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ABSTRACT 

(Distribution Limitation Statement No. 2) 
Short-term c1.nneal experiments have been conduc te d on silicon and germanium bulk amples and on n-on-p and p-on-n silicon solar ce ll s . Both conductivity and minority-carrier-lifetime measurements were made . All amples s howed a reverse anneal in cr>nductivity, i.e., an apparent continuation of radiation damage, follow ~ng a neutron pulse . All mate rials showed a forward annealing of recombination lifetim~ following the neutron pul e, which is enhanced by carrier injection. Annealing is stronger in p-type ilicon than inn-type with more annealing occurring in higher resistivity n-type material than in low. This impurity concentration de-p ndenc e is not evident in p-type material. Preparations are report d for further anneal experiments using an Accelerator Pulsed Fast Assembly (APF A) as a neutron source and recommendations are made as to the direction future investigations should pursue. 
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SECTION I 

INTRODUC TION 

The prim ry objectives of this st udy a re t o dete rm ine the nature 
and exte nt of short-term annealing of fi ss ion-neutron-induced dama c 
effec t s in s emiconduct or m aterials an d dev ic es and to attempt to form ula te 
a model that will explain the obser ved phenomena and will enable a p r e­
diction to be made of the effec ts of this annealing on other semic onduc tor 
de vices. 

In the experimental phase of the program, three General Atomic 
radiation facilities--TRIGA Mark I and TRIGA Mark F nuclear reactor s 
and the Accelerator Pulsed Fast Assembly (APFA III}--were used. The 
reactors provide higher fluence s than are available in the APF A III facility 
and are quite adequate for studying phenomena from about 10 msec and 
longer. The APFA Ill . while restricting exper '.nents to those that can 
be performed with relatively low neutron fluen ce, theoretically enable 
resolution of the annealir,g data on a microsecond time scale . At thi time, 
the APF A is the only laboratory radiation source capable of yielding data 
on this time scale . 

1 
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SECTION II 

BACKGROUND 

Permanent damage to semiconductor devices due to irradiation in a 

high-energy neutron spectrum has been recognized as a m echanism of cir-

cuit and sys tem degradation sir..ce the early days of radiation effects re arch . 

Defe cts are introduced by elastic c ollisions of neutrons with individual atom. 

and the subsequent passage of the recoil atoms through the lattic • Th re­

sulting defects appreciably alter the electrical characteristic of the ma­

terials such that the circuit semiconductor parts no longer behave electri­

cally as designed and circuit performance is degraded or destroyed . 

As the state of the art improved and as piece parts that would operate 

at very high frequencies were produced, the transient signals induced by a 

short pulse of gamma radiation were recognized as a second mechanism of 

circuit failure. Energy deposition in the form of ionization created current 

pulses within the circuits which could cause devices to malfunction or even 

fail through catastrophic burnout. Investigations of this mechanism required 

high-speed monitor and data-recordin~ systems in order to observe the 

transient responses of the devices and circuit being considered. 

As instrumentation became more sophisticated and investigations of 

material and device response to radiation pulses continued, new phenomena 

were observed. The first of these was high-energy neutron-induced ioru­

zation in semiconductor materials. Further investigation revealed a ec­

ond phenomenon, which is now commonly known a short-term annealing . 

For hart (< 10 msec) pulses of neutrons in which a high fluence i delivered 

in a short time, the electrical parameter• of semiconductor device ex­

posed to this pulse are initially degraded to a much greater extent than 

observed for devices expo ed to the ame fluence delivered over longer time 

period . However, this additional de~radation wa observed to decrease or 

"anneal out" over time scales of the order of tens or hundreds of milli-

econds. A study of this short-term anneal phenomenon a th obje.ctiv 

of thi pro·gram. 

• 

• 
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SECTION III 

THEORY 

1. SHORT-TERM ANNEALING 

The permanent damage to semiconductor as a result of neutron 
irradiation is caused by the displacement collisions of the recoiling pri­
mary and secondary atoms with other atoms of the crystal lattice. The 
damage factor, D, is proportional•to the total neutron cross section, a, 
and the amount of the primary atom recoil energy that is ultimately lost 
in displacement collisions. Hence, 

D = fr,E 
r (I) 

where E i.s the average recoil energy of the primary atom and f is the r 

fraction of this energy that is lost in displacement collisions. The factor 
f is given by the theory pre1ented in Reference 1 and the average recoil 
energy is given by 

4AgE 
n E =---= 

r (A+ l)z (Z) 

where A is the atomic mass of the recoil atom, E is the neutron energy, n and g is a factor that allows for anisotropic ela1tic scattering and inelastic 
cattering events (Reference Z). 

The rate of generation of displaced atoms can be calculated by 
multiplying the known flux at a given time by D, the damage factor, which 
is , function of neutron energy. U we consider D = 1 at a neutron energy 
of 1 Mev, the damagft can then be conlidered as equivalent to that due to 
a fluence of monoenf!r getic 1-Mev neutrons . 

Following the introduction of primary radiation-induced displace•• 
ment damage, a discussed above, come• the formation 0£ ' 1 econdary'' 
def ct centers, which h cau1ed by the migration of primary defect,. 0£ 
cour e, •Uh thla ml ration ome of the s imple vacancy-interstitial p ir 

J 
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(Frenkel defects) recombine; however, many of these initial defects com­

bine with each other or with lattice impurities to form stable complex con­

figuration . Some of the impler of these complexes are the Si-Bl 

(vacancy-oxygen} center (References 3 and 4) and the Si-G7 (divacancy) 

center (References 5 and 6). Each of these defect complexes has associ­

ated with it a number of possible energy states for the electrons that lie 

in the forbidden gap. It cannot be said~ priori whether these centers will 

be more effective or less effective than the initial damage centers in re­

moving carriers from the conduction mechanism or whether they will be 

more or less effective as recombination centers. Thus, the conductivity 

might recover somewhat from its value immediately after the exposure or, 

conversely, it might decrease even farther on formation of the secondary 

defects. Similarly, the minority-carrier lifetime might either increase 

or decrease from its value immediately ff')llowing exposure. In the experi­

ments reported here, the conductivity was observed to dee rease and the 

minority-carrier lifetime to increase following irradiation. 

The fact that this short-term annealing is observed in neutron­

irradiated materials and not in electron-irradiation samples indicates that 

the phenomenon is associated with the type of damage peculiar to neutron 

irradiation. It has been postulated (Reference 7) that a localized cluster 

of lattice defects may be produced by a recoil from a sin~le collision 

between an energetic neutron and an atom in the lattice. And, indeed, 

these damage clusters have been observed in electron microscope work 

on neutron-irradiated germanium (Reference8). Although there i not this 

direct evidence of clu tering in silicon, there are several i direct indica­

tion that neutron irradiation results in damage clu ters in silicon also. 

The e argument are ummarized in a paper by S nder and Gregory 

(Reference 9). It i likely that early changes in ilicon ••device parameter 

are due to initial reordering proc~s es within the cluster region them-

elve1, leading to the formation of defect complexe , uch as divacancy, 

trivacan y, vacancy-oxygen, and vacancy-phosphoru , which are table at 

4 
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room temperature. Continued changes at later times are po sibly due Lo 

migration of s ome of the defects out of the parent cluster and eventual 

formation of a stable complex. This might be associated, in part, with 

interstitial motion, for many interstitials will .:hannel out of the vicinity 

of their parent cluster during the cluster formation (Reference s 10 and 11 ). 

However, it has been reported (Reference 12) that lifetime degra ­

dation with neutron ir ·radiation is apparently not dependent on oxygen con-

tent or, inn-type silicon, on the amount or type of impurity, and in p-type 

silicon, it is only weakly dependent on the impurity . This lack of dependence 

on impurity concentration or type leads to the surmise that the lifetime 

degradation may be the result of a center associated with the cluster itself, 

which changes character as the makeup of defects within the cluster alters 

owing to secondary defect formation. GoHick (Reference 13 ) has discussed 

the cluster in terms of a potential well surrounding the cluster region which 

might well serve as the dominant recombination center. Then, as reorder­

ing takes place within the cluster, the size of the cluster or, at any rate, 

he range of its effectiver:ess, would change a.nd thus alter the lifetime. 

Three different sets of experiments were per formed to study short­

term annealing. One set of experiments involved the measurement of the 

permanent conductivity changes versus time in p- and n-type silicon and 

germanium. Another was to determine the change in recombination life­

time, T, in n- and p-type silicon and germanium by measuring the photo­

conductivity induced by an external light ource as a function of time fullow­

ing a neutron pulse. The third set of experiments was al o designed to 

monitor changes in recombination lifetime, but the parameter measured was 

the 1hort-circuit current output of p-on-n and n-on-p s,ilicon olar cell . 

Z. CONDUCTIVITY 

As a result cf defects causec by irradiation, additional ner gy 

levels are introduced within the forbidden band. These additional levels 

provide site which 1·emove electron from th.e conduction mechanism and 

result in conductivity changes . A the mobility at room temper ture is 

5 
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governed primarily by lattice interactions for mate .rial with low impurity 

concentrations, such as those used in these studie , the mobility is not 

greatly a!!ected by the radiation, and changes in conductivity in these ex­

trinsic samples are directly proportional to changes in carrier concen­

tration, i. e. , 

where er 
O 

= initial conductivity, 

6.a = radiation-induced conductivity change, 

n
0 

= initial carrier cone entration, 

An = radiation-induced changes in carrier concentration. 

(3) 

Thus, plots of 6.(1/c,
0 

for the conductivity samples are in fac:t plots 

of the fractional change in carrier concentration, 6.n/n0
. 

3. BULK PHOTOCONDUC TIVITY 

Measurement of the photoconductivity developed in n- and p-type 

silicon and germanium semiconductor samples by a constant light source 

was used to determine the minority-carrier lifetime in the amples from 

the relation 

6.r:, = gre (µ + µ ) 
n p 

(4) 

Here, Ar:, is the conductivity increase caused by the light, g is the carder 

generation. rate due to the light, T is the recombination rate, or minority­

carrier lifetime ,thus, g'1 is the equilibrium number of additio.nal electron­

hole pairs present when the sampl~ is illuminated}, e is the electron charge, 

andµ and µ are the mobilities 0£ the electrons and hole , respectively. 
n p 

4. SOLAa-C~LL PHOTOCONDtJCTIV!TY 

The third experiment involv d rn asuring th short-circuit photo­

current from both n-on-p and p-on-n silicon ofar cell , and from the e 

measurements, the lifetime of minority carrier in the ba 1e material 

could be deduced. Thµ , the1e expe:i;-iments wer an attempt to ob erve 
I 

the hort-term annealin of mirtorUy-carrh,r lifetime, as were the bulk 

photQcom:luctivity experiment . 

• 

• 

• 

• 
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The dependence of the short-circuit photocurrent on the lifetime 

in the base material may be een in the following analy is, in which, for 
explicitne s, the discussion is confined to a p-on-n cell (see Figure 1) . 

11 • TYPE 
------------------~ -- --

Figure 1. Diagrammatic representation of a solar cell 

The same analysis, with a change in subscripts, holds equally well for 
' an n•on-p cell: 

ISC = geA(L + L + W) p n (5) 

where ISC = short•drcuit photocurrent, 

g = generation rate of electron-hole pairs in material by light 

( s \lmed in this simplified anal ya is to be constant throughout 

the material), 

e = electronic charge, 

A = area of the junction, 

L = diffusion length of holes in the n region, p 

7 
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L = diffusion length of electrons in the p region , 
n 

W = width of the junction depletion layer. 

Since the diffusion length and minority-carrier lifetime are related by 

(6) 

where D is the diffusion constant for the minority carrier in a given ma­

terial, the equation for the short-circuit current may be rewritten as 

lSC = ge A (J~ + J'fir" + W) pp n n 

Furthermo r e , the t.hickne ss of the surface p-layer diffusion, X , in a p 

(7) 

normal cell is much less than L in this material, so the actual volume 
n 

from which carriers may be collected is not geA(J °f!i"r + JDT + W) but pp n n 
geA(Ji:>'r t X + W). This is so until radiation shortens r to the point 

pp ....E,_ n 1/Z 
where X > Jn 1 . Uutil this time, ls· C will vary di:rectly li,8

1 {T ) 
p n n p 

The way in which r changes with radiation is shOWfl in the equation 

(8) 

where r is the post-irradiation lifetime, TO is the initial lifetime, K is 

an empirical constant, and tis the total neutron fluence. 

Typical surface-layer diffusions are of the order of O. 5 µ and D n 

~ 35 cmz/sec. Using the empirically d~termined value of K for p-type 

silicon and assuming that To ls larg
1

e enough that 1/TO' may be neglected, 

we may then calculate to what level of fluence this square-root dependence. 

can be expected to hold . It will ce•ee ~o hold at the point where 

X 'l=JDf p n n 
(9) 

but 
l 

- f/ld Kt (10) 
T 

rt 

10 thi is the point whelie 
(U) 

• 

• 

• 

• 
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or where 

D 
n •=­

KX
2 
p 

Substituting the abovt values , we obtain 

z 
35 cm / se(., • = --------_;.---;._ ____ _ 

Z x 10·
7 

cm
2

/neutron- ec x ZS x 10·
10 

cm
2 

,Or 

18 Z 
t=7 x 10 neutrons/cm 

(12) 

(13) 

(14) 

Therefore, for irradiation fluence encountered in these tests, the 

requirement for a square-root dependence of the short-circuit current on 

end-point minority-carrier lifetime was easily met . 

Equation (7), the equation for short-circuit current a.1 a function of 

minority-carrier lifetime, may be rewritten as 

where C 
1 

= geA(Xp + W), 

1/Z 
CZ= geADP . 

1/Z 
Since C 

1 
<< c

2 
"'p for all reaaonable values of r p' 

z 
1p,_, cisc • 

z wh re c
3 

= l/C
2

. Therefore, a function, R, may be defined a 

or as 

(15) 

(16) 

(17) 

(18} 
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i.e., the fractional change in the square of the reciprocal short-circuit 

current (the subscript SC has been dropped for convenience) is equal to 

the fractional change in reciprocal lifetime. 

As the change in reciprocal lifetime is proportional to irradiation 

fluence and thus to the number of radiation-induced recombination centers, 

a plot of the function R versus time is a plot of the ratio of the number of 

radiation-induced recombination centers to the number present before 

irradiation . This plot clearly shows the annealing of the radiation-induced 

centers. 

io 
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SECTION IV 

EXPERIMENT FACILITIES AND TECHNIQUES 

Three General Atomic neutr.on-irradiation facilities were u ed in 

these experiments: T RIGA Mark I reactor was used for preliminary 

checks on sample chambers to be used in the conductivity anneal tests; 

the Advanced TRIGA Prototype Reactor (ATPR) was used for the majority 

of the conductivity and lifetime anneal experiments reported here; and 

the Acce lerator Pulsed Fast Assembly (APFA) was used to extend these 

measurements into the very short time (micro sec onds) domain in which 

data is unobtainable using other facilities. Tables I, II, and Ill list the 

pertinent characteristics of the three facilities . 

1. TRlGA MARK I EXPERIMENTS 

One of the problems associated with studying Ghort-term annealing 

following a high-neutron-flux pulse is the separation of effects due to tem­

perature changes and those due to annealing. Associated with high-fluen ce 

neutron puls~s is a pulse of high-energy gamma radiation. This gamma 

contribution, which is absorbed in the sample and sample chamber, cau es 

a temperature rise proportional to the square of the atomic number (Z) . 

lf the sample chamber is constructed of a material which has a Z widely 

different from that of the sample, the temperature reached by the sample 

initially will be quite different from that of the chamber. Since the chamb r 

is much mor e massive than the sample, the sample then equilibrates to the 

chamber temperature, witJ-. con sequent changes in sample properties. 

However , if the sample chamber ls conetructed of material with a Z very 

close to that of the sample, both will 1.·each the same temperature cau u :d 

by the gamma flux and the thermJ.l relaxation will then be that of the unit . 

This greatly almplifie the eparation of temperaturE: effects becau it i 

relative ly iml>le to insulate the sample chamber from it surrounding s 

well enough to effect thermal-relaxation time constants of tens of second ·., 

11 
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Table III 

APF A III PERFORMANCE CHARACTERISTICS FOR A 

MAXIMUM BURST 

Excess reactivity .... 

Prompt multiplication . 

Prompt a ... 

Fission rate. 

Pulse width 1/Z maximum. 

Fission yield 

Leakage rate 

Leakage neutrons 

Total radiation at 
close st approach . 

Ne ~tron flue nee ........ . 

$0.86 

1000 

- l. 5 x 10 +S sec - l 

11t:J l x 10
20 

fissions/ ec 

A::s 8 µsec 

11W 1 x 10
15 

fissions 
zo 

r.1 l. 5 x 10 neutrons/sec 
15 

,.: 1. 5 x IO neutrons 

1111111, 300 R gamma 
,.. 2000 rem fast neutrons 

lZ Z 
~ Z - 5 x 10 neutrons /cm 

whereas it is difficult to attain this degree of isolation of the sample fr om 

the chamber. The sample chambers (see Figure 2) construc,ted on ttits 

theory were of iron (Z = Z6) for use with germanium (Z = 3Z)' samples and 

transistors in nickel (Z = ZS) cans and were of aluminum (Z = 13) for 

silicon (Z = 14) samples. 

When cheoked in tests in the T)\IOA Mark I reaetor, it was f9und 

that the temperature rise in both germanium and silicon bulk samples Jnd 

their respective sc:.mple chambers was as predicted by the known gamma 

flux, arid the,a,e sample then maintained this temperature for the full 10- ec 

m :easurement time. JDvtdently 11 ample chambers con1tr~cte~ in thi way 

would enable short-term annealj.ng experiments to be made wMch w(!)uld b 

free of temperature effect . However, the te ts of the iron transistor 

sample chamber with a ZN2Z22. tran1ieto~ m?unted tn it ytelded anomalou~ 

results. .Frt:>m dt current-1ain H~) mea uremenh du~in~ this test, from 

the transhtor•Qate temperatlJ.r,er r~c,orded during' t~e test, and frorn ~ 

• 
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15141N . 

TOP VIEW 

.... ,-----1 1/IIN.---e•I 

$,IDE VIEW 

3/8 IN. 

TUl[S ,Ofl CIRCULATING 
HOT Ofl COLD GAS 

I REMOVABLE PLUG FOfl 
SAMPLE MOUNTING 

SEMICONDUCTO" SAMPLE 

Figure z. Sample chamb r (made of Fe for de and of Al for Si) 
used in TRIGA Mark I te1t1 



AFWL-TR-67-45 

versu temperature measurements made in the laboratory, it was determined 

thot the transistor -chip temperature exceeded the transistor-case temper­

ature by about 10°C. Investigation into the manufacturing technique used 

in making this transistor revealed that the silic on chip is attached to the 

* transistor header with a gold preform . This gold (Z = 79) i s believed to 

be the cause of the anomalous temperature rise in the chip . 

Z. A TPR EXPERIMENTS 

The Advanced TRIGA Prototype Reactor (ATPR) is a semihomo­

geneous reactor utilizing a U-ZrH alloy for fuel and water for cooling and 

partial neutron the .. malization. The fuel elements are rod type anrl are 

positioned in concentric rings to form the reactor core. The water-reflected 

core is suspended from a movable bridge in a 10-ft diam, ZS-ft deep water­

filled pit. The size of the pit allows large expe,rimental devices to be 

placed near the core. The reactor is operated up to 1. 5 Mw(th) in teady­

state o~eration and may also be operated in a transient mode with routine 

step reactivity insertions up to $4. 60 (3. zz-,. ~k/k), which yielrls about 

6400 Mw(th) peak power and 43 Mw-sec energy release. A typical transient 

power pulse during this transient mode is shown in Figure 3. This pulse 

was obtained for a $3. 00 reactivity insertion. When operated with a higher 

reactivity insertion, the pulse becomes higher and narrower. The experi­

ments repo1rted here used ~$4. 00 reactivity in 'ertiona, so the full width 

at hall muimum wa1 about 7 msec. 

Either of two different location were used for these experiment . 

The conductivity amp1es were irradiated in the J-tube and the bulk lifetime 

and olar-cell irra Uations were performed in the void tank. 

•A foil of gold doped with an n- or p - type impurity· (< 1 percent) and contain­
ing about l percent silkon to facilitate the formation of the gold- ilicon eutec­
tic, hich is lloyed to the transistor chip and the header to bond the two 

tog.ether. 
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J-Tube 

The J-tube is a 6-in. -ID tube that extends from the top of the 

reactor pit through the pit water to the edge of the reactor core . Figure 

4 shows the relationship of the J-tube to the reactor core and Fi ure 5 

indicates the J- tube irradiation volume in the reactor core. When the con­

ductivity samples were irradiated in the J-tube, they were shielded with 

2 in . of lead, which reduced the ga.mma dose to a ltvel such that the maxi­

mum temperature rise in the germanium samples wa les s than 3° C. 

The temperature rise was even smaller for the silicon samples. Table 

IV lists the neutron spectrum encountered in the J-tube under the e condi­

tions . The neutron data in Table IV were obtained from fission-foil and 

sulfur dosimetry; the gamma data were obtained from chemical dosimetry 

using tetrachlorethylene dosimeters. Individual tests were monitored with 

sulfur tablets and the total fluence was calculated from the > 10-kev /3. 0 -

Mev ratio. The approximation then used is that the damage from the 

> 10-kev neutrons from the reactor spectrum is approximately the same 

as that for an equal fluence of monoenergetic 1-Mev neutrons. Thus, all 

neutron fluences are quoted in terms of equivalent 1-Mev neutrons/cm z 

for the purpose of compari on with data obtained at other neutron facilities. 

Conductivity samples irradiated in the J-tube were monitored with 

the bridge circuit shown schematically in Figure 6. The power supply 

provided the current to the bridge and R
2 

was adjusted for a null ac ro 

the 6 V terminals. The purpose of the chopper, which is comprised of an 

01cillator and the mercury relay, wa1 to periodically short the bridge ; 

this provided a zero r 'eference as a check on possible drift of the zero 

level of the de amplifiers. The chopper was also u1ed occas ionally to 

chop the thermocouple ■ ignal to check on zer·Q drift in that circuit. The 

400-ohm re istor acrou the de power supply ensured tha:t there would 

be no power-supply transient, induced by the us of the chopper. Radi­

ation-induced signah were recorded both. on oaciUos·copes a nd on the 

18 

• 

• 

• 



• 

• 

• 

AFWL-TR-67-45 

- WATER LEVH 

s ... ooo 

------.... , 
I J· TUBE 
I 
I 
I 
I 
I 
I 
I 

I 
I 
I 
t 
I 
I 

: r 
, 2 n 
: L 
t 

20 FT 
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• CONTROL RODS 

Figure 5. J-tube position in core • 
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Table IV 

SPECTRUM ENCOUNTERED AT SAMPLE LOCATION IN THE J-TUBE* 

J-tube (E = 0. 79 Mev ) 
n 

Neutron In•egrated Flux for Flux for 

Energy nv /watt 40-Mw-sec pulse, nvt 4800-M w pul e, nv 

> 10 kev 1. 2 X 106 4 . 6 X 10 l 3 5. 4 X 1015 

> 0. 6 Mev 6. 5 X 10
5 2.6 x l0

13 3. 1 X 101 5 

> 1. 5 Mev 3. 8 X 10
5 1.5 X 10

13 1.9 X lOlS 

> 3. 0 Mev 7. 7 X 10
4 3. 1 X 1012 3. 7 x 1014 

Gamma 0. 28 rads/ sec /w 
5 

1.2 x 10 rads (Si) 
7 

1. 3 x 10 rads 

*Data for $4. 00 reactivity insertion with 2-in. lead shield. 

oscillograph in early tests; however, it was soon recognized that no 

additional data were contained in the oscilloscope photographs, so 

only the oscillograph was used in later tests. Portions of a typical oscillo­

graph record with no chopping during the immediate post-irradiation 

period are shown in Figure 7. These traces are typical of those observed 

in all of the conductivity tests with the exception, of course, of p-type 

germanium samples in which irradiation caused an increase in conductivity 

so that the voltage signal dropped rather than ro e at the pulse. The vol­

tage trace shows an initial drop during the pulse as ionization in the sample 

causes an increase of conductivity. As the ionization decays out, the 

voltage signal rises abo.ve its initial level owing to permanent displacement 

damage. It continues to rise as the effeot of the radiation pulse causes a 

further decrease in conductivity for some seconds after the pulse (rever se 

annealing) . The result of these experiments are di cus ed in a later 

section, 

Void Tank 

The void tank is a semiannular aluminum structµre \\•hkh may be 
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removed from the reactor pit for installation of shielding materials. 

Figure 8 is a cutaw ay view of the void tank and Figures 9 and 10 show the 

po sition of the void tank in relation to the reactor core. Experir_nents 

reported on here were conducted in Position 3 with 1/4 in. of boral, 2 in . 

of lead, and 1 /4 in. of borated plastic shielding to reduce both thermal 

neutron flux and gamma dose at the samples. There is some additional 

shielding from the water (~ 5 cm) between the r eactor shroud and the cor e 

it self. With this configuration, the spectrum to which th samples we r e 

exposf!d is given in Table V. The dosimetry for the void tank was per -

formed as for the J-tube, with individual tests being monitored with ulfur­

pellet dosimetry . As the gamma flux is down by a factor of 500 from that in 

the J-tube, temperature effects were negligible in tests conducted in the 

void tank. 

Experiments conducted in the voicl tank were designed to monitor 

minority-carrier lifetime changes in bulk semiconductor samples and in 

silicon solar cells. Carrier generation in these tests was accomplished 

with a light source. A 625-w, 3400°K floodlight was used. The lamp was 

mounted at the end of a 24-ft long, Z-1 /Z-in.- diam aluminum tube and a 

Table V 

SPECTRUM IN \'.'OID TANK WITH 1/4-IN. BORAL, l-IN. LEAD, 1/1-IN. 

BORATED PLASTIG AT POSITION NO. 3 AND 

5 CM WATER BETWEEN CORE EDGE AND VOID TANK 

(E = 1. lZ Mev) 
n 

Neutron Integrate,d Flux for Flux for 

Energy nv /watt 40-Mw-sec Puhe, nvt 4800-Mw Pulse, nv 

> 10 keV 7. 3 X 10 
4 Z. 9 X JOlZ 3.5xl0

14 

> 0. 6 Mev 3.8 x 10 
4 1. 5 X lOlZ 1.8 X 10

14 

> 1. 5 Mev Z. Z X 10 
4 

8.8 X 10
11 1.0 X 10

14 

> 3. 0 Mev 8. 0 X 10 
3 3. Z x !Oil 3. 8 x 10

13 
,. 

Gamma 
• -5 

. 0 X 10 
3 

Z. 0 x 10 rad 
5 

Z. 4 x lO r ads s 

rads/sec/w 

• 

• 

Ill 

• 
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rotating disk, which was slotted to chop the light at a 50-cps rate with 

equal on and off periods of 10 msec, was mounted in front of the linht. 

The sample under test was mounted on the other end of the aluminun1 tube, 

which was inserted into the void tank. 

Bulk lifetime samples were tested in the circuit shown schematically 

in Figure 11. A the photoconductivity signal, t::N, wa a modulated si nal, 

it could be detected and monitored with an ac-coupled amplifier and thus 

the bridge circuit of Figure 5 was unnecessary. The shift of the de le vel 

at the irradiatidn pulse caused a zero-level shift in the AV signal. Thi 

zero-level shift, although bothersome in data reduction, did not impair 

the accuracy of the data measurements. 

Silicon solar cells we re tested in the circuit show,, in Figure 1 Z. 

The value of RL was chosen to ensure that the parameter being measured 

was the s,hort-circ;uit current output of the cell. For these test , this 

re sis tor value ranaed from 2,0 to E>O ohm . Here, again, the anneal data 

was obtalned from the envelope of the light-modulated signal, but as the 

modulated signal was no~ superposed on a relatively large de level, 

de -coupling could be aaed and the zero-level shift seen in the bulk· ample 

photo i!gnals was a-..,oided. PoJ'tio11s of a typical solar -cell osdllograph 

record are shown in J'l&ll-re 13. 

I 

3. APFA 111 EXPERJM§NTS 
l 

I , 
APF A IU is the KUKLA Prom,pt Cdtic,al Aaaembly (Reference l~) 

f,rom Lawrence Radiation Laborat~des, Livermore, CaJUornia, that ha,s 

been modified to operate a:s an ac,celerator-pulsed fast assembly (APF A). 

'Iihe modUicadon h in the amount of excess l'eactivi.t:y addeH to the system I 

and the ,method b ,)'1 which it h adclled. ln l('UKJ.,A operatipns, reactivity 

h1 adde:d rapidly by me1t-ns, of a ah ram to bring th system above prompt 

.~r\tlca\. For APi'A Ut~ the :reacUvi~y h added slowl>~ by mean of a 
I I I 

mech~nical d,rive n1echanJ1m to lbri~& the 11y1tem to1 less than prompt 

• 

• 

·• 

• 
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critical. The electron beam is fired into the assembly to create a ourc 
of neutrons through (y, n) and (y, f) reaction of brem trahlung radiation 
and the neutron are then multiplied by the reactor to create an intense 
pulse of prompt neutron . The prompt-neutron pulse i governed by the 
electron linear accelerator (Linac) pulse and the prompt neutron period . 

Phy ically, APFA Ill is a bare pherical a sembly fabricated from 
approximately 60 kg of 93 percent enriched uranium. The assembly wa 
designed to have a minimum void space and minimum tructu r al members 
within the fuel assembly. Figure 14 is a sketch of the APFA Ill as em­
bly and Figure 15 ia a sketch of the APFA Ill sphere as it would look 
disassembled . 

The neutron yield of APFA ll, the predeceaaor of APFA III, was 
measured at several reactivities rangina from ubcritical to supercritical. 
The APF A m yield has not been studied as thoroughly· yet, but it will be the 
same as for AfF A II for the aame range of Linac parameters. The 
measurements were made with sulfur threshold detectors and a long 
co11nto!" calibrated with a standard neutron source. The electron-beam 
curl·ent was measured with a secondary-emission monitor. With ulfur 
detectors, the fluence above 3 Mev was measured. The neutron spectrum 
in the APFA h a degraded fission spectrum and the neutron flux greater 
than 3 Mev is 14 percent of the total neutron flux, This factor was obtained 
u1ing exp,rlmental data of Roaen, et al. , on GODIVA (Reference 15), and 
the Goldstein and Carlson (Reference 16) !unction JE exp (-0. 775 E). It is 
as urned that ~or energies greater than 3 Mev, the neutron pectrum is 
e entially a fission spectrum, so the analytical function was normalized 
to the experimental-data curve at this energy, a plotted in Figure 16 . 
The experimentally determined yield av rag d from both the sulfur foll 
and the long counter was 0, 015 neutrons/electron at a beam energy of Z9 
Mev. The pu1 e hape, as determined from a PIN silicon detector mea -
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Figure 14. Sketch of APF A as embly 
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Figure lS .. Dha ·embled view of APFA I 
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urement of the gamma flux emitted during the pul:Je, is shown in Figure J 7 

along with the 4-µsec, 2.9-Mev electron-beam pul e which initiated thi 

neutron pulse . 

Only pr eliminary solar-cell tests have been performed in APF A III 

to date. These test used the circuit of Figure 18. The amplifier sys tem 

used consists of a preamplifier follow~d by a replacement vertical ampli­

fie r for a Type 545 o cilloscope with a s pecially de igned direct -(·oupled 

cathode-follower output stage . This cathode -follower circuit was n eded 

to drive the 250 ft of 93-ohm terminated cable between the APFA F ast 

Spectrum Cell (FSC) and the experiment monitor station. The data we re 

recorded on oscilloscopes at the monitor station. The gate circuit of 

Fi~ure 19 was ne cessary to keep the amplifier from saturating with the 

large signal generated by the ionization during the Linac-neutron pulse. 

Using a balanced load and taking differential measurements throughout 

the system served to minimize noise problems. Figure 20 shows the 

noise level ob erved in the preliminary tests. 

A ketch of the setup for the APFA experlments l.S hown in Figure 

21. Because of the low neutron yield of the APFA Ill with the present 

linear accelerator capabilities, all experiments in the early stages will 

have to be performe d inside the APFA phere, and inc space is limited 

for thi mode of operation, cooling of the ample for th low-temperature 

experiment will be difficult . To date, the Atomic Energy Commission 

has not granted permh ion to flow liquid nitrogen through the coolina 

lines, o the lei -efficient method of using an exchange gas will have 

to be u ed. 

As the APFA UI w not re dy for use until quite late in the contr t 

period, the only te t performed were at room temperature durin the 

preliminary c heckout of the AFFA auembly • 
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Figure 19. Gate circuit for APFA tests

Upper; PIN output

Gain: 100 mv/div
Sweep: 2 ^sec/div

Lower: Solar cell
Gain; 1 mv /div 
Sweep: 10 ^sec/div

Figure 20. Noise signal in solar-cell test circuit for APFA experiments
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AFWL-TR-67-45 

4. SAMPLES 

Conductivity and bulk pho oconductivity samples were standard four­

probe silicon or germanium bar-type samples approximately 1. 5 cm long 

and Z mm by 4 mm in cros section. The voltage probes we re spaced 1 

cm apart. All samples were single crystal; they were sliced from their 

parent boule with a diamond saw, .ipp don Bu ces ively finer-grit 

• emery papers, and chemically etched in CP-4. 

Current and voltage probes were attached to both n- and p•type ger­

manium using an indium-alloy solder and a special flux. Contacts to 

n-type silicon were made by alloying a preform t to the sample at a temper­

ature of 4S0°C in a forming-gas atmosphere . Leads were then soldered 

to the alloy contacts. Current con tac ts to the p-type samples were solder 

contact• to :-hodium-plated end reaions . Voltage probes were thermocom­

pres1ion-bonded doped-gold leads bonded to evaporated aluminum contacts. 

These sample contacts shc,wed, at most, a few percent rectification 

at room temperature. However, thie does not preclude the production of 

sizable photovoltages at these contacts. As a recent publication (Reference 

17) has stated, "Actually, it i virtually impo11ible to make a contact 

between metal and a semiconductor which will not produce a contact 

photo -emf. . . . " 

The solar cells u1ed in these tests were commercial units from two 

different manufacturers. They were 1 cm by Z cm in area, about O. 013 

inches thick, and had sintered Ti•A1 contacts. 

* CP-4 etching aolution: 6 ml glacial acetic cid, 10 ml concentrated nitric 

acid, b ml of 48 J:>ierc nt hydrofluoric add, and 5 drops of bromine watt-r. 

f Preform com.po1ition: 98. 9 pe,rc ent Au, O. 1 perce nt A , 1 percent: Si. 
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SECTION V 

EXPERIMENTAL RESULTS 

1. CONDUCTIVITY SAMPLES 

The first investigations of short-term anneal effects were made by 

monitoring conductivity changes in standard, four -probe, rectangular samples 

of single-c rystal emiconductor materials. These investigations were not 

very produc tive as the short-term anneal of conductivity proved to be slight 

and of a "reverse anneal" type, i.e., the material damage appear s to in­

crease with time following an irradiation. This is contrary to observec;i 

device parameter changes an to minority-carrier lifetime changes observed 

in bulk samples. Results of the conductivity a1;meal experiments in samples 

of bulk semiconductor materials which were conducted in the ATPR J-tube 

facility (Figure 5) are plotted in Figure 22. These conductivity measurements 

were discontinued early in the program so that effort could be concf:lntrated 

on short-term anneal of minority-carrier lifetime, which is more sensi t ive 

to irradiation and more significant to the operation of semiconductor devices. 

It soon became obvious that the damage ce:eiter responsible for radiation de­

pendence of minority-carrier lifetime was nol the same as that responsible 

£or carrier removal as the two parameters showed different time constants. 

The strange time behavior of the conductivity of the quartz-crucible 

(QC) grown, 7-ohm-cm phosphorus-doped silicon sample is not understood, 

but this same characteristic behavior was observed in three separate tes,ts 

on this material. The ,germanium samples seem to show an initial revers'e 

anneal followed by a small forward anneal. Neither n-type nor p•type 

floating-zone (FZ) grown silicon amples showed this reversal. 

2. BULK PHOTOCONDUC TIVITY SAMPI..ES 

Minority-carrier lifetime measnrements were attempted on tandar~ 
j d I 

four-probe $ampies of n- an p-type single-crystal silicon and germanium . 
' I 

Although th measrurementswere difficult to make because of the low signal•to• 

noise ratio encountered in monitoring the small photosignals an~ t!~e co'bfuscallng 
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effects of contact photovoltages, data were obtained on all but the p-type 
silicon sample. These data are shown in Figure Z3 through Z6 in terms 
of both the R parameter, discussed in Section Ill, and an annealing factor . 
The significance of this annealing factor is discussed in the Appendix. All 
samples how an anneal which is eesentially complete by Z sec or earlier. 
3. Sil,ICON SOLAR CELLS 

The most extensive test were performed on silicon solar c ells . 
These experiments, which were per!ormerl primarily in the void tank 
location of the A TPR facility with approximately Z x 101 z neutron / cm Z 
pubes, provide minority-carrier lifetime anneal data from about 10 msec 
on. Cells manufactured by two different manufacturers were used. The 
parameter measured was the short-circuit current output of the cells. 
These data are plotted in Figures Z7 through 37 in terms o! the time depen­
dence of both the ratio of the radiation-induced to initial rf"combination­
center concentration, R, or the annealing factor. 

Figure 27 shows R versus t for two n-base solar cells made from 
phosphorus-doped, QC-grown material. One is 1-ohm-cm material and 
the other ia O. 1 ohm-cm. Both show identical behavior. These data are 
presented in Figure ZS in terms of the anneal factor, where the I-ohm-cm 
sample shows a slightly larger anneal than the O. 1-ohm-cm sample. 

Figures Z9 and 30 show annealing for three n-baae solar cells made 
1 .. om arsenic-doped, QC-grown material. The resistivities of the base 
material for these three cells are 0, 1, 1, and 10 ohm-cm. These cell 
showed stronger annealing in the, higher-reli1tivity material. but practically 
none in the 0. I-ohm-cm sample . 

The plot of the annealing factor o! another 10-ohm-cm arsenic-doped 
solar cell in Figure 31 shows an aMealing !actor at 10 msec of about l. 18. 
Annealing factor at 10 msec for other ailicon solar cell tested are tabu­lated in T ble Vl, 
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Table VI 

SOLAR- CE LL ANNEALING .FACTORS 

Re sistiv lty Anne aling 
Type Dopa nt (ohm-cm) Fac tor 

n-on-p B 1 1. 64 

n-on-p B 10 1. 6- 1. 8 

n-on-p Al 1 1. 57 

n- on-p Al 10 1. 57 

p - on-n p o. 1 1. 06 

p -on-n p 1 1. lZ 

p-on-n As o. 1 1.04 

p- on - n As 1 1. zz 
p-on- n As 10 1. 18 

l:-"' igures 3Z through 37 show the annealing of some n-on-p cell s. 

Both 1-ohm-cm and 10 - ohm-cm samples of boron-doped and aluminum­

doped base materials were tested. The boron-doped material was QC 

grown and the aluminum-doped material was grown by the Lopex technique. 

The comparison by resistivity of the two different dopant materials using 

the R parameter (Figures 3Z and 33) show, quite similar behavior, al­

though there ii a difference in the first two decades, with the data points 

for the aluminum-doped material falling below tho1.e for the boron-doped 

material in both resistivity range, . The annealing-factor plotl in Figures 

34 and 35 show that there is no difference between the resistivity type , 

but the shapes of the annealing-factor curves for the two differe nt dopant & 

appear diuimilar . 

Figures 36 and 37 show the annealing in terms of R and annealing 

factor for two 10-ohm-cm boron-doped n-on-p cells. Cell 1 was annealed 

in the usual way with the light on continuously. Cell Z was annealed for 

most of the test period in the same manner, except between 1. 8 sec and 

9 sec when the light was turned off. The anneaUng wa slight during this 

53 
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period, but it continued again as soon as the light was turned on. 

Preliminary measurements in APFA III have sent!d to point up 

the principal pro blem involved in short-term annea] inv ,:s tigat io ns with 

the time re solution that i s theoretically possible with the APF A. This 

problem is due to ionization in the sola r ce ll caused by the prompt gamma 

flux from the fis sion process. The lower trace of Figure 38a show s the 

effect of ionization on a 10-ohm-cm, boron-doped solar cell in the test 

apparatus when the Linac beam was pulsed into the unassembled APFA 

sphere. There was no light on the sample. Figure 38b show s the sam e 

signal when it was passed through the gate circuit of Figure 20. The 

ionization drives the cell into saturation, from which it recovers with 

the time constant of the , lifetime of the base material. With the light on, 

the cell output is at the same level as that to which it is pinned during 

the gating pulse, so the lilrge step observed in Figure 38b will be avoided 

during an actual test. 

.. 

• 
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mH Lower: Solar cell

Gain: 100 mv/div

Sweep: 10 /isec/div

(a) Not gated

Lower: Solar cell

Cain: 100 mv/div

Sweep: 10 ^sec/div

(b) Gated

Figure 38. Solar-cell output with no light on during Linac 
pulse into unassembled APFA sphere
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SECTION VI 

DISCUSSION AND SUMMARY 

The conduc tivity anneal data presented in Figure 22 indicate a 

rev f> r se annealing in conductivity for all types of semiconductor material s . 

The anneal is stronger in p-type than in n-type material for both germanium 

a nd s ilicon and, ,"lt least in the p-type silicon samples tested, is stronger in 

th e higher-resistivity material. There is evidence of a forward-annealing 

s tage following the initial reverse anneal in both of the germanium sample s . 

The strange shape of the 7-ohm-cm n-type silicon data is not understood, 

although it was duplicated in three separate tests. These experiment f- add 

furth'er weight ~·> the argument that short-term annealing is a bulk, rather 

than surface, phenomenon. When comp;ired with the forward anneal of 

carrier lifetime, the reverse anneal for the conductivity proves that the 

annealing process is a rearrangement of defect types, not a defec t annihila­

tion such as interstitial-vacancy recombination. 

Bulk photoconductivity samples would provide the most likely clirecl 

data on lifetime annealing, but measurements on such samples are difficult 

to make because of the low signal levels obtained for even moderate injec -

tion levels. They are further complicated by spurious photovoltages, which 

are generated at sample contacts and which can be of the same order of mag­

nitude as the signals being measured. The data presented in Figures 21 , 
through 26 show forward annealing in all samples, but it is essentially com-

pleted by about J sec. It is not understood at this time why the annealing 

appears to be complete this early in the bulk samples and obviously continue s 

long after this in the solar cells, unless the signals observed in the bulk­

sample experiments were due to contact effects and were not bulk proper ti• s 

at all. Further work in this area should utilize better techniques to mask 

the contacts from the ight to minimize these photo •oltages. 

The data from p-on-n cells shown in Figures 27 through 31 show 

little forward annealing in the phosphorus-doped material and the O. 1-ohm-c m 

arsenk-dopP.d cell. There is an appreciable annealing in the 1-ohm-cm n11d 
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10-ohm-cm arsenic -doped cells. Thus, we 2.pparently obse • ,e a difference 

of short-term annealing inn-type silicon with variations in the Fermi level 

(dopant concentration) and possibly a difference witl, different impurities, 

although it has been reported (Reference 12) that the overall lifetime degra­

dation is not dependent on these parameters for n-type silicon. One pos ibl 

way for these two statements to be compatible is for the phosphoru s -doped 

and high-impurity-concentration arsenic-doped cells to have an annealing 

component that is too fast to have been detected in these TRIGA tests. 

Another possibility is that the observed differences may be due to variations 

in injection level between devices. This parameter will have to be more 

carefully controlled in future experiments. 

The data presented in Figures 32 through 35 and in Table VI show that 

more annealing takes place in p-type material but that there is little difference 

due to impurity concentration, at least between 1 ohm-cm and 10 ohm-cm 

material. There also does not seem to be much difference between materials 

using different dopants and different manufacturing techniques. The apparent 

difference in the shape of the annealing-factor curves for the boron-doped, 

QC-grown material and the aluminum-doped, Lopex-grown material may or 

may not be significant. More data taken at earlier time I will be needed to 

determine this. Even then, if a difference does show up, it will be necessary 

to decide whether the difference is due to the dopant or to the manufacturing 

technique. 

The difference in annealing between p-on-n and n-on-p cells, which 

is quite marked in these experiments, was not observed by Sander and 

Gregory (Reference 9), who reported annealing in both types of solar cells 

to be similar. However, in a later paper by these authors (Reference 18), 

the n-on-p cells do show a greater degree of annealing. 

The results of a test, which are demonstrated in Figures 36 and 37, 

in which one sample was illuminated continuoualy during the annealing period 

and another was not, confirm, the dependence of annealing on injection level. 

This injection-level dependence hae been observed in earlier transistor studies 
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(Reference 19) and in silicon- olar-cell exp riments conduc ted by Sanner 

and Gregory (Reference 9 and 18). 

Although the APFA III Facility is now operable and has been pul se d, 

there are still improvements that must be made before its full potential c an 

be realized. Many reactivity measurements of different experim ent c-onf ig­

uration and experimentation with different reflector ..:onfigurations mu st be• 

made. A replacement un:t for one of the control compon nts mu s t be ob­

tained before it will be allowed to operate to $0. 86 excess reac tivity (multi­

plication of 1000). At present, its use is limited to $0. 32 exce1:1 reactivity 

(multiplication of 2Z0). The linear accelerator is being modified to brinv-

it up to full potential and it is planned that the fourth accelerating stage will 
' 

be installed by the end of May 1967. When all of the preliminary tests of the 

APF A Facility have been made, the automatic control quipment installed, 

and the change-over of the Linac completed, short-term anneal experiments 

will commence in earnest. Thus far the experiment test circuits have been 

checked out for noise level and for operation by remote control from the 

monitor station. ln the one test attempted so far, the neutron fluence was 

too low for meaningful data to be obtained. 

The ionization caused by the fission gammas is a serious problem, 

as shown by the photograph in Figure 3 8. The lifetime of the undamaged 

solar cells used thus .far is about 30 µ,sec. The signal shown in Figure 

38 is from a cell which had already been partially damaged by repeated 

k'ulsing of the unassembled APF A sphere while the sample was mounted 

in place. Its lifetime is about 15 usec. Presuming that cells with life-

time as short as , 
can be used, anneal data will still be obscured by 

ioni~ation until 70 or 80 µsec. Although using cells with lif'-times of a 

couple o{ microseconds would get around this problem, it would create 

another problem in that the APF A neutron fluence would then not be high 

enough to cause great enough changes in the lifetimes o that annealing 

could be observed. U ing a pul ing light only partially get around this 

problem as the injected carriers from the light pulses also have to recom­

bine with thi characteristic time. However, if anneal data c.: an be obtained 

E,4 
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beginning at 100 µ,sec, it would be two orders of magnitude better time 

resolution than has been obtained in the TRIGA experiments and a factor 

of twenty better than data reported in the Sandia work. 
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SECTION VII 

RECOMMENDATIONS FOR FUTURE INV ES TIGATIO NS 

These expe rim e nts have establis he d the basis o n which future inv es ­

tigat ions on short -term anneal should proceed and have indicated the 

direction whic h thes e inves ti gat ions should take. Th e fo llowing recomme n­

dation s a e m ade : 

l. New n-on-p solar cell s amples s hould be obtained in thr ee groups. 

Group 1- Same acceptor-dopant, same manufac turing te chniqu e, 

different carrier concentration s . (Fo r example, boron­

doped; QC-grown; 0. 1-, 1-, 10-ohm-cm materials .) 

Group 2- Different acceptor-dopants, same manufacturing 

technique, same carrier concentration. (For example, 

boron-, aluminum-, and gallium-doped, QC- grown, 

10-ohm-cm materials . ) 

Group 3- Same acceptor-dopant, same carrier concentration, 

different manufacturing techniques . (For example, 

boron-doped, IO-ohm-cm, QC-, FZ -, and Lopex- grown 

materials. ) 

Experiments on these three groups of samples should indicate which c on­

struction parameters are important in p-type sili con short-term anne al. 

The same type of test should then be performed on n-type materials . 

2. Using the material s which demonstrat e the stronge st annealin g 

in room-temperature experiments, tempera.ture - dependen ce experiments 

should be performed at least down to liquid nit r ogen temperature. The se 

studies should produce information of the recombination-c ent e r ene .rgy 

le vels. 

3. Using the same material (as a standard) , injec tion-leve 'i depen­

dence should be investigated both at room tempe rature and at low t omper i-

&6 
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ature. These studies will yield data on the effect of charge state of the 

defects on their stability . 

Improved apparatu• 1hould be u1ed in future 1tudie1, such as a 

high-frequency chopped light and proper filtering, 10 that more penetra• 

ting light will be used which will generate carrier• more uniformly in the 

material. 
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Appendix 

DISCUSSION OF THE ANNEALING FACTOR 

A term that has been employed as a measure of annealing i.n 

various ,·hort-te rm anneal studi,es is called the annealing factor. The 

use of this factor i based on the faeit that the number of r adiation-induced 

recombination centers increases linearly with neutron fluence a d t hat 

minority-carrier lifetime is inversely proportional to the num'ber o{ 

recombination centers. This Hnear rela'tionship holds if the fiuence is 

deliv.ered in a low neutron flux or if the lifetime (or par.am,eter depend,ent 

,on lifetime) is measur,ed after completion of .all short-term aMeaJing. 

The annealing factor is defined below for various de'vi.ce1: 

Bullt lif,etime sample11 

1 1 

A. F .. = l I ---
Transi1tors 

1 1 ---
Ji ~ 0 

A. F. = l 1 

~-~ 

Solar cell• 

'The sub11crlpt O denot,11 ,the v,alue of the param,eter be. ore irradiatJon, t_,e 

1ub1cript • denote, the value o,J the parameter .afttr all annealln,1 :ha• 

taktn p1ac e, and no 1ub 1c dpt dtnote • the v,alu,e of the parameter a1 ._ 
I 

fu~ctlon 10f dme. 
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Becau e of the linear relation hip of the li!etime-dep ndent param­

eters on neutron fluence, the value of the parameter during a'ny stage in 
* 

the annealing process may b equated to an effective n utron fluen e, ct, , 

the fluence necessary to c ause that same value of the parameter hen the 

fluence is delivered in a low neutron flux. The ratio of this eff ctive 

fluence to the actual fluence is the annealing factor. 

Some problems arise in using the annealing factor in comparing 

the results of different experiment . The annealing factor a a single 

number for a given device and neutron pulse is the maximum value ob­

served for the factor. Obviously, the value obtained is a function of the 

time resolution with which the measurements are made. Another diffi­

culty is that the • value of the parameter that is used in the calculation 

of the annealing factor is seldom the tr\1e one, as annealing is still going 

on after the completion of most meas\1rements. (Curtis (Reference lZ) 

shows anne .aling continuing even at 6 x 10
3 

sec in both n- .and p-type 

m ,aterials. l Therefore, the annealing factor obtained in any experiment 

is not ,only dependent on when the measurement starts but also on when it 

i.s complet,ed. 

The annealing fact,or is not a valid fi.gure of merit for radiation 

re i.stance i.n devices and is only useful in this ·regard if the l /~ versus 

• data are also available. Thi• can be seen in the plots of Figure 39, 40 ,, 

41, and 4Z. From the plot in Figure 40 i.t can be seen that tm:-ansistor B 

i.s more radi.a~ion-resistant than transistor A. Figure 39 shows the 

anneaU.ng beharvior of these two hypothetical transistors f,ollowing a pulse 

,of neutrons. Tr,ansistor A demonstrates an annealing factor of ,5, wherea~i 

transi tor B hows an anneal ' ng factor ,of only 2. From this it might be 

concluded that transistor B, having the smaUer annealing factor, is 

better; thus, ,a small annealing factor indicates a better tr-an istor. How­

ever. consider next the two hypothetical transisio ii.•s of Figu, :; 1-i and 42 . 

Tran istor C is identical to transistor A i.n low-Hux neutron degradation 
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TRANSi STOfl I 

TRANSISTOR A 

a,.. 

Figure 39. ,S vs t for two hypothetical tra.r. iltor1, 

A and B, foll~ing a neutron pul1e of fluence • 

• 
Fiaure ,o. 1 /~ v1 t for two hypothetical tr~1iltor1 ,1 

A and B, with the fluence deliver• · in a low neutron !lux 
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CQ. 

$0 

TRANSISTOtl D 

TRANSi STOii C 

4o ~ 

--
H• 

\0 
t 

Figure 41. ~ vs t for two hypothetical transistors, 
C and D, foUowinQ ~ neutron pulse' of fluence ~O 

• 
Figure 42. 1/r, vs, • for two· hypotbeti'cal transi tors, 

C and D, with the fluence delivered in a low neutron flux 
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and transistor Dis identical to transistor B. Each differs from it s counte r ­

part in annealing behavior . Figure 41 demonstrates this difference. The 

annealing factors are Z for transistor C and 5 for transistor D. In this 

case, the more radiation-res istant transistor, D, in terms of final ~ 

degradation, has the larger annealing factor. Thus, the annealing factor, 

by itself, cannot be used to judge the radiation resistance of a transistor. 

If u1ed properly in conjunction with the low-flux neutron degradation 

of reciprocal ~ data, the annealing factor is quite ust!ful. For example, 

it would show the circuit designer that even though transi1tor D of Figures 

41 and 42 ii a better transiltor in terms of~ dearadation than transistor 

C, there ls a period immediately following a neutron pulse in which tran­

sistor C has the higher ~. This might make transistor C the better 

transistor to use in some application,. With proper care in itl derivation 

and use, the &Mealing factor can prove a useful tool to the desian engineer 

and a proper parameter for evaluating short-term &Mealina . 
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