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NOTICE

When Government drawings , specifications , or other data arc used for any pUftO~- t

other than In connection with a definitcly related Government procurement op~~r a t i~~t i .

the Unite d States Government thereby incurs no responsibility nor any ob ligation

whatsoever; and the fact that the government may have formulated , furn ished, or j f l

any way supplied the said drawings , specifications , or other data , is not to be r cg: r~~ cJ
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or corporation , or conveying any rights or permission to manplactur e, use , or sell any

patented invention that may In any way be related thereto.
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SECTION I

I NTRODUCTION

A. \ \Program Objec t ive  and Goals

The Air Force has requirements for a radiation-hardened shift register

analog memory device for applications such as data storage, data re-formattinc,

ard signal delay. The dev i ce must have low power consumption and a wide d ramic

range, but nonvo lati lity is not required because of the nature of the real-tir e

system application . The objective of the program carried out under Contract

No. F336 15— 7 1f— C — 1 0 5 4  is to investi gate new sem i conductor analog rriemory structures

having the potential for extreme radiation hardness. Device performance nuals

are (1) sample rate of 10 MHz, (2) dynamic range of ~~~ (3) maximum power

dissipation of kO microwatts per bit , (If )  total dose fnardness to ionizing

radiation of~~~~~)rad (Si), and (5) recovery within 10 milU seconds after

exposure to a pulse of ionizing radiation .

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 



E S E C T I O N  I I

A D D I T I O N A L  RESULTS FROM THE F I R S T  RA D I A T I O N  TE STS

Since the First int eri rr technica l report , addit ion a l rcasurcr ents and

evaluations have been made on the test samp les from the f i r s t  t o t a l  d~~~e t e~ t

Fi gure 1 shows a plot of charge transfer efficiency versus freçucn ’.y for a

typ ica l buried channel device after irradiation to a level of 3 x 106 ra l

The response is flat below about 12 MHz, just as it was before i rradi ati or i~
It should be noted again here that the 99.95/ CTE of these buried channel

samples was much l ower than typ ica l buried channel devices , Fi gure 2 illustr ates

the change in threshold vo l tage versus total dose for MOSFETs hav i ng differ ent

gate ox i de types as shown, The magnitude of these sh i fv  is  much sma l l e r  than

the high frequency MOS capacitor flatband shifts reported earlier , which

ranged up to 65 volts for dev i ces on the same samp les . Th~ explanation for

this difference is illustrated in Figure 3, which shows that t~~e CV curv e

surface channe l capacitors shifts with frequency for dev i ces with hi gh 5J rt .

state density. Since the MOSFET threshold measurements were mad e ~‘t a ne c-i

frequency, the measured V
1 shifts should be compared to the low f requency flat-

band shifts. This large dependence of flatband vo l tage on frequency is

ind i cative of a hig h surface state density after irradiation , as was ~ho~ n by

the greatly reduced CTE of the surface channel CC Dr~.

Figure If indicates the relative increase i n  leakage current i c r  S U C t 3~~c

and buried channel CCDs irradiated at doses of lO~ to 3 x lO b rad . Thc cause

of the difference in leakage increase be tween surface and buried channe l

samp les is not known due to pre-irr adiation measurements prob lerin , but it may

be due to a large dens i ty  of surface s ta tes  and hence surface leakage for t i e

• surface channe l dev i ces. The pre—irradiation leakage currents for both the

CCO and the gated diode were characterized more comp letel y for the second proup
• of test samples , as discussed in the next section of th is report .

2
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the CCD output nwi so a f t e r  i r r a d i a t i o n  was nea nured for  t ic buried ch;j nnc l

devices f roc this t nt . The output no i se was found to S. I rs  i t  1 b~ Ire ~hüt

noise on the leakage current , This is as would be .xnec! d , s i n~~ th e s e  sar p i.”~
typ i c a l l y had dark le akage currents of the order of 1000 n A / c r . 2 a f r i - i r rad i c i  oH

(as opposed to ~~
. 100 nA/cm 2 before i r r a d i at i o n ) ,

The following is a summary of results from th first ra diati e ’ ~erts:

• Su rf ace  s r a l  e bui Idup

• N of up t o  1 c~ pe r eV /ci
2

• Oxid e hardness

• HC.f grown oxides have la m e CV shifts ice t i  i n t e r f a c e  s ta te  ‘u i lcu~
• 950 ’ steam and 1100 ’ d ry oxides are equal when used with c -bran Sc t i

• Diffused chronic is not effective ~rh .’n used w ith HCt yre n ox i de

• C CD t o ta l  dose hardness

• Surface ch a n n e l  d e v i c e s  not u s a b l e  a t l O~ rad due to CT~ denrad atjon

• Buried channel dev i ces had no loss of CTE at 3 x 106 ra~~; i npu t

level ‘~hi ft of ~ If vol ts , due to VT 
shift ; reduced of MOSFE ts

• Typ ica l dark curren t leakage increase of fiv e tim es for bur ied

:hanne l and > 50 ti ’~’es ~o r surface chRonel

• I mplanted and ep i taxial layer buried channel CCDs e x h i b i t e d

s i m i l a r  h ar dness

• Domina nt no i se source in buried channe l dev i ces tested appeared

to be shot noise on leakage current .

Conclusions drawn from these results which mere used in selectin g the

fabrication processes for the second grou p of test samples are listed below..

• HC~i g roen oxides show poorer radiati on hardness than dry C r  steam

ox de~ therefore , use dry or steam oxide,

• Buri ed channel hardness is much greater than surface channel hurdness

for total dose effects~ therefore , use ‘c ried channel.

7
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• Ep i taxial layer buried c h a n n e l  dev i ce~ are not hard er th .~: in p t a nt. d

l a y e r  d e v i c e s ;  therefore , use ion im p l a n t e d  bur ied cii~ r i i I  . sinc e
contro l of the dooing and  p l a c e m e n t  of th~ buried layer i s easier ,

• Buried cha n ne l CCD hardness is determ ined by input/outpu t l .v ices ;
therefore , use ox i de ha rde n i ng tech n i q ues ~c improve MUSFET hardn e~ c.

8
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S E C T I O N  I I I
D E V I C E S  FU~1 THE SECOND GROUP OF R A U I I T I J N  I E S T L

A . Process ing

On the basi s ot conclusions drawn from the results of the j r t h r ~~l

dose tests , i t i . 5  decided to include Lhe followin g prc~~ess  va ri at i o r :r i r ’ t hc

Fab r ication of dev i ces for the second gro up o~ radi i ’ io n tests :

dry  and steen i con gate ox i des,

( 2 )  diffused chronic-doped ‘x ide ,

( 3 )  implanted chronic—doped oxide ,

1 4 )  nondocer~ cxi di , and

( 5)  ~Sen .aH y evaporated and c- b a ,  eva~,orated meta l,

Since it was i i  p ractica l to t.~st a l l 5c’ ssihl e combinatio ns :1 t b ~ process

vc ria tio ii s . the los t ~~!O ~~~S I f l 9  ones ccc cho’nrn . Continu ed problem s wl t S tie

Sou r for ch rome itnp lo: tat ion prevented inclusion ol ion irn p lant i r .s lrIe’ ,.

The main p r o cir siny featu r~~ of th e si c v  f rcx: ciii ch the ‘r e s t  n d Ce ’ .0

l i s ted in Table I. A i thout li HC.~ was used to clean the furna ce t l. , c s p r i o r to

gate oxido gro~ th , no MC~ was introduced dri r m g  yro~ th~ Thc n—t yr e layer for

bur cc chan nel operation was 1 riw’ar ’I by imp la n t ing 1.7 1~~~
’ • ci ~ phon phorc

ions at an enerqy of 190 kEV . followed by a 60 mi n u e  11C A ’C c i r i v e  ri N ,,. ~

PSG stabilization layer was .,rined at 90(: L , and a .O’pOci t ( ’ i  n i t r i d e  overcoa t

I yer was app lied over the met Il i 7at ion I -r r nc tian i C l  ,Ii .,l ’ le p er t ci I ion.

The r ,ct alliza t ic ,r is the double— le ve l alu , inuni sy i.e usi nq anodic a L -  inc ,

oxi :Ic for into level  i t r u l a t i t  n , which provides - a si led cop lan.i r r y r  H ap p in~
gate s t ruc tu re  as dcc r Led in In i ’  r ir T e c h n i c a l  ‘ . . p t ’ r . Ili 1 f o r  t h i s

so i t r a c t.

B, Pre— Irradi a tion _ Ch n r~’ct riza~~icrt

The CCD chi ps uSe I to r  t i r t  t nt  samp les are of ’ the same r i t s i  en ised iii

the firs t group ~ 
I tests nI  c r y  d es c r i ci ’ in Interi m Te f r ,ir a l R e p or t  ‘ 4 .  I .

The test de’, ice s •ivai able ii each of those samp le s a ir

¶3 
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TABLE
PROCESS V A R I A T I O N S  OF S L I C E S  FUR SE C O ND GROUP l E S T _ SA M PL ES

Oxide G rowth Oxide Dop~~~ Meta l  Deposition 
______

950 C Steam (Dry-wi n-Dry) None Theri • iil y Evaporatc J 8 l

95O ’C Stea m ( D r y - W e t - D r y )  D i f f u s e d  Chrome c-Bean. Evasw - ,~~od 68-2.3

- 0
_
c Stea’ (Dry—Wet-Dry ) None e-Rc’a~. Evapora~ e I 68_L,,q

l000 ’C D ry None Thermall y Evaporate

1000 ’C Dry Diffused Chrome c-~ eOr- Evaporated

l000’C Dry None e- t1enn Evaporated (.8-5

10
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(1) 150—bit , Our— d base LCD shift r egister with t ’ Iun’ m g d i i f u s i o n /

source follower output ,

(2) l’( qated diode ,

(3) short channel MOSFET with W/L of l (.i , and

(‘4) M i S  gate oxide cap~ c i  tO t .

‘~hw 28 test s,.r .p l e s  were carefull y characterized beferi i r r a di a ti’io .

The ~r.’r fer uic :e pa rameters of the buried charne d l)s in t n i ~ g r ’ up of sa: p ivi

were outstandin q. Typ ica l charge tr ansfer efficiencies we re ~r 1) ~q~9

0.99998 at 1 M H Z . [ark l e a k : 3 e  currents t y picall y ia - re f r ’ - 3 t o  10 .0, c;

clock vat tayes at  15 vol ts. Because the dark currents were S~ in’ and ttn -:se-

we re bur i ed channel devi .es . thy  duiii n o t  fbi se ’o’.rc ~ wa s th~ n i l s

5 y rh.  out~ it s’urce —fr_iI OWL r . ~hi’ fo l  lowi r -q ’ r-~~sur s - : -  i ’  -., re made .n ’ 0 100 ,

b a s i s ’

(I) charge t r . m ’s f r r e f5i cie ne y thout t a t  c o n a ,

(2~ CCD irtc- ~ ’a ted leakage current p a t t r r r  ar- I average leake r. .

(3) CCC total no i se and source fol l i v e r  n o i s a .
(If) MOL F~~T thresh old -.‘ ol taqe .

(s ) ga ted d l i I - . C’. c m v ,  s.

Sin c e  t h~ p ar o r e  ters 1 i ‘ ted be Ii” ,, ,..‘0r~ r1 l  at ive li , , a - a t  or ft .‘ ice ’. ri’

t hi’ sat ’s s l i c e , t ) i r m, l ’i c re ’ . a ’ : , ,  • on a n~r r p ie ).t:,iS.

I) source fol low. r a in ,

(2) CTE versus f r e qu e n c y , and

(3~ ful l  m c l i  Cd~~:iC I  I ,

Th~ c h i r p e  tran cte r ~ I i - .. i e ns y  s i t h  and ta i ~h u t  fat z e r o  00: “lI’ ,in l r i d  or

s e c e r 4  - t e c i c e s  and was tound to he th~ ‘ a r c wi thi n t h e  accurac s 1 ‘ .lsure—

‘ c ut .  ‘ h i s  i s  as r.si’ec t e-I on bu r ie d  channe l t e v ic e s  I th  such ~~~~ htil[

state densities as indi cat . 1 by the low dark 1 - h o , ,  c u r r y n t n , T cli, i t a l ic

i i



the cl i  nets ol I ca...oye in t hi’ out ~ut ci rim i t ,tn P a show soar I a I ‘ c r 1  a t  cn5 it

t he leakage c u r r e n t s .  i t ieg ra ted  leaLa~jc easui ements ‘- ‘‘Ic t ’ .a ii b y st . :m ,i

tIme clocks wi th one ph ase h i dh fcr a period of ti ne and cclle c tin q Ie. ’.aqe

curr ent charge. After an integration t itie sufficient ‘o collect a e’isurab lc

i rac~ ion of a fu l l  wi- I 1 , t he char-j e was c l ic k e d  to the output , ar,d -, plt ut t sri~~
was made ol t he output  waveform . The v e t  t i . 1 ’ , V .  si r’ espo’i~t i p ti a g i ve . CCD

b i t  is related to the leak - c current dens i ty , 
~L ’ n the v i c i n i t ,’ ~ f i i’at  b i t

by the follo wing relationshi p if the sh i ft  out ti ’’. is nc i l i g i h l e  e c ’ .p . r r- ..i t~
the time of inte gration .

C
N
v

~L TS 1,.S

w h e r e  C ,, is the total capacitance of the output rt if ~~u s i o n , A is t h-~ com’;’ie-

ni lower vo l tage 9 a m , T is t i e inte gration period , a n d  S
8 

is the Si t a’ .. .

The CCD noise was measured using the low no i se in put t In nique dc’.crib ed

in the firs t interim technica t r e p o r t  and a correlated double— sar .p l i n ~; chc ’r ii

to el i r :inatc output 1 kTC’ no i se. Und er these conditions, the ;t,, r: in ani

source typ i c a l l y was found to he t he o ut pJ t  a p t i f i er  c i  r e m  1.

12
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SECT iuli -
i l l , )  t i ,  I t  IN F E S I PLA N

The r a d i a t i o n  ‘ o c t s  I or Lhe s t - s ou l roup of ’ tei ’ ’~amp les ;‘ier’. ~o i ~,c I

‘~~.s cm b’jth tot ~j l dose el cc ts and it i  5h .,i’,~~e ra t e  ~.-u se effe_ i s; cm~ l o t ; .  i up,

ra.l ia t ion .  I t  I-lo s ‘ ; ec j c ted  to test omie sait -p le (co n timmn i -u ‘ cur d i t t r ’ r c

~le’.ice c) Crc, - ea ch oF the six r;” . ’ce ss variations listed in ‘I~~b le I in r

i’’ l i t  four test ‘ lis t ,, d Li,. ~~“...

(I) Hi it nose rate pa l m -  ‘ recove ry te~ ts (20 Me~ u e’s~~r -

(2~ Tot al dose- ; eta rev test Us i imi  Co~~ 1 ,2 “uS source at 10 ‘a .e~~’i
60 7( 3 )  Tota l dc.sc ;ui r--a ‘ ~‘ test a cing Co (1,2 1- t.~~’) ‘ç,,’i’ce at I t ~ r n.~

r~ t ) T,~t o I  ctusi t e s t s  at  l e v e l ’ , f m -or~; 0 to )0~ red usi - ,.1 20 M u ;  e r u m :

Th ’s te St p i e  ‘ uij !rC J t I e  [~~t r irOtl o ,, , tes t iria , ~nd c nr arter i.’ r t ~ 
I 2 k

P u r l e d  chennc t test -~
j, p ies p lus St;-cre ; and units 0)1 ii:,, ’,) e t t If l ,~ tic -

Jo se ‘a t ~ tOStS , ofter comp t etion of t I e  .to~ t rate ‘ ats (Te t Nc. - ) .  ~.-n. riP

~~ aosic d T h e  sat ç i e ’ , t o  a to ta l of only O hy a t IS  roc , i. }’e r.Iev l cc ’ ’. ~. e ’ . i.

no t u e C - J ; .  I rle.jr’a - te J  t herefore , 1505 deci tii’J tn’ usa’ ’,i,esr ’ s-ar p~ ’ s 1

a d c i t i ’ n o l  10 0 
r od  t o t a l  dose Co

60 t e s t ,  but at a red cce-3 c t c ’ c.L wO~~’ 30,. 51’

‘3 ,- i i t~~~, ai; ‘mi s n,-;ed in s c . ’ firs ’ r ’roui . trS[S . I~ t ,c. ~ heem- doic d” u t~ ’ ~

lock v o i i c . j e  of  12 v o l t s  in ~hi t o t a l  Co~ e,~~a Jo’.e r” ’,i s (t i ps .  2 and

- ‘ 1 , - y e ) ,  sinc e these “onp les could he r p ’ ~~’t :d bur ied cha nne l  i t h  c k ’ c l ’  up t o

15 ‘iolts . Sperat or. at 0- ’ -e hi Ihi ’C c 1oc~ l e v e l s - o y  be d e s i  ‘na L,le ir

ap: 1 i c a r i o ’ t  Hr . ecuse the 1 ul 1 m c l i  c e nc c i  ty .an,t , n”nCe , the  ctvner IC m i t ’ . •

in n “ca- cd . a t  thc;uih thi c lock ir I ’ ’ Dowe r t so i nc rc  C Suc Ich I ‘ ti ’,. ti’.

t e s t  f~e r j  i t y .  i t  a’ , d e c i d e d  to  test i .e of ttw ’ ur’u :m l buried cban” r - l S’r ’tr

s .mr p les  a 0 total dose ‘ei r I e iel of 3 s. l0~ t - , ,  g i’ ic- -c~c t a  at  lu a j d l i i m - n a l

- v i ! .  Ti’.’~ ~mi rf~ cc sonn ios were also prr ;pa red or ii I - ?  ‘‘ .1 10~~,, t Ir-~ €-

‘ te s t  a IC r sO .

13
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Pt 1. I I  aN I?

~J . L~ L~~~L ,, ~f PL ’l , GE RE.C OV E P’>’ T [ S T

A Desc ri ption c _ C!~~_ p.i!” Te st Procedure

Charue coupled a e v i c t s  or.; :ienera l l y yen1 e f f i c i e n t  c o l l ec t o ”s at photo—

-;nrnc ’ ra ted carriers , a ~ - p ’  t - ,’ c.’ F , ich r c kes the ; uselu l  as T ’ ,a , u r c  , r ;mwever

t h is  car te o ro p e rt y  makim- ‘ “ s i c b j e c t  to in te r r up i d ‘ ‘ oe - ’ t ion , e e l

p o s s i b l e  h - n - - o a t , ohen c’ ’ , ‘e d  t o  hi~~; dose rats ’  b u r s t s  cif i o r i i z i ’ - q  r ._ .~ i e t : ’ .

Ex c e s s i v e ) ’ 1 high c u r r e n t s  can f l o w  c,, u s in g burnout (nie t a l l iz c tior m ~‘r . -~ li ’n cto - °

‘— e r - ~’ I - t o -  ,;aes ) i -her -  la rpe amount of ~bc uo—g e r ,ur; tc ; charge is  col l uc t e  I

by a r’ c m i ’  b ias d i f f u s i o n  so ’ t r as thi’ dra in of the output reset  or source—

(c- I stee r t ’ lt iSfETs in the CC D output c i r c u i t .  These d i f f us i o n s  ~~~ imsu a l l’ >
ccn nc - c te d d i r e c t ly  to a pown r  s ’,,p~’l y so t hat  tii c’ - a r r e e L , - i ; e  l i m ~ I c i  o n l y by

C i,.u I t mac te l 1 i c ot  io n ,snd con tc ,ct  res i  s tance.  I’m .a ’ - ’ c , In ‘tart >’ ~~ ~~
-
~~‘; , i

poss ib le to insert a small resistanc e of the o n e  of lO P  oH-t; tn hul a 1 H- i t

peak cur ren ts wIt er-ut appreciably degrading circuit cerf cn - ,n cc . TI;., pur;)usc

o f thi a t e s t  was to determine the t i m - u  r ecu i ron for the d e v i c e  Ii ’ recov er  in

n i t - - n - i Op e r ation ot t er s o O t ’ t ie r  ~roc’ a flood of p 1 ’tac ..r r’ 1 ca sca b > b r’ .; e r

oi s nj r.’t ;t ’a t i - a n ,  Purnor t  c c , , . , 5 at k~~~t’, done ‘ r ’ t ’  mere a l s . ’ - ” - ’ ” ~ cr ’ ’

To ‘ca,ure c i r c u i t  rec overy  ime . the CC C ne s t  be oae t c ’ J  a t  no; - ‘a

ye 1 ta :,’ la-i c Is .ini tee on t put  moni tored dur ing - m d  a f t e r  the rod lo t  ion pu l se ,

i dIs ,  in t u ’ n , ”e e u i r a c  tho~ a ll the clock generato r  and d r Iver  e le c i r ’ms ic’.

tr us t  tie su f f i  c ien ’ ly h’r;i, n, ’d a,id;c’ r . b i c ld c  I, or t hat the’>’ t. ust be 1~~ e~~ t ’
_ _

n c  trt i ’ce of ’ La: r , ,J ic i t ion  c l r e t ’ im’ r and d r i v e  the: CCD th row 1 long c a b le ’ s ,  1 -

l at t e r approac h was u~ cd h - ’; t ’i e-ie t es t s ,  High speed 50 ~ ca b le  drk’ n’r

i ntecy ” u I ed c i r c a  i tS ISC t’ t used to dr I vu ti’ ’ four c l o c k  ‘base s nd t m  p rec he  r

a t e ,  as s i -own in Fi gur-c 5. A n o t t m ’ r  ci iS” S, ’li’C c i , ’r u i t s  i -as p 1 -ice d b eI T ”- , ’ a

~ c’ - t h ic k  alu , ’,inura s h ie l d  L mt’ n c ry e -  as a,’ ouPpu l c~~b lc  d r iv e r  for  th e CC-

cwtr~u t . T h i s  device t-.es ”’ourited in i socket so it could be’ easil y r ,- , - l a c ’ -ct

It  Pe ca ’— e tm rc ; deta ra-Jed a f t e r  ire ing used for irony radia ’ ion t e s t  S. ‘ ‘ m- -” ‘ . -

- s i T u  ‘ ‘ i v e r  IC  su rv ive  t al l t h * - rad i ation Icr ’S - - -‘i i”-’’j t anna - -n t ~lar ” ’ - : ,, -
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B. Source Facility

The Linac at the Nuclear Weapons Effects Laboratory at White Sands Hissi l e

Range was selected as the -•‘ radiation source. It can give dose rates of up to

io l l  rad/second in the direct electron beam mode w i t h  pu lse w i d t h s  of

f rom 50 nsec to severa l ilsec; and pulse repetition rates up to 10 pulses/second.

F lash  x- ray machines such as the Hermes I I at Sandia Labs can give Bremstrahlung

mode dose rates of up to 10
12 

rad/second , but would have been much more

expensive to use and would have taken much longer for the planned tests because

of their much slower pulse rate of only one pulse in 20 minutes.

The electron bear output energy level was approximately 20 MeV , and t i m e

pulse width was set at 100 nsec. The dose rate was measured by means of a

si licon diode that was calibrated by measuring the total dose from a numbe r

of pu l ses with a thermo l uminescent dosimeter u s i n g  lithium fluoride pelle ts,

The dose per pulse was divided by the measured pulse width to obtain the

average dose rate. The dose rate was varied by moving the test fixture away

from the Linac output window along the beam axis by means of a movable table.

C. Experimental Results

~ trigge r pulse from the Linac con tro l system was used to trigger the

oscilloscope sweep at the time of the electron pulse so that the output wave-

form from the CCD could be photographed during and after the pulse. The CCD

was operating at norma l bias level with a 1 MHz clock rate and a repetitive

electrica l input pulse to permit recovery time and performance after recovery

to be recorded. Tests were made at dose rate levels of io8, l0~, 10
10
, and

L~ x 10 10 
rad/sec. Each dev i ce was successivel y tested at these rates, The

maximum dose rate was limited to ~ x io lO rad/sec because the thickness of

the shield on the test fixture to protect the output cable driver prevented

the test samp le from being closer than 5 cm to the window . The output waveform s

16 
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from the test of a typica l dev i ce are shown in Fi gure 6. The responses of all

the dev i ces were very much alike , as can be seen by the plot of recovery

times versus dose rate in Figure 7.

The photocurrent generated by a radiation pulse is given by I
~ 

=

where ~
‘ is the dose rate , g is the photocurrent generation rate for the dev i ce

material (g = 6.~~ x lo
_6 

A/(cm3 - rad/sec) for silicon) and V is the vo l ume

over wh i ch charge is collecte d . The rate at wh i ch charge can be clocked out

of the CCD is proportiona l to the full well capacity and clock rate (after

the norma l bias levels are regained in the output circuit). Therefore , it

should be expected t~~ t similar results would be obtained for thest test

sam p les because they all had s bmim i l ar vo l umes and full well capacities and

the same clock rates. It can be seen from Figure 6 that for pulse levels to

1o 1° rad/sec the recovery was complete in about 250 psec. However , for the

14 x 1o 1° rad/sec level there was an increased leakage current output that

decayed with a time constant of about 500 llsec. The reverse—biased leakage

characteristics of the i nput diode and reset and source—follower transistors

were found to have a resistive component of about 5 kC after this irradiation

test. Other diodes on the samp le that were not reverse—biased from a low

impedance source did not exhibit this type of leakage. This indicates that

the dev i ces were at the beginning of the therma l damage range (burnout) at

the 14 x 10
10 

rad/sec rate for 100 nsec pulses. However , it should be possible

to i ncrease  the level of the onset of therma l damage by use of a small amount

of ser ies  res is tance  in se r i es  w i t h  the supp ly leads, This was not done in

these tes ts , since the ev i dence of thermal damage was not found until some

time after the tests were made.

17
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S E C T I O N  VI
THE SECOND TOTAL DOSE GAMMA TESTS

A.  Descr ipt ion of Tes t

Total dose gamma tests (Tests 2 and 3) were made on test samp les at the

same time the dose rate tests we re made . The source used for these tests was

the Co
60 

Gamma Radiation Facility at the Nuclear Weapon Effects Laboratory at

Wh i te Sands . The test fixture and bias conditions for these tests were the

same as those used for the first test. ” except that a clock voltage of 12 vol ts

was used for part of the tests .

The CCD i nput diode and precharge dra i n and the gated diode diffusion

were reverse—biased to +214 volts. The source and drain of the output source—

followe r and the test MOSFET we re connected to ground , as was the substrate.

It has been fou nd that grounding the source and drain of these MOSFETs produces

unrealistic oxide bias conditions and results in much larger threshold shifts

and gain degrada tion than occur under normal operating conditions in the

source—follower. In future tests -these points will be either biased to normal

ope ra ting levels or reverse-biased .

A 50’ duty cycle clock pulse was app lied to all gates . The test dose

l e v e l s , number of devices tested, and clock voltages were as follows:

• 10
6 rads - (Tes t  No . 2) six buried channel samp les with 12 vol t clock.

• rad s  - (Test No . 3) six buried channe l samp les wi th 12 volt clock .

• 3 x io~ rads — two buried channel spare samp les with 8 volt clock.

• 106 rads - six buried channel samples with 8 volt clock.

(These were the samp les previousl y used in the dose rate test (Test No . 1).

It was incorrectl y stated in Interim Technical Report No. 1 that the source
and drain of the output source—followe r and test transistor were also con-
nected to ÷214 volts . The correct conditions for the first group of tests
are  those g i v e n here .

20
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The test units were irradiated to the desired dose level at a dose rate of

0.5 x 10
6 rad per hour or less. Dose rates were measured b y means of lithium

fl uoride dosimetry, and the samp les were then exposed at that rate for the tim e

r e q u i r e d  fo r  the  d e s i r e d  dose .

B. Experimental Results

The samp les from the total dose tests were fir st tested approximatel y f i v e

days after exposure . However , no short-term self-annealin g was seen on the

electron beam irradiated devices that were monitored during and immediatel y

after exposure , so it is not like l y that such effects occurred in these devic es .

1 . Charge Transfer Efficiency

The change in charge transfer inefficiency (CTI) with dose for Co6°

garri’ a radiation is shown in Fi gure 8. It can be seen that there is wide variation

in the CIE degradation from samp le to samp le. i-lowecer , it is encourag ing that

for four of the nine samp les at 106 rad the change in CTI was l0~~ or less. It

should also be noted that all zero—dose CTE values are without fat zero , but the

increased leakage current levels provided an unavo i dable fat zero in the post-

irradiation measurement on many devices . As mentioned above, these leakage

currents can be greatl y reduced on some devices by going to a positive substrate

bias. However , in some cases , at the optimum substrate bias for reducin g leak-

age current , the charge transfer efficiency is reduced . Fi g u re 9 shows the

variation of CIE with frequency after irradiation for a typ ical device . No

measurable frequency response change is seen. Low frequency measurements after

irradiation are limited by increased leakage currents to clock rates of about

25 kl-lz and above on some samp les .

2. Threshold Voltage Shifts

The threshold voltage shifts for the MOSFET test transistor are shown

in Fi gure 10. These shifts were more than ten time s lar ger than the threshold

21 
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changes for the CCD electrodes due to the diffe rent bias conditions on the

devices during exposure. The CCD input and output diodes were biased to ÷24

volts so that the buried layer in the channel could be dep leted of electrons.

This results in a laye r of fixed positive charge , which causes the potential

in channel bulk to be hi gher than the maximum gate voltage. This creates a

negative electric field in the gate oxide so that holes or positive ions in

the oxide tha t become mobile during irradiation tend to drift to the gate

electrode surface where they have less effect on threshold voltage . However.

the test MOSFET diffusions were at zero potentia l . so the buried l ayer under

the gate could not be depleted since the minimum gate vo l tage was also zero

volts . (A negati ve gate and substrate bias of 10 to 12 volts is typicall y

required to comp letel y dep lete through the buried laye r.) The gate bias on

the test MOSFET was a square wave of 0 to +12 volts , while on the source-

follower the gate was at a dc level of ÷214 volts . The refore , these two devices

had a large positive electric field in the oxide during irradiation which

resul ted in mtmuch larger threshold shifts and gain degradation.

Because of these bias differences , the threshold voltage shifts

measured on the test transistors are not directl y app licable to the conditions

un~der the CCD gates or the output source-followe r as it is normall y biased .

They are usefu l . however , since they show what can be expected for a case where

a grounded source MOSFET mi ght be used as in an on-chi p clock driver or more

elaborate output circuit.

In heavil y implanted depletion mode devices such as these it was

found that two different threshold voltages can be measured if a si gnificant

number of charge trapp ing states exist at the oxi re -s il ico n interface . One

is the pulse threshold, which is dependent on fixed interface charqe . and the

other is the stead y-state or dc thresho ld , wh i ch depends on rot h the ~~i~~ em t  a d

24
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t rapp i ng state charge. The separate contributions of these two kinds of cha rge

to the threshold vol tage can be determined by app l y ing a nega tive—goin g step

voltage to the gate while observing the source—drain current. If the gate of

the MOSFET is pulsed front near zero volts with a negative pulse V
T 

(pulse) just

l a r g e  enoug h to over come t he po tent i a l  d ue to t h e  f i xed c h a r g e  l a y e r , the

source—drain current v - u i be mo ni ent ari l y cut off , but w i l l  then again start to

flow if there we re a significant number of filled trapp in g s tates that could

emp ty el ec t ro n s i n to the c h a n n e l . This effect is seen in current waveforms of

Fi gure 1 1 where it can be seen that the drain current i n i t i a l l - j  went to zero

and then increased with tim e to a new stead y—state value as interface states

em p t ied . The size of the negative gate pulse must be increased b~ an amount

..4vT
(ss) to keep the channel turned off after the traps e ’’-pty. and the total

number of surface state traps involved is equal to ,~V1
(ss) ‘ C,~~/q, where C

is the gate oxide capacitance . The i ncrease in fixed oxide charge is ,~Q =

~
V
T
(pulse) ‘ C /q , u’here .4V T

(pulse ) i s the change in the pulsed threshold

vol tage after exposure . Fi gures 12 and 13 . which are p lo ts of the test MOSFET

threshold vol tage shifts due to fixed charge and t rapp ing states versus radiation

dose , show that the V
T 

shifts d ue to each of these causes were si g n i f i c a n t l y
- : l ower for the devices with 1000 A dry oxide than for the devices with 1500 A

we t oxide . However , there is no si gnifican t difference in the total charge

h u i l d up , as can be seen in Fi gures 114 and 15. The differen ce in thickness be—

t~ een the two ox i de types accounts for the difference in threshold vo l tage .

which is i nversel y propor tional to the oxide capacitance and hence its thickness .

The threshold voltage under the CCD electrodes was measured after -

irrad ation by operating the whole CCD as a MOSFET with input and output diodes

as sou rce  and  d ra i n . Threshold meas urements were made with a l l  ga tes con nec t ed

togethe r and also for the input and output gates individuall y with all other

gates biased on . 
- 
These measurements were not made befo re irradia tion , so th e

26
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actual threshold shift for each samp le could not be determined . Howeve r, based

on measurements of nonirradiated devices from the s~~me lo t , the fixed charge

portion of the VT 
shifts ranged from 1 to 2 volts . The trapping state portion

that was less than 0.1 volt for nonirr adiated devices ranged from less than

0.1 to 1. 2 volts after exposure. The corresponding increases in fixed inter—

face charges and total trapp ing state charge are each less than 3 x 10 11 
per cm2.

This is an order of magnitude l ower than the va l ues seen on the test MOSFETs.

3. Source—Follower Gain

Even though gain degradation in the output source-follower was one of

the most severe problems with the Co6~ gamma—irradiated buried channel devices

in this test , it is not expected to be a major problem for devices irradiated

under normal operation , provided the operating conditions are chosen such that

the gate—to-source voltage is negative . This will keep a negative electric field

in the gate oxide and should result in V
T 

shifts and surface trap increases simi-

lar to those seen for the buried channel CCD gates . However , for ion—implanted

tIOSFETs irradiated with large positive gate—to—source voltages such as the

source—followe r MOSF’ETs in this test , large decreases in gain occur, as shown
by Fi gure 16. The pre— irradiation values were from 0.6 to 0.7 for the bias

conditions used . Measurement of the variation of the MOS FET t ransconductance

G revealed a frequency dependence at certain negative gate biases . This is

illustrated by Fi gure 17, which shows drain current waveforms for a 2 vo lt  ac

squarewave gate voltage at severa l different negative gate bias l evels . At a

bias level such that the ac si gnal swing changed the channel surface from accumu-

lation to depletion , the low frequency G is reduced by a factor of mo re than

two due to interface state t rapp ing effects. Because ef the larger threshold

shifts the 1500 A wet oxide devices were operating near the level of minimum Gm
and consequentl y exhibited low source—follower gain. Very little gain loss

occurred for the Linac—irradiated devices because of the different source and

drain biases in these tests and because the large photocurrents generated during

the electron pulse discharged the output diode and hence the source-followe r

gate to nearl y zero.
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4. Full Well Cap aci~~

The full well charge cap acity of the CCDs was determined from

the output diode reset current to el iniin ate the effects of variation of output

mode capacitance and source-follower gain. The va l ue of full well capacity

varies somewhat with substrate bias and output gate voltage both before and

after irradiation , but for similar condition s, the full we ll capacity was found

to be within 2OY of initial values. The reduced output signal voltage after

irradiation is due almost entire l y to the reduced source-followe r gain.

5. Leakage Current

Waveforms of the output vo l tage due to integrated leakage current

for a typ ical samp le are sh~cv,n in Fi gure 18. Note that althoug h the output

voltage level is about the sui e f~~r both waveforms , the integration time was

reduced from 50 msec to 1 msec for the measurement after irradiation. This ,

p lus the reduced voltage gain of the output circuit , caused the vol tage to be

the same even thoug h the le- kd gc current had increased greatl y.  The c l o c k
voltage for the measurement after irradiation was reduced to 8 volts because

the leakage increased non uniform l y near the center of the CCD for higher clock —

voltages. The ga ted diode leakage versus gate voltage cha racteristic for this

test samp le was examined to determine the cause of the large increase in leak-

age . It is seen (Fi gure 19) that leakage from the n~ diffusion was st i l l  low ,

about 7.5 nA/cm
2
. As the gate voltage was increased to the level at which the

area under the gate turned on . the leakage increased greatl y to about 900 nA/cm
2

,

and for  sli ghtl y hi gher gate ~-u1ta ges it again began a very rap id increase . Th is

type of leakage characteris tic indic ~’tes a breakdown occurring at the channe l

stop junction , so the CCD leakage was renteasured with a positive bias on the

substrate to red uce the voltage difference between the channel and channel stop .

As shown in Fi gure 20, this reduces the leakage current to about 1480 nA/cm2

and permits clock vol tages of up to 10 volts to be used for this particular

35
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samp le. The re were wide variations in leakage after irradiation , as seen in

Tables II and III. which list several different parameters for all the test

samp les . Samp les froni slice 6 had consistentl y low leakage currents . This

slice had 1000 °c dry gate oxide with thermally deposited metal.

6. Noise

The CCD output noise measurements are listed in ‘ ables II and III.

Both pre- and post—irr adiation measurements were made at a clock frequency of

200 kl-lz with band- I i i iting at sli ghtly hi gher frequency to prevent wideband noise

from the source-follower MOSFET f rom being aliased by the correlated clamp and

samp ling process used to remove kTC noise . The pre -irradiation values ranged

from 125 to 315 electrons. Subsequent measurements on devices from the same lot

disclosed that the bandwidth of the thermal noise from the preset MOSFET durin g

its off state is apparentl y larger than expected and is large enoug h so that

the correlated clamp and sample process was leaving a si gnificant portion

of the kTC no i se. 8y going to a higher clock rate and roll-off frequency, the

period between the output clamp ing and s~~C c - l in g could be shortened . This re-

duced the amount of kTC noise , and values as low as 75 electrons were measured

for nonirradiated devices frc-m the same lot as the test samp les. After ex-

posure , typ ical measured values were from 200 to 800 electrons . Shot noise on

the leakage currents of from 1.0 to 6.0 nA (
~ 

200 to 1000 nA/cm 2) would be from

190 to 1425 electrons , which imp lies that there is a significant noise sou rce

in addition to the leakage current . The most like l y source is the output

source—followe r which has interface state densities of> 10 12
/cm

2 
as discussed

earl ier .
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TABLE I I

TABULAT I ON OF CHA R A C T E R I Z A T I O N  DATA FOR TO TAL DO SE
TEST SAMPLES ARRANGED BY TEST

o Total Dose 1.2 MeV Gamma Test Samples

-5 2 Noise
Dose Clock CTI (xl0 ) JL nA/cm (Electrons) VT (MOSFET)

Sample No. (Rad~ Voltage Pre Post Pre Post Pre Post Pre Post

68-1—76 1 0 12 13 11 0 5.5 930 315 1 700 -12.6 -66

68-3—156 ~o
6 12 4 14 5.0 690 200 - -11. 0 -56

68-14-157 106 12 4 7 5.5 485 170 1460 -11 .5 -66
68-6-66 10

6 12 3 20 3.7 180 180 480 -10.2 -33

68—8—187 1 0
6 12 5 - 37 - 300 - -1 0.5 -36

68-9-68 10
6 

1 2 14 7 7.14 320 175 - -11.4 -66

68—1-185 lO~ 12 30 - - - 230 - -1 0.5 —55
68—3—184 lO~ 12 5 - 13 905 190 810 — 11. 3 —75

68—14—167 lO~ 12 2 120 9.2 1970 185 - -11.8 -85
68-6-63 lO~ 12 7 120 6.0 160 140 - -1 0.7 -142

68-8-59 ~~ 12 50 - - ->2000 - - -1 2.0 -148

68-9—146 lO~ 12 2 40 6.5 970 200 210 -1 3 .1 -67

68-3-106 3 x l0~ 8 14 5 - 1415 205 - - 11.5 _L
~4

68-4-106 3 x 10~ 8 4 - - - - - - 11 .0 ..44

68-1-74 1 06 8 9 14 26 440 ~65 - -1 0.9 -38

68-3-134 106 8 14 - - - 185 - - 11. 5 -65

68-4-164 8 2 20 9.0 510 185 - - 10.8 -614

68-6-1145 1 06 8 5 90 3.7 130 125 90 -10.0 -38

68-8-65 1 06 8 40 200 15 310 195 260 -10.0 -37

68-9-129 1 06 8 7 - - - - - - 11 .14 -70

1+0
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TABLE I I I

T A B U L A T I O N  OF CHA R A C T E R I Z A T I O N  DATA FOR TOTA L DOSE
SAMPLES ARRANGED BY PROCESS V A R I A T I O N

Total Dose 1.2 MeV Gamm a Test Samples

Dose Clock CTI (x10 5
) ~L 

nA/cni 2 (EIeCtVO nS~~ T 
(MOSFET)

Samp le No. (Rad) Voltage Pre Post Pre Post Pre Post Pre Post

68-1-74 1 0
6 8 9 J 1~ 41+0 - 165 - -10 .3 -38

68—1—76 10
6 12 13 11 0 5.5 930 315 1700 -12.6 ~i~-

68—1—18 5 lO~ 12 30 — — - 230 - -1 0.5 —55

68-3-1 06 3 x lO~ 8 1+ 5 - 1+1 5 205 - -1 1.5 -~~~

68-3-131+ 106 8 1+ - - - 185 - - l l . ~ -6~
68-3-156 106 12 1+ 14 5.0 ~9O 200 - - 1 1.0 -~~

68—3— 181+ lO~ 12 5 — 13.0 905 190 810 -11. 3 —75

68-4- 1 06 3 x 10~ 8 1+ - - - - - - 11 .0 - + -

68-4- 164 106 8 2 20 9.0 510 185 - -10.6 -n~
68-4-157 10

6 12 4 7 5 .5 1+8~ 170 1+6o - 11 .5
68—4—167 10~ 12 2 120 9.2 1970 185 — - 1 1 .8  -~~~

68-6-11+5 106 8 5 90 3.7 130 125 90 -10.0 -3~
68-6-66 10 6 12 3 20 3.7 180 180 1+80 - 10.2 -3~
68-6-63 1O~ 12 7 120 6.0 160 140 - -10.7 —147

68-8-65 l0~ 8 40 200 15 310 195 290 - 10.0 -39
68-8-187 10

6 
12 5 - 37 - 300 - -10.5 -36

68-8-59 l0~ 1 2  50 - - >2000 - - -12.0 -
~~~~

68-9-1 29 10
6 8 7 - - - - - -1 1.4  - ‘0

68-9-68 106 12 4 ~ 7 . 1+ 320 175 - - 1 1 . 1 4  -~~~,

68-9-11+6 lO~ 12 2 40 6.5 970 200 210 -13.1 -67
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S E C T I O N  V I I

L I N A C  TOTAL DOSE TESTS

Total dose effect ; tests were made using 100 nsec  w i d e , 20 Me . — l -ctron

p u l s e s  of about 80 rad per pulse and 10 pulses per second . The ¶ ‘ur ~ e was

turned off , and data were taken at levels of 0, 5 x ~~~ 10~~. 3 ~ lO s, and

rad un less  the device failed or degraded to the e x t e n t  that  use fu l  d a t a

could not be obtained at a l owe r l evel . The CCD input threshold was found to

s h i f t b y 3 to 6 volts at io
6 rad , dependin g on oxide thickness , for the input

method used , which was to app l y the si gnal to the input diode . This input

threshold shift can be eliminated by using the technique of intr o d u ing the

si gnal on the input gate a: described in A ppendix B of Interim Ti- hnica l Report

No . I for this con tract. Typ i c a l l y. one—half of this shif t occurred b y a dose
5 r

l evel of 10 rad . and li ttle shift was seen after 5 x 10’ rad . as seen in

Fi gure 2 1 .  The CCDs typ i c a l l y had a large increas e in leakage curre nt at abont

3 x l O s , which made furthe r CTI measurements difficult. It was later found

that the leakage current ‘oul d be reduced b y g o i n g  to a pos i t i v e su bs t ra te b i a s

as in the Co60 irradiated samp les .

One very different result for these tests was that the source—followe r

gain was degraded much less than was the case for the Co6~ tests . This is

due to the fact that for a hi gh dose rate source , the CCD output node is dis-

charged to nearl y substrat e voltage b y t he l a r g e  photocurrent during the

radiation . Therefore , the aate bias on the source—followe r is nearl y i t - i -

during irradiation compared to a gate bias of about +21+ volts for buri e d c h - n e I

devices in the low dose rate Co6° tests. The V
T 

shifts measured for the CCD

ga tes  on the samp les  were on the o rde r  of 2 vol t s .
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SECTION V III

C O N C L U S I O N S

The second group of tests has shown that it is possible to maintain charge

transfer efficiency as hi gh as 0.9999 after a gamma dose of 106 rad for Some

samp les of the buried channel , double-level aluminum gate CCDs tested , althoug h

o the r  samp l e s  had l a r g e r  CTE degradat ion . The most serious degradation caused

by the gamma radiation front Co60 is the increase in leakage current. Furthe r

understanding of the exact mechanism of this leakage is needed so that device

process ing  and operating conditions can be modified to minimize it. The l a r g e

V
T 

shifts and bias—dependent gain degradation seen in the MOSFET test desices

is due to the bias conditions used during exposure . which were much worse for

radiation damage than the norma l source-followe r operating bias. Gain loss and

V
T 

shif ts should not be a major problem for MOSFETs that are operated in the

buried channel mode , but will be for buried channel devices of the type tested

if ope rated with the surface conducting.

The threshold voltage shift has been found to be very dependent on oxide

field . Threshold shifts at ~o
6 rad vary from less than 2 volts for a negative

ox ide  field to greater than 50 volts for large positive oxide fields. No defi-

nite conclusions have been reached regarding the relative hardness of steam

versus dry oxide . Any possible advantages of the low temperature dry oxide

growth may have been negated by the ion-imp lantation throug h the gate oxide .

It can be seen from these results that thinner gate oxides result in less V
1

shift for a given amount of charge buildup and thus appear harder.

The dose rate tests described show that the devices tested will recover

f rom bursts of ionizing radiation at levels > 10 10 rad/sec in a period of less

than 300 p sec when clocked at 1 MHz and suffe r no permanent damage . Withou t

external current—limiting , permanent the rmal damage beg ins to occur at dose

rates of 4 x 10 10 rad/sec for 100 nsec pulses.
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