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Gentlemen: 

This is the F ina l Summary Repor t under Contrac t No. DA 36-039 SC-78924 on the 
pro jec t , "Exper imen ta l and R e s e a r c h Work in Neutron Dos ime t ry" . The r epo r t covers 
the per iod f rom May 15, 1959, to June 15, I960. 

This r epor t reviews the accompl ishments of the y e a r ' s r e s e a r c h efforts. The p r o ­
gram has been an in te res t ing and rew^arding one, in that a tac t ica l fast neut ron dos ime te r 
has been developed, along with a convenient and accura te means of r eg i s t e r ing accumu­
lated dose , and new insight into the effects of radiat ion damage in si l icon p - n junc­
tions has been gained. The outstanding p rob lems remaining in the development of a 
p rac t i ca l operat ing unit a r e those of optimizat ion and reproducibi l i ty of the per t inent d e ­
vice c h a r a c t e r i s t i c s . 

We were happy to have the opportunity to have six . 020-inch base width p - n junc­
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he will pe r fo rm i r rad ia t ion and anneading studies on these samples and will inforna us 
of his r e s u l t s . 

A read-out ins t rument , ca l ibra ted in pe r cent of p r e - i r r a d i a t i o n c u r r e n t , has been 
constructed, which we will hold for d e l i v e r y to you during your proposed vis i t , June 23, 
together with about 50 exper imenta l d o s i m e t e r s . 

Very t ru ly yours , 

HCG/mmk H. C. Gorton 
In t r ip l i ca te P ro j ec t Leade r ,'_.-̂ ^ 
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EXPERIMENTAL AND RESEARCH WORK IN 
NEUTRON DOSIMETRY 

by 

H. C. Gorton, O. J . Mengali , A. R. Zacaro l i , 
R. K. Crooks , J . M. Swartz , and C. S. P e e t 

INTRODUCTION 

The re has long been a need for a tac t ica l fast neutron dos ime te r , sensi t ive in the 
same range as human t i s s u e . Such a dos ime te r should be smal l , l ightweight, and p r o ­
vide a continuously observable indication of accumulated dose . Recent advances in 
semiconductor technology have shown that cer ta in e lec t ronic p r o p e r t i e s of semicon­
duc tors , specifically the c h a r g e - c a r r i e r l i fe t ime, a r e ex t r emely sensi t ive to radiat ion 
damage resul t ing f rom fast neutron i r rad ia t ion . Under Contract No. DA36-039-SC-
73174 with the Signal Corps , Bat te l le denaonstrated the feasibi l i ty of uti l izing the 
radia t ion- induced change in the injected c h a r g e - c a r r i e r l ifet ime in a sil icon p -n junction 
rec t i f ier as an effective m e a s u r e of fast neutron i r r ad ia t ion in the low dose range of 
in te res t in t i s sue damage. The p r i m a r y objective of the p r e sen t cont rac t has been to 
develop a prototype fast neutron dos ime te r with the requi red sensi t ivi ty for tac t ica l u s r 
util izing the p r inc ip les alluded to above. The specific objectives of the r e s e a r c h p r o ­
g r a m a r e l i s ted below: 

(1) Using modifications of s tandard techniques for making diffused-sil icon 
conductivi ty-modulated r ec t i f i e r s , p r e p a r e devices in which severa l 
p a r a m e t e r s a re var ied . These p a r a m e t e r s would involve base width, 
ini t ial l i fe t ime, and p repa ra t ion techniques . Since the prev ious work, 
sil icon of higher quality is now available and offers the potential of 
using higher l i fet ime init ially in the device. 

(2) Evaluate sensi t ivi ty of the device with fast neut rons rep resen t ing a 
f ission spec t rum. The sensi t ivi ty for two or t h ree energy spec t r a 
would be de te rmined to evaluate the spec t ra l sensi t ivi ty. These would 
be f ission, resonance , and t he rma l ene rg ie s . The Bat te l le wease l tube 
would be used for the f ission spec t rum i r r ad ia t ions while the r eac to r 
is run at reduced power . 

(3) Evaluate the sensi t ivi ty of the device to gamma radiat ion, using 
Cobalt60 as a source . A total dose of 1000 rads would be used, the 
average energy of gammas in this case being 1. 25 mev. If appreciable 
damage is noted, then the sensi t ivi ty to dose ra te at dose r a t e s of up to 
1, 000, 000 r ads per hour would be invest igated. 

(4) Invest igate effects of annealing on both s ing le -c rys t a l bulk sil icon and 
on devices . The max imum t e m p e r a t u r e of anneal w^ould be at l eas t 
160°F. If any annealing is found, the t e m p e r a t u r e dependence would 
be studied in o rde r to evaluate the amount of co r rec t ion needed. 

B A T T E L L E M E M O R I A L I N S T f t t f T E 
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(5) Invest igate the effect of neut ron dose ra te to as high a r a t e as poss ib le . 
Ba t t e l l e ' s r eac to r ccin provide approximate ly 5 x 10l2 neut rons cm~2 
s e c ~ l . The re is a poss ib i l i ty that other r e a c t o r s with neutron fluxes 
of 10l5 cm~2 sec~l can be used. However, this is subject to inves t i ­
gation and cannot be cons idered as a commitment at th is t ime . A 
b u r s t of fast neut rons would be p re fe rab le at the high r a t e s . 

(6) Invest igate the accuracy of the device in o r d e r to evaluate whether or 
not the e l ec t r i ca l c i rcu i t or the device will be a major p rob lem. Drift 
or nonreproducibi l i ty would be noted. Also , the poss ib i l i ty of building 
devices for seve ra l different ranges would be de te rmined . 

(7) Invest igate methods of ca l ibra t ing the dev ices . These would include 
compensat ion for t empera tu re -dependen t components in the e lec t r i ca l 
c i r cu i t s , t e m p e r a t u r e dependences of the s i l i con- rec t i f i e r c h a r a c ­
t e r i s t i c s , and the effect of ambient a tmosphe re . The effects of bombard­
ment and annealing p r i o r to use to allow a s tandard cal ibra t ion would be 
invest igated. The poss ibi l i ty of recover ing devices which have been 
bombarded would be studied. 

(8) Since any finished device should be evaluated under tac t ica l conditions, 
field t e s t s would be de s i r ab l e . Such t e s t s , as t ime and finance p e r m i t , 
would be arrajiged in conjunction with the Sponsor ' s technical people. 

(9) Study p r o p e r t i e s of semiconductors or other m e c h a n i s m s which a re 
sensi t ive to neutron i r rad ia t ion . This would include a de te rmina t ion of 
the poss ib le use of an n-a lpha a n d / o r n-p reac t ion with the semicon­
ductor in i t s p r e sen t fo rm as the sensi t ive e lement . If these prove to 
be m o r e sensi t ive than the p r e sen t m e c h a n i s m s of neutron damage in 
si l icon itself, exper iments would be devised in an effort to de te rmine 
the i n c r e a s e in sensi t ivi ty . 

(10) Submit to the Signal Corps for inspect ion and evaluation exper imenta l 
devices which a r e r ep resen ta t ive of the s ta te-of- the a r t . It is expected 
'I 'at s eve ra l would be avai lable . No set number of devices would be 
guaranteed. 

To c a r r y out this p r o g r a m , the r e s e a r c h effort has been divided into four phas 

(1) Theore t ica l invest igat ions of the physical and e lec t ronic phenomena 
involved in the opera t ion of the si l icon p -n junction dos ime te r 

(2) Determinat ion of the r e sponse of the exper imenta l dos ime te r to 
radiat ion 

(3) Design and development of a p rac t i ca l r ead-ou t facility 

(4) Development of p roces s ing techniques for the fabr icat ion of the 
sil icon p -n junction d o s i m e t e r s . 

This final Summary Report covers the per iod from May 15, 1959, to June 15, 
I960, and reviews all the r e s e a r c h act ivi t ies on the projec t . 

: • .. • ' : : « 
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SUMMARY 

A descr ip t ion of the fundamental e lec t ronic p r o p e r t i e s of the s i l icon p - n junction 
fast neutron dos ime te r i s given, in which the concepts of damage constant and charge 
c a r r i e r l i fet ime a r e developed in re la t ion to the i r effect on the opera t ion of the dosinn-
e te r . A theore t i ca l desc r ip t ion of the var ious effects of radia t ion damage in sil icon is 
given. F r o m these cons ide ra t ions , it is concluded that changes in the l i fe t ime and the 
cu r ren t -vo l t age c h a r a c t e r i s t i c s of the exper imenta l d o s i m e t e r s resul t ing f rom the 
gamma and t h e r m a l neut ron components of a u ran ium fission r e a c t o r a r e negligible with 
r e spec t to the dannage f rom fast r e a c t o r neu t rons . The methods used to m e a s u r e the 
dose to which the exper imenta l d o s i m e t e r s were exposed in the Bat te l le gamma facil i ty, 
the Bat te l le R e s e a r c h Reac to r , and the TRIGA Reac tor a r e d i scus sed in de ta i l . M e a s u r e ­
men t s of the voltage profi le between the two contacts of the device have shown that 
essen t ia l ly all of the change in the cu r ren t -vo l t age c h a r a c t e r i s t i c with fast neut ron 
i r rad ia t ion r e s u l t s f rom the introduction of recombinat ion cen t e r s into the base region 
of the device , and that radia t ion effects at the p-n"*" junction a r e re la t ive ly unimpor tan t . 

Exper imen ta l work in the p r o g r a m has been assoc ia ted with s tudies re la ted to the 
sensi t ivi ty of the p - n junction d o s i m e t e r , and to the uniformity and reproducib i l i ty of d e ­
vice c h a r a c t e r i s t i c s . The sensi t iv i ty of the r e sponse to fast neut ron i r r ad ia t ion has been 
shown to i n c r e a s e with inc reas ing base width. In devices with base widths of . 030 inch 
(the m a x i m u m base width studied), the forward c u r r e n t s at constant voltage d e c r e a s e by 
about 75% after exposure to a fast neutron dose of 600 r a d s . 

Expe r imen t s to inves t igate the sensi t ivi ty of the exper imenta l d o s i m e t e r s to g a m m a 
radiat ion have reveaded that no apprec iable change in l i fet ime resu l t ed f rom gamma ex­
p o s u r e s in excess of 20 t imes that which would be rece ived f rom the u ran ium fission 
gammas cor responding to a fast neutron flxix of 600 r a d s . However , a smal l (^4 p e r 
cent) i n c r e a s e in forward cu r r en t at constant voltage was observed at the equivalent 
gannma exposure for a fast neut ron u ran ium fission flux of 600 r a d s . This anomalous 
i n c r e a s e in cu r r en t i s a t t r ibuted to r e a s o n s other than radia t ion damage in the ba se 
region of the device , and m a y be assoc ia ted with an i n c r e a s e in a s e r i e s resis tcince, 
pe rhaps at the ohmic contac t -s i l icon in ter face . 

The effect of the r a t e of fas t neut ron flux on the r e sponse of the devices has been 
invest igated between 6 r a d s sec"^ and 2. 5 x 10"* r ads s e c " ^ , and the r e sponse of the 
d o s i m e t e r s has been shown to be independent of dose r a t e between these e x t r e m e s . 
However, a r a the r s t rong t e m p e r a t u r e dependence of the forward c u r r e n t at constant 
voltage has been observed , being about 3 pe r cent p e r cent igrade degree at room t e m ­
p e r a t u r e for un i r r ad ia t ed dev ices . This tenapera ture dependence evidently b e c o m e s 
l e s s s t rong with inc reas ing i r r ad ia t ion , being about half that value after exposure to a 
fast neutron flux of 600 r a d s . Such a t e m p e r a t u r e dependence of the forward cu r r en t 
may impose r a t h e r s t r ingent conditions on the ambient r ead-ou t environment . 

No significant changes in device c h a r a c t e r i s t i c s were obse rved after heating the 
i r r ad i a t ed d o s i m e t e r s for 5 minutes to t e m p e r a t u r e s up to 100°C. However , annealing 
of between 50 and 75 pe r cent of i r rad ia t ion- induced damage o c c u r r e d within 60 minutes 
at 250"C. Continued heating of the samples at 250"C produced no additional r e c o v e r y of 
ini t ial c h a r a c t e r i s t i c s . It a p p e a r s , t h e r e f o r e , that complete annealing of all the 
radia t ion- induced defects below the maximum t e m p e r a t u r e to which the device can be 
heated without i r r e v e r s i b l y changing i t s physical o r e l ec t r i ca l p r o p e r t i e s m a y not be 
feas ib le . 

B A T T E L L E M E M O R I A L I N S T I T U T E """^ 
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A high degree of reproducib i l i ty in the radia t ion response has not been observed in 
the d o s i m e t e r s produced and tes ted up to the p r e sen t t ime . The nonuniformity of the de ­
vice c h a r a c t e r i s t i c s i s a t t r ibuted to uncontrol led va r i ab le s in the bulk si l icon f rom which 
the devices a r e fabricated, and in the fabr icat ion p rocedu re . It is felt that the uniformity 
of device c h a r a c t e r i s t i c s m a y be g rea t ly improved through fur ther r e s e a r c h . 

A d iscuss ion is given of the p r inc ip les involved in the development of r ead-ou t 
c i r cu i t s which ut i l ize e i ther forward cu r r en t at constant voltage or charge c a r r i e r l i fe­
t ime as r ead-ou t p a r a m e t e r s . A l abo ra to ry model of a read-ou t ins t rument uti l izing the 
radia t ion- induced change in forward cu r r en t at constant voltage has been cons t ruc ted 
for de l ive ry to the Signal Corps . The r e a d e r i s designed to r e g i s t e r p e r cent of p r e ­
i r r ad ia t ion cu r r en t through the dos ime te r at a fixed voltage. In the operat ion of th is 
r e a d e r , the abil i ty to ut i l ize the forward cu r r en t at constant voltage as a r ead-ou t 
p a r a m e t e r to the d e s i r e d deg ree of accuracy has been demons t ra ted . 

Detai led s teps of the product ion p rocedure for the fabr icat ion of the exper imenta l 
s i l icon p - n junct ion d o s i m e t e r s a r e outlined. This p r o c e s s involves a "modified" 
s tandard p rocedu re for the production of w ide -base , diffuse junction r ec t i f i e r s . Com­
m e n t a r i e s on the product ion p r o c e d u r e a r e made whenever n e c e s s a r y to clarify or ex­
plain a given step in the p r o c e d u r e . Studies of the effects of v a r i a b l e s in the bulk si l icon 
and in the product ion p rocedu re on the quadity of the exper imenta l p - n junction dos im­
e t e r s indicated that the h ighest yield and the g rea t e s t uniformity of e l ec t r i ca l p r o p e r t i e s 
of the devices were achieved f rom Czochrcdski-pul led m a t e r i a l (low etch pit densi ty and 
high oxygen content) produced by the "nickel s low-cooled" p r o c e s s . The sca t t e r ob­
served in the ini t ial device c h a r a c t e r i s t i c s is a t t r ibuted to m a t e r i a l and p r o c e s s i n g v a r i ­
ables such a s charge c a r r i e r l i fe t ime, oxygen content, and dis locat ion densi ty. 

In conclusion, it m a y be s tated that as a resu l t of the r e s e a r c h under this cont rac t 
a p r ac t i ca l , prototype sil icon p - n junction fast neut ron dos ime te r , sensi t ive in the same 
rajige as human t i s sue , has been developed; together with an assoc ia ted read-out c i rcu i t 
to faci l i tate the accura t e m e a s u r e m e n t of accumulated dose . F r o m both theore t i ca l and 
exper imenta l cons idera t ions , -it has been demons t ra t ed that the dos ime te r is e ssen t ia l ly 
insensi t ive to the gamma and t h e r m a l components of a u ran ium fission spec t rum. It h a s 
been shown that accumulated damage effects appear to be environmental ly stable up to an 
ambient t e m p e r a t u r e of 100 °C. However, a r a the r m a r k e d r e v e r s i b l e t e m p e r a t u r e de­
pendence of the r ead-ou t p a r a m e t e r s will r equ i r e e i ther control of the read-ou t t e m ­
p e r a t u r e or t e m p e r a t u r e compensat ion in the r ead-ou t device . A high degree of r e ­
producibi l i ty of dos ime te r c h a r a c t e r i s t i c s f rom one device to another has not been 
achieved. The lack of reproducibi l i ty is a t t r ibuted to uncontrol led va r i ab l e s in the bulk 
si l icon f rom which the devices a r e fabr ica ted , ajid in the production p r o c e d u r e . Opt imi­
zation of device c h a r a c t e r i s t i c s and control of va r i ab l e s effecting reproducibi l i ty r e m a i n 
as outstanding p rob l ems in the continued development of the sil icon p - n junction fast 
neut ron d o s i m e t e r . 

.10 
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PHASE I. THEORETICAL INVESTIGATION OF THE PHYSICAL AND 
ELECTRONIC PHENOMENA INVOLVED IN THE OPERATION 

OF THE SIUCON P - N JUNCTION DOSIMETER 

CONSIDERATIONS OF THE FUNDAMENTAL ELECTRONIC 
PROPERTIES OF THE EXPERIMENTAL SILICON 

P - N JUNCTION DOSIMETER 

by 

A. R. Zacaro l i 

The p r o p e r t y of si l icon which is ex t r eme ly sensi t ive to neutron dcimage and which 
is ut i l ized in the si l icon rec t i f ie r dos ime te r is the excess charge c a r r i e r l i fe t ime. 
When the c u r r e n t i s pa s sed in the forward d i rec t ion through a p -n junction, charge 
c a r r i e r s a r e injected into the m a t e r i a l on both s ides of the junction. These c a r r i e r s , 
being in excess of the n o r m a l charge c a r r i e r densi ty, decay or become annihilated at a 
ra te which i s p ropor t iona l to the i r densi ty and r ec ip roca l ly propor t iona l to a constant , 
T. This constant is t e r m e d the excess charge c a r r i e r l i fet ime because it r e p r e s e n t s the 
average t ime a c a r r i e r ex i s t s before annihilation. E x c e s s c a r r i e r l i fet ime may be 
different in var ious si l icon c r y s t a l s and can be a l t e r ed by t r e a t m e n t of the si l icon, in­
cluding neutron i r r ad ia t ion . 

The p r o c e s s through which excess c a r r i e r s decay depends p r i m a r i l y upon the 
exis tence of a c l a s s of local ized c rys t a l defects which a r e t e r m e d recombinat ion cen­
t e r s . A charge c a r r i e r , e i ther an e lec t ron o r a hole , is t r apped in a recombinat ion 
center and r e m a i n s the re until a charge of opposite po la r i ty is a l so captured by the 
recombinat ion cen te r . The hole enter ing the e lec t ron-occupied center causes annihi la­
tion of both c a r r i e r s . E lec t rons and holes a l so recombine by d i r ec t coll ision, but this 
is a compara t ive ly infrequent p r o c e s s . Recombination cen t e r s act a lmos t independently 
of each o ther . Thus , the r a t e of recombinat ion of e l ec t rons and holes is propor t iona l to 
the densi ty of recombinat ion c e n t e r s . If recombinat ion cen te r s a r e introduced by neut ron 
damage, then the recombinat ion ra te should be propor t iona l to the amount of neutron 
damage. Since l i fe t ime is r ec ip roca l ly re la ted to the recombinat ion r a t e , it follows that 
r ec ip roca l l i fet ime is propor t ional to neut ron damage . Assuming that neutron damage 
is propor t ional to the in tegra ted neutron flux, the following equation r e su l t s : 

- i - = - i - + a nvt , (1) 
•̂ f ^o 

where TQ is the l i fet ime before i r r ad ia t ion , T£ i s l i fet ime after i r rad ia t ion , and a is a 
constant or propor t ional i ty r e f e r r e d to as the damage constant . 

The re a r e seve ra l assumpt ions implic i t in Equation (1). The f i r s t is that a con­
stant, T, actual ly ex is t s which l inea r ly r e l a t e s recombinat ion ra te with excess c a r r i e r 
density. In rea l i ty , T v a r i e s somewhat with injection level , and there fore Cctn be de­
fined only when the excess c a r r i e r densi ty i s specified. For tuna te ly , when the excess 
c a r r i e r densi ty exceeds the no rma l c a r r i e r densi ty, T r eaches a max imum value and 
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r e m a i n s constant for a wide range of c a r r i e r dens i t i e s . This is t e r m e d h igh- leve l l i fe­
t ime . Because the si l icon p - n junction dos ime te r is opera ted under conditions of high-
level injection,' the l i fet ime de te rmin ing i t s opera t ion is h igh- level l i fe t ime, and t h e r e ­
fore , i s both a definitive and a maximunn l i fe t ime. The second implici t a ssumpt ion i s 
that the densi ty of recombina t ion cen t e r s in t roduced into the m a t e r i a l is p ropor t iona l to 
neut ron i r r ad ia t ion , thus allowing a to be defined. While it is poss ib le that neut ron 
i r r ad ia t ion ini t ial ly c r e a t e s the same ainount of damage in all si l icon c r y s t a l s , it does 
not follow that the damage remain ing after a per iod of t ime has e lapsed will be a constant 
f ract ion of the ini t ial damage for all s i l icon c r y s t a l s . As a m a t t e r of fact, pa r t i a l 
annealing of defects does occur between liquid ni t rogen t e m p e r a t u r e and room t e m p e r a ­
tu re , (l) The pe rcen tage of annealing depends on the condition of the sil icon before 
i r r ad ia t ion , such as i t s dis locat ion densi ty and oxygen content, a s well a s on the annea l ­
ing conditions to which it is subjected a i t e r i r r ad ia t ion . Whereas the f i r s t a ssumpt ion is 
p rac t i ca l ly sat isf ied in the si l icon p - n junction dos ime te r , it is apparent that the second 
assumpt ion which is p r i m a r i l y a m a t e r i a l p rob l em is not sat isf ied, and thus cons t i tu tes 
the major p rob l em in this dos ime te ry . 

The s i l i conp-n junc t ion dos ime te r allows e i ther a d i r ec t or an indi rec t m e a s u r e m e n t 
of l i fe t ime. The re fo re , if the value of a is known for a given device or a group of de ­
v i ce s , a de te rmina t ion of init ial l i fe t ime, TQ, and l i fet ime after i r rad ia t ion , T£, will 
allow a de te rmina t ion of the in tegra ted neutron flux. The value of the damage constant 
can only be de te rmined by prev ious ly subjecting other ident ical devices to known amounts 
of radia t ion. Hence, the need for devices having the same a becomes apparent . 

A brief descr ip t ion of the phys ica l m e c h a n i s m of the dos ime te r will demons t r a t e 
how this device d i rec t ly or impl ic i t ly m e a s u r e s l i fe t ime. Bas ica l ly , the device is an 
n'^-p-p^" junction s t r u c t u r e , as shown in F i g u r e 1. The + signs indicate heavy doping ex­
ceeding 101" impur i ty a toms c m " 3 . The middle p region, which is r e f e r r e d to as the 
b a s e , contains approximate ly 10• '̂* a ccep to r s c m " 3 . The n"*" and p+ regions a r e about 
. 001 inch to . 002 inch thick, andbecauseof the i r low res i s t iv i ty , do not contr ibute a.ny 
apprec iab le r e s i s t a n c e to the device . The b a s e , however , is purpose ly made thick so 
that it in t roduces cons iderable r e s i s t a n c e to the device . When sufficient cu r r en t is 
p a s s e d in the forward d i rec t ion of the device , e lec t rons and holes will be injected into 
the base f rom the n'' '-p junction and the p-p"*" junction, respec t ive ly , increas ing the 
c a r r i e r dens i ty in the base by a factor of 100 or m o r e and thereby reducing the base r e ­
s i s t ance . Due to the annihilation or decay of excess c a r r i e r s , the concentrat ion of the 
injected c a r r i e r s will be g r ea t e s t at the junction boundar ies of the base and will be r e ­
duced to a min imum nea r the center of the b a s e . The min imum value is es tabl i shed by 
the base th ickness and the l i fe t ime. The wider the base or the shor te r the l i fe t ime, the 
s m a l l e r will be the min imum. Since mos t of the base r e s i s t ance is contained in a 
region about the min imum, the r e s i s t a n c e of the base is ve ry sensi t ive to l i fet ime 
changes . The m a x i m u m sensi t ivi ty of the bzise r e s i s t a n c e to l i fet ime change r e s u l t s 
f rom a p r o p e r choice of base width commensura t e with the l i fe t ime. In genera l , the 
sensi t ivi ty of the base r e s i s t a n c e to l i fet ime changes will i nc r ea se with increas ing 
init ial l i fet ime and, up to a ce r t a in l imi t , with inc reas ing base widths. The re is no 
analyt ical express ion avai lable at the p r e s e n t t ime which adequately d e s c r i b e s the 
cur ren t -vol tage c h a r a c t e r i s t i c of the base as a function of l i fet ime and base width, thus 
the re la t ionship between l ifet ime and the cu r ren t -vo l t age c h a r a c t e r i s t i c of a device can 
only be a sce r t a ined empi r ica l ly . 
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FIGURE 1. SCHEMATIC DIAGRAM OF P - N JUNCTION DOSIMETER 

A d i rec t m e a s u r e of l i fet ime in the base is poss ib le because the c a r r i e r densi ty 
in the base next to the n+-p junction is uniquely re la ted to the junction voltage. If the 
cu r ren t through the junction is in te r rup ted by open-c i rcu i t ing the device , and the voltage 
a c r o s s the junction is m e a s u r e d as a function of t ime , the decay of voltage will be 
re la ted to the decay of excess c a r r i e r s and hence , to the l i fe t ime. Since no cu r r en t is 
flowing in the device , the m e a s u r e d voltage is the sum of the n+-p and p - p ^ junction 
vol tages . The p-p"*" junction voltage decays to ze ro ve ry shor t ly after the cu r r en t is 
stopped leaving the n+-p junction as the only source of voltage in the device. This 
voltage, which incidentally decays l inea r ly with t ime , yields the l i fe t ime. 

DAMAGE-INTRODUCTION RATES IN SILICON 

by 

H. C. Gorton 

It has been shown that pile i r rad ia t ion of si l icon conductivity-modiiLated r ec t i f i e r s 
r e su l t s in significant changes in f o r w a r d - c u r r e n t c h a r a c t e r i s t i c s at the same leve ls of 
i r rad ia t ion that produce damage to human t i s s u e . As d i scussed in the preceding section, 
radiat ion damage is re la ted to forward cu r r en t through radia t ion- induced changes in the 
l ifet ime of charge c a r r i e r s in the base region of the device . Specifically, the charge 
c a r r i e r l i fet ime in si l icon is reduced by the int roduct ion of recombinat ion cen te r s 
assoc ia ted with vacant la t t ice s i tes and in te r s t i t i a l a toms resul t ing f rom nuc lea r bombard­
ment . Atomic d i sp lacements a r e produced by sepa ra te mechan i sms assoc ia ted with fast 
neu t rons , t he rma l neu t rons , and gamma r a y s . 

F a s t Neutrons 

Damage due to fas t -neu t ron i r rad ia t ion is a complicated p r o c e s s involving an 
in teract ion of a neutron with an a tom of the m a t e r i a l being i r r ad ia t ed , and subsequent 
in teract ions between the " p r i m a r y knock-on" and other a toms of the la t t i ce . The p r i ­
m a r y knock-on general ly acqu i res many t imes i t s la t t ice threshold energy, and is d i s ­
placed fronn i ts la t t ice site in an ionized s ta te . It l o se s energy to the la t t ice pr inc ipal ly 
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by inelas t ic col l is ions until it has regained i ts p lane ta ry e l ec t rons . It then continues to 
lose i t s energy by e las t ic col l i s ions , which a r e effective in displacing subsequent a toms 
from the i r la t t ice s i t e s . It has been shown by Kinchen and Pease(2) and by o the r s that 
an a tom moving in a la t t ice with an energy g r e a t e r than twice the threshold energy, but 
l e s s than a l imit ing energy for ionization, E j , will lose jus t half i ts energy, on the 
ave rage , in producing subsequent d i sp l acemen t s , and half in subthreshold col l i s ions . 
A rough approximat ion for the l imit ing energy for ionization is given by Dienes and 
Vineyard(3) as that energy in kev equal to the atonaic weight of the moving a tom, r e ­
ga rd l e s s of the medium in which it is moving. Atoms moving with higher energ ies will 
lose energy pr inc ipa l ly in ine las t ic col l is ions in the p r o c e s s of becoming deionized; i. e. 
the differential c r o s s section for d i sp lacement -producing col l is ions in this energy range 
is inve r se ly propor t ional to the square of the kinet ic energy of the moving atom. 

The r a t e of d i sp lacement -produc ing in te rac t ions of fast neu t rons with si l icon is 
given by 

f = n v Up (Tjj , (2) 

where nv is the neutron flux densi ty in n e u t r o n s / c m ^ sec , no is the a tomic densi ty of 
sil icon, and o"̂  is the d i sp lacement c r o s s sect ion for fast neu t rons . The d isp lacement 
c r o s s sect ion in si l icon f luctuates between 1. 5 and 5. 5 b a r n s a c r o s s the Watt spec t rum, 
with a value nea r 3 b a r n s for 2-mev neut rons — the mean energy, E, of the Watt spec­
t r u m being nea r 2 mev. The ra t e of production of p r i m a r y knock-ons pe r incident neu­
t ron f rom 2-mev neu t rons , t he re fo re , is 

Up = f/nv = nQ (Tjj = 0. 15 p r i m a r y e v e n t s / c m ^ / f a s t neu t ron / cm^ . 

The mean energy t r a n s f e r r e d to the p r i m a r y knock-ons is re la ted to the neutron 
energy by the express ion '^ ) 

2A 

(1 + A)2 J 
(3) 

where A is the a tomic number of si l icon, and F is a co r r ec t ion factor for anisot ropy 
and inelas t ic i ty in fas t -neu t ron sca t t e r ing , taken to be about 2 /3 for naost r eac to r 
neutron bombardmen t s . Since jus t half the energy of a p r i m a r y knock-on below the 
value Ei is available for d i sp lacement -producing col l i s ions , the number of secondary 
knock-ons produced pe r p r i m a r y would be 

N d = l ^ . W 

where E(j is the d isp lacement threshold energy for sil icon and T ' has a max imum value 
of Ei . The threshold energy for mos t m a t e r i a l s is taken to be about 25 ev. However, 
Loferski and Rappapor t ' ' have obtained a value of 12. 9 ev for si l icon (utilizing e l ec ­
t ron bombardment and sensi t ive lifetinae measurenaents ) . It is probable that a unique 
value for the threshold energy does not exist , and it is poss ib le that such low values as 
that r epor t ed above may be assoc ia ted with d i rec t ional effects, t he rma l ene rg i e s , or 
c ry s t a l imperfec t ions . It is felt at the p r e sen t t ime that a value of about 20 ev m a y 
m o r e nea r ly r e p r e s e n t a typical th reshold energy for si l icon. 

*• • ' / 
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The energy t r a n s f e r r e d to p r i m a r y knock-ons in sil icon by 2-mev neu t rons i s , 
according to Equation (3), T = 89 kev. E j , however , and the re fo re T ", i s roughly equal 
to 28 kev, such that N^j, f rom Equation (4), would be about 700 vacancy - in t e r s t i t i a l p a i r s 
c rea ted pe r p r i m a r y knock-on. Since the nunaber of p r i m a r y events p e r incident neu t ron 
is 0. 15 cm"-'-, the total calculated number of V-I p a i r s / c m ^ / f a s t n e u t r o n / c m ^ produced 
in si l icon would be nf = UQ (T^ N^J ~ 100 c m " l . This value i s about an o rde r of magni tude 
higher than the values that a r e observed exper imenta l ly . F o r ins tance , Wertheim(5) 
quotes an exper imenta l value of 9. 1 V-I p a i r s / c m ^ / f a s t n e u t r o n / c m 2 . At l ea s t two 
conditions a r e cons idered to be effective in dec reas ing the number of V-I p a i r s obse rved . 
F i r s t , annealing effects could apprec iably d e c r e a s e the number of V-I p a i r s c rea ted . 
Although damaged sil icon anneals v e r y slowly at room t e m p e r a t u r e , ce r t a in defect 
s ta tes could well have an annealing ra te comparab le to the damage- in t roduc t ion ra t e at 
room t e m p e r a t u r e . F o r ins tance , Koehler has indicated that t he re may be an immedia te 
annealing effect, at l e a s t for closely spaced V-I p a i r s , due to energy impar ted to d i s ­
placed a toms by la t t ice v ibra t ions resu l t ing f rom subthreshold col l is ions of the p r i m a r y 
knock-ons(6) , and Wer the im has observed that s i l icon i r r ad i a t ed at 77°K undergoes 
some annealing between 77"K and room t empera tu re (^ ) . The annealing p r o c e s s e s in 
sil icon a r e ve ry complicated, and much work r e m a i n s to be done before a definitive 
p ic tu re will be obtained of the extent and na tu re of the p r o c e s s e s involved. 

A second effect that may d e c r e a s e the effective nunaber of damage defects is 
a ssoc ia ted with the c lus ter ing of secondary knock-ons . As the p r i i n a r y knock-on slows 
down in i t s t r ans i t through m a t t e r , the d is tance between col l is ions approaches the 
in te ra tomic d is tance , resul t ing in a local ized a r e a with an ex t remely high densi ty of de ­
fec t s . A cer ta in pe rcen tage of these will be ionized, depending on the posit ion of the 
F e r m i level and the energy s ta tes assoc ia ted with the defects . The local ized a r e a s of 
high charge densi ty will tend to have a screening effect on charge c a r r i e r s moving 
through the medium. This situation is fur ther complicated by the poss ibi l i ty of the 
generat ion of " thernaal sp ikes" nea r the end of the path of a p r i m a r y knock-on. In such 
a si tuation, the p r i m a r y knock-on may t r a n s m i t energy to the la t t ice at a high enough 
ra te for local ized mel t ing to occur . The amount of damage introduced in such a s i tua­
tion would depend on the energy-d iss ipa t ion r a t e and on the re laxat ion t ime of the l a t t i ce . 

T h e r m a l Neutrons 

The react ion of t h e r m a l neut rons with m a t t e r is different f rom that of fast neu t rons 
in that the t h e r m a l neut ron is captured by the nucleus of the in terac t ing a tom, with, in 
the case of si l icon, the emiss ion of a gamma ray . Damage occur s as a r e su l t of the 
kinetic energy of reco i l inaparted to the a tom upon the emiss ion of the gamma ray . The 
energ ies of the capture gamma rays f rom the t h r e e stable isotopes of sil icon a r e well 
known, and a r e in the energy range where essent ia l ly every neut ron capture r e s u l t s in 
the d isp lacement of a sil icon atom from i ts la t t ice s i te . According to Schweinler(°) , the 
recoi l energ ies va ry f rom 380 ev to 1330 ev, with a mean energy of 780 ev. 

Table 1 shows the capture c r o s s sec t ions , cr, for t h e r m a l neut rons by the th ree 
stable isotopes of si l icon, the re la t ive dens i t i es , p, of the th ree i so topes , and the r e l a ­
tive absorp t ions , obtained f rom the product of the c r o s s section and the re la t ive densi ty . 
Thernaal -neutron capture by Si-^ produces Si^^, which is radioact ive and decays to P^ l^ 
with a half-life of 2. 6 h o u r s . Thus , 4. 1 per cent of all thernaal -neut ron absorpt ions r e ­
sult in the crea t ion of phosphorus a toms . 

lo 
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TABLE 1. CROSS SECTION, DENSITY, AND RELATIVE ABSORP­
TION OF THERMAL NEUTRONS IN S I L I C 0 N ( 8 ) 

Isotope 

Si28 
Si29 
Si30 

Capture C: 
Section, 

b a r n s 

0.08 
0. 27 
0. 12 

ross 

<̂ , 

Relat ive 
Densi ty , p. 

pe r cent 

92.28 
4 .67 
3.05 

Relat ive 
Absorpt ion, 

pe r cent 

81 .9 
14,0 
4, 1 

Since the m e a n f ree path of t h e r m a l neu t rons in si l icon is s eve ra l c e n t i m e t e r s , 
the i r cap tu re probabi l i ty may be cons ide red constant throughout samples as s inal l a s 
the r e c t i f i e r s under study. The r a t e of product ion of p r i m a r y events f rom t h e r m a l -
neut ron cap tu re is 

n^ S 0"̂  p^ = 4 X 10" 3 p r i m a r y even t / cm3 / the rnaa l neutron/cm*^ . 

The energe t i c nucleus again d i sposes of half i t s energy in subthreshold col l is ions and 
half in producing addit ional d i s p l a c e m e n t s . So, ut i l izing a th resho ld energy of 20 ev, 
and a m e a n energy of p r i m a r y d i sp l acemen t s of 780 ev, about 20 secondary knock-ons 
a r e p roduced p e r p r i i n a r y . The total number of V-I p a i r s produced pe r incident t h e r ­
m a l neu t ron , thus , would be ~0. 08 c m " l . Although annealing p r o c e s s e s would be ex­
pected to d e c r e a s e this value somewhat , it is obvious that c lus te r ing and i ts shielding 
effect would be much l e s s p rominen t than in the case of fast neu t rons . It is a l so seen 
that the i n c r e a s e in conductivity by the c rea t ion of phosphorus is negl igible , being on 
the o r d e r of 10^ a t o m s / c m 3 sec . 

Gamma Rays 

Damage f rom gamma r a y s in the energy range of i n t e r e s t cons i s t s en t i re ly of a 
mul t ip le p r o c e s s in which the g a m m a s i m p a r t energy to e l ec t rons , and these , in tu rn , 
produce a tomic d i sp l acemen t s . G a m m a - e l e c t r o n in te rac t ions that produce e l ec t rons 
energet ic , enough to c r ea t e a tomic d i sp l acemen t s may occur in t h r e e ways: (1) the 
photoe lec t r ic effect, (2) the Compton effect, and (3) pa i r product ion. The mean energy 
of the gamma r a y s a s soc i a t ed with the subject i r r ad i a t i on has recen t ly been m e a s u r e d at 
0. 7 mev . This value i s well below the nainimum energy for pa i r product ion, such that 
the photoe lec t r ic and Conapton effects account for essen t ia l ly al l energe t ic e l ec t rons 
produced. The photoe lec t rons have a d i s c r e t e energy that is equal to the incident photon 
energy l e s s the appropr i a t e e lec t ron-b inding energy. A b road spec t rum of e lec t ron 
ene rg i e s , however , m a y be produced by the Compton effect. Both the pa r t i a l and total 
atonaic d i sp lacement c r o s s sect ions for both of these effects in si l icon down to photon 
ene rg ie s of 1 mev have been calcula ted by CaJan'*^), a s suming th reshold ene rg ies of 15 
and 30 ev. A smal l extrapolat ion of the total d i sp lacement c r o s s sect ion o-'p, to 0. 7 m e v 
for a th resho ld energy of 15 ev gives a value nea r 0. 18 b a r n / a t o m . The damage-
introduct ion ra te in s i l icon due to r e a c t o r g a m m a s , then, is nQ (r-p = 9 x 10"3 V-I p a i r / 
cm /pho ton /cm . 
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Conaparison of Damage-In t roduct ion Rates 

The re la t ive anaount of damage introduced into a m a t e r i a l f rom fast neu t rons , 
Ihormal neu t rons , and gamma rayS depends, of cou r se , on the re la t ive flux densi ty of 
the incident radiat ion, as well a s i ts efficiency in producing damage. As an example , in 
Tabic 2 a r e shown the flux dens i t ies in the Bat te l le R e s e a r c h Reac tor , at a r e a c t o r power 
level of 10 kw and in core Pos i t ion 83, as well a s the r a t e of defect product ion in s i l icon 
by each of the th ree sources of damage under considera t ion. Consider ing that the ca lcu­
lated damage f rom fast neu t rons is about an o r d e r of magnitude higher than that obse rved 
exper imenta l ly , it can be seen from Table 2 that damage f rom fast r e a c t o r neu t rons 
would sti l l be roughly th ree o r d e r s of magnitude g r e a t e r than damage f rom t h e r m a l s and 
two o r d e r s of magnitude g rea t e r than damage f rom gamma r a y s . Reac to r gamma r a y s , 
the re fore , could be expected to account for a few pe r cent of the total damage , and 
t he rma l neut rons for only a few tenths of a p e r cent. 

TABLE 2. DAMAGE-INTRODUCTION RATES IN SILICON FOR FAST NEUTRONS, 
THERMAL NEUTRONS, AND GAMMA RAYS 

I r rad ia t ion 

F a s t neu t rons 
Thernaal neut rons 
Photons 

Flux Density, 
cm" 2 sec" 1 

1.5 X 109 
3.5 X 108 
4 .5 X lOlO 

P r i m a r y Events 
pe r Incident 

P a r t i c l e , 
cm" ̂  

0. 15 
4 X 10-3 

- -

Total V-I P a i r s 
p e r P r i m a r y 

Event, 
cm" 1 

100 
8 X 10"2 
9 X 10-3 

Damage-
Introduct ion 

Rate , 
cm" 3 sec" l 

1.5 X l O l l 
3 X lO'^ 
4 X 108 

C a r r i e r - R e m o v a l Ra tes 

C a r r i e r - r e m o v a l r a t e s in damaged sil icon a r e a s t rong function of the posi t ion of 
the F e r m i level . F o r ins tance , donor s ta tes introduced into p- type sil icon will con t r i ­
bute the i r e lec t rons for recombinat ion with holes only if the energy of the donor s t a tes is 
g rea t e r than the F e r m i energy. Likewise , acceptor s ta tes will t r ap e lec t rons f rom the 
conduction band in n- type m a t e r i a l only if the i r energy is l e s s than the F e r m i energy. 
There fore , as the F e r m i energy moves away from the band edges; i. e. , a s higher pur i ty 
ma te r i a l is considered, c a r r i e r - r e m o v a l r a t e s drop rapidly. In boron-doped si l icon 
with a c a r r i e r concentrat ion on the o r d e r of lO''-'* cm"3^ the F e r m i level l i e s about 0. 31 
ev above the valence band. The only s ta tes contributing apprec iably to c a r r i e r r emova l 
in such m a t e r i a l would be donor s ta tes lying at energ ies g r ea t e r than 0. 31 ev above the 
valence band. As repor ted e a r l i e r , Wer the im has quoted an exper imenta l value for the 
introduction ra te of neutron damage in sil icon as 9. 1 cm"-'-. If one a s sumed that all the 
cen te r s introduced by neutron damage were donors lying above the F e r m i level , a total 
fast neutron flux of 4 x lOH n e u t r o n s / c m 2 (which co r r e sponds to about 600 t i s sue rads) 
would r e su l t only in the removal of l e s s than 4 x 10^^ c a r r i e r s . Such a situation would 
affect the conductivity of 10l4_cj-n-3 m a t e r i a l by only 4 pe r cent. Since the actual num­
ber of cen te r s that would contribute to c a r r i e r r emova l is much l e s s than the total num­
ber of defects introduced into the m a t e r i a l , the removal of major i ty c a r r i e r s f rom 
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silicon by neutron damage is not cons idered to be a significant effect for the pur i ty of 
m a t e r i a l and the radiat ion doses of i n t e re s t in neutron dos imet ry . 

Damage F r o m the Transmuta t ion of Boron 

Since boron-doped sil icon is used in the diodes under study, it may be per t inent , 
in cons idera t ion of the re la t ive ly high c r o s s sect ion of boron for t h e r m a l neu t rons , to 
invest igate the introduction of damage f rom the t r ansmuta t ion of boron. Of pa r t i cu l a r 
i n t e re s t in this r e g a r d is the fact that the react ion B^O + n -* Li^ + a r e l e a s e s an a 
pa r t i c l e with an energy of 2, 3 mev in 93 pe r cent of the reac t ions and 2, 79 mev in the 
other 7 p e r cent, \^^) Although detai led information is not available on the d i sp lacement 
c r o s s sect ion for a p a r t i c l e s in si l icon, an es t ima te of the o rde r of magnitude of the 
effect may be in fe r red f rom Gobel i ' s work on the i r r ad ia t ion of degenera te ge rmanium 
with 5-mev a lphas . (11) He obtained c a r r i e r - r e m o v a l r a t e s of the o rde r of 3 x 10^ 
c a r r i e r s / a cm. Since the m a t e r i a l was degenera te , one could reasonably expect two 
c a r r i e r s removed pe r V-I pa i r , giving a damage- in t roduct ion ra te of the o rde r of 10^ 
V-I p a i r s / a cm. The capture c r o s s section of B-*-̂  for t h e r m a l neut rons at room t e m ­
p e r a t u r e is nea r 4000 b a r n s , (12) and the isotopic concentra t ion of B -̂O is about 18 per 
cent. (The c r o s s section of B H for t h e r m a l neut rons is negl igible . ) There fore , the 
atonaic densi ty of B -̂O in si l icon containing 10^4 cm" 3 boron would be ~2 x 10^3 c m - 3 . 
The ra te of a-producing events then would be n^ cr « 8 x 10"^ a l p h a / c m 3 / t h e r m a l neu t ron / 
cm2. Using the value of the damage due to alphas in ge rmanium as a rough approxi­
mat ion to the damage produced in si l icon, we obtain a total number of V-I p a i r s p e r 
p r i m a r y event of 8 x 10""* c m " l . Compar ing this value with the f igures in Table 2, we 
see that t h e r m a l - n e u t r o n capture by the boron dopant accounts for roughly 1 pe r cent 
of the V-I p a i r s produced by t h e r m a l neu t rons . However , in sil icon doped with boron to 
the o rde r of lO-*-" cm"3^ as is the case in the p"" region adjacent to the base contact of 
the rec t i f ie r , t h e r m a l - n e u t r o n damage f rom the boron dopant will be 100 t imes g r e a t e r 
than that f rom the sil icon. Even under these conditions, the t he rm a l -neu t ron damage 
would account for only 20 to 40 pe r cent of the damage f rom fast neu t rons . The question 
is r a i sed , however , of the effect of damage f rom the high concentrat ion of boron at the 
surface of the p+ region on the contact r e s i s t a n c e of the rec t i f ie r . 

T rans i en t Ionization Effects 

As indicated in the section under " F a s t Neut rons" , a nucleus moving through 
m a t t e r with an energy g r e a t e r than the l imi t ing energy, Ei , will d i ss ipa te i ts energy 
pr incipal ly to the e lec t rons of the a toms n e a r which it p a s s e s . Such an effect could be 
a factor in dec reas ing the res i s t iv i ty of a m a t e r i a l while in a radiat ion field. To ca l ­
culate the ex t r eme c a s e , a s s u m e that the moving nucleus l o se s all of i ts energy in the 
range f rom T to Ei in exciting e lec t rons f rom the top of the valence b_and to the bottom of 
the conduction band. The energy lo s s for a sil icon nucleus would be T - Ei = 61 kev, 
with 1, 1 ev impar ted to each excited e lec t ron , and 5, 5 x 10^ c a r r i e r s added pe r p r i m a r y 
event. Using the values of 0. 15 p r i m a r y e v e n t / c m 3 / f a s t neut ron/cm2, ~8, 2 x 103 
c a r r i e r s / c m 3 / f a s t neu t ron/cm^ would be added to the m a t e r i a l . At a fas t -neu t ron flux 
densi ty of 1. 5 x 10^ cm" ^ s e c " l , as given in Table 2, cu r r en t c a r r i e r s would be c rea ted 
at a r a t e of 10l3 cm" 3 s e c " ! . Since the c a r r i e r densi ty in the forward di rec t ion of the 
si l icon r ec t i f i e r s under operat ing conditions is on the o r d e r of 10^° cm"-*, the contr ibu­
tion of the ionization cu r r en t would be negligible, 
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DOSIMETRY OF RADIATION SOURCES 

by 

H. C. Gorton 

During the cour se of the cu r r en t invest igat ion, exper imenta l rec t i f ie r d o s i m e t e r s 
were exposed to t h r e e different sources of radia t ion. The sensi t iv i ty of the devices to 
gamma radiat ion was de te rmined by exposing a number of the exper imenta l units to the 
Battel le Cobalt 60 facil i ty. The sensi t ivi ty of the devices to fast neut ron i r r ad i a t i on was 
deternained in the Bat te l le R e s e a r c h Reac to r . The ra t e dependence of the sensi t iv i ty of 
the devices was studied by exposing them to radiat ion f rom the Genera l Atomic TRIGA 
Reactor , This sect ion of the r epo r t will de sc r i be the exper imenta l a r r a n g e m e n t and the 
methods used to de te rmine the radia t ion dose to which the exper imenta l rec t i f ie r d o s i m ­
e t e r s were exposed. 

Bat te l le Gamma Fac i l i ty 

The Battel le gamma facil i ty c o m p r i s e s a 2000-Curie radio cobalt source composed 
of 60 rods of cobalt 8 inches long by 1/8 inch in d i a m e t e r , encased in 1/4 inch d i a m e t e r 
s ta in less s teel tubes . The tubes were packed in a cyl indr ica l configuration with a m e a n 
d iamete r of about 2 inches , and the p - n junction d o s i m e t e r s were placed at the cen te r of 
the cyl inder . The act ivi ty of the cobalt source was moni tored with a f e r r i s sulfate 
(Fricke) dos ime te r , ca l ibra ted in e rgs gm" 1 energy absorbed in wate r to an accu racy of 
about ±5 p e r cent. Convers ion to r eps is made on the bas i s of 93.8 e rgs gm" 1 = 1 r ep . 

Two groups of exper imenta l p - n junction d o s i m e t e r s w e r e exposed to the cobalt 
facility. In the f i r s t i r r ad ia t ion , seven devices -were exposed to a gamma dose r a t e of 
8, 5 X 10-' r ep h r " l for 26 hou r s . M e a s u r e m e n t s of the forward cur ren t -vo l t age c h a r a c ­
t e r i s t i c s of the devices were obtained per iodica l ly during the i r rad ia t ion . In the second 
i r rad ia t ion , six devices were exposed to a gamma dose ra te of 7 x 10^ rep h r - 1 for 2. 5 
hours . Again, the forward cur ren t -vo l t age c h a r a c t e r i s t i c s of the devices were obtained 
per iodica l ly during the i r r ad ia t ion and, in addition, the l i fe t imes of injected charge 
c a r r i e r s were obtained before and after i r rad ia t ion . 

Bat te l le R e s e a r c h Reac tor 

The Battel le R e s e a r c h Reac tor is a 4 megawat t swimming-pool- type r e a c t o r using 
enriched u ran ium fuel e lements . During the course of the exper imenta l p r o g r a m four 
different se ts of devices were exposed to radiat ion in the r e a c t o r . Between the th i rd 
and fourth i r r ad i a t i ons , the fuel e lements in the r eac to r were replaced , and the m a x i ­
mum reac to r power level was i nc rea sed f rom 2 to 4 megawat t s . In o r d e r to achieve the 
re la t ively low total doses of fast neut rons de s i r ed at reasonable exposure t i m e s , the r e ­
actor was opera ted during i r rad ia t ion of the exper imenta l d o s i m e t e r s at a reduced power 
of 10 kw for the f i r s t th ree runs and 500 w for the fourth run. Different leve ls of 
i r rad ia t ion were achieved by exposing the devices at a given posit ion nea r the r eac to r 

B A T T E L L E M E M O R I A L I N S T I T U I E 



14 

core for different pe r iods of t ime . Samples to be i r r ad i a t ed were placed in a poly­
ethylene exposure tube and were lowered to the r e a c t o r core in the Weasel I r r ad i a t i on 
Conveyer . T r a n s i t tinaes f rom the surface of the water shield to the r e a c t o r core and 
f rom the core to the surface w e r e about 15 seconds each way. 

In each exper iment the fast neutron flux densi ty was deternained in the r e a c t o r core 
posit ion used at a r e a c t o r power level of 200 kw, using one or m o r e of the th reshold de ­
t e c t o r s l i s t ed in Table 3. Table 3 a lso l i s t s the effective threshold energ ies of the radio 
ac t ivan ts , the i r c r o s s sect ions for fas t neu t rons , and the decay p a r t i c l e s used to de tec t 
the reac t ion p roduc t s . The reac t ion produc ts were counted over seve ra l half l ives on the 
RIDL 100-channel analyzer 

TABLE 3. THRESHOLD DETECTORS USED FOR FAST NEUTRON 
FLUX MEASUREMENTS 

React ion 

Ni58 (n,p) Co58 

S 3 2 ( n , p ) p 3 2 

Al^"? (n, a) Na24 

Threshold 
Energy, 

Mev 

5 

2 .9 

8. 1 

C r o s s Section 
(Saturation), 

10-^4 ^^2 

?> 

0. 300 

0. I l l 

Detection 

a (0.81 Mev) 

^ (1. 712 Mev) 

a (1. 37 Mev) 

The in tegra ted neutron flux above the effective threshold energ ies is calculated 
f rom the equation 

No o-M (1 - e"'^*) 

where 

N = dis in tegra t ion r a d s , dps 

A = a tomic weight, amu 

NQ = Avagadro ' s number , a t o m s / g m - m o l e 

tr = c r o s s section, cm' ' 

M = m a s s of foil, gm 

X = decay constant , sec"-*-

t = activation tinae, sec . 

Since neutron flux i s propor t ional to power , the value of calculated flux from Equation (5) 
can be extrapolated to the lower power leve ls used to i r r ad i a t e the exper imenta l si l icon 
p - n junction d o s i m e t e r s . The f i r s t t h r ee i r r ad ia t ions were made in core posit ion 83 
which is located 22 cm from the r eac to r core face, whereas the fourth i r r ad ia t ion was 
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made in core posit ion 64 which is located at the core face. Measu remen t s of the flux 
density in core posit ion 64 have sho-wn it to c losely approximate a Watt f iss ion spec t rum, 
and it is a s sumed that the spec t rum in core posit ion 83 is not significantly different. 

F igu re 2 shows graphical ly the fast neutron flux above threshold energy at 500 
watts r eac to r power v e r s u s threshold energy. The smooth curve is the Watt f iss ion 
spec t rum normal ized to the S32 (n, p) p 3 2 data point. As m a y be seen f rom this curve , 
the total fast neutron flux between 0 and 10 Mev is approximate ly 1. 0 x 109 cm" 2 sec" 1 at 
500 wat t s . 

Since the threshold de tec to r s r e f e r r e d to above a r e not sufficiently sensi t ive at the 
low doses used to i r r a d i a t e the exper imenta l dev ices , gold foils w e r e i r r ad i a t ed along 
with each of the threshold de tec to r s . Assuming that the ra t io of the ac t iv i t ies of the 
threshold de tec to r s to that of the gold foil did not va ry with r e a c t o r power in a given 
core posit ion, only gold foi ls , thus ca l ibra ted , were i r r ad i a t ed with the exper imenta l 
devices . The gold is a m o r e des i rab le dos ime te r at the low neut ron dosages to which 
the samples w e r e exposed because of i t s much higher act ivat ion sensi t ivi ty compared to 
the threshold de t ec to r s . The total dose to which the devices were exposed in each 
i r rad ia t ion was der ived f rom the known rela t ionship of the fast neutron flux to the gold-
foil act ivi ty. 

Genera l Atomics TRIGA Reac tor 

For ty -e igh t p - n junction d o s i m e t e r s , compr i s ing four different base widths and two 
p rocess ing p r o c e d u r e s , were exposed to a b u r s t of neu t ron i r r ad ia t ion f rom the TRIGA 
reac to r to study the r a t e dependence of the device sensi t ivi ty. The p - n junction d o s i m e t e r s 
were divided into 6 groups of eight devices each, and a r r a n g e d in a Lucite exposure tube, 
as shown in F igure 3. As may be seen in the f igure , each of t h r e e p a i r s of packages 
were separa ted by water columns, and the two packages in each pa i r w e r e separa ted by 
l a rge sulfur pel let d o s i m e t e r s 8 nam thick. Smal le r sulfur pel let d o s i m e t e r s were in­
cluded in each of the six packages . The act ivi ty of each of the six smal l sulfur dos im­
e t e r s was evaluated by H a r r y M. Murphy, J r . , Inst i tute for Exp lo ra to ry R e s e a r c h , 
USASRDL. The act ivi ty of the th ree l a r g e sulfur d o s i m e t e r s was evaluated by 
Dr. I. N. Wimenitz, R e s e a r c h Supervisor , Nuclear Vulnerabi l i ty Branch , Dianaond 
Ordinance Fuze L a b o r a t o r i e s . F i g u r e 4 i s a graph of the convers ion of fast neutron 
dose to r a d s , a s evaluated by Murphy. The Wimenitz data did not include a convers ion 
factor to r ads and i s super imposed on the curve of Murphy ' s data. The m e a s u r e d data 
from the sulfur pe l le t s i s shown, of cou r se , on the 2. 5 Mev th reshold curve . Although 
Wimenitz used a threshold of 3 Mev in h i s evaluation, the difference in act ivi ty between 
that and a 2. 5 Mev threshold would be l e s s than 4 p e r cent. The 0. 63 Mev threshold 
data a r e calculated values corresponding to the neptunium threshold , and a r e given 
because of i t s proxinaity to the REIC definition of fast neut ron dose as being the number 
of neu t rons c m - 2 whose energy is above 0. 5 Mev. As may be obse rved in F i g u r e 4, 
there i s some d i sc repancy between the naeasured flux f rom the two se t s of sulfur pe l l e t s , 
the difference inc reas ing with increas ing dis tance f rom the r e a c t o r c o r e . Wimeni tz ' 
data should fall between the th ree p a i r s of points in the curve . Taking into account the 
differences in threshold energy used in the two c a s e s , the act ivi ty of the l a r g e pe l le t s i s 
g rea t e r than the average of that of the cor responding two s m a l l e r pe l le t s by about 15 p e r 
cent, 30 pe r cent, and 45 p e r cent, the difference increas ing with d is tance frona the core 
The cor re la t ion of the data f rom the two sources i s much be t t e r on the calculated curve 
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corresponding to a threshold energy of 0. 63 Mev. However , it i s l e s s meaningful since 
it was a r r i v e d at by two different me thods . Murphy used a constant factor of 7. 16 to 
convert f rom the in tegra ted flux above 2. 5 Mev to the in tegra ted flux above 0. 63 Mev. 
This value was obtained f rom the average activity of a number of sulfur and neptunium 
d o s i m e t e r s exposed at 5 different d i s tances f rom a TRIGA b u r s t . Dr . Wimenitz used 
convers ion fac to rs of 4. 37, 3. 55, and 3. 35 at the 24, 38, and 45 cm posi t ions f rom the 
r eac to r co re , r espec t ive ly . 

VOLTAGE PROFILE OF FORWAJR.D BIASED 
SILICON P - N JUNCTION DOSIMETERS 

by 

J . M. Swartz • 

Neutron damage in a si l icon rec t i f ie r i n c r e a s e s the dynamic r e s i s t a n c e of the de ­
vice under a forward applied b i a s . This i n c r e a s e d r e s i s t a n c e i s c red i ted to a d e c r e a s e 
of the minor i ty c a r r i e r l i fe t ime in the base region. 

In o r d e r to de te rmine if the junction region and e l ec t r i c a l contacts contr ibute to an 
apprec iable extent to the i n c r e a s e in r e s i s t ance from fast neutron rad ia t ion , a voltage 
profile was taken before and af ter exposing th ree 0 .030- inch base-wid th si l icon p-n 
jvmction d o s i m e t e r s to a fast neutron dose of 1240 r a d s . 

T h r e e of the 0. 030-inch p - n junction d o s i m e t e r s p r o c e s s e d f rom Czochra l sk i -pu l led 
m a t e r i a l , p r e p a r e d by the " s t andard p r o c e s s " as desc r ibed in the Second Quar t e r ly R e ­
por t , November 15, 1959, were used for this work. A p lanar surface a c r o s s the ba se of 
the device and perpendici i lar to the p - n junction, as shown in F i g u r e 5, was obtained by 
lapping on 600-gr i t si l icon carb ide paper and polishing with 0. 03 naicron a lumina. 

n-P Junction 

Silicon 

>— Contacts 

FIGURE 5. GEOMETRY OF LAPPED SILICON P - N JUNCTION DOSIMETER 

The forward vo l t age -ve r sus -d i s t ance profi le at va r ious constant cu r r en t l eve ls 
was obtained with the c i rcu i t shown in F i g u r e 6 before and after exposure to fast neut ron 
i r r ad ia t ion . A Southwestern Indus t r ia l E lec t ron ic s Company Model R - 1 vo l tme te r , 
shunted a c r o s s an appropr ia te r e s i s t o r , was used as an a m m e t e r and a Keithley Model 
610 e l e c t r o m e t e r was used for the voltage m e a s u r e m e n t s . 
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FIGURE 6. CIRCUIT FOR OBTAINING VOLTAGE P R O F I L E OF SILICON 
P - N JUNCTION DOSIMETERS 

In o r d e r to obtain a low r e s i s t a n c e , ohmic contact to the surface of the s i l icon, 
a 2-mi l d i ame te r gal l ium-doped gold wi re was bonded to the surface with a capaci tor 
d i scha rge unit at s eve ra l points between the two contac ts . After removing the bonded 
gold w i r e , a p+ region remained , which gave reproducible ohmic contacts for the 
potent iometr ic voltage m e a s u r e m e n t s . A fine tungsten point was used with m i c r o ­
man ipu la to r s to contact the gold-doped p"*" r eg ions . 

Represen ta t ive cu rves of one of the diodes a r e shown in F i g u r e 7. The negative 
voltage is plotted with the p''" contact at ze ro potent ia l . Curves for constant c u r r e n t s of 
10"^, 10"^, and 1 a m p e r e a r e given. F o r the two higher cu r r en t va lues , the base region 
i s flooded with cu r r en t c a r r i e r s and i s conductivity modulated. 

The theore t i ca l junction vol tages were calcvilated at different injection leve ls using 
the following formulas : 

p-n"*", J = 2qn(; 
D, 

' D . 

exp 

P-P+, J = 2qpo / -—- ( exp 

qVj_ 

kT 

qVz 

kT 

- 1 (6) 

(7) 

where 

Dĝ  = ambipolar diffusion constant , cm^ sec" 1 

J = cu r r en t densi ty , a m p e r e s cm~^ 

T = l i fe t ime, seconds 

q = e lec t ronic charge , coul 

Po = 3 X 10 ^'*, cm"^ 

n^ = 5 X 10^, cm"^ 

-.'. V> 
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FIGURE 7. PREIRRADIATION AND POSTIRRADIATION VOLTAGE PROFILES OF 
EXPERIMENTAL SILICON P-N JUNCTION DOSIMETERS 
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In Table 4 the calciilated va lues of the junction voltage for different cu r r en t l eve l s a r e 
compared to the va lues obtained by probing a c r o s s the junction. The exper imenta l ly ob­
tained values of the voltage a c r o s s the p-p'^ junction ag ree ve ry well with those obtained 
by the theore t i ca l calculat ion. However, the vol tages at the n+-p junction a r e con­
s iderably lower than the calculated va lues . This probably means that the potential p r o ­
file has been ajipreciably d i s turbed at the smal l degenera te regions used as contacts for 
the voltage p robe . The slight i n c r e a s e in the junction voltage after i r r ad ia t ion as shown 
in Table 5, may be a t t r ibuted to e r r o r in m e a s u r e m e n t , o r inabili ty to obtain the actual 
junction vol tage. That the t rue junction voltage is unaffected by i r rad ia t ion in the range 
of i n t e r e s t i s a lso suggested by the fact that no change was observed in the junction 
capaci ty of the devices as a function of i r rad ia t ion . 

TABLE 4. CORRELATION OF THEORETICAL AND OBSERVED 
JUNCTION VOLTAGES BEFORE IRRADIATION 

Cur ren t , Voltage, vol ts 
Junct ion a m p e r e s Theore t i ca l Observed 

10-3 0.48 0 .42 
10-1 0.60 0 .48 

1 0.66 0.46 
10-1 0,07 <0.08 

1 0 .13 <0.17 

TABLE 5. N"*"-? JUNCTION VOLTAGE, BEFORE 
AND AFTER IRRADIATION 

Cur ren t , 
a m p e r e s 

10-3 
10-1 

1 

Before 

0 .42 
0.48 
0.46 

Voltage, volts 
After 

0 .40 
0 .53 
0.50 

Fo r the lower cu r r en t of 10-3 ampere (below the level of conductivity modulat ion), 
the r e s i s t a n c e of the ba se region before i r r ad ia t ion can be calculated. A value of 45 
ohms was obtained f rom the calculat ion, which is in excellent ag reemen t with the r e ­
s is tance obtained f rom the Hall mobi l i t ies and c a r r i e r concentra t ions . The low init ial 
slope of the vol tage-d is tance curve proceeding into the base region f rom the n+-p j u n c ­
tion can be a t t r ibuted to the injection of charge c a r r i e r s into the ba se . Using the amb i ­
polar diffusion constant ( l6 . 9 for si l icon), diffusion lengths of . 0078 and . 0041 inch 
before and after i r rad ia t ion , respec t ive ly , we re calculated f rom the radiat ion induced 
change in l i fe t ime. As shown in the f igure , the calculated ambipolar diffusion lengths , 
(high level injection) for both p r e - and pos t - i r r ad i a t i on conditions a r e ve ry nea r ly equal 
to the length of the flat por t ions of the cu rves . 

It can a lso be seen in F i g u r e 7 that the slopes of the vol tage-dis tance curves a r e 
different for different leve ls ol forward cu r ren t . The change in slope is l e s s than the 

n+-p 
n'^'-p 
n"*'-p 
P-P+ 
P-P+ 
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change in c u r r e n t , which m e a n s that the r e s i s t ance of the ba se region mus t be d e c r e a s i n g 
with inc reas ing injection l eve l s . This d e c r e a s e in r e s i s t a n c e with inc reas ing c u r r e n t i s 
to be expected, as conductivity modulat ion is dependent upon high level injection into the 
base region and is independent of base res i s t iv i ty . 

It can be concluded that nea r ly al l of the i n c r e a s e in voltage at constant c u r r e n t 
with i r r ad ia t ion is due to the introduction of fas t -neu t ron- induced recombinat ion c e n t e r s 
into the base region of the si l icon p - n junction dos ime te r . 

(1 

(2 

(3 

(4 

(5 

(6 

(7 

(8 

(9 

(10 

(11 
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PHASE II. DETERMINATION OF THE RESPONSE OF THE 
EXPERIMENTAL DOSIMETER TO RADIATION 

by 

H. C. Gorton and A. R. Zacaro l i 

SENSITIVITY OF EXPERIMENTAL SILICON RECTIFIER 
DOSIMETERS TO FAST NEUTRON IRRADIATION 

The p r i m a r y objective of the c u r r e n t p r o g r a m has been the development of a p r o t o ­
type fast neut ron dos ime te r sensi t ive in the same range as human t i s sue . As has been 
explained in a prev ious section of the repor t , the sensi t ivi ty of the sil icon p - n junction 
dos ime te r is de t e rmined by both m a t e r i a l and design f ac to r s . Associa ted with the m a ­
t e r i a l is the radia t ion damage constant in si l icon, which defines the degree of l i fet ime 
change with fast neut ron flux. The predominant geometry factor affecting device s e n s i ­
t ivi ty i s the width of the base region of the device . 

To evaluate the sensi t ivi ty of the si l icon p -n junction dos ime te r to fast neut ron i r r a d i a ­
tion, 10 devices fabr ica ted f rom Czochra l sk i -pu l led si l icon using the "n ickel -s low 
cooled" p r o c e s s were exposed to a fast neutron flux of 1240 r ads in 10 i n c r e m e n t s of 
approximate ly 120 r ads each in the Bat te l le R e s e a r c h Reac tor . After each i nc r emen ta l 
exposure , the devices w^ere removed f rom the r e a c t o r and the charge c a r r i e r l i fe t imes 
and the cu r ren t -vo l t age c h a r a c t e r i s t i c s were nneasured. Of the 10 devices , 8 had ba se 
widths of .020 inch, one had a ba se width of .025 inch, and one had a base width of 
. 030 inch. 

The cu r ren t -vo l t age prof i les were obtained with a Moseley Autograf f la t -bed r e ­
co rde r , a s shown in F i g u r e 8. A m o t o r - d r i v e n var iab le -vo l tage source faci l i tated the 
rapid and accu ra t e record ing of the cu r ren t -vo l t age prof i les . Life t imes were m e a s u r e d 
by the open-c i rcu i t voltage decay method i l lus t ra ted in the schemat ic d i ag ram in F i g u r e 9. 
This method cons i s t s of pass ing forward cu r r en t through the device , suddenly opening 
the c i rcui t , and observing the voltage decay as a function of t ime on a Tek t ron ics 435 
osc i l loscope . The voltage decays as a l inear function of t ime , andl i fe t ime is calcula ted 
f rom the slope of the vo l tage- t ime curve by the express ion 

T = - ^ - ^ , (8) 
q AV 

where k i s Bo l t zmann ' s constant, q is the charge of an e lec t ron , T is absolute t e m p e r a ­
tu r e , V i s the observed voltage, and t is the observed t ime . 

F r o m the re la t ionship T J = T~ + a nvt, it can be seen that the r ec ip roca l charge 
c a r r i e r l i fet ime in an i r r ad i a t ed device should be propor t ional to the fast neut ron flux, 
the propor t ional i ty constant being the radia t ion damage constant of the m a t e r i a l . 
F igure 10 is a plot of r ec ip roca l l ifet ime v e r s u s fast neutron dose for the eight . 020-
inch base width dev ices . At each i r r ad i a t i on level the average and the ex t r eme va lues of 
r ec ip roca l l i fet ime a r e plotted. The slope of the curve drawn through the experimiental 
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FIGURE 9. SCHEMATIC DIAGRAM OF CIRCUIT FOR OBTAINING LIFETIMES 
OF SILICON P - N JUNCTION DOSIMETER 
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points r e p r e s e n t s a value of 65 r a d - 1 s e c " ! . A typical family of cu r ren t -vo l t age c u r v e s , 
with fast neutron i r rad ia t ion as a p a r a m e t e r , is shown in F i g u r e 11. The curve on the 
ex t r eme right is the p r e - i r r a d i a t i o n curve , the curves shifting to the left with inc reas ing 
i r rad ia t ion . In F igure 12 is a plot of the normal ized forward c u r r e n t s at constant volt­
ages as a function of fast neutron i r rad ia t ion with base width as a p a r a m e t e r . The curve 
for the 20-mil base width device is the normal ized average cu r r en t through each of eight 
uni ts . The i nc rea se in sensi t ivi ty with inc reas ing base width is ve ry apparent . Fo r 
example, at a fast neutron dose of 600 r a d s , the forward cu r r en t is dec r ea sed by 35 p e r 
cent, 50 per cent, and 75 pe r cent for the . 020- , . 025- , and . 030-inch base width de­
v ices , respec t ive ly . 

It may be concluded f rom the above r e su l t s that adequate sensi t ivi ty of the device 
to fast neutron i r rad ia t ion in the dose range of i n t e re s t has been achieved. It may be 
pointed out that the sensi t ivi ty of the device could be fur ther inc reased by increas ing the 
initial charge c a r r i e r l i fet ime and increas ing the base width of the device. It a lso 
follows that a l e s s sensi t ive device, suitable for measu r ing appreciably higher doses , 
could be made by degrading the init ial l i fet ime and by dec reas ing the width of the base 
region. 

SENSITIVITY TO GAMMA RADIATION 

The ideal fas t -neu t ron dos imete r would, of cou r se , be insensi t ive to all o ther 
fo rms of radiat ion. It has been shown from theore t i ca l cons idera t ions (see Table 2, 
page 11) that bulk silicon approaches this ideal for exposure to the radiat ion field of an 
enr iched u235 r e a c t o r . Although the pr inc ipal effect of radiat ion damage in the si l icon 
p-njunct ion d o s i m e t e r s is a s sumed to take place in the base reg ionf rom in terac t ions of 
fast neut rons with the bulk sil icon, the actual effects of other fo rms of radiat ion on the 
e lect ronic p r o p e r t i e s of the device had not been de te rmined . To invest igate such effects, 
a number of exper imenta l sil icon p -n junction d o s i m e t e r s were exposed to gamma rad ia ­
tion in the Battel le Gamma Faci l i ty . 

Six exper imenta l devices which were exposed to gamma radiat ion had base widths 
of . 010, . 015, and . 020 inch, and were p r o c e s s e d f rom Czochra l sk i c ry s t a l s by the 
s tandard slow-cooled technique. Measu remen t s of the forward cu r r en t through the de­
vices at constant voltage were obtained per iodica l ly during the i r rad ia t ion . The a s s u m p ­
tion that t r ans ien t ionization effects under conditions of h igh- level injection would be 
negligible was exper imenta l ly verif ied. The l ifet ime of injected charge c a r r i e r s was 
de te rmined before and after exposure to 1. 8 x 10^ r eps of Co60 g a m m a s . 

F igure 13 shows the effect of gamma radiat ion up to 5. 5 x 10^ reps on the no r ­
mal ized forward cu r ren t through each of the six d o s i m e t e r s . F o r compar i son p u r p o s e s , 
the fas t -neu t ron flux in the Bat te l le R e s e a r c h Reac tor which cor responds to an equivalent 
number of r eac to r gammas is super imposed at the top of the graph. Thus , it may be 
seen, for example, that the change in forward cu r r en t resul t ing f rom gamma i r rad ia t ion 
assoc ia ted with a fas t -neut ron exposure of 1000 rads in the Bat te l le R e s e a r c h Reac tor 
would be l e s s than 4 per cent in any of the six devices . It may also be observed from 
Figure 13, that the devices with wider base regions a r e correspondingly m o r e sensi t ive 
to the gamma radiat ion. In o r d e r to c lear ly observe this t rend, however , the gamma 
exposures were far m excess of the gamma flux in the exposure range of in te res t in the 
U235 fission spec t rum. 
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Since the d e c r e a s e in the forward cu r r en t through the dos ime te r at constant voltage 
r e s u l t s f rom the radia t ion- induced d e c r e a s e in charge c a r r i e r l i fet ime in the device , one 
would expect apprec iable changes in l i fet ime in the devices after an exposure of 106 r eps 
to CooO g a m m a s . P r e - and pos t - i r r ad i a t i on l i fe t imes in the six devices exposed to the 
Bat te l le Gamma facil i ty a r e shown in Table 6. As may be seen in Table 6, the expected 
d e c r e a s e in l i fe t ime, cor responding to the observed d e c r e a s e in forward cu r r en t at con­
stant vol tage, did not occur . Since the radia t ion- induced i n c r e a s e in r e s i s t a n c e of the 
device under forward b ias is a secondary effect, resul t ing f rom a d e c r e a s e in charge 
c a r r i e r l i fe t ime, and since a d e c r e a s e in l i fet ime after exposure to 1. 76 x 10" reps was 
not observed , it mus t be concluded that the observed i n c r e a s e in r e s i s t ance is not 
assoc ia ted with radia t ion damage in the base region of the device . Also, it will be 
shown in the next section that the exposure of a nominal . 020-inch base width device to 
a fas t -neu t ron dose of 1000 r ads r e su l t s in a d e c r e a s e in forward cu r r en t at constant 
voltage of about 55 p e r cent. Calculat ions of the re la t ive damage introduction r a t e s of 
fast neu t rons and gamma rays in a r eac to r environment (see Table 2) show that the co r ­
responding d e c r e a s e in forward cu r r en t from the equivalent gamma dose should be l e s s 
than 0. 2 p e r cent. The actual changes observed in the forward cu r r en t of the two . 020-
inch base width devices exposed to the equivalent gamma i r r ad ia t ion in the cobalt source 
a r e 1 p e r cent and 4 pe r cent, and a r e a s sumed , t he re fo re , to be anomalously high. 

TABLE 6. LIFETIMES BEFORE AND AFTER EXPOSURE TO 1. 75 x 10^ 
REPS Co^O GAMMA IRRADIATION 

Fina l Lifet ime, 
m ic ro seconds 

3. 3 
3. 3 
7.8 
7. 3 

12. 2 
16.6 

Since changes in r e s i s t ance outside the space -cha rge region do not affect the 
m e a s u r e d value of the injected charge c a r r i e r l i fet ime as obtained by the open-c i rcu i t 
voltage decay method, changes in the s e r i e s r e s i s t a n c e of the device resul t ing f rom 
gamma i r rad ia t ion , for example at the ohmic contac t -s i l icon in ter face , could account 
for the r e su l t s observed. In any case , it i s r ecommended that the effects of gamma 
i r rad ia t ion on the device p r o p e r t i e s be studied fur ther to a sce r t a in whether the observed 
change in forward cu r r en t was assoc ia ted with an anomalous condition in the devices 
tes ted , or whether it may be assoc ia ted with an inherent p rope r ty of the dos ime te r . 

THE RATE DEPENDENCE OF FAST NEUTRON IRRADIATION ON THE 
SENSITIVITY OF SILICON P - N JUNCTION DOSIMETERS 

R e s e a r c h efforts on the exper imenta l si l icon p -n junction d o s i m e t e r s have been 
d i rec ted toward the development of a tac t ica l device which is expected to be used for the 
evaluation of radiat ion damage f rom exposure to radioact ive a r e a s , where the dose ra te 
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Number 

1 
2 
3 
4 
5 
6 

B ase Width, 
inch 

. 010 

.010 

.015 

.015 

.020 

.020 

Initial Life t ime, 
m ic ro seconds 

3. 5 
3 . 8 
6 . 2 
7. 0 

12.5 
17.7 
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m a y be re la t ive ly low, a s well a s f rom exposure to nuc lea r detonat ions , where the dose 
r a t e is on the o r d e r of 2 x 10^3 neut rons pe r kiloton. It is impor tan t , t he re fo re , to 
de te rmine the dose r a t e of fast neut ron i r r ad ia t ion on the sensi t ivi ty of the dev ices . 
Accordingly, a number of exper imenta l uni ts were exposed to a fast neutron pulse at a 
r a t e of 2. 5 x 10^ r ads s e c " l f rom the Genered Atomics TRIGA Reac to r and were then 
compared to a number of s imi l a r uni ts exposed to a fast neutron flux at a ra te of 6 r ads 
s e c - 1 f rom the Bat te l le R e s e a r c h Reac to r . 

Fo r ty - e igh t p - n junction d o s i m e t e r s were exposed to different total doses up to 
approximate ly 1500 r ads in the Genera l Atomic TRIGA Reac to r . Eight of the devices 
were exposed at each of six posi t ions f rom the r e a c t o r co re . Each package of eight d e ­
v ices contained two each with base widths of 0. 015, 0. 020, 0. 025, and 0. 030 inch. One 
of each of the two devices of a given base width was p r o c e s s e d by the s tandard technique 
and the other was p r o c e s s e d by the technique involving the n icke l -ge t te r ing p r o c e s s . 
Attenuation of the fast neutron flux was provided by the wate r m o d e r a t o r and l a r g e - a r e a 
sulfur pel let d o s i m e t e r s . Smal le r sulfur pel le t d o s i m e t e r s were placed in each of the 
six p - n junction dos ime te r packages to moni tor the dose received by each group of de ­
v i ce s . The act ivi ty of the smal l sulfur pe l l e t s , as obtained f rom H a r r y M. Murphy, J r . , 
Ins t i tu te for Exp lo ra to ry R e s e a r c h , USASRDL, is given in Table 7. 

TABLE 7. SULFUR P E L L E T EVALUATION-
TRIGA TRANSIENT 1048 

F a s t Neutron Dose 

Pe l l e t 
ICR, 
cpm 

464.9 
324.7 

73.15 
51.54 
31.08 
20.09 

E >2.5 Mev 

8.07 X lOlO 
5.64 X lOlO 
1.27 X lOlO 
8.94 X 109 
5.39 X 109 
3.48 X 109 

n cm"^ 
E >0.63 Mev 

4 .51 X lOl l 
3.19 X lOl l 
7.15 X lOlO 
5.05 X lOlO 
3.05 X lOlO 
1.97 X lOlO 

Tissue Rads 

1492 
1042 

235 
166 
100 

65 

53 
59 
62 
68 
71 
74 

As a compar i son with the h i g h - d o s e - r a t e exposure in the TRIGA facili ty, four 
packages of eight si l icon p - n j u n c t i o n d o s i m e t e r s , identical to those exposed to TRIGA, 
were exposed in the Bat te l le R e s e a r c h Reac tor to different total doses up to approxi­
mate ly 1000 rads at a r e a c t o r power level of 10 ki lowat ts . All of the p - n junction 
d o s i m e t e r s were placed together in a polyethylene exposure tube and were placed in 
Core Pos i t ion 84, 22 cen t ime te r s f rom the r e a c t o r core face. The different total doses 
were obtained by exposing the four packages for different lengths of t ime . 

The total i r r ad ia t ion rece ived by the devices was de te rmined by counting the 
activity of gold-leaf d o s i m e t e r s that were included in each of the packages . The gold 
d o s i m e t e r s , which a r e sensi t ive to t he rma l and resonance neu t rons , were ca l ibra ted by 
exposing both gold and aluminum d o s i m e n t e r s in the same location as the exper imenta l 
units and comparing the induced radioact ivi ty . The exposure , however , was at a r eac to r 
power of 200 ki lowatts for 20 minutes in o r d e r to c rea te suffici^ nt activity in the a lumi­
num for accura te evaluation. 
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The radiat ion rece ived by each of the four se ts of devices is r ecorded in Table 8. 

TABLE 8. GOLD-FOIL EVALUATION - BRR COMPARISON RUN 

Foi l 

7 
8 
9 

10 

Exp osure T ime , 
seconds 

312 
217 

76 
21 

F a s t Neut 
total n cm-"^ 

6.77 X lOl l 
4 . 7 X lO l l 
1.65 X lOl l 
4 . 5 X 10^0 

ron Dose 
T i s sue Rads 

1880 
1309 

459 
125 

M e a s u r e m e n t s of h igh- level l i fet ime in the devices before and after i r r ad ia t ion 
were made by the open-c i rcu i t vol tage-decay method. As was shown in the preceding 
section, the p r e i r r a d i a t i o n and pos t i r r ad ia t ion l i fe t imes of a m a t e r i a l a r e re la ted to the 
radiat ion dose through the express ion 

-i ^ = a nvt , (9) 
' ' o 

where the propor t ional ly constant , a, is defined as the damage constant of the m a t e r i a l . 
A compar i son of the damage constants calculated for devices exposed to different 
amounts of radiat ion in the two r e a c t o r s is shown in F i g u r e 14. Each point r e p r e s e n t s 
the average for eigh: d o s i m e t e r s of four different base widths and two p rocess ing p r o c e ­
dures subjected to a given level of i r rad ia t ion . The sca t t e r in the damage constant among 
the eight samples at a given i r rad ia t ion level is a lso shown. The inc reased sca t te r at 
low i r rad ia t ion leve ls r e su l t s f rom l imi ta t ions in m e a s u r i n g l i fe t ime. Since, as shown 
in Equation (9), the value of the damage constant is obtained f rom the difference between 
two m e a s u r e d va lues of l i fe t ime, the percen tage e r r o r in the damage constant i n c r e a s e s 
as the difference between the p r e i r r ad i a t i on and pos t i r r ad ia t ion values of the l ifet ime 
d e c r e a s e s . 

An express ion re la t ing the ra t io of the e r r o r in de te rmining the total dose to which 
the devices have been exposed to the e r r o r in measu r ing l ifet ime may be developed f rom 
Equation (9) as 

T A (nvt) 2 
, 1 + , '.= (10) 

A T nvt TQ a nvt 

A T 
Since the e r r o r in measu r ing l i fe t ime, , is fixed at about 4 p e r cent, the percen tage 

A , 

e r r o r in measu r ing the total dose rece ived, ^ , may be seen to be inverse ly re la ted 
nvt 

to the ini t ial l i fe t ime, TQ. Hence, it is per t inent to develop devices with as high an 
init ial l i fet ime as poss ib le . 

The change in r ec ip roca l l ifetime averaged over the four base widths of the de­
v ices tes ted v e r s u s incident radiat ion in rads is plotted in F igure 15 for all the devices 
i r r ad ia t ed in the d o s e - r a t e - c o m p a r i s o n exper iments in the TRIGA and Bat te l le R e s e a r c h 

•See Appendix A. 
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Reactors. The scatter about a straight-line fit of the data is encouragingly small, and 
it is observed that no significant difference in lifetime change resulted from the marked 
difference in dose rate between the two irradiations. It may also be noted, as is ex­
pected, that the addition of the nickel-gettering step in the processing procedure does 
not produce a significant change in the dependence of A T - 1 on incident radiation. It may 
be noted further that the value of the damage constant is equal to the slope of the plot of 
A T " 1 versus nvt, and the value obtained from the experimental data shown in Figure 15 
is 67. 6 rad"l sec"-^ (1. 88 x 10"'^ nvt" ^ sec"^). 

Since fast-neutron irradiation of the silicon p-n junction dosimeters resvdts in a 
change in the charge-carr ier lifetimes in the material , any rate dependence of the effect 
of irradiation on the devices would be evidenced by a difference in the damage constant 
resulting from differences in the dose rate of the incident radiation. The dose rate to 
which the devices were exposed in the TRIGA facility was greater than 4000 times that to 
which the devices were exposed in the Battelle Research Reactor. Nevertheless, the 
difference in the two values of the damage constant averaged over all the devices exposed 
in each reactor was only 16 per cent, a value that is'probably well within the experi­
mental e r ro r in evaluating the dosimetry in the two reactors . It is concluded, there­
fore, that the sensitivity of the silicon p-n junction dosimeters to fast-neutron radiation 
is not rate dependent, at least up to 2. 5 x 10^ rads sec~l. 

TEMPERATURE DEPENDENCE OF READ-OUT CURRENT 

The temperature dependence of the current through an ideal diode at constant 
applied voltage is of the form 

a/T 
I = A e (11) 

Although the p-n junction dosimeter is a compound device comprising two junctions and 
an appreciably wide base region, it is reasonable to assume that the temperature de­
pendence of the current maintains the same general relationship given above. '^) There­
fore, experiments were carried out to investigate the significance of the expected change 
with temperature, and the possible effect of fast neutron radiation thereon. 

Two 20 mil base width devices, whose initial forward currents at 0. 800 volts 
applied potential differed by less than 10 per cent, were chosen for study. One of the 
two devices was exposed to 1240 rads fast neutron irradiation. Current-voltage profiles 
were then obtained from each device at several temperatures between -30 amd 160°F. 
Figure 16 is a plot of the log of the forward current through the devices at 0. 800 volts 
applied potential as a function of reciprocal temperature. The detailed forms of the 
curves obtained are not completely understood at the present time. For instance, in the 
preirradiation curve, an apparent discontinuity in the slope occurs at about 65 °F; and 
in the postirradiation curve, the slope increased with increasing temperature. The con­
tinuous change of slope in the latter curve inaplies a radiation-induced change in a series 
resistance in the device with either increasing current or increasing temperature. Low 
tenaperature annealing effects are ruled out because of the reproducibility of the curve. 

42 
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A ra the r s trong t e m p e r a t u r e dependence of the cu r r en t through the dos ime te r at 
constant voltage is observed , the var ia t ion amounting to about 3 per cent pe r cent igrade 
degree in the un i r rad ia ted device and about half that value in the i r r ad ia t ed device. 
In te rp re ted in t e r m s of dose , this change co r re sponds to about 18 rads pe r cent igrade 
degree in a nominal un i r rad ia ted 20 mi l base width device. The fact that the t e m p e r a ­
tu re dependence of the cu r r en t changes with i r r ad ia t ion ser ious ly compl ica tes the de­
velopment of a compensat ing mechan i sm in the read-ou t c i rcui t and may, the re fo re , 
impose l imi ta t ions on the ambient r ead-ou t t e m p e r a t u r e . 

ANNEALING STUDIES 

It has been demons t ra ted that radia t ion- induced defects in si l icon may be annealed 
out of the m a t e r i a l at elevated t e m p e r a t u r e s . V '̂ If such an annealing effect were to take 
place within the expected ambient t e m p e r a t u r e to which the sil icon p - n junction dos im­
e ter would be subjected, the apparent radia t ion to which the device had prev ious ly been 
exposed would have been correspondingly dec rea sed . The re fo re , it is impor tan t to de ­
t e rmine the min imum t e m p e r a t u r e at which annealing of radia t ion- induced defects t akes 
place in the device. The poss ibi l i ty a lso ex is t s that , under ce r ta in conditions of t ime 
and t e m p e r a t u r e , essen t ia l ly al l of the radia t ion- induced defects could be annealed out. 
The r ecove ry and r e - u s e of i r r ad i a t ed devices woiild then be poss ib le . It is impor tant 
therefore to de te rmine the extent to which radia t ion- induced defects may anneal out at 
the max imum t e m p e r a t u r e to which the device could be subjected without pe rmanen t ly 
a l ter ing i t s e lec t ronic or physical p r o p e r t i e s . Repor ted in this sect ion a r e the r e s u l t s 
of p r e l i m i n a r y exper iments which give some information on both mininaum- and 
m a x i m u m - t e m p e r a t u r e annealing effects. 

Three 20 mi l base width devices with different init ial l i fe t imes and cur ren t -vol tage 
c h a r a c t e r i s t i c s were chosen for study. These devices were taken f rom the 100 units 
that had been exposed to 1240 r ads fast neutron i r rad ia t ion . The th ree devices were 
annealed for 5 minu tes at each of severa l t e m p e r a t u r e s between room t e m p e r a t u r e and 
250 °C. Then they were annealed for an additional 55 minutes and then 2 -1 /2 hour s at 
the same t e m p e r a t u r e . Final ly , they were annealed at 330°C for 3 minu tes . After each 
anneal , the devices w e r e cooled to room t e m p e r a t u r e and m e a s u r e m e n t s of l i fe t ime and 
cur ren t -vol tage c h a r a c t e r i s t i c s were obtained. 

F i g u r e s 17 and 18 a r e graphical r ep resen ta t ions of the changes in l ifet ime and 
forward cu r r en t at constant voltage, respec t ive ly , a s a resu l t of the t e m p e r a t u r e p r o ­
g ram jus t desc r ibed . The pe r cent r ecove ry of the ini t ial p r e i r r a d i a t i o n c h a r a c t e r i s t i c s 
a r e plotted as a function of annealing t e m p e r a t u r e . As may be seen f rom the f igu res , 
two m e a s u r e m e n t s were taken on each of the devices after the 5 minute anneal at 205 °C. 
The f i r s t m e a s u r e m e n t was made immedia te ly after re turn ing the units to room t e m ­
p e r a t u r e , and the second m e a s u r e m e n t was made 16 hours l a t e r . It is seen in the 
f igures that there was some r eve r s ion of the forward cu r r en t at constant voltage in all 
t h r ee devices , and of the l i fet ime in one of the th ree dev ices . The inc reased r ecove ry 
of both l i fet ime and forward cu r r en t f rom the prolonged anneal at 250 °C is a l so apparent . 
An additional anneal for 2 -1 /2 hours at this t e m p e r a t u r e did not significantly change the 
lifetinne and forward cu r ren t f rom the values obtained after the 55 minute anneal . It is 
to be noted that no additional r e c o v e r y of the init ial c h a r a c t e r i s t i c s was observed after 

B A T T E L L E M E M O R I A L I N S T I T U T E 



39 

o T 
A T 

a T 

Legend ' 

3 = 34 fisec 

g = 3l ^sec 

0 = 29 fis€ c 

55 min 

X 

K^ 

/ / 

1/ A 

^ 

X 

,/j 

V 

— 

*-c 

E 
1 

^ c : » 
— 5 minute 

—a 

—A 

S 

40 80 120 ISO 200 

Annealing Temperature, C 

240 280 
A-34742 

320 360 

FIGURE 17. RECOVERY OF PREIRRADIATION LIFETIME AS A RESULT OF 
ANNEALING SILICON P-N JUNCTION DOSIMETERS EXPOSED 
TO 1240 RADS FAST NEUTRON IRRADIATION 

•xO 
B A T T E L L E M E M O R I A L I N S T I T U T E 



40 

100 

120 160 200 240 280 

Annealing Temperature,C A-34743 

360 

FIGURE 18. RECOVERY OF PREIRRADIATION FORWARD CURRENT AT V = 0. 900 
VOLTS AS A RESULT O F ANNEALING SILICON P - N JUNCTION 
DOSIMETERS EXPOSED TO 1240 RADS FAST NEUTRON IRRADIATION 

46 
B A T T E L L E M E M O R I A L I N S T I T U T E 



41 

heating the devices to 330°C for 3 minu tes . In fact, a r a t h e r severe degradat ion in l i fe­
t ime was observed in one device , and some d e c r e a s e of the forward cu r r en t at constant 
voltage was observed in all t h r ee dev ices . 

The annealing of defects in bulk si l icon i s a complicated p r o c e s s , and is not com­
pletely unders tood at the p r e s e n t t ime . Moreover , the p rob lem of unders tanding the 
mechan i sm is compounded when the si l icon is p r o c e s s e d into a device such as the one 
under study. Neve r the l e s s , some conclusions can be drawn from the data at hand. In 
pa r t i cu l a r , no apprec iable annealing effects were obse rved below 100°C, and it may 
be expected f rom the data of Bemsk i and Augustyniak' ' that damage effects would r ema in 
unchanged after much longer anneals at 100°C. Also, the fact that heating the devices 
to Z50°C for 2 -1 /2 hour s after the 60-minute anneal at the same t e m p e r a t u r e resu l ted 
in no additional r ecove ry of ini t ial c h a r a c t e r i s t i c s , and that no improvements were seen 
a f t e r the short anneal to 330°C, suggests that a complete r ecove ry of initial c h a r a c ­
t e r i s t i c s may not be poss ib le within the t e m p e r a t u r e l imi t s imposed by the physica l 
p r o p e r t i e s of the device components . 

REPRODUCIBILITY OF RADIATION E F F E C T S 

The need for uniformity f rom one device to another in the m e a s u r e d effects of 
radia t ion i s obvious, the h igher the degree of uniformity in the m e a s u r e d effects of 
radiat ion, the g r ea t e r will be the accuracy of the observed radiat ion dose . Also, the 
achieving of sinailar init ial c h a r a c t e r i s t i c s would obviate the need to " tag" each device 
for appropr ia te compensat ing adjustments in the read-ou t c i rcui t . 

A study was made of the uniformity of the response to fast neut ron i r rad ia t ion of 
100 devices p r o c e s s e d f rom Czochra lsk i -pul led c r y s t a l s of sil icon of a fixed res i s t iv i ty . 
It is impor tant to note, however , that although the r e s i s t iv i ty of each sl ice of sil icon was 
essent ia l ly the same , the s l i ces were cut f rom seve ra l different ingots; the implicat ion 
being that other cha rac t e r i z ing p a r a m e t e r s of the s ta r t ing m a t e r i a l , such as charge 
c a r r i e r l i fe t ime, may not have been held constant . 

In this exper iment , 100 20 mi l ba se width dev ices , fabr icated by the "n ickel -s low 
cooled" p r o c e s s , were selected from a total of 150 units on the bas i s of uniformity of 
charge c a r r i e r l i fet ime and cur ren t -vo l t age c h a r a c t e r i s t i c s . The degree of uniformity 
of the ini t ial c h a r a c t e r i s t i c s of the 100 devices is shown in F i g u r e s 19 and 20. F igure 19 
depicts the dis t r ibut ion i n p r e i r r a d i a t i o n l i f e t i m e s , and F igu re 20 depicts the dis t r ibut ion of 
init ial forward cu r r en t through the devices at an applied potential of 0. 850 vol ts . Fifty 
of these devices were exposed to a fast neutron flux of 720 rads and the other 50 to a 
fast neut ron flux of 1240 r ads in the Bat te l le R e s e a r c h Reac to r . Measu remen t s of the 
charge c a r r i e r l i fe t imes and cur ren t -vo l t age c h a r a c t e r i s t i c s of the devices were obtained 
before and after i r rad ia t ion . 

As shown by Equation (9), page 33, the damage constant in sil icon is defined by 
the ra t io of the change in radiat ion- induced r ec ip roca l l i fet ime to radiat ion dose . 
Theore t ica l ly , the damage constant has a single value for a given m a t e r i a l , so any 
var ia t ion in the observed damage constant would be an indication of nonuniformity in the 
r e sponse of the device to fast neutron i r rad ia t ion . F igu re 21 shows the dis t r ibut ion of 
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FIGURE 20. DISTRIBUTION IN PREIRRADIATION CURRENT AT V = 0. 820 VOLTS 
FOR 100 20-MIL-BASE SILICON P-N JUNCTION DOSIMETERS 
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t h e c a l c u l a t e d v a l u e s of t he d a m a g e c o n s t a n t in t h e 50 d e v i c e s e x p o s e d to 720 r a d s , a n d 
F i g u r e 22 s h o w s t h e d i s t r i b u t i o n of t he c a l c u l a t e d v a l u e s of t he d a m a g e c o n s t a n t in t he 50 
d e v i c e s e x p o s e d to 1240 r a d s . A c o m p a r i s o n of F i g u r e s 21 a n d 22 s h o w s no s i g n i f i c a n t 
c h a n g e in t h e d a m a g e c o n s t a n t a s a func t ion of r a d i a t i o n d o s e (^720 - ^^ r a d " l s e c " l , a n d 
a j 2 4 0 " ^^ r a d ~ l s e c ~ l ) w h i c h i n d i c a t e s t h a t t he c a l c u l a t e d v a l u e s of t he d a m a g e c o n ­
s t a n t a p p e a r no t t o b e d e p e n d e n t on r a d i a t i o n d o s e . 

T h e d e g r e e of u n i f o r m i t y in the f o r w a r d c u r r e n t a t c o n s t a n t v o l t a g e a f t e r e x p o s u r e 
t o 720 r a d s a n d 1240 r a d s i s s h o w n in F i g u r e s 23 a n d 24 . I n t h e s e f i g u r e s t he v a l u e of 
t he c u r r e n t t h r o u g h e a c h d e v i c e i s r e p o r t e d a t t h a t v o l t a g e w h i c h w a s r e q u i r e d to p a s s 
0. 500 annp t h r o u g h the d e v i c e p r i o r t o i r r a d i a t i o n . T h i s i s no t to b e c o n f u s e d wi th 
F i g u r e 20 , w h i c h s h o w s t h e d i s t r i b u t i o n in i n i t i a l c u r r e n t w h e n t h e s a m e v o l t a g e i s 
a p p l i e d to e a c h d e v i c e . 

S e v e r a l f a c t o r s cou ld c o n t r i b u t e to t he l a c k of u n i f o r m i t y of r a d i a t i o n r e s p o n s e o b ­
s e r v e d in t h e g r o u p of d e v i c e s r e f e r r e d to a b o v e . One of t he p o s s i b l e c a u s e s of t h i s 
n o n u n i f o r m i t y m a y b e i n f e r r e d f r o m a n anc i lys i s of t h e d a t a d e p i c t e d in F i g u r e 2 5 . H e r e 
t he i n i t i a l l i f e t i m e in e a c h of t h e d e v i c e s i s p l o t t e d a g a i n s t t he c a l c u l a t e d dannage c o n ­
s t a n t s a f t e r e x p o s u r e to a f a s t n e u t r o n d o s e of 1240 r a d s . T h e d a t a in t he f i g u r e a r e 
g r o u p e d a b o u t t h e a v e r a g e v a l u e of 65 r a d " ^ s e c ~ l in t h r e e b o x e s , e a c h 2 0 r a d " ^ s e c ~ ^ w i d e 
to d e m o n s t r a t e t h e o b s e r v e d t r e n d t h a t t h e h i g h e r v a l u e s of t h e d a m a g e c o n s t a n t a p p e a r to 
b e a s s o c i a t e d w i t h l o w e r i n i t i a l d e v i c e l i f e t i m e s , a n d t h a t t he l o w e r v a l u e s of t h e d a m a g e 
c o n s t a n t a p p e a r to b e a s s o c i a t e d w i t h t h e h i g h e r i n i t i a l d e v i c e l i f e t i m e s . At l e a s t two 
p o s s i b i l i t i e s m a y a c c o u n t f o r s u c h a t r e n d . O n e , of c o u r s e , wou ld b e t h a t t h e d a m a g e 
c o n s t a n t in s i l i c o n i s r e c i p r o c a l l y r e l a t e d to l i f e t i m e . R e c e n t w o r k h a s b e e n r e p o r t e d 
s h o w i n g t h a t i m p u r i t i e s in s i l i c o n , s u c h a s o x y g e n a n d p h o s p h o r u s , m a y i n t e r a c t w i th 
r a d i a t i o n - i n d u c e d v a c a n c i e s to p r o d u c e e l e c t r o n s t a t e s in t h e f o r b i d d e n b a n d w h i c h m a y 
a c t a s r e c o m b i n a t i o n c e n t e r s a n d , h e n c e , i n f l u e n c e t he c h a r g e c a r r i e r l i f e t i m e in t h e 
n i a t e r i a l ( ^ > ^ ) . S ince o n l y po s t i r r a d i a t i o n l i f e t i m e wou ld be a f f ec t ed b y s u c h a m e c h a ­
n i s m , t he c a l c u l a t e d d a m a g e c o n s t a n t wou ld b e i n f l u e n c e d b y t h e i m p u r i t y c o n t e n t of t h e 
s i l i c o n . I n f a c t , W a t k i n s s t a t e s ( ^ ) t h a t i n h i g h p u r i t y s i l i c o n m.ost d e f e c t s d u e t o r a d i a ­
t i o n a r e a s s o c i a t e d w i t h i m p u r i t i e s s u c h a s o x y g e n . 

A s e c o n d p o s s i b i l i t y i s t h a t t he d a m a g e coe f f i c i en t m a y i n d e e d b e a c o n s t a n t f o r a 
g iven m a t e r i a l . R e f e r r i n g a g a i n to E q u a t i o n (9), p a g e 3 3 , i t m a y b e s e e n t h a t if t he o b ­
s e r v e d l i f e t i m e in t he d e v i c e w e r e g r e a t e r t h a n the t r u e l i f e t i m e b y s o m e f a c t o r , k i , f o r 
e a c h d e v i c e , t h e n the f o r m of t h e e q u a t i o n w o u l d b e 

k i nv t 

T h e r e f o r e , t he a p p a r e n t l i f e t i m e , k^ T£, w o u l d b e r e c i p r o c a l l y r e l a t e d to t he a p p a r e n t 

d a m a g e c o n s t a n t , -rr^. A s w a s s t a t e d a b o v e , t h i s r e c i p r o c a l r e l a t i o n s h i p i s o b s e r v e d in 
i 

F i g u r e 2 5 , a n d m a y t h e r e f o r e i n d i c a t e t h e i n f l u e n c e of s o m e f a c t o r in t h e d e v i c e on t h e 
o b s e r v e d l i f e t i m e . T h e m a g n i t u d e of t h e d i f f e r e n c e b e t w e e n i n i t i a l and f i na l l i f e t i nnes 
a i t e r 1240 r a d s f a s t n e u t r o n i r r a d i a t i o n i s s u c h t h a t t h e i n h e r e n t m e a s u r e m e n t e r r o r * 
d o e s no t s i g n i f i c a n t l y i n f l u e n c e t h e t r e n d o b s e r v e d in F i g u r e 2 5 . In g e n e r a l , t h e s p r e a d 
o b s e r v e d in t h e c u r r e n t - v o l t a g e c h a r a c t e r i s t i c s ajid in t h e c a l c u l a t e d d a m a g e c o n s t a n t of 

*See Appendix A. 
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this group of devices after exposure to fast neut ron i r r ad ia t ion may be assoc ia ted with 
va r i ab l e s in the bulk si l icon f rom which the devices were fabr ica ted a n d / o r f rom v a r i ­
ables introduced into the device during the fabr icat ion p rocedu re . Invest igat ion of these 
poss ib le effects will be r equ i red to insure a high deforce of reproducibi l i ty in the r ead ­
out of radia t ion damage effects. 
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PHASE III. DESIGN AND DEVELOPMENT OF 
A PRACTICAL READ-OUT FACILITY 

by 

R. K. Crooks 

In o rde r to p r e sen t a complete account in this r epo r t of the essen t ia l phases of the 
development of the dos ime te r r ead-ou t c i r cu i t ry , ce r t a in information which was de­
veloped throughout the pro jec t and which was desc r ibed in prev ious qua r t e r l y r e p o r t s , 
will be repea ted where it can be of benefit. 

The or iginal concept of the read-out device for indicating the total i r r ad ia t ion ex­
posure was a smal l self-contained a s sembly that would be assoc ia ted with each p - n j u n c -
tion dos ime te r in a complete compact dos ime te r package. With such an a r r angemen t , 
the read-ou t device , of necess i ty , would have to be immune to radia t ion effects. This 
r equ i rement r e s t r i c t s the kind of components that can be used in the device, as well a s 
i t s complexity. F o r ins tance , the use of t r a n s i s t o r s and diodes would be quest ionable . 
Vacuum tubes might be used; however , low-power consumption is a necess i ty and, t h e r e ­
fore , the i r use would a lso be quest ionable. 

It i s evident that if a sys tem were adopted in which each individual p - n junction 
dos ime te r is " r e a d out" on a common por tab le read-ou t device located in an a r e a not 
subjected to radiat ion environment , the p rob l ems mentioned would be al leviated con­
s iderably and m o r e refined measurennents on the d o s i m e t e r s would be poss ib le . It was , 
t he re fo re , decided ea r ly in the project that the read-out device for considerat ion at th is 
t ime would not be r e s t r i c t e d to the smal l self-contained a s sembly to be assoc ia ted with 
each dos ime te r , but might be of the common por table read-ou t device type mentioned. 
This decis ion simplified the read-ou t p rob lem considerably and pe rmi t t ed the cons ide ra ­
tion of c i r cu i t ry which would not o therwise have been considered. 

Types of Read-Out Measu remen t s 

F r o m the d i scuss ion in the e a r l i e r pa r t of the r epor t , it is evident that two p a r a m ­
e t e r s a r e sensi t ive to i r rad ia t ion . These a r e the forward cu r r en t at a fixed voltage and 
the charge c a r r i e r l i fe t ime. The charge c a r r i e r l i fet ime is a sensi t ive and d i r ec t 
m e a s u r e m e n t of dosage. However, the c i r cu i t ry requ i red to m e a s u r e l i fe t imes of the 
o rde r of 5 to 50 mic roseconds is somewhat involved. On the other hand, the r e s i s t ance 
of a rec t i f ie r under forward b ias is a re la t ive ly s imple , s t ra ightforward m e a s u r e m e n t , 
even though cer ta in difficulties a r e p resen t , which will be d i scussed l a t e r . After sonrie 
considera t ion of the re la t ive m e r i t s and complicat ions of the two types of m e a s u r e m e n t s , 
it was decided that the major emphas is in this contract would be toward the design of a 
d-c forward r e s i s t ance read-out device, with a minor considerat ion being given to 
m e a s u r e m e n t of charge c a r r i e r l i fe t imes . The following d e s c r i b e s the work on these 
two types of read-out devices . 

37 
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F o r w a r d Cur ren t 

It is evident f rom the data p re sen ted previous ly , in this r epo r t that the forward 
cu r ren t , or d-c r e s i s t a n c e , of a rec t i f ie r m e a s u r e d at about 0. 85 vol ts is a ve ry sens i ­
tive indicator of radia t ion exposure . It i s a lso evident f rom the data that , if the voltage 
at which the cu r r en t or r e s i s t a n c e i s m e a s u r e d is not the same for each m e a s u r e m e n t , 
cons iderable e r r o r in the indicated i r r ad ia t ion exposure would r e su l t . It is e ssen t ia l , 
t he re fo re , that the read-ou t c i rcui t be so a r r anged that the same voltage be applied to 
the dos ime te r for each m e a s u r e m e n t , both p r i o r and subsequent to i r r ad ia t ion . This is 
a bas ic p rob l em in the r ead -ou t ins t rumenta t ion and one to which cons iderable thought 
has been given. It is quite poss ible to regulate the voltage to the d e s i r e d accu racy 
through a conventional t r a n s i s t o r - r e g u l a t e d voltage aupply. However , to achieve this 
degree of accu racy in the voltage applied to the dos ime te r by a s imple m e a n s p r e s e n t s 
a p rob lem. The sever i ty of the p rob lem can be seen f rom data taken on a typical 
dos ime te r , a s shown in Table 9. 

TABLE 9. D-C RESISTANCE VERSUS VOLTAGE 

D-C Res i s t ance , ohms 
V, vol ts Z e r o Rads 

0.90 1.63 
0.85 2.78 
0.80 5.15 
0.75 10.00 

1359 Rads 

2. 
4 . 
8. 

17. 

77 
85 
90 
50 

F r o m these data, it can be seen that a change of read-ou t voltage f rom 0. 90 to 
0. 85 (about 5. 5 p e r cent change) r e p r e s e n t s a change of about 1350 rads in the indicated 
radiat ion exposure . Ass\iming a l inea r re la t ionship , this amounts to a constant e r r o r 
of about 250 r ads pe r 1 pe r cent change in the read-ou t vol tage. Thus , the r ead-ou t 
e r r o r in a naeasurement taken after an exposure of, say, 1350 r ads would be approxi ­
mate ly 250 r a d s , or about 18 pe r cent, even though the dos ime te r m e a s u r e m e n t voltage 
was no m o r e than 1 pe r cent different f rom the voltage at which the dos ime te r was 
or iginal ly m e a s u r e d for ca l ibra t ion. A read-ou t a ccu racy of 10 to 20 pe r cent has been 
indicated in our conferences as being acceptable . F r o m th i s , it is evident that it is 
n e c e s s a r y to regulate the applied voltage to the dos ime te r to l e s s than 1 p e r cent of a 
given specified value. 

It was mentioned e a r l i e r that with a t r an s i s t o r i z ed , se l f - regula t ing c i rcui t it 
would be poss ible to supply the r equ i red voltage for m e a s u r e m e n t . Such a c i rcu i t is 
shown in the Th i rd Quar te r ly P r o g r e s s Repor t . It was decided, however , to concen­
t r a t e our efforts at this t ime on the development of a simplified manual ly-adjus ted read­
out c i rcu i t , a s d i scussed below. The proposed c i rcui t shown in F igu re 26 cons is t s of a 
means for manual ly adjusting the t e s t voltage i m p r e s s e d on the dos ime te r to equal a 
p rede te rmined voltage es tabl ished by a second re fe rence c i rcui t . The m e a s u r e d cu r r en t 
through the dos ime te r is then an indication of the radiat ion exposure . Slight modifica­
t ions a r e incorpora ted in the proposed c i rcu i t over that r epor ted in the Thi rd 
Quar te r ly P r o g r e s s Repor t . 

o O 
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The p r e c i s e re fe rence or t e s t voltage, Vr, at which the forward cu r r en t m e a s u r e ­
ment of the dos ime te r , D, is to be made is es tabl ished by the m e r c u r y cel l , V j , and can 
be adjusted to the de s i r ed voltage by means of the potent iometer , Rj.. The voltage, V^j, 
i m p r e s s e d a c r o s s the dos ime te r may be adjusted by means of the potent iometer network, 
R2. With the push-but ton switch Pi-,-1 in posit ion 1, the m i c r o a m m e t e r , A, indicates a 
cu r ren t which is p ropor t iona l to the difference between the vol tage , V(j, a c r o s s the dos im­
e ter and the re fe rence vol tage, Vj-. When R2 is adjusted such that V(j is equal to Vy, the 
m i c r o a m m e t e r will read ze ro . At this point the dos imete r voltage is equal to that of the 
re fe rence , Vj-. With push-but ton P ^ - l in posit ion 2, the m i c r o a m m e t e r then r eads the 
cu r r en t flowing through the dos ime te r , the major p a r t of the cu r r en t being shunted 
around the m i c r o a m m e t e r by the r e s i s t ance r^. The r e s i s t ance r^ provides s e r i e s cu r ­
rent l imit ing in the m i c r o a m m e t e r c i rcu i t during the coa r se adjustment of the dos ime te r 
voltage. This r e s i s t o r can be shor ted by depress ing P ^ - ^ after the dos ime te r voltage has 
been adjusted approximate ly equal to the re fe rence voltage. The potent iometer network, 
R2, is actual ly two po ten t iomete r s , Vj and rg , a r r anged for coa r se and fine adjustment 
of the voltage a c r o s s the dos ime te r . 

F r o m the data p re sen ted e a r l i e r in this r epor t , taken on a number of d o s i m e t e r s , 
it is evident that t he re i s some var ia t ion in the p r e i r r ad i a t i on cu r r en t . The adjustable 
r e s i s t ance , Rjsj, i s therefore provided to p e r m i t adjustment of the reading on the m i c r o ­
a m m e t e r to full sca le (100 pe r cent) for each individual dos ime te r under the init ial p r e ­
i r rad ia t ion condition. With this sett ing of Rj<f for each individual dos ime te r , it is then 
poss ible to de te rmine the percen tage change in forward cu r r en t due to subsequent 
i r rad ia t ion exposure . It should be pointed out h e r e that because of this var ia t ion in the 
individual d o s i m e t e r s , it is n e c e s s a r y to " t ag" each dos ime te r in some manne r that 
will p e r m i t the setting of the r e s i s t a n c e B,f^ to the p rope r point corresponding to the 
ini t ial dos ime te r c u r r e n t reading. The switch Sw-2 i s provided for operat ion of the 
m e t e r on ei ther high or low range , depending upon the degree of i r r ad ia t ion being 
m e a s u r e d . The low range is achieved by the use of only one of the m e r c u r y ce l l s . 

A l abo ra to ry model of the r ead-ou t device, shown in the photograph in F i g u r e 27, 
was const ructed in o r d e r to de te rmine the p rac t icab i l i ty of the proposed c i rcu i t . In­
format ion on the major components used in the model a r e indicated below. 

V j - l Mal lory RM-4R M e r c u r y Cell 

V2-2 Mal lory RM-42R M e r c u r y Cel ls 

A-1 Simpson #: 1329, 0-100 m i c r o a m m e t e r 

r j - 1 400 ohm 5 watt fixed r e s i s t o r 

r , - ! 700 ohm 5 watt fixed r e s i s t o r 

r 3 - l 22,000 ohm 1 watt fixed r e s i s t o r 

r ^ - l 1000 ohm 1 watt fixed r e s i s t o r 

r g - l WP-3000 ohm IRC wi re wound control 

r ^ - 1 1 ohm 5 watt fixed r e s i s t o r 

GO 
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FIGURE 27. LABORATORY MODEL OF READ-OUT INSTRUMENT 
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r 7 - l M15DK 15 ohm Mallory wire wound control 

r g - l WP-50 ohm IRC wire wound control 

rg-1 30 ohm 1 watt fixed resistor 

Rj.-1 WP-250 ohm IRC wire wound control. 

All res is tors are wire wound except r^^ and rg which are carbon composition. 

Operating Procedure 

P r io r to the making of any measurements, the reference voltage Vj. will have been 
set to some predetermined voltage, at which the measurements are to be made, by the 
adjustment of Rj.. This adjustment is inaccessible from the outside of the meter case 
and, therefore, does not enter into the read-out procedure. It was mentioned earl ier 
that the adjustable resistance R N , Figure 26, is provided in order to establish an initial 
dosimeter current reading with which subsequent dosimeter current measurements cotild 
be compared. This resistance is labeled "Normalizer" in the photograph of Figure 27. 
In practice, each dosimeter would be tagged in a manner which would permit the setting 
of the Normalizer at the point on the indicator dial corresponding to the initial (pre­
irradiation) current through the dosimeter. The calibration of this control setting over 
a range of dosimeter current for full scale m.eter reading is shown in Figure 28. 

With the "Normalizer" set at the proper position, the dosimeter may be inserted 
in the test holder provided and the off-on switch placed in the "on" position. Since both 
push buttons, Pb-1 and Pb"2, are norm..'illy in position 1 (Figure 26), the meter will read 
an unbalanced current. This current is then reduced to near zero by adjustment of the 
coarse "Zero" control. When the meter is reduced to a low level, Pb-2 (red) may be 
depressed, thus increasing the sensitivity of the meter circuit. A finer adjustment, 
then, is achieved by further adjustment of the "fine" control. When the meter reading 
has been reduced to as near zero as possible, P b " ! should be depressed, at the same 
time releasing Pb"2. The reading on the meter will then indicate the forward current 
through the irradiated dosimeter as a percentage of the initial current under preirradia­
tion conditions. The percentage reduction in forward current then is related to the 
irradiation dose. This relationship between percentage reduction in forward current and 
the dose will need to be determined through further study of a large number of dosimeter 
samples. 

No attempt has been made to miniaturize the laboratory version of this read-out 
circuit, since the main objective was to prove the practicability of this method of 
measurement. The res is tors used throughout the meter are commercially available, 
non-precision res is tors . In a final version of the read-out device, precision low 
temperature-coefficient res is tors would be used. Mercury cells, for the reference 
and the m.ain power source, were chosen for their long-life and constant-voltage charac­
ter is t ics and should provide a satisfactory source of energy for the final read-out device. 
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Read-Out Device T e s t s 

A number of sample d o s i m e t e r s were se lected f rom the group m e a s u r e d by con­
ventional m e a n s , a s indicated by curve data, and w e r e tes ted to de te rmine the accu racy 
of the r ead-ou t ins t rument . The r e s u l t s of these t e s t s a r e shown in Table 10. In each 
case the " N o r m a l i z e r " was set at the point indicated by the ca l ibra t ion curve . F i g u r e 28, 
for the ini t ial (pre i r rad ia t ion) c u r r e n t of the dos ime te r under t es t . The r e s u l t s of the 
t e s t s , a s tabulated below, show good agreennent between the change in forward cu r r en t 
(per cent of ini t ial cur rent ) m e a s u r e d in the conventional manne r and the change indi­
cated by the r ead-ou t ins t rument . A m a x i m u m difference between the two m e a s u r e m e n t s 
i s 2. 8 p e r cent , excluding device 71 which a p p e a r s to be defective. 

TABLE 10. READ-OUT DEVICE TESTS 

All naeasurements taken at a dosimeter voltage of 0.825 vo l t s . 

Dos ime te r 

19A 
51 
61 
71 
81 

101 

Conventional Measu remen t , 
Ini t ial — 
No Rads 

0.500 
0.450 
0.390 
0.310 
0.470 
0.380 

I r r a d i a t e d — 
1242 Rads 

Not i r r a d i a t e d 
0. 125 
0. 123 
0.040 
0. 165 
0. 125 

amps 
% of 

Init ial 

100 
27.8 
31.6 
12.9 
35 .2 
33.0 

Read- Out D( 
Norma l i ze r 

Setting 

8 .4 
5 .6 
5..0 
2 .2 
7 .5 
4. 7 

evice 
%of 

Ini t ia l 

100 
28 .5 
32 .5 
13,9 
35.5 
32.5 

Charge Carrier Lifetime 

Although no great amovuit of effort has been put forth in this contract toward the de­
tailed consideration of a means of measuring charge carrier lifetime as a read-out 
parajneter, it i s believed that the idea shows enough promise to warrajit some mention 
and perhaps further consideration. The possible means of achieving this measurement 
was described in the Third Quarterly Report, and for completeness of this report, will 
be repeated here . 

The characteristic decay of the voltage appearing across the p-n+ junction of the 
dosimeter after an impressed voltage has been removed i s shown in Figure 29. The 
slope of the linear portion of the characterist ic over the time interval M, following the 
initial rapid decay, has been used as a measure of the charge carrier l ifetime. The c ir­
cuit proposed measures this slope and produces a read-out on an indicating meter that 
would be calibrated in l i fet ime. 

A functional block diagram of the proposed lifetime read-out instrument i s shown 
in Figure 30. A square-wave voltage of suitable amplitude with a period of about 400 
microseconds is impressed on the dosimeter, as shown. The voltage-decay character­
istic of the junction during each "off" t ime, as indicated on the diagram, i s differentiated. 
However, the differentiator is activated by a delay circuit , so that it functions only 

64 

B A T T E L L E M E M O R I A L I N S T I T U T E 



59 

175 /LAsec (approximate) 
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FIGURE 29. TYPICAL OPEN-CIRCUIT VOLTAGE-DECAY CHARACTERISTIC OF 
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after a t ime in terva l D and only during the in terva l M (Figure 29), which m a y be about 
50 to 75 jTiicroseconds. The re fo re , the output of the different iator will be a s e r i e s of 
pu l ses of constant durat ion, M, whose ampli tude is propor t iona l to the slope over the 
in te rva l M and, hence , propor t iona l to l i fe t ime. 

The accu racy to w^hich the exposure can be read on such a sys tem is l imi ted 
main ly by the a c c u r a c y to which the peak value of the pu l ses can be read . This should 
be about 5 p e r cent over the range of exposures . 

Although the detai led design of this c i rcu i t has not been worked out as yet , no 
grea t obs tac les a r e anticipated, since all of the functions r equ i red can be accompl i shed 
with conventional c i r cu i t ry . It is e s t ima ted that f rom six to ten t r a n s i s t o r s would be r e ­
qui red to pe r fo rm the functions indicated and that the ins t rument could be powered with 
s eve ra l m e r c u r y ce l l s . 

Major Read-Out P r o b l e m s 

I r r e s p e c t i v e of the type of r ead-ou t method finally adopted, a number of p r o b l e m s 
inust be reso lved . A re la t ionship r ep resen t ing al l d o s i m e t e r s mus t be es tab l i shed b e ­
tween the pe rcen tage change in forward cu r r en t , or l i fe t ime, a s the case may be , and 
radia t ion. To de te rmine such a re la t ionship , a s ta t i s t ica l study of many samples will 
be r equ i red . The effect of t e m p e r a t u r e on the forward cu r r en t of a dos ime te r mus t be 
compensated for in some manne r in the read-ou t device . It is not evident at th is t ime 
how this might be accompl ished conveniently. Since it is evident that the re will be a 
difference in the init ial forward cu r r en t in the d o s i m e t e r s , it is n e c e s s a r y to es tab l i sh 
some means of " tagging" each dos ime te r in o r d e r to take account of this difference in 
subsequent m e a s u r e m e n t s . A poss ib le m e a n s has been desc r ibed in the Second Quar ­
t e r l y Repor t . It cons i s t s of incorpora t ing a smal l adjustable r e s i s t o r with each dos im­
e te r , pe rhaps both on a smal l card . Init ial ly, before radia t ion exposure , the r e s i s t a n c e 
of the r e s i s t o r could be adjusted to match that of the dos ime te r at the specified t e s t 
vol tage. After exposure , the change in the r e s i s t ance of the dos ime te r from the ini t ial 
value could be de te rmined by a compar i son m e a s u r e m e n t with the r e s i s t o r . The r e s i s ­
tor would, of necess i ty , be a radiat ion immune f i lm-type that could be t r i m m e d at the 
ini t ial reading. 

Conclusions 

F r o m the work in this cont rac t , it is evident that a p rac t i ca l read-out device can 
be developed which will r ead the forward cu r r en t at a specified constant voltage through 
a dos ime te r to the des i r ed degree of accuracy . The l abora to ry model of the r ead-ou t 
device , while not of the opt imum design, neve r the l e s s indicates that such a r ead-ou t 
device i s p rac t i ca l and re l i ab le . It i s evident that the t r a n s i s t o r i z e d regulat ing c i rcu i t 
ment ioned could a lso be developed into a s imple read-out device requi r ing no manipula­
tion on the pa r t of the o b s e r v e r , since it would pe rmi t the d i r ec t reading of the p e r ­
centage change in the dos ime te r cu r r en t and, the re fo re , might be m o r e acceptable f rom 
an o p e r a t o r ' s viewpoint. In p r inc ip le , the charge c a r r i e r - l i f e t i m e - m e a s u r i n g c i rcu i t i s 
sound. However, it will be considerably m o r e complicated than e i ther of the other two 
c i r cu i t s mentioned. It would, however , p e r m i t the m e a s u r e m e n t of a p a r a m e t e r which 
is m o r e d i rec t ly re la ted to radiat ion dose than is the forward cuj-rent, ,., 
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Further work on this type of dosimeter should involve the selection of a read-out 
device based on one of the three methods mentioned and should include consideration of 
the solutions to the problem mentioned related to the characterist ics of the device. 
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PHASE IV. DEVELOPMENT AND PROCESSING TECHNIQUES FOR THE 
FABRICATION OF SILICON P - N JUNCTION DOSIMETERS 

by 

O. J . Mengali 

The sil icon p - n junction d o s i m e t e r s were fabr icated using a " two-s t ep" diffusion 
p r o c e s s . The p roces s ing s teps desc r ibed a r e p r e s e n t e d in chronological o r d e r , s t a r t ­
ing with the sil icon c rys t a l wafering and continuing through to the final a s s emb ly of the 
complete device. 

F o r the purpose of continuity, f ac to rs that a r e per t inent to each step of the p r o c e s s 
a r e incorpora ted under the pa r t i cu l a r step being d i scussed . At seve ra l points during 
p roces s ing , quali tat ive examinat ions may be pe r fo rmed on the sil icon wafers to insure 
p rope r p roces s ing conditions; these include p - n junction depth de te rmina t ions and s u r ­
face conductivity. 

The ut i l izat ion of a wide-base si l icon diffused rec t i f ie r as a sensi t ive fas t -neu t ron 
dos ime te r , r e q u i r e s that the high level injection l i fet ime of the device have a value 
commensura t e with the device base width. The re fo re , the re tent ion of the minor i ty 
c a r r i e r l i fet ime in p r o c e s s e d sil icon wafers mus t be mainta ined. Since h i g h - t e m p e r a t u r e 
diffusion techniques se r ious ly degrade the minor i ty c a r r i e r l i fet ime in p r o c e s s e d s i l i ­
con, it is n e c e s s a r y to introduce l i fet ime retent ion t r e a t m e n t s during p rocess ing to ob­
tain adequate l i fe t imes in the device . Several methods have been used during the p r e s e n t 
state of development of the dos imete r ; these include: (a) slow cooling of diffused wafers 
following the h igh - t empe ra tu r e diffusion cyc les , (b) get ter ing of impur i t i e s which in t ro ­
duce recombinat ion cen te r s by the use of meta l l ic nickel , and (c) the combination of both 
get ter ing and slow cooling. 

Boron t r i ch lo r ide has been used exclusively as a boron diffusant source in the 
formation of the p - b a s e region. P r e v i o u s invest igat ions have shown that B2O3, used as 
a diffusant source in the p roces s ing of diffused sil icon r ec t i f i e r s , in t roduces a high de­
gree of sca t t e r in the forward c h a r a c t e r i s t i c and r e su l t s in low rec t i f ie r yield. T h e r e ­
fore , the use of B2O3 as a diffusant source is not recommended. Ra ther , BCI3 is r e c o m ­
mended as a diffusant source . 

Equipment r equ i r emen t s for fabricat ing the dos ime te r a r e not included in the 
p r o c e s s descr ip t ion , since mos t manufac tu re r s of diffused silicon devices a r e fami l ia r 
with and adequately equipped for such diffusion-type p r o c e s s e s . 

During the course of the pro jec t , s eve ra l invest igat ions were under taken with the 
a im of es tabl ishing the n e c e s s a r y contro ls on init ial m a t e r i a l c h a r a c t e r i s t i c s , geometry 
fac to r s , and p r o c e s s conditions to obtain d o s i m e t e r s having adequate l i fe t imes and r e ­
producible forward cur ren t -vo l t age c h a r a c t e r i s t i c s to give the max imum sensi t ivi ty to 
low neutron dose . The r e su l t s of these invest igat ions (see the Third Quar te r ly Repor t , 
F e b r u a r y 14, I960) were helpful in es tabl ishing device geometry (base width), and init ial 
bulk si l icon p r o p e r t i e s . 

One l a rge group of devices was made to de te rmine the s ta t i s t ica l var ia t ions due 
to p roces s ing . As a resu l t , a l a rge number of d o s i m e t e r s were available for radiat ion 
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s tudies . Severa l p r o c e s s and m a t e r i a l va r ia t ions were int roduced. The p r e l i m i n a r y 
data on the devices p r i o r to radia t ion a r e d i scussed following the detai led p r o c e s s 
descr ip t ion . 

Diffusion of Phosphorus and Boron Into Silicon 

In the fabricat ion of diffused-si l icon p - n junction d o s i m e t e r s having a n - p - p s t r u c ­
tu r e , phosphorus f rom P2O5 is used to fo rm the n+ region. F o r the p+ region, e l e ­
menta l boron f rom BCI3 is used. 

The surface solubili ty of P2O5 in Si02 prov ides essen t ia l ly an infinite r e s e r v o i r of 
phosphorus which diffuses into sil icon according to es tabl i shed laws of diffusion. The 
solubili ty ( severa l p e r cent of phosphorus in silicon) r e su l t s in a high surface concen t ra ­
tion of phosphorus (CQ = 10^0 to 10^1 a toms cm"3) . S imi lar conditions hold t rue in the 
case of boron. Under the conditions s tated, the solution of the diffusion equation l eads 
to the following re la t ionship: 

C = CQ erfc 
, (4Dt) l /2 

(13) 

where 

C = concentra t ion at any depth in c m ' ^ 

CQ = surface concentra t ion in cm"3 (x = 0) 

X = depth in cm 

D = diffusion constant in cm^ sec~l 

t = t ime in sec 

erfc = the complementa ry e r r o r function (1-erf) . 

The diffusion constant D, as a function of t e m p e r a t u r e , and the surface concentra­
tion C O , for both phosphorus and boron have been de te rmined . (1) The value of D, a s a 
function of t e m p e r a t u r e , i s given by 

D = Do exp ( E / R T ) , (14) 

where 

Dp = 10. 5 cm2 s e c ' l for both P and B 

E = 85,000 cal 

R = gas constant 

T = absolute t e m p e r a t u r e . 
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With the above two e x p r e s s i o n s , it i s poss ib le to compute the depth of the p - n junc­
tion for any t ime and t e m p e r a t u r e . F i g u r e 31 is a plot of the diffusion coefficients, for 
both phosphorus and boron, against the r ec ip roca l absolute t e m p e r a t u r e . (1) 

F i g u r e 32 i s a plot of the computed phosphorus concentra t ion a s a function of d i s ­
tance into si l icon for phosphorus diffusion t imes of 16 and 32 hour s at a t e m p e r a t u r e of 
1230°C. These t imes and t e m p e r a t u r e s a r e no rma l ly used in the two-s tep diffusion 
p r o c e s s for fabr ica t ing diffused sil icon diodes and power - type r e c t i f i e r s . However , for 
the p - n junction d o s i m e t e r , the l 6 -hou r per iod was used exclusively. 

The dotted hor izonta l l ines in F i g u r e 32 r e p r e s e n t the c h a r g e - c a r r i e r concen t ra ­
tions for the va r ious r e s i s t i v i t i e s in p- type si l icon. The in te r sec t ion of these l ines with 
the phosphorus concentra t ion cu rves r e p r e s e n t s the depth of the n"''-p junction for that 
r e s i s t i v i ty m a t e r i a l . At this point, the donor and acceptor concent ra t ions a r e said to be 
equal. 

F i g u r e 33 is a s imi l a r plot for the boron concentra t ion as a function of d is tance for 
a diffusion t ime of 2 h o u r s at a t e m p e r a t u r e of 1150''C. Again, as in the case for phos ­
phorus , the p-p"*" junct ion is at the in te r sec t ion of the boron concentra t ion curve and the 
dotted l ine cor responding to m a t e r i a l of a given res i s t iv i ty . 

Severa l impor tan t f ac to r s a r e a s soc ia ted with the use of the cu rves given in 
F i g u r e s 32 and 33: 

(1) The surface concentra t ion of the diffusant mus t be mainta ined. If the 
diffusant i s depleted at the sur face , then the c a r r i e r - c o n c e n t r a t i o n 
cu rves shift to the left, r esu l t ing in a shal lower junction, and poss ib ly 
a nonplanar junct ion, which would lead to nonuniform injection of 
c a r r i e r s . 

(2) Lowering of the ini t ial r e s i s t i v i t y of the s ta r t ing si l icon r e s u l t s in d e ­
c r e a s e d junct ion depths . Changes in bulk res i s t iv i ty , by thermeil con­
ve r s ion effects, can r e su l t in the format ion of secondary rectifying 
junct ions in the base region, the reby causing var ia t ions in the base 
width and adve r se ly effecting conductivity modulat ion. Lowering the 
surface conductivity to a l e s s degenera te condition a lso r e su l t s in a 
h igher contact r e s i s t a n c e , thereby linniting the forward cu r r en t 
through the device . 

Detai ls of P r o c e s s i n g Steps 

F i g u r e 34 is a block d i ag ram showing the chronological o r d e r of the s teps in p r o c ­
ess ing si l icon wafers to the final, diffused sil icon p - n junction d o s i m e t e r . The d i a g r a m 
is included to s e rve a s a r e fe rence guide during the detai led descr ip t ion of the s t eps . 

It will be noted that s eve ra l a l t e rna t ive approaches in p roces s ing a r e shown. F o r 
example , the addition of a t e m p e r a t u r e p r o g r a m get ter ing step i s a l t e rna t ive ly added 
following Step 4, the phorphorus-diffusion s tep. This var ia t ion was included to m a i n ­
tain a reasonable c h a r g e - c a r r i e r l i fe t ime in the completed d o s i m e t e r . 
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Junct ion del ineat ion and surface t h e r m a l probing a r e qual i tat ive checks of the p r o c ­
e s s and a r e incorpora ted under the phosphorus-diffusion step. T e m p e r a t u r e p r o g r a m ­
ing was used following the phosphorus - , bo ron - , and nickel-diffusion s teps . Surface 
t h e r m a l probing is again used as a quali tat ive check following boron diffusion. 

Step 1. S i l icon-Crys ta l Wafering 

Silicon c r y s t a l s , a s pu rchased or grown by the u s e r , a r e cut into wafers n o r m a l 
to the growth plane. Although c rys t a l or ienta t ion has not been known to effect diffuse-
junction rec t i f ie r c h a r a c t e r i s t i c s , wafering the c r y s t a l along a known plane is r e c o m ­
mended. Usually the (111) plane has been employed, but other or ienta t ions can be used. 
Anisotropic diffusion of impur i t i e s into si l icon h a s not been observed . 

S i l i con-crys ta l wafering i s accompl ished with a diamond cutting saw. Cut-off m a ­
chines for si l icon and ge rman ium a r e avai lable f rom severa l s o u r c e s . It is r e c o m ­
mended for good cutting faci l i t ies be used to min imize cutting t ime , wafer b reakage , 
and wafer "wedging". Subsequent mechanica l opera t ions become timie consuming if ex­
ces s wedging o c c u r s . 

The wafer th ickness will depend l a rge ly on the th ickness of device being fabr ica ted . 
F o r the d o s i m e t e r s , wafer th icknesses of . 030 inch or g r e a t e r a r e recommended . 

Cutting, and subsequent mechanica l opera t ions , damage the si l icon to depths of 
the o r d e r of 0. 004 inch. It is usual ly n e c e s s a r y to remove this damaged l aye r by etching 
p r i o r to p rocess ing . F o r the si l icon d o s i m e t e r s , this m a y not be n e c e s s a r y , since they 
a r e opera ted in the forward d i rec t ion only. However, yield and uniformity of device 
c h a r a c t e r i s t i c s can be influenced by mechanica l damage . Damage can also contr ibute 
to nonplanar junction format ion, which leads to nonuniform cu r r en t injection. T h e r e ­
fore , it is r ecommended that the damaged l aye r be removed. 

Step 2. Wafer P r e p a r a t i o n for Diffusion 

Silicon wafe r s , a s sl iced, a r e lapped flat on one surface only. A 600- to 800-gr i t 
surface finish i s des i r ed . This is accompl ished with SiC lapping compounds and a 
lapping facil i ty, such as " L a p m a s t e r " . * F o r po la r i ty identification pu rposes , a smal l 
sandblasted dep res s ion is placed on the lapped surface nea r the edge of each sil icon 
wafer . The size of the lapping equipment is governed by the production ra te des i r ed . 
After the lapping and identification code operat ion, the wafers a r e t r ea t ed in the follow­
ing manner : 

(1) Rinse wafer in hot running tap wate r for 2. 0 minutes 

(2) Rinse in hot dis t i l led wate r for 2. 0 minutes 

(3) Etch wafers in n i t r i t e etch solution for 30 seconds 

(4) Rinse in hot dis t i l led water for 2. 0 minutes 

(5) S t o r e w a f e r s in C . P . a c e t o n e . 

•Manufactured by The Crane Packing Company, Morton Grove, Illinois. 
i O 
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Storing of wafe r s in acetone is not n e c e s s a r y if p r o c e s s i n g is to p roceed without 
delay. The composi t ion and conditions for using the n i t r i t e etch a r e given in 
Appendix B. 

Step 3. Phosphorus Application 

The two-s tep diffusion p r o c e s s as or ig inal ly published has been modified by the 
addition of a phosphorus applicat ion step p r i o r to the diffusion per iod . Several advan­
tages have been rea l i zed by the introduct ion of this applicat ion step: 

(a) La rge n u m b e r s of si l icon wafe rs can be p r o c e s s e d in a n o r m a l day ' s 
opera t ion, the reby allowing some flexibili ty in product ion of devices 

(b) The phospho-s i l i ca te g lass fo rmed on the surface ac t s as a r e s e r v o i r 
for the phosphorus during the diffusion per iod 

(c) The thin g lassy l aye r fo rmed dur ing the diffusion cycle s e r v e s as a 
p ro tec t ive m a s k against boron dur ing i t s diffusion 

(d) A m o r e uniform phosphorus concentra t ion is mainta ined at the diffusing 
sur face , the reby aiding the format ion of m o r e p lanar and uniform p - n 
junct ions . 

The conditions and p r o c e d u r e used for the phosphorus applicat ion step a r e given 
below. 

Condit ions. 

P2O5 t e m p e r a t u r e 200°C 
Quantity of P2O5 2-3 g r a m s 
Application t e m p e r a t u r e 1150°C 
P2O5 c a r r i e r gas Argon or n i t rogen 
C a r r i e r - g a s flow r a t e 1500 c c / m i n 
Application t ime 20 minutes 

P r o c e d u r e . 

(1) Load the clean d ry si l icon wafers into a quar tz c a r r i e r t r a y in the 
ve r t i ca l posi t ion. (Do not allow wafers to m a s k one ano ther . ) 

(2) I n s e r t loaded t r a y f rom the open end of reac t ion tube and move it 
into the center of the furnace . 

(3) Soak for 20 minutes and pull t r a y slowly into the cool, open exhaust 
end of furnace . 

(4) Allow 10 to 20 minutes cooling t ime before removing f rom furnace. 

(5) T r a n s f e r wafers into clean, d ry p e t r i dish. ':c 
B A T T E L L E M E M O R I A L I N S T I T U T E 



71 

The quantity of P2O5 suggested was found to be adequate for an 8-hour day. 

The P2O5 source can be p laced in the c losed end of the reac t ion tube at the 
appropr ia te t e m p e r a t u r e if a s epa ra t e furnace hea t e r for the P2O5 Is not avai lable . 
Back diffusion of wa te r vapor into the hot zone i s allowed by the open exhaust end of the 
reac t ion tube. Water vapor enhances the phospho-s i l i ca te g lass format ion at the s i l icon-
wafer diffusing sur face . A v isua l examination of t r e a t e d wafers will indicate the qual i ty 
of the format ion, using the color o rde r of the ref lected light f rom the sur face . Occa­
sionally, it is n e c e s s a r y to introduce wa te r vapor into the sy s t em to insu re the p r o p e r 
g lass format ion. This i s accompl ished by pass ing the c a r r i e r gas through a d i s t i l l ed-
wate r bubbler main ta ined at 70 °C. 

The open end of the furnace tube i s exhausted into a hooded duct. F o r the f i r s t 
s eve r a l minu te s , cons iderable P2O5 vapor will be d i scharged f rom the reac t ion tube. 
This i s n o r m a l and i s not an indication of faulty condit ions. 

Step 4. Phosphorus Diffusion 

To min imize l o s s e s of e lementa l phosphorus f rom the d issocia t ion of the phospho-
s i l icate composi t ion, oxidizing conditions a r e mainta ined during the diffusion cycle . 
This i s accompl ished by allowing the furnace tube ends to r e m a i n open to ambient 
a t m o s p h e r e . Under an ine r t o r reducing a t m o s p h e r e , the g lassy phospho-s i l i ca te l a y e r 
wil l decompose at the high diffusion t e m p e r a t u r e and, as a r e su l t , a nonuniform concen­
t ra t ion of diffusant occu r s at the diffusing sur face . Such a condition causes the f o r m a ­
tion of a quar tz l ike surface l aye r which is difficult to remove in the cleajiing step p r i o r 
to nickel plat ing. Also , nonplanar junc t ions , a s well a s nondegenerate sur faces a r e ob­
tained. The l a t t e r contr ibutes to high contact r e s i s t a n c e at the s i l i con-meta l in te r face . 

The diffusion cycle i s pe r fo rmed as follows: 

Condit ions. 

Diffusion t e m p e r a t u r e 1230''C 
Diffusion timie 16 or 32 h o u r s 
Atmosphere Ai r 

P r o c e d u r e . 

(1) Load si l icon wafe r s , to which phosphorus has been applied, into a 
quar tz c a r r i e r t r ay . (Precau t ions aga ins t mask ing a r e not n e c e s s a r y 
in this s tep . ) 

(2) I n s e r t c a r r i e r t r a y into the uniform hot zone of the diffusion furnace . 

(3) Diffuse for the t ime chosen (16 or 32 hours ) . 

(4) Cool in furnace following the diffusion per iod . 

(5) Remove t r a y f rom furnace and s tore diffused wafers in clean, d ry 
pe t r i dish. 
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T h e s y s t e m d e s c r i b e d o f f e r s a s i m p l e m e a n s of p r o c e s s i n g a s i z e a b l e n u m b e r ol 
w a f e r s s i m u l t a n e o u s l y , t h e r e b y a l l o w i n g s o m e r e g u l a t i o n of t h e p r o d u c t i o n o u t p u t . D i i t u -
s i on t i m e s of 16 o r 32 h o u r s w i l l y i e l d j u n c t i o n d e p t h s g i v e n in F i g u r e 32 of t h i s r e p o r t . 

At t h i s p o i n t of t h e p r o c e s s ( s e e b l o c k d i a g r a m . F i g u r e 34) , s e v e r a l p r o c e s s m o d i ­
f i c a t i o n s a r e i n t r o d u c e d fo r o b t a i n i n g the d e s i r e d p - n j u n c t i o n c h a r a c t e r i s t i c s . T h e s e 
m o d i f i c a t i o n s , a s w e l l a s s e v e r a l p r o c e s s c h e c k s , a r e d i s c u s s e d in t h e f o l l o w i n g s e c t i o n s . 

E x c e s s - C h a r g e - C a r r i e r - L i f e t i m e R e t e n t i o n . T h e d e g r a d a t i o n of t h e l i f e t i m e of 
e x c e s s c h a r g e c a r r i e r s in t he b u l k s i l i c o n o c c u r s w h e n d i f fused s i l i c o n w a f e r s a r e c o o l e d 
r a p i d l y f r o m t h e h i g h t e m p e r a t u r e s u s e d in t h e d i f fus ion p r o c e s s . T h e d e g r a d a t i o n i s 
a t t r i b u t e d to " f r e e z i n g i n " of t h e r m a l d e f e c t s a n d r e c o m b i n a t i o n i m p u r i t y l e v e l s . B y 
s u c h r a p i d - c o o l i n g p r o c e d u r e s , i n i t i a l bu lk l i f e t i m e s of 100 m i c r o s e c o n d s c a n b e d e ­
g r a d e d to v a l u e s of t h e o r d e r of 0 . 1 m i c r o s e c o n d . T o p r e s e r v e a r e a s o n a b l e c h a r g e -
c a r r i e r l i f e t i m e , s e v e r a l t e c h n i q u e s h a v e b e e n u s e d in t he p r e p a r a t i o n of d i f fused d e ­
v i c e s : (a) t e m p e r a t u r e p r o g r a m i n g ( s l ow cool ing) fo l lowing a n y h i g h - t e m p e r a t u r e t r e a t ­
m e n t u s e d in t he p r o c e s s , (b) g e t t e r i n g ( 2 ) of i m p u r i t i e s i n t r o d u c i n g r e c o m b i n a t i o n c e n ­
t e r s w i t h m a t e r i a l s , s u c h a s n i c k e l , t h a t do n o t a l t e r t h e bu lk c o n d u c t i v i t y , a n d (c) a 
c o m b i n a t i o n of p r o g r a m i n g a n d g e t t e r i n g . 

N o r m a l f u r n a c e c o o l i n g h a s b e e n found to b e e f fec t ive in m a i n t a i n i n g a su f f i c i en t 
e x c e s s - c h a r g e c a r r i e r l i f e t i m e fo r d e v i c e s h a v i n g s m a l l b a s e w i d t h s . * H o w e v e r , w i t h 
d e v i c e s h a v i n g b a s e s in e x c e s s of 0, 01 i n c h w i d e l i f e t i m e r e t e n t i o n t r e a t m e n t s a r e 
n e c e s s a r y in t h e d i f fus ion p r o c e s s to a s s u r e a n e f f ec t ive b a s e c o n d u c t i v i t y - m o d u l a t i o n . 

T e m p e r a t u r e p r o g r a m i n g a t a r a t e of 7 0 ° C / h o u r h a s b e e n u s e d w i t h s u c c e s s a f t e r 
e a c h of t h e p h o s p h o r u s - , b o r o n - , a n d n i c k e l - d i f f u s i o n s t e p s ( s e e F i g u r e 34 , p r o c e s s 
b l o c k d i a g r a m ) . P r o g r a m i n g i s a c c o m p l i s h e d w i t h a t e m p e r a t u r e c o n t r o l l e r h a v i n g a 
p r o g r a m i n g f e a t u r e . 

G e t t e r i n g of r e c o m b i n a t i o n i m p u r i t i e s b y t h e u s e of n i c k e l a s a " g e t t e r i n g " a g e n t 
h a s b e e n on ly m o d e r a t e l y s u c c e s s f u l w i t h s i l i c o n w a f e r s p r o c e s s e d w i t h n o r m a l f u r n a c e 
c o o l i n g fo l l owing t h e d i f fus ion c y c l e s . F a s t c o o l i n g of n i c k e l - t r e a t e d w a f e r s r e v e a l e d a 
s e r i o u s d e g r a d a t i o n of t he c h a r g e c a r r i e r l i f e t i m e in t h e d e v i c e . H o w e v e r , i n c o r p o r a ­
t i o n of t h e n i c k e l - g e t t e r i n g s t e p in t h e s low c o o l i n g p r o c e s s r e s u l t e d in l e s s l i f e t i m e 
d e g r a d a t i o n t h a n in t h e c a s e of s l ow coo l ing a l o n e . 

T w o m e t h o d s h a v e b e e n u s e d in p r e p a r i n g s i l i c o n w a f e r s f o r t h e g e t t i n g t r e a t m e n t : 

(1) S i l i con w a f e r s c l e a n e d a n d e t c h e d a r e p l a t e d w i t h a . 0 0 0 4 - i n c h l a y e r 
of n i c k e l u s i n g the e l e c t r o l e s s n i c k e l - p l a t i n g m e t h o d . W a f e r s a r e 
t h e n h e a t t r e a t e d fo r 10 m i n u t e s a t a t e m p e r a t u r e of 1000°C in a n 
a r g o n a t m o s p h e r e . F o l l o w i n g the h e a t i n g p e r i o d , t h e w a f e r s a r e 
r a p i d l y c o o l e d to r o o m t e m p e r a t u r e . 

(2) S i l i con w a f e r s c l e a n e d , e t c h e d , and p l a t e d in a s i m i l a r m a n n e r a s 
d e s c r i b e d a b o v e a r e s o a k e d a t 8 0 0 ° C fo r a p e r i o d of two h o u r s in a 
f o r m i n g g a s a t m o s p h e r e . A g a i n , a s in t he a b o v e , w a f e r s a r e r a p i d l y 
c o o l e d to r o o m t e m p e r a t u r e . 

•The base width is defined as the region between the n+-p junction and the p-p* base. 
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Following the use of e i ther of the above get ter ing t r e a t m e n t s , wafers a r e p r o c ­
es sed in the n o r m a l m a n n e r , a s shown in the block d i ag ram of the p r o c e s s . Method 1 
above was found to be sa t i s fac tory in improving the minor i ty c a r r i e r l i fe t ime in the de ­
v ice . Get ter ing with slow cooling was m o r e effective for si l icon having a high oxygen 
content (pulled c ry s t a l s ) . It was revea led that ge t ter ing with slow cooling was ineffective 
in mainta ining an adequate l i fe t ime for the devices p r o c e s s e d f rom f loat-zoned si l icon. 

Junct ion Delineation. Junct ion delineation is included in the p r o c e s s i n g s teps for 
the purpose of checking the quality of the phosphorus diffusion s tep. Several me thods 
have been reported(3) for de termining the junction depth for diffused dev ices . The c o r ­
re la t ion betw^een the calculated values of junction depth given in F i g u r e 32 and the 
m e a s u r e d depth can be a sce r t a ined . Although this method does not yield an absolute 
value of the p-n"*" junction depth, a reasonable check can be made . The p rocedu re used to 
del ineate the junction is given in Appendix B. The e l ec t rochemica l deposit ion of copper 
onto the p- type diffused region i s ut i l ized. Usually, values of the calculated and 
m e a s u r e d junction depths a g r e e within 10 p e r cent. 

Surface Conductivity. T h e r m o e l e c t r i c probing of phosphorus - and boron-diffused 
sil icon wafers i s used as a m e a n s for quickly deternnining the conductivity type and d e ­
g ree of degeneracy of the sur face . Howevet , only f rom exper ience can one use the 
t h e r m a l - p r o b e method in de te rmin ing the quali ty of the sur face . High-conductivi ty s u r ­
faces a r e indicated by a s t rong t h e r m o e l e c t r i c effect as shown by the d i sp lacement on the 
ga lvanometer . As the conductivity d e c r e a s e s , the galvanometer movement d imin i shes . 
In many ins tances , ze ro d isp lacement is noted. This condition indicates e i ther an oxide 
surface (high res i s t ance) or the approach of the surface conductivity toward an in t r ins ic 
value . A sketch of the t h e r m a l - p r o b e equipment is shown in F i g u r e 3 of Appendix B. 
The p rocedure used for surface t he rma l -p rob ing evaluation of diffused wafers is as 
follows: 

P r o c e d u r e . 

(1) Choose one or two wafers at random f rom p r o c e s s e d group of wafe rs . 

(2) Etch wafers in concentra ted (48 pe r cent) HF for 2. 0 minu tes . 

(3) Rinse in dis t i l led wate r and dry . 

(4) With the n+ region up, l ightly tap surface with hot probe ma in ­
taining cold p robe in contact . 

(5) Deflection of ga lvanometer denotes deg ree of surface conductivity 
and type. 

Step 5. Fincil Wafer Sizing 

Since the sensi t ivi ty of the dos ime te r is re la ted to the base width, final sizing 
should be as accura t e as poss ib le to main ta in uniformity of base widths between p r o c ­
e s sed wafe rs . F ina l sizing is accompl ished on the a s - s l i c e d or unlapped sur face . F o r 

,* 1' 
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s m a l l e r q u a n t i t i e s , h a n d l a p p i n g i s a d e q u a t e . A m i n i m u m of 0 . 003 i n c h i s r e m o v e d 
f r o m t h e w a f e r s to r e a c h t h e o r i g i n a l b a s e m a t e r i a l . T h e a m o u n t of r e m o v a l w i l l d e ­
p e n d on t h e b a s e w i d t h of t h e d e v i c e a n d on the i n i t i a l w a f e r t h i c k n e s s . A f i n a l s u r f a c e 
h a v i n g a 6 0 0 - g r i t f i n i s h ' i s d e s i r a b l e . 

A t t h i s s t a g e i t i s a l s o r e c o m m e n d e d t h a t a s u r f a c e t h e r m a l - p r o b e c h e c k b e m a d e . 
T h i s w i l l g ive a s s u r a n c e of a d e q u a t e n a a t e r i a l r e m o v a l f r o m o b s e r v a t i o n of t h e c o n ­
d u c t i v i t y t y p e of t he b a s e m a t e r i a l . 

S tep 6. W a f e r C l e a n i n g 

F o l l o w i n g f ina l l a p p i n g a n d b e f o r e b o r o n d i f fus ion i t i s n e c e s s a r y to r e m o v e con­
t a m i n a n t s f r o m the b a s e s u r f a c e . 

(1 

(2 

(3 

(4 

(5 

(6 

(7 

(8 

R i n s e w a f e r s t h o r o u g h l y in h o t , r u n n i n g t a p w a t e r . 

R i n s e in h o t d i s t i l l e d w a t e r f o r 2 . 0 m i n u t e s . 

R i n s e in h o t e t h y l a l c o h o l f o r 1. 0 m i n u t e . 

R i n s e in h o t C e l l o s o l v e * (95"C) f o r 2 . 0 m i n u t e s . 

R e p e a t S tep (4) in f r e s h s o l u t i o n . 

R i n s e in h o t x y l e n e * * (95 "C) f o r 3 . 0 m i n u t e s . 

R e m o v e a n d a i r d r y . 

P l a c e i n to c l e a n , d r y p e t r i d i s h . 

S tep 7. B o r o n A p p l i c a t i o n 

In t h e b o r o n a p p l i c a t i o n s t e p , e l e m e n t a l b o r o n i s d e p o s i t e d on the s i l i c o n w a f e r 
s u r f a c e b y t h e p y r o l y t i c d e c o m p o s i t i o n of B C I 3 . T h i s s y s t e m h a s s e v e r a l a d v a n t a g e s : 
(a) h i g h s u r f a c e c o n c e n t r a t i o n s of b o r o n a r e a c h i e v e d , (b) d e c o m p o s i t i o n of t h e p r o t e c t i v e 
ox ide c o a t i n g a t t h e n+ s u r f a c e i s m i n i m i z e d , a n d (c) l a r g e q u a n t i t i e s of w a f e r s c a n b e 
t r e a t e d in a s h o r t t i m e . 

C o n d i t i o n s . 

A p p l i c a t i o n t e m p e r a t u r e 
A p p l i c a t i o n t i m e 
C a r r i e r g a s 
C a r r i e r f low r a t e 
B C I 3 f low r a t e 

1150 ' 'C 
20 m i n u t e s 
D r y n i t r o g e n 
1000 c c / m i n 
1. 5 c c / m i n 

•Ethylene glycol monoethyl ether, manufactured by Carbide and Carbon Chemical Company, Technical Grade. 
••CP grade. 

t' [j 
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P r o c e d u r e . 

(1) Load sil icon wafers into qua t t z c a r r i e r t r a y in a ve r t i c a l posi t ion. 
(Do not allow wafers to m a s k one ano ther . ) 

(2) I nc r ea se c a r r i e r - g a s flow ra t e to 3000 c c / m i n and i n se r t c a r r i e r t r a y 
f rom open end of furnace and move to cen te r of furnace . 

(3) Allow 5 minutes for furnace t e m p e r a t u r e to s tabi l ize at 1150°C. 
D e c r e a s e c a r r i e r gas flow ra te to 100 c c / m i n . 

(4) Meter into sys tem a total of 1. 5 cc of boron t r i ch lo r ide . (This 
quantity i s adequate for 50 1- inch-diameter wa fe r s , ) 

(5) Soak for 20 minutes at 1150 'C. 

(6) I n c r e a s e c a r r i e r - g a s flow ra t e to 3000 c c / m i n . 

(7) Remove c a r r i e r t r a y to exhaust end of furnace to cool. 

(8) After 10 minutes cooling, r emove t r ay and t r an s f e r wafers into 
clean, d ry p e t r i dish. 

F o r new furnace tubes , it is r ecommended that the sys t em be " seasoned" . Severa l 
dummy runs a r e r ecommended for seasoning the BCI3 application furnace. 

Good boron deposi ts appear as brownish-b lack l a y e r s . Occasional ly some B2O3 
formation occur s f rom the p r e s e n c e of wate r vapor . This deposit is not de t r imen ta l to 
the diffusion of boron. 

Step 8. Boron Diffusion 

The boron diffusion is c a r r i e d out in s i m i l a r manne r to that desc r ibed for phos­
phorus diffusion: 

Condit ions. 

Diffusion t e m p e r a t u r e 1150°C 
Diffusion t ime 2 hours 
Atmosphere Air 

P r o c e d u r e . 

(1) Load b o r o n - t r e a t e d si l icon wzifers into a quar tz c a r r i e r t r a y . 

(2) I n s e r t c a r r i e r t r a y into the uniform hot zone of furnace . 

(3) Diffuse for 2. 0 h o u r s . 
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(4) Remove c a r r i e r t r a y to cool end of furnace and ELIIOW to cool before 
t r a n s f e r r i n g wafers into clean, dry pe t r i dish. 

The diffused wafers a r e again slowly cooled (70°C/hour) in the manne r p rev ious ly 
d i scussed for l i fe t ime retent ion. 

F o r the diffusion t ime used, the boron concentra t ion at the p-p"*" junct ions for 
vdriOlis init ial bulk r e s i s t i v i t i e s atid the d i s tances of the junction f rom the surface a r e 
showh in F i g u r e 33. 

Step 9. F i r s t Nickel P l a t e 

A thin n icke l -p la ted l a y e r i s applied to the diffused si l icon wafers by the e l e c t r o l e s s 
plating technique. Other than the mainta ining of degenera te diffused su r faces , the n icke l -
plating step i s cons idered the nnost c r i t i ca l step in the p r o c e s s . The f i r s t nickel l aye r 
s e r v e s to improve the mechan ica l p r o p e r t i e s of the contact following a nickel diffusion 
per iod . Also , some nickel ge t ter ing of recombinat ion impur i t i e s nea r the surface 
during the diffusion t r e a t m e n t has been repor ted . 

The p r o c e d u r e p r e sen t ed below for applying the f i r s t nickel plate has been found to 
be adequate in removing oxide l a y e r s f rom the diffused wafers without a l te r ing the s u r ­
face c a r r i e r concentra t ion. 

P r o c e d u r e . 

(1 

(2 

(3 

(4 

(5 

(6 

(7 

(8 

(9 

Etch diffused wafers in concent ra ted (48 p e r cent) HF for 3. 0 minu tes . 

Rinse thoroughly in hot, running tap wate r for 1. 0 minute . 

Ni t r i te etch for 30 seconds . 

Rinse in hot tap wate r for 1. 0 minute . 

Rinse in hot dis t i l led wate r (95 °C) for 1. 0 minute . (Two r i n s e s a r e 
r ecommended . ) 

Nickel plate for 2. 0 minu tes in e l e c t r o l e s s n ickel -pla t ing bath. 

Rinse in hot tap wate r for 1. 0 minute . 

Rinse in hot d is t i l l ed wa te r for 30 seconds . 

Dry and s to re wafers in clean, d ry p e t r i dish. 

The e l e c t r o l e s s n ickel -pla t ing bath composit ion is given in Appendix B. Wafers a r e 
carefully checked for n ickel -pla t ing adherence . Wafers demonst ra t ing poor adherence of 
nickel by e i ther peel ing or flciking should be r e p r o c e s s e d in the manne r desc r ibed above, 
after removing the nickel pla te with concent ra ted HNO3. It is s t rongly r ecommended that 
sepa ra te r ecep t ac l e s be used for each wafer during cleaning and plating. Thorough r e ­
moval of n i t r i t e etch i s not poss ib le if m o r e than one s l ice is p r o c e s s e d in the same 

3 'C 
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r i n s e . The n i t r i t e etch will , in t ime , contiplex the plating bath and cause poor plat ing 
on the wafe r s . 

Step 10. Nickel Diffusion 

To el iminate the poss ib le oxidation of the n icke l -p la ted l aye r dur ing the diffusion 
cycle , a split furnace is used, whereby the furnace tube can be pref lushed with an ine r t 
gas p r i o r to inser t ing into the furnace . The conditions and p rocedu re for the nickel 
diffusion p r o c e s s a r e given below. 

Condit ions. 

Diffusion t e m p e r a t u r e 650°C 
Atmosphere F o r m i n g gas at 1000 c c / m i n (N2 + H2) 
Diffusion t ime l / 2 hour 
Cooling F a s t 

P r o c e d u r e . 

(1) Load n ickel -p la ted wafers into a quar tz c a r r i e r t r a y and place into 
furnace tube. 

(2) F lu sh tube for 5 minu tes with forming gas at 1000 c c / m i n u t e . 

(3) P l a c e furnace tube into split furnace . 

(4) Diffuse for 1/2 hour at 650 °C with forming gas flowing at 1000 c c / m i n . 

(5) Remove furnace tube and continue to flush unti l cool. 

(6) Remove c a r r i e r t r a y f rom furnace tube and t r an s f e r wafer to c lean, 
d ry p e t r i dish. 

F o r c h a r g e - c a r r i e r - l i f e t i m e re tent ion, slow cooling (70°/hour) to 400 °C i s r e ­
quired following Step 4 of the above p rocedure . 

Step 11. Second Nickel P l a t e 

The final or second nickel -p la ted l ayer is applied for solder ing p u r p o s e s . Several 
wafers can be plated in a common v e s s e l without any adve r se effects on the plat ing. 

P r o c e d u r e . 

(1) Etch wafers in concentra ted (48 p e r cent) HF acid for 30 seconds . 

(2) Rinse in hot, running tap wate r for 1. 0 minute . 
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(3) Rinse in hot d is t i l led wa te r for 1. 0 minute (two sepa ra t e r i n s e s ) . 

(4) Nickel plate for 4. 0 minu tes . 

(5) Rinse in hot tap wate r followed by hot dis t i l led wa te r . 

(6) Store plated wafers in Cellosolve to p reven t surface oxidation of 
the nickel . 

Identification Gold P l a t e . Following the second nickel-pla t ing p r o c e s s , it is de ­
s i rab le to gold plate the p+ base contact surface of p r o c e s s e d wafers for po la r i ty ident i ­
fication of the finished d ice . The n+ surface is dis t inguished f rom the p+ base by the 
smal l dep res s ion coded nea r the edge of wafer , a s p rev ious ly desc r ibed . The n+ sur face 
can be suitably masked with e i ther low mel t ing waxes or e lec t ropla te masking adhesive 
p r i o r to plat ing. 

Gold plating is accompl ished by e i ther the e l e c t r o l e s s gold-plating method or 
e lec t ropla t ing techniques . Both methods a r e s tandard techniques used throughout the 
solid s tate e lec t ron ic indust ry . 

Step 12. Diffused-Wafer Dicing 

The sil icon p - n junction d o s i m e t e r s a r e u l t rason ica l ly machined to 0, 120 inch in 
d i ame te r . A "nes t " of hypodermic , s t a in less s teel tubing, having the p r o p e r inside 
d i ame te r , so ldered to the working tool is used for cutting the c i r cu l a r dice . Approxi­
mate ly 24 dice can be obtained f rom a wafer 3/4 inch in d i a m e t e r for a c lose ly-packed 
nes t of cutting tubes . 

P r o c e d u r e . 

(1) Heat a m ic ro scope sl ide, capable of accommodat ing two wafe r s , with 
a hot plate and apply a coating of wax. 

(2) P l a c e si l icon wafer , n+ region up, on mol ten wax and apply a coating 
on wafer . 

(3) P l a c e a thin cover g lass (0. 010 inch thick) over wafer and gently force 
out t rapped a i r between cover g lass and wax l a y e r . 

(4) Cool mounted wafers until wax h a r d e n s . 

(5) Ul t rasonica l ly cut wafer into dice with the bundled cutting tubes . 
(Allow cutting to p roceed into the mic roscope slide mounting. ) 

(6) Remove excess cutting compound with a spray of cold tap wa te r . 

(7) Rinse diced wafers with dis t i l led water and dry with a w a r m a i r b las t . 
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Note: Ganged sawing with diamond wheels can be used to p r e p a r e square 
type dice if u l t rason ic equipment is not avai lable . Wafer mounting 
for ganged sawing i s s i m i l a r to that desc r ibed above. Mounting wax 
used i s a 50-50 volume composit ion of K e l - F No. 200 and j e w e l e r s 
c h a s e r s cement . 

Step 13. Dice-Block Etching 

Etching of diced wafers is r equ i red to remove mechanica l surface damage caused 
by the dicing operat ion. Also , b lock-etching allows the e tch-back of the nickel contact 
nea r the p - n junct ion. 

A two-s tep etch i s used for block etching. The etchant composi t ions a r e given in 
Appendix B. The f i r s t etch is used to remove damaged si l icon and to etch back the nickel 
contact. The second etch i s used for polishing the surface at the p - n junct ion. 

P r o c e d u r e . 

(1) P l a c e mounted dice wafers into the aged modified CP4 etchant for 3. 0 
minu tes . Agitate solution gently to l ibe ra te gas f rom the si l icon sur face . 

(2) Rinse in deionized water for 2. 0 minu tes . 

(3) Etch with pol i sh-e tchant for 5. 0 minu tes . 

(4) Remiove f rom pol ish etchant and quickly r inse with deionized wate r . 
(This step should be c a r r i e d out a s quickly a s poss ib l e . ) 

(5) Soak in H2O2 (30 p e r cent) for 10 minu tes . 

(6) Rinse in deionized wa te r for 2. 0 minutes and allow to a i r d ry . 

Note: Block etching may not be n e c e s s a r y if surface recombinat ion does not 
p r e s e n t a p rob l em with the charge c a r r i e r l i fet ime in the device . 
However, if etching i s r equ i red , final etching on a s sembled unit 
can be used in p lace of the block etching if de s i r ed . 

Step 14. Dice Demounting and Cleaning 

P r o c e d u r e . 

(1) Dissolve mounting wax f rom dice with hot xylene (90°C) and t r ans fe r 
dice to a f ine -mesh nickel o r s t a in less s tee l baske t . 

(2) Rinse in hot xylene (90°C) for 5. 0 minu tes . 

(3) Rinse in hot Cellosolve (95 °C) for 3. 0 minu tes . 
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(4) Rinse in hot ethyl alcohol (75°C) for 2. 0 minu tes . 

(5) Rinse in hot xylene (90°C) for 3. 0 minu tes . 

(6) Dry dice with heated source and s to re in c lean, d r y v i a l s . 

Step 15. P r e l i m i n a r y p - n Junct ion Dos ime te r T e s t s 

Ini t ia l Life t ime. Ini t ial h igh- leve l injection l i fet ime in the d o s i m e t e r dice i s de­
t e r m i n e d p r i o r to a s s e m b l y , using methan ica l p r e s s u r e contacts to the individual d i ce . 
Sufficient c a r r i e r injection is obtained with p r e s s u r e contacts to p e r m i t adequate l i fe­
t ime m e a s u r e m e n t s for dice select ion p u r p o s e s . The c i rcu i t used for pe r fo rming the 
device l i fet ime m e a s u r e m e n t i s de sc r ibed in P h a s e II of the r epor t . 

F o r w a r d Cur ren t -Vol t age C h a r a c t e r i s t i c . Mechanical p r e s s u r e contacts a r e not 
suitable for m e a s u r i n g the forward vo l t age -cu r r en t c h a r a c t e r i s t i c s of conductivity-
modulated r e c t i f i e r s . The re fo re , to evaluate the forward c h a r a c t e r i s t i c of the d o s i m ­
e t e r , it i s n e c e s s a r y to s o l d e r - a s s e m b l e a r ep re sen t a t i ve number of uni t s for m e a s u r e ­
ment . The a s s e m b l y technique used in applying contact pins to the dice is de sc r ibed in 
the following step of the p r o c e s s . 

Step 16. D o s i m e t e r p - n Junct ion A s s e m b l y 

The p - n junct ion d o s i m e t e r s a r e fabr ica ted into axial "p lug- in" un i t s , a s shown at 
the top of F i g u r e 1 in Appendix B. A graphi te mul t ip le - j ig f ixture i s used to so lde r -
a s s e m b l e s eve ra l uni ts s imul taneously . F o r exper imenta l r e s e a r c h p u r p o s e s , a j ig 
f ixture capable of accommodat ing nine units was cons t ruc ted . F o r the l a r g e - s c a l e p r o ­
duction of d o s i m e t e r s , a j ig f ixture capable of handling seve ra l hundred uni ts can be 
readi ly used. Shown in F i g u r e 2 of Appendix B a r e photographs of the d i s a s s e m b l e d and 
a s s e m b l e d sec t ions of the graphi te mul t ip le jig. 

Soldering of the completed a s s e m b l y is c a r r i e d out in a forming gas a tmosphe re 
(10 p e r cent Hz, 90 p e r cent Nz) to min imize the oxidation of the l ead - t in so lder and the 
dos imete r -d ice nickel contact su r f aces . F lux is a l so used to aid the ini t ial wetting of the 
solder to the nickel contac ts . The graphi te - loaded j ig is heated to the solder ing t e m ­
p e r a t u r e in an a luminum cavity mounted on a s tandard l abo ra to ry hot p la te . The so lde r ­
ing t e m p e r a t u r e is naaintained at 320"C. P r e h e a t e d forming gas i s continuously f lushed 
through the cavity during solder ing. The cavity i s cons t ruc ted in a manne r to allow the 
applicat ion of a slight mechanica l p r e s s u r e to the individual a s s e m b l i e s dur ing so lde r ­
ing. F o r l a r g e - s c a l e product ion, hydrogen o r fo rming-gas solder ing fu rnaces a r e com­
m e r c i a l l y avai lable . 

Assembly Ma te r i a l Specifications. 

Contact P i n s . Two s izes of contact pins a r e r equ i red . P i n s a r e machined f rom 
pu re nickel having the d imens ions given in F i g u r e 4 of Appendix B . The contact p ins 
a r e r e f e r r e d to as the base or cathode pin, and the top or anode pin. P r i o r to u s e , pins 
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a r e t h o r o u g h l y d e g r e a s e d in t r i c h l o r o e t h y l e n e a n d r i n s e d w i t h e t h y l a l c o h o l . P i c k l i n g in 
a d i l u t e s o l u t i o n of n i t r i c a c i d fo r s e v e r a l m i n u t e s i s u s e d if p i n s a r e to b e s t o r e d f o r p r o ­
l o n g e d p e r i o d s . 

S o l d e r C o m p o s i t i o n . C i r c u l a r s o l d e r p r e f o r m s a r e p r e p a r e d f r o m a 95 p e r c e n t -
5 p e r c e n t l e a d - t i n c o m p o s i t i o n h a v i n g a m e l t i n g p o i n t of 2 9 5 ° C . T h e t h i c k n e s s a n d 
d i a m e t e r s r e q u i r e d a r e a s fo l lows : 

C a t h o d e p r e f o r m — . 003 i n c h t h i c k and . 120 i nch in d i a m e t e r 

A n o d e p r e f o r m — . 008 inch t h i c k a n d . 120 i n c h in d i a m e t e r . 

S o l d e r p r e f o r m s a r e d e g r e a s e d in t r i c h l o r o e t h y l e n e , r i n s e d in e thy l a l c o h o l , 
and s t o r e d in C P a c e t o n e . 

F l u x c o m p o s i t i o n — A c o m m e r c i a l l y a v a i l a b l e f lux i s u s e d d u r i n g s o l d e r i n g . 
T h e r e s i n b a s e A l p h a No . 123* f lux h a s b e e n found to b e s a t i s f a c t o r y . 

S o l d e r i n g P r o c e d u r e . 

(1) L o a d g r a p h i t e m u l t i p l e - j i g s e c t i o n s w i t h c a t h o d e a n d a n o d e p i n s . 

No te : Al l p a r t s to b e h a n d l e d e i t h e r w i t h t w e e z e r s o r v a c u u m -
c h u c k p i c k - u p t oo l . 

(2) P l a c e one c a t h o d e s o l d e r - p r e f o r m in to e a c h c a t h o d e p i n r e c e s s . 

(3) P l a c e d o s i m e t e r d i c e , w i t h p+ s u r f a c e ( g o l d - p l a t e d b a s e ) down, in to 
e a c h c a t h o d e p i n r e c e s s . ( C o m p l e t e d d i c e a r e of t he f o r m shown in 
F i g u r e 1 of A p p e n d i x B a t b o t t o m of p h o t o g r a p h . ) 

(4) P l a c e one a n o d e s o l d e r - p r e f o r m on n"*" r e g i o n of d i c e . 

(5) A p p l y a s m a l l q u a n t i t y of f lux to e a c h a n o d e - p r e f o r m . 

(6) P l a c e l o a d e d a n o d e - p i n s e c t i o n of j i g in to p l a c e . 

(7) I n s e r t in to p r e h e a t e d f u r n a c e c a v i t y f o r 3 . 0 m i n u t e s . 

(8) R e m o v e m u l t i p l e j i g f r o m f u r n a c e and a l l o w to coo l fo r 1/2 m i n u t e . 

(9) P l a c e j i g in to a b a t h of i s o p r o p y l a l c o h o l to c o o l . 

T h e l a s t s t e p a i d s in r e m o v i n g f lux r e s i d u e and f a c i l i t a t e s e x t r a c t i n g s o l d e r e d u n i t s . 

•Manufactured by the Alpha Metal Company, Inc., Jersey City, Now Jersey. 
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Packaging 

The exper imenta l axial "p lug- in" type device , de sc r ibed in detai l in the p reced ing 
section, does not offer any readi ly avai lable solution to i ts encapsulat ion. However , 
the design of the device has not been finalized. F o r sealing of the unit agains t c o r r o s i v e 
a t m o s p h e r e s , it miay be n e c e s s a r y to a l t e r the p r e s e n t dos ime te r design. 

It is suggested that molded p l a s t i c s , l o w - t e m p e r a t u r e g l a s s e s , and capsule con-
t a n i e r s be invest igated a s a poss ib le m e a n s for pro tec t ing the p r e s e n t p lug- in unit . 

Surface effects a r e not a se r ious p rob lem, since the device is opera ted in the 
forward b ias condition. Surface recombinat ion effects on high- level l i fet ime in these 
devices have not been encountered for devices having ba se widths up to . 035 inch in 
th ickness . If the ba se widths of the d o s i m e t e r s a r e i n c r e a s e d to . 045 inch for the p u r ­
pose of inc reas ing the sensi t iv i ty of the device for low neut ron dose r a t e s then, it m a y 
be advisable to a s c e r t a i n the effects of surface recombinat ion p r i o r to redes igning the 
unit for pro tec t ive encapsulat ion. 

P r o c e s s Evaluat ion Studies 

F o r the rea l iza t ion of a p r ac t i c a l neut ron d o s i m e t e r , capable of being produced in 
l a r g e quant i t ies with uniform init ial c h a r a c t e r i s t i c s , a s ta t i s t i ca l evaluation of the p r o c ­
ess ing and m a t e r i a l var ia t ion effects was cons idered n e c e s s a r y . As a r e su l t , a l a r g e 
number of d o s i m e t e r s w e r e p r e p a r e d with the following p r i m a r y object ives: 

(1) To de t e rmine the degree of dos ime te r uniformity and yield with 
control led p roces s ing conditions and fixed ini t ial m a t e r i a l 
c h a r a c t e r i s t i c s 

(2) To evaluate the consis tency of radia t ion- induced changes in the charge 
c a r r i e r l i fe t imes among devices having s imi l a r ini t ial c h a r a c t e r i s t i c s . 

F o r an adequate s ta t i s t i ca l study of i r r a d i a t e d dev ices , it is apparent that a r e p r e ­
sentat ive number of devices with uniformly high ini t ial l i fe t i ines and uniform forward 
vo l t age -cu r r en t c h a r a c t e r i s t i c s would be n e c e s s a r y . Several naa te r ia l - and p r o c e s s -
var ia t ions were introduced into the s ta t i s t i ca l p r o c e s s study to a s s u r e a high yield of 
usable devices and s imul taneously to gain additional information per ta ining to m a t e r i a l -
and p r o c e s s - v a r i a t i o n effects on the ini t ial h igh- leve l l i fet ime in the device. 

Mate r i a l Var ia t ion Studies 

Included in the m a t e r i a l var ia t ion s tudies were two types of grown sil icon c r y s t a l s , 
these included: 

(a) F loa t -zoned si l icon, c h a r a c t e r i z e d by a low oxygen content and a high 
dis locat ion densi ty 

(b) Czochra l sk i (pulled) si l icon, cha rac t e r i zed by high oxygen content and 
a low dis locat ion densi ty . 
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P r o c e s s V a r i a t i o n S t u d i e s 

T h e p r o c e s s v a r i a t i o n s w e r e d i r e c t e d t o w a r d t h e e v a l u a t i o n of t e c h n i q u e s fo r 
m a i n t a i n i n g a h i g h l i f e t i m e in p r o c e s s e d s i l i c o n w a f e r s fo r b o t h t y p e s of s i l i c o n l i s t e d 
a b o v e . T h e s e i n c l u d e d : 

(a) N i c k e l - g e t t e r i n g t r e a t m e n t w i t h t h e a d d i t i o n of s l ow c o o l i n g fo l l owing 
t h e d i f fus ion c y c l e s ( m e t h o d 1 u s e d fo r t he g e t t e r i n g t r e a t m e n t a s 
d e s c r i b e d on p a g e 72 of t he p r o c e s s d e s c r i p t i o n ) . 

(b) Slow coo l ing (70 °C p e r h o u r ) fo l lowing e a c h of t h e d i f fus ion c y c l e s . 

(c) N i c k e l - g e t t e r i n g t r e a t m e n t w i t h r a p i d coo l ing fo l lowing e a c h of t he 
d i f fus ion c y c l e s . 

A s a r e s u l t of t h e a b o v e p r o c e s s - and m a t e r i a l - v a r i a t i o n s , a t o t a l of s ix g r o u p s of 
d o s i m e t e r s w e r e p r e p a r e d . T h e d e v i c e b a s e w i d t h u s e d f o r a l l g r o u p s w a s m a i n t a i n e d 
a t . 020 i n c h . T h i s b a s e w i d t h w a s c h o s e n on t h e b a s i s of e a r l y r e s u l t s t h a t i n d i c a t e d 
a d e q u a t e s e n s i t i v i t y t o low n e u t r o n d o s e e x p o s u r e s f o r . 0 2 0 - i n c h b a s e w id th d e v i c e s . 
A l l s i l i c o n w a f e r s of e a c h g r o u p w e r e p r o c e s s e d s i m u l t a n e o u s l y to m i n i m i z e v a r i a t i o n s 
i n t r o d u c e d w i t h i n e a c h s t e p of t h e p r o c e s s . 

T a b l e 11 s u m m a r i z e s t h e i n i t i a l bu lk p r o p e r t i e s of e a c h of t he two t y p e s of s i l i c o n 
c r y s t a l s u s e d in p r e p a r i n g the above d o s i m e t e r s . T h e b u l k l i f e t i m e v a l u e s w e r e f u r n i s h e 
by the m a t e r i a l s u p p l i e r . T h e a b s o l u t e v a l u e of t h e o x y g e n c o n t e n t and d i s l o c a t i o n d e n ­
s i t y a r e unknown; h o w e v e r , t h e i r v a l u e s shou ld b e w i t h i n t h e l i m i t s n o r m a l l y found in 
e a c h t y p e of c r y s t a l . 

T A B L E 11. I N I T I A L B U L K P R O P E R T I E S O F SILICON S I N G L E - C R Y S T A L W A F E R S 

R e s i s t i v i t y , L i f e t i m e ' ^ ' , C r y s t a l Oxygen D i s l o c a t i o n 
o h m - c m m i c r o s e c o n d s O r i e n t a t i o n C o n t e n t D e n s i t y 

F l o a t Z o n e d 2 2 - 2 7 50 <111> L o w H i g h 
C z o c h r a l s k i 2 2 - 2 7 30 <111> High L o w 

(pul led) 

(a) Lifetime values are estimates furnished by the material supplier. These values could not be checked in our laboratory, 
since adequate lifetime samples could not be cut from the wafers. 

T a b l e 12 i s a t a b u l a t i o n of t he p r e l i m i n a r y r e s u l t s o b t a i n e d f o r n i n e d i c e r a n d o m l y 
c h o s e n fo r a s s e m b l y f r o m e a c h g r o u p . A code l e g e n d i s i n c l u d e d a t t h e b o t t o m of 
t h e t a b l e f o r e a s e of i d e n t i f i c a t i o n and t y p e t r e a t m e n t u s e d . L i s t e d in t he s e c o n d c o l u m n 
a r e t he n u m b e r of s i l i c o n w a f e r s p r o c e s s e d t h r o u g h t h e b o r o n d i f fus ion s t e p . T o fulf i l l 
t h e r e q u i r e m e n t s fo r t h e n u m b e r of e x p e r i m e n t a l u n i t s n e e d e d f o r s t u d y a n d e v a l u a t i o n , 
i t w a s no t n e c e s s a r y to p r o c e s s a l l w a f e r s to t h e d o s i m e t e r d i c e s t a g e ; t h e r e f o r e , o n l y 
s e v e r a l w a f e r s of e a c h g r o u p w e r e c o m p l e t e d to t h e d i c e s t a g e to m e e t t he r e q u i r e m e n t s 
for r a d i a t i o n s t u d i e s . T h e t o t a l n u m b e r of d i c e p r e p a r e d f r o m e a c h g r o u p i s g iven in 
t h e t h i r d c o l u m n of t h e t a b l e . 

:J9 
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TABLE 12. PREUMINARY P-N JUNCTION DOSIMETER DEVICE CHARACTERISTICS 

DDC 

m 
> 
M 

m 

Group 

-20FZ-NSC 

•" DD3-20FZ-SSC 

r 
" DDC 

m DDC 

z 
0 
3) 

i-20FZ-NFC 

!-20CP-NSC 

r DD3-20CP-SSC 

_ 
z 
0) 
_, DD3-20CP-NFC 

H 

-. (a) 

m 

•" 1 

to 
o 

Group 

No. of 
Wafers 

Processed 

50 

50 

5 

50 

50 

5 

Code Legend 

No. of 
Dice 

Prepared 

343 

250 

115 

295 

345 

119 

DD3 - Dosimeter device; diird process run. 
20 - Base width in mils. 
FZ - Float-zoned silicon. 
CP - Czochralskj L (pulled) silicon 
N - Nickel getter treated. 
SC - Slow cooled. 
FC - Fast cooled . 
S - Standard process. 

Average 
IniUal 

Lifetime, 
microseconds 

15.6 

7.9 

— 

27.9 

9,0 

--

Mean 
Deviation 

of Lifetime, 
microseconds 

8,2 

2.0 

— 

8.2 

1.5 

--

Average Forward 
Voltage Drop at 

1.0125 Amperes, 
volts 

0.99 

1.46 

— 

0.93 

0.98 

--

Mean Deviation 
of Forward 

Voltage Drop, 
volts 

0.07 

0.22 

— 

0.09 

0.04 

— 

Remarks 

Inconsistent forward voltage-
current characteristics. A 
30 per cent yield of units 
having a lifetime of 20 
microseconds or greater. 

High forward resistance. 

Severe lifetime degradation-
Ufeume iiameasurabie. 

All dice assembled for this 
group. 87 per cent yield of 
devices having a Ufetime 
value greater than 20 
microseconds. 

Acceptable forward charac­
teristics, and fair degree of 
uniformity of device life­
time. 

Severe lifetime degradation. 
Lifetime immeasurable. 
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Lis ted in the fourth and fifth columns of the table a r e the ave rage initial ' l i f e t imes 
and mean deviat ions calculated f rom the m e a s u r e m e n t of nine a s sembled uni ts f rom each 
group. S imi lar calculat ions of the average forward voltage drop and the mean deviat ions 
f rom the average (measured at the cu r r en t specified) a r e a lso given. 

M e a s u r e m e n t of the charge c a r r i e r l i fe t imes in the p - n junction d o s i m e t e r s p r e ­
pa red by the fast cooled nickel ge t te red method could not be pe r fo rmed because of t he i r 
low va lues . The forward voltage drops in the devices in this group were ex t r eme ly 
high, and the re fo re , a r e not given in the tab le . 

F r o m the p r e l i m i n a r y data taken on the 9 dev ices , only group DD3-20CP-NSC (high 
oxygen-low dis locat ion content silicon) was cons idered adequate for a s sembl ing the r e ­
mainder of the dice into p lug- in uni ts for radiat ion s tudies . An 87 p e r cent yield of the 
devices in this group was obtained with ini t ial l i fet ime values g r e a t e r than 20 m i c r o ­
seconds . However, some degree of sca t t e r in the l i fet ime was observed , as indicated 
by the deviat ion va lues . The m e a s u r e d voltage drop indicated that effective conductivity 
modulat ion was achieved. 

Although the r e s u l t s obtained with the devices p r e p a r e d f rom each of the groups 
shown in Table 12 were somewhat infer ior to pas t r e s u l t s , the data a r e sufficient to 
allow seve ra l tentat ive conclusions to be drawn: 

(1) Nickel get ter ing with rapid cooling is ineffective as a technique for 
l i fet ime retent ion in p r o c e s s e d wafers for both the pulled and 
f loat-zoned type sil icon c r y s t a l s . 

(2) Nickel get ter ing with the added slow cooling is m o r e effective in l i fe­
t ime re tent ion for high oxygen content si l icon. A s imi l a r r e su l t was 
found for devices p r e p a r e d e a r l i e r in the p r o g r a m that w e r e p r o c ­
essed in the same manne r . The role of oxygen as re la ted to device 
l i fet ime i s not well understood; the re fo re , it i s suggested that future 
invest igat ions be d i rec ted toward de termining the mechan i sm by 
which oxygen aids in the anihilationof recombinat ion c e n t e r s . The 
solution to the l a t t e r could be of p r i m e impor tance in the development 
of a p r a c t i c a l reproducible d o s i m e t e r . These s tudies would, however , 
be bas ic in na ture and m a y or m a y not be appropr ia te in a dev ice-
or iented p r o g r a m . 

(3) The effectiveness of nickel get ter ing i s again demons t ra t ed as a 
l i fet ime re tent ion method by the noted differences between the tw^o 
f loat-zoned groups with and without nickel t r ea tmen t . However, it 
i s n e c e s s a r y to employ slow cooling to achieve higher l i fet ime values 
with the nickel t r e a tmen t . 

(4) The init ial l i fet ime values obtained on devices p r e p a r e d with the 
stamdard slow cooling method f rom Czochra l sk i (pulled) type si l icon 
(Group DD3-20CP-SSC) a r e lower than expected. This r e su l t cannot 
be explained in view of previous r e su l t s obtained with slow cooling 
(see Third Quar t e r ly Repor t , F e b r u a r y 14, I960). 

(5) The degree of l i fet ime sca t t e r is g r e a t e r for the n i cke l - t r ea t ed groups 
than the slow-cooled groups for both types of sil icon. It is indicated 
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that h igher l i fet ime re tent ion by nickel t r e a t m e n t becomes m o r e 
sensi t ive to p roces s ing and ini t ia l bulk s i l icon p r o p e r t i e s . 

The observat ion made in (5) above is cons idered of p r i m e importcince in the fabr ica­
tion of d o s i m e t e r s with tiniform c h a r a c t e r i s t i c s . As a r e su l t , an inquiry to the m a t e r i a l 
supplier was made rega rd ing how the si l icon wafers w e r e furnished. The si l icon wafe rs 
were pu rchased on the b a s i s of a n a r r o w re s i s t iv i ty range . This neces s i t a t ed the cutting 
of wafers in the p r o p e r r e s i s t i v i ty range . Unfortunately, the bulk l i fet ime furnished by 
the suppl ier was an es t imated , r a t h e r than a m e a s u r e d value. It i s apparent that a v a r i a ­
tion of bulk l i fe t ime, oxygen concentra t ion, and dis locat ion densi ty would be p r e s e n t 
among wafers in both types of si l icon. On the b a s i s of these probable va r i a t ions , it is 
concluded that the sca t t e r introduced into the device l i fe t ime, for the n i cke l - t r ea t ed 
groups , i s re la ted to the uncer ta in ty of the ini t ial m a t e r i a l c h a r a c t e r i s t i c s . F o r future 
invest igat ions a m o r e s t r ingent control should be applied to the init ial si l icon bulk p r o p ­
e r t i e s p r i o r to p r o c e s s i n g . 

HCG:OJM:ARZ:RKC:JMS:CSP/mmk 
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APPENDDC A 

DERIVATION OF ERROR EQUATION 

by 

(A. R. Zacaro l i 

-J - = - ^ + a nvt . 

a nvt = 
_1^ 
T„ 

If A T « T, 

a A nvt = A (̂  ^ - -^J 

a A nvt = A -r A -J-

T T T 

(A-1) 

(A-2) 

(A-3) 

(A-4) 

(A-5) 

F r o m Equations (A-2), (A-4), and (A-5), 

A n v t 

n v t 

1 ATf 1 L + 
Tf To 

1 1 
Tf To 

A To 

To 
(A..6) 

Let A nvt r e p r e s e n t the e r r o r in de te rmining dose and A T r e p r e s e n t the e r r o r in m e a s ­
ur ing T. Also, a s s u m e that the re la t ive e r r o r in m e a s u r i n g T is constant in magnitude; 
i. e. , 

ATf 
= 

A To 

-^o 
= 

A T 

T 
(A-7) 

Then 

A nvt 
nvt 

= ± 

The maxiraium re la t ive e r r o r in de te rmining nvt will be 

A nvt 
nvt 

A T 
T (A-8) 

AT 
T 

(A-9) 
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Rewrit ing Equation (A-9): 

A nvt 
nvt "~ 

, , ^ ^ o 

_L _ 1 
n To 

AT 
T 

F r o m Equations (A-2) and (A-10): 

(A-10) 

A nvt 
nvt l ' + — ^ — 1 -

L T„ a nvt J T 

(A-11) 

Rewrit ing Equation <A-11): 

T A nvt 

A T nvt 
= ± 1 + 

TQ a nvt 
(A-12) 
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APPENDIX B 

NITRITE-ETCH COMPOSITION 

100 g NaOH 

150 g NaN02 

1000 cc distilled water 

Temperature, 95 'C 

Storage temperature, ZS'C 

Use water bath for maintaining etch-solution temperature. 

Replace etch solution when a considerable precipitation is noted. 

Pyrex-type beakers are used for etch-solution container. 

3^.^ r>97 
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JUNCTION DELINEATION 

P r o c e d u r e 

(1) Apply a thin coating of c l ea r shel lac to a heated (90° C) mic roscope s l ide . 

(2) P lace a diffused wafer (with th ickness known) on mel ted cement with the 
n region up. 

(3) Coat surface of si l icon wafer and allow cement to harden . 

(4) Lap a 20° to 30° bevel on mounted wafer with 600-gr i t SiC with 20° to 30° 
lapping block. 

(5) Rinse with d is t i l led wa te r . 

(6) P l a c e into e tch-p la t ing bath for 10 seconds . Remove and r i n s e . 

(7) Repeat (6) until copper plating is vis ible to eye . 

(8) De te rmine depth of n region with ca l ib ra ted eyepiece on low-power 
m i c r o s c o p e . 

P la t ing -Ba th Composit ion 

20 cc cone. HF (48%) Dissolve copper in HNO3 

10 cc cone. HNO3 -^^^ wate r and HF 

20 cc dis t i l led wate r T e m p e r a t u r e , 25° C 

300 mg copper 
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NICKEL-BATH COMPOSITION 

30 g / l i ter NiCl2' 6H2O 

10 g/ l i ter NaH2P02'H20 

50 g/ l i ter NH4CI 

100 g/ l i ter NasCfeHsOy* H2O 

NH4OH to give a pH o£ 9. 0. This can be conveniently contl^siibd by maintaining a blue 
color. Green-solution color denotes a low pH. Add NH4dH as required. 
Temperature, 95 ± 2*C. 
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P-N Junction Dosimeter Plug-In Units' 

,-P-N Junctiori Dosimeter Dic-:\ 

• '̂• ĵ̂ fei-vlt':̂ ''.,??^ 
c«p-V-;-.. 

• V J -

N68602 

FIGURE B - 1 . UNASSEMBLED AND ASSEMBLED SILICON P - N JUNCTION DOSIMETERS 
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.Anode pin retainer 

A.node pii 

;• f 

•f̂ ' 

i 
Cathode pin r e t a i n e r 

Ca thode p in 

Guide pin 

A s s e m b l e d j ig 

iO 
'*p°r 

• v ? 

0 i^- D 
O 

FIGURE B-2 . GRAPHITE MULTIPLE SOLDER ASSEMBLY JIG 

N68603 
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FIGURE B - 3 . THERMOELECTRIC-PROBE APPARATUS 
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Dimension Specficationi For Pin Assemblies 

^ j |-—0.062" ± O.OOl" 

1 |*-0.I00"-^ 

\ i 
^ I |- 0.062" ± 0.001" 

A-34731 

FIGURE B-4. DIMENSION SPECIFICATIONS FOR PIN ASSEMBLIES 
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BLOCK-ETCHANT COMPOSITIONS 

Modified CP4 Etch 

5 p a r t s HN03(conc. ) , 

3 p a r t s HF (48%) 

5 p a r t s glacial acet ic acid 

Quantity, 500 cc 

T e m p e r a t u r e , 25°C 

Age for 1/2 hour before using. . 

Po l i sh Etch 

1 p a r t HNO, (cone. ) 

1 pa r t HF (48%) 

2 p a r t s H3PO4 (cone. ) 

1/2 pa r t glacial acet ic acid 

T e m p e r a t u r e , 25° C 

Quantity, 450 ce 

No agitat ion of polish etch r equ i red during etching of si l icon d ice . 
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ERRATA 

Second Progres s Report, page 23 , paragraph 2>, line 13; "1000 barns" should read 
"4000 barns", and all subsequent values of thermal neutron damage in the section on 
Damage from the Transmutation of Boron should be increased correspondingly by a 
factor of 4. 

Page 23 , paragraph 3 , line 8; "5. 5 x 109" should read "5. 5 x lO"*". 

^'"^ 115 
B A T T E L L E M E M O R I A L I N S T I T U T E 




