orders of magnitude. 

Until this peaking is fully explained, any "annealing" type of 

radiation hardening may be useless because one is not sure if this peak­

ing will occur the next time the transistor is irradiated. 

Indeed, if the ionizing damage saturates after peaking , it 

might be advantageous to irradiate transistors with low energy particles 
until the ionizing radiation damage reaches saturation. If the particl e 
energy is low enough (nominally 150 kev), then no bulk damage will have 

occurred. Standard bulk damage equations may then be employed to predict 

further damage when the transistors are used in a known radiation environ-
ment. 

The next significant result is the behavior of the recovery 

time of ICBC" The import of this phenomenon must be WP.ighed for each 
individual circumstance. The very existence of recovery indicates that 

the reaction is seeking an equilibrium state and thus it is dose rate 

27 



r 

I 

THE .JOHN8 HOfttUNe UNIVI .. ITY 

APPLI ED PHYS ICS LABORATO RY 

- ........ ....._ 

28 

dependent. Exactly how dependent is yet unknown. Consequently, one may 

argue that f or low dose rates, recovery is insignificant. Nevertheless 

f or accelera ted lif e tests , such as in t his experiment, the recovery 

time mus t be established . Without i t , the data are questionable because 

t he amount of r ecovery for each dat a point i s unknown. The fact that the 

t r ans i stors in t his exper iment recovered over~ in less t han 10 rrdnutes 

s hows t hat t his probl em i s not t rivial. 

B. DC Current Gain (11F'E) 

The fact that ~ damage i s independent of bias conditions is 

not unexpect ed . Present day planar techniques provide good pas sivation. 

Therefore, t he contribution of channel current to the base current is 

due to ion migration and is virtually independent of bias conditions. 

The greater radiation sensitivity of low current 11F'E is con­

s i s+,ent wit h t he present l y a ccepted theory which states that increased 

base current components cause ~ degradation. This theory, however, 

does not explain why t he higher current 11F'E continues to degrade when 

the low current 11F'E has saturated. 

I The decrease and sat uration of rbb substantiates the known 
I dependence between 11F'E and rbb. 

C. AC Current Gain 

Since the de current gain is an indication of how the transistor 

characteristic curves are changing, it is not surprising that the ac ~ 

results closely fullow the~ results. On a percentage basis, t he~ and 

~ degradation are almost identical. The~ and~ recovery also 

correspond on a percent age bas is . 
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D. Gain-Bandwidth Product (fT) 

This parameter which, initially, was needed to predict bulk 

damage yielded an interesting and important r esult . The average gain­

bandwidth decrease was only~. For high frequency linear amplifier s 

employing negative feedback , a factor of f our decrease in~ may be 

tolerable provi ded t he gain-bandwidth product r emains E:ssentiall y 

constant . 

29 
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Radiation 

2 neutrons / cm 

2 protons/cm 

2 electrons/cm 

60 Co .., (Rads) 

TABLE l: 

30 

Radiation Damage Equivalent 
2 neutron/cm proton/en 2 2 electron/cm co60 --, ( Rads ) 

l 0-3 l.2x 103 8 X 10·5 

3 l 4 X 103 2.5 X 10•4 

8 X 10·4 
2 .5 X 10·4 

1 

l. 2 x 104 4 X 103 l.7 X 107 

* Radiation damage equivalents. Average radiation 
r equir ed tu produce equal lifetime changes in p 
on n and non p solar cells. 

* This table is redrawn from reference 11, p.98. 

6 X 10·8 

l 
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Vacancy 

CRYSTAL LATTICE 

0 0 

...... 

0 0 

0 0 

Nuclear Particle 

0 

0 0 
' ~--o 

0 0 

0 0 
FIGURE 1: Production of lattice defects by collision of high 

energy particles with semiconductor nuclei • 

31 

Interstitial 
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