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I. INTRODICT I ON

The objectives of this program are to extend and advance

the technique of nuclear transmutation doping in silicon to

a technology capable of successfully compensating the residual

boron always found in detector grade silicon, to develop a

basic understanding of the transmutation process in silicon,

to investigate the effects of radiation damage which always

accompany the transmutation process and to devise optimum

techniques for the removal of this radiation damage. Although

this research is directed toward boron compensation in extrinsic

monolithic focal plane array material, the results of this

technology are currently being utilized in a number of

detector applications and it is expected that additional

device applications will continue to be discovered.

Briefly, the transmutation dopin- process involves

irradiation of high purity silicon in a nuclear reactor ,lhicl.

provides a high flux of theriail neutrons. Of the th -ce stabl(

silicon isotopes, 0 Si(relati%'e abundance of 3"), as a resul t

of thermal neutron capture and beta decay, is thc only isotope

to be transmuted into an impurity dopant 1'). The mclc: I ci r

details of this process have been reviewed prcvic, ui Inkl

will not be repeated here. We men t ion, ho1 , ever, that the

product ion rate of phosphorus has been detei'm ned to be

1.676 x 10- P atoms/cm3 per thermal neutron/cm-

Ry successful measurement of the net ron -luence, 01e

phosphorus concentration added by the irradiation procc-.
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0 Section MI presentF a Oescl-rin of- the

experimental techniques an1d al-ppara]tulS employed

throughout tlis- work.

0 Sect ion RI- resenits a description of the

experimental results and a discussion of

possible interpretctions.

6 Sect ion V sumimarizes prop ress- andl accomplishments.



11. THEORETICAL ANALYSIS

The theoret ical analys is of thle behaivior of tile electrical

parameters of- s ilicon as a Func tion Of- tl-ran smuItaIt ion dop ing

fluence presented inl tile prev ious final report hais been

ext ended Under the pre sent c ontrtact and w ill be presented

in this sect ion. The homogeneity of probe resist i ity

as a function of fluence or compensation ratio) has zil so

been great lv ref-ined and essenitial Iv completed. '11 hiS mTodel

hats a I so prov ide aI meanIil ;Is oI' cat I ci I a,]t i lig thle max i mttii

ros is t i v it tv wi icl can be Cob1)ta i nedk b)y N I'ii c ompnci sa It in bef)c - )re

ill11 Xed t vp1 ing oc cuIIr s v c n theI in1i t ia 'I es i st i v i tx vf I tic t uat iOnl

inl the start im taterti al A more reof- nled cal 1ciii at ionl of-

the number of- di splIacement s f-or a givci tio'~utron II tience is

also presented whti ch takes into accomnt , in a more, iea1 i st i c

way', the ener, spect rut of- the neuitrons and ion i zat toni

energy losses of thle secondari i'S.

A. Crit ical Fluonnce and Ilec t ri ca IP l m eL ii

The critical firience necessary to prodm.c( NiID

dottors suf fic ient to take aI p- t pe sample)I to jult r in ic

i e . ,exact compenisat ion, haNs been do I i tedr oxi il I

wite r h is tie pli(o5Phl t p rodn o tion rt oiI ot:

1 .0-07 x P) -1) at om';/cm~ per It /con

l11it I- C Y i t i C I F I lWtie CC , Wh i Ch i A i I) i I' i I uu

IM T-; IT IlLt Cr I- I-r NI) co pni o n mt' 1) 11 r m : i It



previously only for the case where the starting

material initial acceptor conccntration was sufficiently

lar:.,c that tile intrinsic carrier concentration could be

neglected. This is, of course, a rcasonable assumption

for most float zone material available today , however,

a conceivable experimental technique to increase the

accuracy of NTI) compensation using 1 a series of successive

irradiations and measurements to reach the desired

co)pensation ratio would nlt imately produce material

for which the above assumption is not val id. We have,

therefore, extended the calculations to consider this

possihi iity.
When tile initial hole concentration, p 0 before

0

NTII doping is large compared to the intrinsic carrier

concentration, n , from lIq. (I) and Po N,

" c = 0/ = K/K o 2)
-1

where K = (cl , K is the donor produIction rateP P

and J: is the initial resist ivity. This is the
0

approximate relation between initial resist ivitv :11d

crit i cal fIulence used previously..

e ' now wish to express thi: t I uncc ;i :i Wi,1 ,

o! K, in an exact way. I r'em tile I 1I I 1)x, i II rl

re istivit\, , (+nd11  pe K , c cli l iinit ( I

el'cI 011 cOnc ntat Iol US il, 11 1) 1 ('1t ;i ill III

express ion for the res i st ivitv ill ' p f ypc er.i<,d

:is



K p

bilP
han. - + p-

,h re h = 'Ini /p

So l i 1g for the hole concent r:t ion, we oh ta in

" = . (k!,/ , I(K /r .'p ' I

FhIt flo" ln th c r expr o PsIo , fr C ln le oh 1)tI i ne1 C l.1i us

4

op = I Si ai.l the no t r i1 i 1it i en i 4 N, = Ii ,.

a>,

4 4

I%%- Y t , J 11 (I ( a 11 ' 1 1 <- t- .I < - -I

"-Uhst It at in I . t 1 into ( * , Vt, ( h at't i P

("1) 1KK 'lu 'I

(!pI'o S+ i I: ¢ n c S d s . , he ,il Wi h

- I-

- 21'n.~ N \\ *n.i

.I.



2 (1) + I) n

x + <x - Ibn.

K,) K

lThis cequat ion is exact anld anlaloi~olus to the aIpproximlate

''q. .

By comlpal rin llq .( i th LIV(q i t becomes c Ic a' r

t hat tile second term'll in 11FI. - i s tile inlt r ins;ic ca rr iecr

conllcnt rat i on Correct ioil to0 thle approx iffate .lj . (2') .

The pe rcentage eorror ini c r itical~ I l Lience ittroduced bv

neo I e ct i m n can therefore be( cs t i mated fr om

erOlror 10 0 x -2nld ter Of I-Il oc

Ke have plotted this err-or inl Fio I, as a Ifunct ionl

of- tilie i nit i a I res ;i s t i v i t v o 1, t~ o th undo ped star)I-t i 11.

matecr ialI We see that l'or in nit ia 1 resist il it i s 1lw1ow

30,0010 7-cm , thle erroi. inl cr iti cal I 1 nenclce i s he 1ol,

11 1- gir 1 71n also ne 0 u)C 1Sed to 0ca ICula 1te a;

co c),C' t i on tecrmn wlie re t he c r i t i ca I fEIl iice i s cs t i Inatecd

Cfr'm ill q. 2) 1 h thle relaIt iou

(K "K,, Ml
1) 0

hr t h1 co r re L t i oil t er i-li ,s iv en1 t o

I d ool pp o i w i ma n 1)' r rH ro r in Ii . I
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Once the crit ical1 fluence is determined, the

ext rema and singularit ies in the electrical parameters

vs . flIuence (see oEigs. -- of Ret. 1 ) can bec determined

re Iatire to c . nI fact , thle f uec e d i ffe ren ce betweenl

and thle fluenices correspondimg to these ext rena are

intrinsic constants characteristic of the semi conduILct or.

The maximumi in the r-es isti vityv s . fluence has

been reported prev iously iv he p'aameters of intecrest

are given hr (Eq. (11) of Ref. 1)

1) n\ 1  1 (

0 1.1 K I)Ii 2 2el n 9)

where we ha.Ve. defined by h the equat ion

Inl tilie ab)ove equa tios q If is thle fl1uenc enc 5Sar

to reach the maximum resistivity possible which occurs

at a fluence which is sliightly lower than the fluence

11ec essary1 , t o p)rodu(IIce eCX a ct c omp1)en1s " t i o n. When the NIP

fluience is equlal to ~,the alnnealed r-esis;t iv'i tv is a

fmax Iiri u II, c e 1hr Ed (' an corecsp1)onIIdIs toC a holeC

caIrie cr c o n cen traItionI evn hrl E1()

An 1 inpct io of I 10 (s. .1ad f- RcF h~

th1a t thlc IalI coo e C c i cllt aInd 11;l 1 1 11b I lit x van 11 i-h a
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2
F p - n.

C -1 (19 )
c p (K C)

and substituting Eq. (16) into Eq. (19), we find the

fluence necessary to produce this singularily is given

by . in the expression

2
(b - 1) (20)

The Hall coefficient reaches a maximum on either

side of its vanishing point, t., as shown in Fig. S of

Ref. 1. These maxima can be found by differentiating

I'l and n11 and by noting that p and n do not contain

singularities at these two points. Therefore dp/d¢ /

at these maxima and since

dPpl,

dp1 l d
- detc.

then these maxima must occur for gp,,/dp = 0 and

In 1i/dn = 0. Differentiating Eqs. (14) and (15) then

yield the solutions For the actual carrier concentrations

at these maxima

p = ib - (21)

and F-
n,. n (22)

Mr = .(h I) 3 (;b I lI - lb '
II

i . .. .. . ..r 3 ( h I I I III I l I I| 1 1 ii 1)I I



U1s in t hen 1Iq. (19) and i ts 1- type awal It)" , l hich i s

obtained From11 Eq. (18) and o j enl by

KIn

we obta in the F IneIces whliCh w i I I produce tile Hal111

coefF i c i ent ma IHI15 ma 1, ad , roim thle equa t i enls

n) f

TeFlunence dii iv+ik;.; geliN Fqs. 10 (20 ),

and (2.1) are, constants fOt- Si I iconI andI haIVe been

calculated using thle parameters g iven in TAble I . 'Ihese,

Fluence di fferences as eollI as the carrier cenlcent rat ions

at these inlences aIre sumimarized inl Table 2.

The eqilIt ioens of- th is slihsec t ionl and the eluat ioen<

of Re f- I wh ic h de sc r l he eb ca i or of F) p) , , R H,

and 11 as a, 1 fnct ion of Ni) fl nence , , fo rm the b as i s

For- any heiv a i ng to echangeIs in r-oml tCeipe ~rattire

electrical parameters ais a unct ioen of IFli Rnce. Ill tilie

next sub sect i n, the beb ax l or r es is t ivityx inhorneu'leit

var alt iens w ith chalnges inl coIpenISati en raIt i is aaye

For Ni) coml(.en sat i on uisilig the hals ic espIi at ions pr-esented

in t iiis slibsect ionl. A seconld ap ~ nof thesec

has ic e(Iilat ions i s a1 ISo p)resentecd



Table 1. Room temperature constants used in the calculation
of the parameters in Table 2. 1

n. = 1.391 x 10 10C

An --- 1390 cn2/V- sec

p = 494 cm 2/V-sec

b = 2.826

K = 1.676 x 10-  1'//c /i /c '"

13
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s. Rsistii t y Ifliogenle i t N ModelI

UndeLIr a prIeV ionIs CO~t ract , thle var iation in

rOS jSt ixt N flC tuMt ion11, Api ,Was determlined

expe r iment alliy and just i f i ed by an approx imatec a 1 -

cu I at i on. The theory has since been dcx'e loped c'omlpletely

arid will be sunmmari zed in this section. I-or aI mere

coinprebens ire t reatment see Relf. 4.

tWe beg in by assuming that the compensat ion ri I- lie

Ihighly zone, refined p- type detector iiater als

ne0gligible. We w ill also neglect thle bur -1) upIf ho ionl

hrnu ontasutto. We Further asume that

any (loping i nhomogen i ty added by transmutation is Cry

small Compared to the boronl i nhbom1ogL'ne I tV pre'sent Il

the starting material. These assumpt ionls have beenI

jlustif ied elsewhierc as being reasonable t or detect or

grade Float zone.

Under the above assumpt ions, wec knot\ iivimed iat ci

the behavior of the impurity i nhnmogeneit V as a fVincli on

of' fluenlce, .Tbhis is ill~ustrated in 1'ii

Cp= Kq i s the impt, i ty corwent rat i mn ofI phospho n-us

,idd by \TI and .Cp=o ~Ii h I

)i, I II i 11. V ! > 1 1d )i I Li I

;I, I I C ,
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Corresponding to our maximum and minimum impurity

concentrations represented schematically in Fig. 2

are minimum and maximum resistivities. These resistivities

can be measured by spreading resistance or four point

probing after various NTD fluences and anneal inti as ,

piesented in Ref. 1. For a particular rcsist ivitv

trace across a wafer, it is easy to measure Fmax and

p in "i We then wish to calculate how these two quant it ics

vary with fluence. We will define the mean of the maximum

and minimum resistivities and the maximum fluctuation

as
= + in)/2 (251

p Gmax +pminU

and

A- I p 7 1 . (27150 = (max Oi 1 .((

We also define the fract ion
- Fi

Ap / = 2 2x ran I27 n
mllaIX III i 11

as a measure of the r C at i-e Ist i itv flI Ictuat ion.

1%C now need to invest ia tc the heb lor eI m 13 d
' 1111i Y

as, a Fulnc t i oil I 1' UUC1Cc , oeine i l 1:1! t 0

N(It mind emi IIo. e - I 'F'1 :1 - w I a.

the in it i I 1 10 Oll C , t I ; It 1 ' 1 11 t !t . I a I I l1g 1vi t tv + :,

nd, Ni : I V- tk , Irit 01., i;> COll'( 0 I'; I l l ; ,(' h "

!,or' :I phosphorus pro(tuct i,, 1 rt i( , K, t~c thcn oil I

, ' i I 1' l}O V/~ l 1 { tv (_* ( V " I :1 I)' , , ;1-

F 1 1. ' ', I ' ,



where is the NTD the rmal mnt ron fi uence. Since

Q ' an d K a nd 11 are essenIt il 11) Constant , We IVi s ll

to calculate the behav ior- of , ~a IIi as a funlct ion

of Q.

This behavior is ill Iustrated schemiat icall Iy i n

Fig. 3. The resistivity increases with fluence and

compensat ion rat io unt il a maximum is reachedi. Th i s

occurs just before exact compensat ion (WhereI- Q 0

and N A- N D). The carr ier concent rat ion decireases

simultaneously toward ni a t Q 1 I. After exact

compensat ion, fi- their NT!) dop)i ng causes a decrease

in p while the electiron concent rat ion increases,-. TheI

shaded region to the left of 0 = r iepresents the

original resist ivity fluctuat ion in the star't inl JMter'ial1

deufinled by mII inI and p ma13x 101 le ( t he Shadedl rte ionl to

the r ig.ht of Q I repnrsents this sam~le 1 1 oct nat ionl

after the material has beenr overcompeJ)nsat'd . Bo th1

Mxan d p ili fol low the same res ist ivity vs. f'luLence

curves as the NTD c01)oTpesat ion is increased.

To calculate these effects, we define the mean

boron concent rat ion and boron fl uctuat ion as

B B

and

AB = B Bl (l3x1111 )T



PH = 270488 S-Cm

P. =237694 ~L-cm

PP

II

I K

IMI
P MAX I

z
o ~ MIN I

cr nMAX

nMIN

o P :2.338x10°cm
n 1.39IxlO'Ocm - 3

Q
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These p:Irallct ers are Conistant ic-( thle fir 1r1 ip o I iwl ()n

is nier I i i i 1 comilpa red to t he l". I phw- niro rw

1l) o(It t101o , K. ph e ranet el- cIII he -;I I Li IIIt ed(

IMINX and inin For tilie st ait I Ili, mat e(,I al I I 0h

Fo Il ow i ni eqtiat i oils.
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for p- type and the necoat ive of fic h Iho\e For fl tv\pe

nianter i ll

1:1- ()11 t 110 '1ho0Vt , t 110 CZI I-I C' I- cOil C it I i 0 11 S

corrcs'ponld ing to Il;Ix(Q) :nd li n (01 are clearlv

givenlv hy

Na + N N l + Ill 2 7,
i ~ ~ ~ 11: xl'I

from Ill h II C 1 he r0 1' S t i Xi t i CS C: an he dC ter C ]'Il l i s

m) 1%I -K K N h 3

Mil 1) k / I hn- (W, + n

rellcilh c i ig 11 d Ji 1 i t i oIll I l :I Flit j l

Ii ,I XI I ;_]II 1. ( ~ ) h

' I I (Th Il :I t Ok Viil a i in I mid . 1 t h F(T ~ il) d I I~I an

re1m1mh v n c @I lnit ion 1i c, , nw s a voc t o 1 n

Cr \ %11 CL 1 QC 10W) 'VC t It
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resistivity fluctuations, 100 Ap/p, of 5, 20, 40, and 60'.

Figure 5 shows similar results except that the mean

resistivity value of the starting material was taken

to be 10,000 Q-cm.

The following points should be noted from Figs.

4 and 5. Both sets of curves are quite similar

indicating that the results are reasonably independent

of starting material resistivity. For p-type v';terial,

the fluctuation always increases as a compensation

ratio of unity is approached. The situation would be

amplified, however, if the phosphorus compensation

were doped conventionally since this would introduce an

additional impurity fluctuation, All, into Eqs. (34) and

(35). These curves therefore represent a best possible

situation. For a P/B ratio of approximately two, the

final NTD resistivity fluctuation equals the starting

material fluctuation. For higher Q values, the fluctuations

decrease. Therefore, for best uniformity, NTD compensated

IR material should have a Q value greater than two. This

result is in agreement with conclusions based on

detectivitv uniformity measurements vs. Q rat io by others.

Figure 6 shows the decrease in 100 Ap/( for the

n-type side of intrinsic (Q = 1) for an initial resistivity

of 18952 s-cm. Two solid curves are shown representing

initial resistivitv I by fluctuations of 1.23 and 7.12',.

These values bracket the initial fluctions of the

experimental samples r-eported pre iousi sly. Rem sonahlc



200

150(

PO 10000 &a-cm

100-

50

00

0 2 4 6 8 10

[P) / B)



0 r-

.~0 T,
4-~ +-4

Zto C)

-,I4J -P

0 C)

0? . 0 U~I

- r0 4 4U

0. 00

-Ji

I4 tA 0-,1

25



agreement between experiment and theory is obtained

therefore justifying the assumptions concerning the

starting material made previously. The cross shown

in Fig. 6 represents a conventionally mclt-compensated

sample resistivity fluctuation. It is clear that NF)

compensation is superior in agreement with the model.

C. Maximum Resistivi t Model

As a second example of the use of the basic NlI)

doping equations, we will present in this section a

model which calculates the maximum mean resistivity which

can be obtained by NTD compensation before the initial

resistivity fluctuation causes mixed typing, i.e., part

of the wafer n-type and part p-type. These results are

important for other detector applications which rely

upon close compensation and high resistivity for proper

operation such as avalanche visible star light sensing

detectors or x-ray detectors.

An inspection of Fig. 3 shows that both rMax and

Pmin move to the right over the peak at as the

fluence, and hence Q, is increased. When the Q value

for the first point, p a equals unity, then pmax

and any further compensation will produce mixed typing.

This mixed typing will continue until sufficient

irradiation causes the Q for () to pass 0 = I at

which point the mixed typing ceases and the crystal is

entirely n-type.

2 6



th We can easily picture from Fig. 3 that increasing

the initial value of Ap/p corresponding to the shaded

area on the left will lower the average resistivity

obtainable when pmax is equal to p We have calculated

this effect and show the results in Fig. 7. If

initially, Ao/p = o, then the maximum value of P is

for p-type and oi for n-type (see Fig. 3). -. This explains

the discontinuity on Fig. 7 at Ap/p = o.

The procedure to calculate the rest of the curves

in Fi-I. 7 is slightly different for n-type and p-type.

For p-type, p ma and p in are easily obtained from

p and Ap using

- + Ap
P P + T
max

and

Ap
min - 2

Bmax and BrIn can now be calculated from max(min)

using Eqs. (31)-(53). Therefore, A and AB are calculated

as before. For p-type, the highest value of p occurs

when p max = ° l. This occurs when Q for p max is equal

to Q wh ich is found from the expression
2 -,( ,l = _ niA] (-39-

where Pl = 1ni  from Eq. (8). Equation (39) is obtained

by solving Eq. (5) for N N anO then substitutiNA NP sl titt

for N N the quant it),

N N = R4 (1 Q)
A 1)
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It is clear from the preceding section that

N - N = B(I Q)Main

and that

N A  - ND = (1 QI + AB/t).
max

Note that we are now fixing the upper resistivity at .

and allowing the fluctuation AB to determine the lower

resistivity point in Fig,. 3. From this point on, the

resistivities arc calculated from N A - No as before

and once m and are determined, then Arf/ isInmn m ax

easily obtained. The procedure is identical on the

n-type side except that now the higher resistivity is

fixed at P. at Q = 1 and the lower resistivity is

determined by the fluctuation AB.

An inspection of the results of Fig. 7 shows

that for an initial resistivity fluctuation of 10,,,

the highest p-type average resistivity possible is just

over 200,000 Q-cm while n-type resistivities above

140,000 Q-cm are not to be expected without mixed

typing. Claims of achieving higher resistivities than

these by NTLD compensation suggest either that mixed

typing had occurred or that incomplete annealing of

the radiation damage contributed to the resist ivitv.

D. Defect Production Rate Calculations

In this section the calculation of the rate of

displacements by fast neutron radiation damage ic

*) (



extended f rom a model I)reScilted p 0yit11S) I. A fI

principles calculat ion of- the Cast neut ron [ati t ice

involves a knowledge of' f ive Factors:

I. hefast neutron reactor spect rum, ( 1 l

2 . The spect rum of- primla ry knock -on (PK0') s il icons

produlced byN inlteraction) Of thle neultl rons an1d aIt t ice-

-The fract ion of P1KG energy tdel i vered to thle [at t icc

wh ich impi ies a cal culat ion of !oni --at ion encr,,\ I os

of thle PIK's.

4. The average cne riv (e fure or d isplIacement or

vacancy- interst it jal pair product ion (thle displaic-

mleitt threshol1d()

T[he d i spos i t ion of vacarncies and i nters i tit a s

a fte0r produc t iOil ( de fect reComnb m 1at i on andlk cI luter I i

Prev iousl1y , we had estimated the neut ron enerovI

Spec~t rumT in ai very crude way in ternms of the ('d ratio.

i.e. , thle total Flux be] ow" and above thle Cd abs orpli i7

edge c. Also , ioni1zat ionl enerovy lo ses ocF thle i'KO' S as

theY come to rest il ile displacement cascalde here

ig-no red . This is a reasonable assumpt ion for heavy

Iatt ice aItoms but doub)t fn 1 inl thele z of' 1 ioen. )-

These Factors have been corrected to somne exte(nt iri theC

p resent mlodlI, hloweVe i, no at t eilpt to c a I cu at( it en -

w il bIe mlade Sinice t Iiis is ext remeIcy con p1icat ed.

[Ixpe(r i flIef taj I evid(Ience w i I I be presented i n i I at I i



section which suggests that about 90'0 of thle displacement

defects arc lost at room temperatUre through,1 anneal ingi

and rccomb i at i on.

We shall begin by briefly reviewing thce mode!

p~resented previously since many) of thle calultionl1

steps are similar and will serve to define terms. We

begin with a well known result 67from conservation of

enlergy andl momentum for e las tic collIis ionis whi ich relates

thle inlcidenlt neu.t ron energy, El to thle -siliicon a1t o

recoil energy, F,

- 1 2

where o is thle angle through which thle neutron is

scattered in the center-o f-mass coordinate sy-stem.

The parameter x is a kinematitc const ant dependant on]

the miasses of the two particles and is; viveni by

4 NI 4 1 /(NI + N!11)

where M is thle nettron mlass wh ile M,. is thle sil icon

aItom nmas s. 1:or1 s i I i Conll 1( 2 + 28)- i. 2

We shl at temipt to0 kee C0It r a c of the0 1 nt at ionl uSed ill

ho t L. Ref s. 0~ and - . The re Fore

1no ilcdent nenutlion eneorgy

I s i I i con1 1 PKO T r c o C C I , n y

I roil (q 10 it i s (- ea"Ir tha1"t a h 1:' - on] cot si on

w I \ e h t i ll Ix n i I 1 1111 1)0 n s 111c c 11 ne , 1, i 1: cv I t 11C

c ; I o ill t 11

.71



2 = XE 1 = F(max) (12)

(The symbol over E2 ..... indicates maximum while the

inverted symbol "v" will indicate minimum.) In any

radiation damage problem, there will be a minimum recoil

energy transferred to the lattice atom, L, below which

no radiation damage will occur which is known as the

displacement threshold 6-7 (item 4)

v vE2 = 1 = d .  (-1 )

There is lso a minimum bombardment neutron energy, E
V

which can produce displacements which have F, = L as

their maximum possible recoil energy as given by Lc1 . (43).

To investigate displacements, it is necessary to

know how the neutron interacts with the lattice atoms.

This is expressed in the differential neutron scattering

cross section, do/dF,. For a moderated reactor neut ron

flux spectrum, very few neutrons have energies above the

fission peak which has a maximum at aboLt 1.5 MeV. he,

therefore, do not need to be coincerned with i adiiat ion

damage caused I\ high energy nuclear reactions such as

(n,p), (n ,u) and (n,2n) etc. The onl\ concerns aic

therefore thermal neut ron capt tre (in, Y ) and rcoi I

which we have treated prcX ioIs I . and elast i c ;c-:Jtlc .l

of Fast neutrons whose &lama(, prpert i cs we till (tlu tlatlc

here.

3 2



We shall assume that elastic scattering is completely

isotropic, i.e., all scattering angles are equally
6-7

likely. This is a reasonable assumption for the

neutron energies of interest here, however, at higher

neutron energies, some forward scattering is known to

6-7exist.

Under these assumptions, the energy dependence
6

of the differential cross section is given by

e/ fEl , <_ 1AF
do (-11

o3~ , E2 - XI1
T >

2 1? F

where e is the total elastic scattering cross section

2..
which we take to be about 3 barns (3 x 10 4 cm).

The number of displacements per second, dN /dt,

then is given, for a monoenergetic neutron beam, by 6 -

dN1) /dt = NF01 V4S

where NT = the number of target atoms = 5 x 10O2Si/cm ,

is the monoenergic neutron flux (n/cm2!scc) , ( is

the displacement cross-section ( calculated from thc

interaction cross-section using Eq. (14)

F-, = Fp
P(max)

V
f, = d

a



-PIP - -L __ .

and v is known as the damage function 6 and represents

the mean number of displacements per incident neutron.

In general, the calculation reduces then to a

calculation of v which depends on the resultant energy

distribution (item 2) of the PKO's P() I,E ) where

[(L 1 ,E,dE2 = prohabiity that a PKO will recoil into
'2: = 1'1zl 1tIttl

di2 at F.2  for incident neutron energy 1:1

According to the Kinchin-Pease (K. - P. iode I

neglecting any energy loss of the PKO's by ionization,
VV v

v (.) = I /21: for V>, >" 1:,

therefore, the mean damage funct i on i s g i v en by

2 1

v v

For our simple iIilustrat ive case of a nionoeerg Lic newt roil

beam and hard-sphere isotropic scatterin',,, I recoiI

energ ies are equally I ikely, there lore, I' 1s 1

constant and siy ce it is ;j probabilitY C' inctioii

V

o r



pr_ 1 1
V

Since, for any reasonable nCutron eneriy, NE1 .. ,
- 1 = -1we have P (FE1)-I or

P(E, I/". J

Therefore, the average recoil energy, F i- , is vcn

2

E2 =  E. P(EI )dE 2  - } [ 1 2 _ -

- n I!
f p

2

Thus 1) X 1 l
2' x E L

or F " flaX12inl the lnOtat ionl.0

Re f. 1.

Also,

f
v

and, using EIts. (481 and (19),

1 1 F,v

or since F / - , wc have the wel Iknown Vt, l1lit

V

" - '1 p' ~

;5



Also note that

od  f l ,1:d27F JTL 2  l  -

Therefore, from Eq. (45), and using (42),

a\D n)N 1t - N 'IAe e ) ( 5 ( ) )

It is instructive to apply this monoenerget ic

neut ron model to a row-2 reactor position (see next

section) to determine the damage rate if we assume

that all of the fast neutrons are fission neutrons

with an energy of about I MeV and determine the fast

flux from the known thermal flux by using a Cd ratio of

about 10. The mean thermal flux in row-2 is about

x /1 2nth/Cm/sec. For a Cd-ratio of 10, the fast

flux is, therefore, 3 x 12n1 f /cm2sec, Using Eq. (50)

and assuming a di spI acement threshold of 25 eV and a

scat tering cross sect ion of 3 barns, we I i nd that

. n

.1 Ed

_(0.1332) (1 x 10 0

4 (2 5)

1332 displacements/neutron (5t I

and

3(1



d N)
T~t = N, Toev

(S x 10--(3 x I0 )(3 x 10 -(1332)

5.99 x 1014 disp/cm /sec (I.

We shall see later that ionization losses of the IPKO's

will reduce this damge rate by about a factor of

three. The above model was presented previously for
an in-core reactor irradiation and represents an upper

limit to the radiation damage from fast neutrons

which can be expected.

We must now consider the moderated noutron onergy

spectrum typical of the graphite reflector region of

MUIRR. To a good approximation, the flux of a moderated

spectrum folloWs 1/1 1 up to a fission cut-off energy

I- and is zero for F1 F . Therefore,

I : I / i )( m od /1) 1 1  - f

d/ d mod 1- f0 E1  "- lF1  (53j

V

where L = i'n ( Xf/l:2 ) and the different ial form above
(,

represent s the flux spectrum to a good approximation

That this differential form is a good representation can

be seen by integration

d_ d 1 mod F

S7 1 mo



where mod is the total number of neutrons per sec per
9

cm 2 %i I h i cain produce &Jisp I acemer t s reg rdI ess oI cn cry.

The calculation of the damage rate is similar

to the above except that the distribution of PKO's

is now different and is given by
6

E f

f do do dE
S dE 2  dE1

E.2 / x

2) 
(54tP(E2) = E

If ) dCd 1 dE] dE 2

E 2 E2/X

Using Eqs. (44) and (53) we obtain

Ef

f dE

f

F EJ If dEL J

E? L [" )

v
A I1) + EI

5-S



This equation leads to Eq. (30) of Ref. 1 as follows.

From Ref. 6,

F ^Ef2 do
\_)v(E2  dE 2

v 2
E2

and inserting Eqs. (44) and (47) we haveV dE '=- -(6

v / 2 E d 2  = v 2E d~~a )( 6
v 2E2  E 2 E2

E 2

Then, using Eq. (55) and the definition of mean recoil
ander E 2d we have

f E2F F (max) E,
E2 1 dF 2 ? 56

2 f E 2 P( E 2)dE 2 2- E2 (- , l

vL - I 2D Ef(l - 1)

E 2
V V

But E2  = XEf >> E2  and L - en(E 2/E2 ) >> I since Lf > I :-' 1 .^2

therefore,

XEf (X F) 2 XEf
L 2(XEf)L 2L

or in terms of the notation used previously and realizinp

that E )(max) = t:,/X, we have

39



E (max)/2

2 n[E p(max)/

as in Eq. (30) of Ref. 1. Combining the results of

Eqs. (56) and (57), we find that

4 Ed tn(XEf/d (58)

and

dN D
dt N T a dodv (59)

Since the flux spectrum had not been determined

in Ref. 1, we had used E f 1 .5 MeV and using a Cd-ratio

of 10, 0 mod = x 10 12 n/m2/e.We find that (we had

also taken E d = 12 eV hut will use 25 eV here)

- (.1332) (1.5 x 106_ )

4(2S) ell[ (.1332)(1.5 x 10 6)

-222.3 disp/neutron

and

(IN D 22 -24 12
=t (5 x 10 ,(3 x 10 )(3 x 10 222

-I x 1(0 14 disp/cm 3 sec

which is about a factor of 6 lower than the monoenergetic

case illustrated previously.

As~ a final calculation, we shall use a 1/F I fit to

the NIJPR reactor deCsign 'data flux group cal culIat ions for-

40



row-2 of the reflector and will also take ionization losses

of the PKO's into account in the flavor of the K-P's

model. The best l/E 1 flux spectrum fit [tq. (53)) to

the design data has been determined for row-2 to be

given by the parameters

K = Cmod/L = 7.8 x 10 11n/cm 2/sec

E f 3.27 MeV.

The above parameters then give m .12n/msec

and L = fn(XEf/Ed)9.77 giving a thermal to fast ratio
10) 12

of about 4 x 101/7.62 x 10 = 5.25 in reasonable

agreement with a Cd ratio of 8-1(0 (the thermal flux is

here taken as the peak thermal flux in row-2).

To account for electronic energy losses, a

characteristic ionization energy threshold for the

material, 1:., is estimated and then the K-1 model is

modified in the followl , i way,

l! / l! liF < lF.

(. '2F 1'. (j

Since t§e sto~pin pole is some iinctionl of the niumber

t I- t I Is i I t l l A 1 7he C 0 LtI i

:1 t flt i C II ass , onl ( -(' t i1 lt e of II. i 1 h 1t ai c J, I r m t 1i'
61

re I a i o Til.h i p

e. , N I ., (:1 I . . L 2 ke\ .I" C.

A\ Cek(nd c t i Timate IC r '11 i c o ltltic t I 11) J :II I I t ;I t

li 'I~ i)c c rl X:i\ le 1) ' c it *I

is

i . .. .. ........ ...



E. - M 2 g(2)

m 8
0

(1839) (28) 4 26 eV
S 1 8

in good agreement with the above, where E is the mean

energy difference between the middle of conduction and

valence bands which we take to be about 4 eV. The effective

threshold for ionization could be as much as a factor of

three higher, however, we will see that our final result

is relatively insensitive to i.

We now proceed as before. Equation (55) can be

approximated as

P(E2 ) -L I! 2  
()

'2'2

since L >> 1, and E2 = Then using Eqs. (48) and

(63),
E.

2 1 1

v

- l d

,,i,
I-

an(1 real izing that |U '' . li, we find that

4 2

J



2
1 . E. 1

S-2E dL i Ei  2 E

Letting Ei/F 2 = Ei/XEf, we find that

-= 2 2
v 4 EdL [ + 2 En (l/B)]

XEf 2
+ 2A £n (1/8)] (64)

4 Ed en (XEf/Ed)

It should be noted that this result is identical to

Eq. (58) except that an ionization factor [fV- + 2b £n 1/A,]

has been added. We can now proceed with a calculation of

the damage rate. Using the parameters which describe

our flux spectrum,

Ef = 3.27 Me\;

12
mod = 7.62 x 10 n/cm2/sec,

an d

E. 27 keV, we find that1

P, E i /l f  = 6.199 x 102

and that our ioni ation correction term is , :ien by

(A- + 28 en I/A)= 0.4007,

therefore, from Fq. (04),

, = (.1067 _ 1 2)( 27 x 1 )

4(25) I (w 3 2)3.2- x
25

= 0.4007 (446)

- 181.4 disp/nelt ton.



This result is only slightly lower than our previous

model w he re we had taken ELf 1 . 5 MeV and i gno red

ionization losses. 7Calculating, now, the damage

rate, we find that

(It NDFN.~ modV

= (S x 10 22 )3 x10-24 Wl' 7 02 x

=2. 07 x 10 14 dscl 3/Sc .

We believe this last damage rate to he the most accurat c

and fce that the number can not he improved w it hout a

detailed miieasurement of the neut ron Spect rum1 at t he

i rrxad iat ion pos it i on an1d u]si ng[ experiment al energy

loss data of- sil icon- ions in sil icon. These results,

should give the correct damage rate to within a Factor

of 2 or 3.

It must be ment ioned that the dam11age rate, inl the

RSAF Bulk Pool variable flux faci iity (next sect ioan) is

lower for the followinig reasons:

1 ) The them11:m flux - 5 x 1() 11n/cnV2 ec or abouti

SO t i me s I ol%'e t hi row -2.

2) Yhe spec trum i s somewhiat morec mode rat ed s ince

the Cd -raiti i I :mbammt )

A rommgh es ti mate ofI the dispkI ;ccmnit rat Ie aml k(\l i-

there fare 1 x 101. to 2 x 10)1 d i s /c m cac .



The analytical fit to the reactor design data

given on p. 11 assumes that the flux per unit energy

ranI, c falls as l/E to a cutoff energy Ef and is then

terminated. The four flux groups and their energies

used to determine the parameters are:

Group -1 0-0.625 eV 4 x 10 13n/cm2/sec

133
G ro, 1)3 .025 ev -5.53 IW'. 1) . 97 1)01-XI( n/ cm2/ SeC

Croup , ').53 ke\- 821 keV 0. 511) X 101I !
Grlp 1 821 keV-10 MeV 0. ISIS x 10 )/ t ?- CC

Croup I is inlCo)utt'ti 1 l lCt these ne(u mn

ener ' ies ire below the silicon displacement t h rechold.

The I/I: spec rumn Fit yields the Same va Iuc of K Cor

Yroups 2 and 3 The value o f 1: ,.s scluct(d o(t irTlf) I

so that 'I 1/1 spect run Will y iCld th total fluI 1 for th is

orouln when inuteg'rated over the grp .\c kno from
r 1)W101 11 I d 0V 't1 r 0 Ui P ve know Fo

spectrum measurements at the beryl I iun reflector thal

the I/li spectrum holds For groups 2 and 3, however,

th~e flux in group 1 is more nearly represented hy the

fission fpc lrum fit

: dl K1 21' - 1:-
d= I I -M e sinh VTF.

In this model , t lie parameter K I would he a!Ji lstCd

;:o that the inte ral of this function over trou I

,otlId yiCld the total flux. 1lm ortlunlt ('IV, ot I r' c: I-

ClaIt ions, US ill this SpcUt rluTm, Wo1ld ';;I\e te i' I

Iormcd numerical I1'. i c the II.c!t ' ,,+ I !,

k! c,) c. 1, ! 11 t lc ( rv

17,



We summarize the resulIts of the abI)ovc three mo (e] I

in Table -3. It is clear from Table 5 that 11he or-der

of magnitude Of the dispiaZcemen1t ra,'te is raoa

insensitive to the nature of the model and that our

earlier es timat es bracket n i cely t he more ref ined

result of the last model. It- the ion i at ion t hreshold,

Fi increased by a factor of three, then the ioni: tm

co rrec t i on fac to r bccomes 0 .0 - and t he damaipc rate ie

a I os t doublIed . Lowe ring t he d i s 1a nciment t o 1 2 eV

I L I d alI almo1110S t double)1 C th da(1maMgeC raZIteC. '11C he a-ca

rate is also sensitive to the fission cut-off-, !" f

We ha iv e u s ed a r e ason ablIe nfLim 1)er fo r thli s pa ra met Cir',

Iliow cv e r , i t Sho10 I d h)e r ca I i 7ze d t h at somec necu t r on flu x

e Xi Sts upL to0 10 Me V, h owev e r s mall I, a nd th e se h i igh

*e1 Cr 'V neu1C ltron 11S c o nt ril1)te ad(Id i t i onalI d ispl 1a ce me n ts fro m

the nuclIea r reactor by -products t hey produce.

F in allyI, we emphasize0 again (see Ref. I1) thaIt the

recoilIs produced from neut ron captuire and] - and

em iss ion cont ribute a damage rate or about I x 10 131i S p/

c ill/sec for this pos it ion (or about r)-I V. of' the fast

netit ron damage) Thes-e damage rates will be Compared in

a la;ter sect ion to the totail number of defects we have

oIh>erved exper'iiient all\'. It W i I 1 be CSeen T that'l 0 11 1

-10: o f t he cCa IC I IIi at cd dli Sp]) a ceCilen11t s h1ae been) c1 ob)s c I I (

e xple 'i men tal Iy.



Table 3. Mean damage function and damage rate for row-2
reflector position for various fast neutron models.

~dN /dt

Model dNJ)/d
(displiacemient s/neut ron) (displacements/cm3/sec

onoenergetic beam 1332 6 x 10 1 '

E = I MeV
n

t(fast) = 3 x 012 n/cm 2/sec

Cd ratio = 10

No ionization correction

I/E n moderated spectrum 222.3 1 x 101

I = I .S MeV
l1 = 12 ie2r
'od = 3 x 10n/cm/c

Cd ratio = 10

No ionization correction

1/E n moderated spectrum 181.4 2.07 x 101.1

to fit reactor design
dat a

f .27 MeV

' mod 7.02 x 10 n/cm?/sec

Sthermal/ mo d = 5.25

i. = 27 keV
1

k __ _ -



II. EXPERIMENTAL TECHNIQUES AND APPARATUS DEVELOPMIENT

In this section, a description of the apparatus and tech-

niques required to irradiate Si for NTD and to evaluate the

material before and after irradiation is presented. Only new

equipment developed or used under this contract will be des-

cribed in detail. Previous equipment descriptions are to be

found in Ref. 1. A brief review of irradiation facilities is

presented, however, which is relevant to the previous section.

A. Reactor Description

The reactor at the University of Missouri is a high

flux, light water moderated research reactor designed to

operate on highly enriched fuel. It has a beryllium

reflector, a graphite moderator and forced cooling system

for pool and core. The reactor is operated at 10 M1W,

120 hours per week, 52 weeks per year. A comparison of the

peak flux of the MIJRR reactor with other research reactors

in the U.S. is shown in Fig. S.

A cross-sect ional view of the reactor core ind various;

experilmenta! stations is shown iln I i!. 9). Orne of the

major ad'antapes of 'I IRR for Si i rrad i at ion is the C;1 sv

ac e:-s to sample positions ill the po(,l and 1 - rlector.

P'resert Iv, twC, 2" diI. x 30' I r i I cico n Slmp l

I-r iI ti I pos it i oll: wi t F -,amp e rl or1- :11,r located

in the g, raph it e ret'oct r it ? Pos it ions I - 2 and - (ro,.

SI i, 9 . lie ave;rIte I lii , it i, poN1i t( -Ns i, ut

tN~ .-

,, 'n/<m-/arc. The,;(~~~~' a t I L' p 'i n ,i l c l :
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THERMAL FLUX OF SECOND REFLECTOR RING
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pneumatic tubes used for neutron activation analysis

(NAA) are also shown. Figure 10 shows the vertical

thermal neutron flux profile for the second row. This

profile should be compared to the vertical profile which

we have determined for the RSAF bulk pool variable flux

facility (later section).

In addition to the two 2" dia. irradiation positions

in row-2, two 3" dia. x 30" irradiation positions occupy

row-3. In addition, 3" dia. material can be irradiated

in the seven 3" dia. positions of the S-basket (Fig. 9).

For the very low fluences required for exact compensation

of detector Si, a variable flux bulk pool facility has

been constructed. This facility, also on Fig. 9, is

known as RSAF. The peak thermal flux in this facility

is about 5 x 101 1n/cm 2/sec in its present position.

All of the Si irradiat on positions have self-

powered neutron detectors whose output is integrated

by analog current integrators. Reproducibility of the

neutron fluence is generally better than 1..2

R . EPR Spectrometer

NMicroscopic defect structure is determined by elec-

tron paramagnetic resonance (HIlP ) or, as it is more cnm-

monly known, elet ron spin resonance ( I;R . The 1,S R

instrument used for th(,se experimnents is -I COllVttiOl1l1

X-band (9 (;ll:) SpectroletoPr ii Sc1 lt , v-har icr (Ii oie

detectors, and a 12 i - \ari an mart,,lo I ,ith field cun r(,l.



The spectrometer can be operated either as a homo-

dyne system with 100 kIlz field modulation, or ini a super-

heterodyne mode with 30 MIlz I. F.

Accessories include liquid helium and nitrogen

Dewars, a variable temperature (gas flow) cavity, and

cavities with optical access. An ENDOR facility is also

available.

C. Liquid Nitrogen Variable Temperature Dewar

A variable temperature liquid nitrogen Dewar has

been constructed under the present contract. It is shown

schematically in Fig. 13. The I)eDwar is constructed

entirely of stainless-steel except for the sample holder

and cold finger tip which are copper. The liquid nitro-

gen volume is approximately 1..2 f. The holding time at

77*K is over 24 hrs. due to the long narrow neck design.

Optical window flanges with NaC.I windows are provided

so that optical absorption and photoconductivity can

be performed (only the entrance window is shown in Fig.

1l). The spacing between windows is sufficiently narrow

so that this Dlewvar will fit aill opti cal spect romet ers

now at the reactor and physics department. The wiinjows

are sufficiently large so as to accept an f/5 cone of

light when close to the spectrometer entrance slits.

Eiectrical feedthrouglhs are provided at the top of

the Dewar so that temperature sensor leads and sample

lends inay be brought out. It was planned Io nise this

.,53'
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Dewar for DLTS as well as optical measurements. There-

fore, provisions have been made to isolate the cold tip

by a valve and stem system. A heater wire is wrapped on

the isolated cold tip while residual nitrogen is vented

through the stem. It is then possible to provide

a temperature ramp by using a programmable power supply

and microprocessor.

I). Capacitance Bridge, Junction Capacitance and

Dopant Concentration

A Boonton capacitance meter ha: been purchased and

has been used for both DLITS and junction capacitance mea-

surements. This meter has been checked for accurac' b

measuring the junction capacitance of several commercial

diodes as a function of reverse bias voltage on this meter

and also on a 1 MHz bridge for comparison. The balancing

bridge can compensate for shunt conductance, however,

the Boonton meter does not in principle.

Table 4 lists values of C vs. V for a small power

diode as measured on our Boonton meter and a I N1: bridge

which compensates for conductance. It can be seen that

the agreement is usually better than l% between the two

instruments, Several shunt resistances were p1ace.d in

parallel with the diode and the capacitance at zero bias

observed using the Boonton. For a shunt resistance of

10 KS., the changes in capacitance were net I igible; for

1 K(, the change was about 3; however, no readings could

be obtained for a shunt of 100 . It therefore appears
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Table 4. Comparison of reverse bias junction capacitance
taken on 1 M1hz bridge and Boonton capacitance

meter.

C(pf) C (pf VZ(ot

Boonton P r ide g (V0s

218 217.4 0

165.4 163.5 O.5012

141.2 138.5 1

115.5 115 -

85.1 84 5

65.4 6S.2 10

49. 2 20

41.4 30

36.5 40

SS .. 0 so

that the Boonton is insensitive to any shunt le(,,aag

conductance wh ich mi ght be encountered in any pract icalI

diode for small bias voltages.

,Junct ion capacitance can he used to det ermiine the

concentration of dopant in the lightly doped' side of an

abrupt junction. It can casily he shiown that the

junction capacitanice for a reverse biased abrupt jiunc -

t ion ( and alIso a S-chot tk-Y diode) Of B ia ol ta *io N,

is given i



C = A[q Es NB/ 2 (Vbi + V - kT)' 2  (65)

where A is the junction area, q is the charge on the elec-

tron in Coulombs, NB the dopant concentration in the low

concentration side of the junction, Vb the built-in

junction voltage at zero bias and cs = Kr E the dielec-
S0

tric constant of the diode material. If E is given in

f/cm, then C is in farads. This equation can be rewritten

(neglecting kT) as

2 2(% + VI/C\ bi
l/C = (66)

q Es N BA

so a plot of 1/C 2 vs V should produce a straight line.

Note that

d(I/C ) _ 2
q E s N A2

Therefore, the slope of a 1/C2 xs. V plot determines the

dopant concentration, NB, if the junction area, A, is

known.

When V = 0,

2 -2 
2 Vb.1/C2 _ i "

q N BA-

and using this and Eq. (66)

(I / c' V
Vbi = * (68

d 0I /C ) /d%

5-
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The built- in voltage, V bi can he determined from C vs.

V using this equation.

The depletion width, h, is given by

A
s (09)
C

so that use of Eqs. (67) and (69) will yield the dopant

profile as a function of distance from the junction on

the low dopant concentration side. It should also be

noted that E'q. (07) is equivalent to

C 3

N = 1 0(-
q , AM (dC/dy)

an often used relationship.

To gain experience with these ideas, several types

of diodes were selected at random and 1/C 2 vs. V measured.

The resul ts are shown in Fig. 12. All diodes e xhibit a

linear relation as expected up to 10 volts. [or h) igher

bias, data points are generally lower than expected.

The d iode shown in Fig. 13 was an I Nzed for dopatnt

concentration in the base using lq . ((07). From the ex-

terior physical size of the diode, it was estimat'd that

2
the junction area was of the order of 0. 1 cm Isig I is

area, N8  was found to be 4. 3 x 1013 T v )I I1

dopant levels for high breakdown voltage diodes are

uSual 1 y in th e l o%, I 0l range. Cer a in 1 a fact oI of

tC o c r ii o iii t, I, 11 ,t ii Ig t I I Ui t i n area Ia a ,IC.
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Using Eq. (68), the built- in voltage was found to

be 0.778 volts. An estimate of NB can also be obtained
B

from Vbi using the following relations9

(I - q V - C1 V
b Vbi = g p n

E 0 kT In (Nxr/NA) - kT In (Nc/NI))

where 1: is the bandgap, N and N, the density of

states in conduction and valence bands and NA and ND

the donor and acceptor concentration on either side of

the junction.

Assuming that the base (low) region is n-type, as

is typical for power diodes, and that the junction is

formed by diffusing a p+ region into the n-type wafers,

then the Fermi level will be at the band edge in the

p-region and the last equation can be approximated by

qVbi E - ki In (NC/NJ))

where N N is the base dopant concentration. lb is

equation yields 4.7 x 1013cm-  in good agreemeni with
1 3 3

our previous estimate of 4.4 x 11) cm It should be

noted that while this second technique is not as accurate,

it has the virtue of beint, independent olf .ITL t ion area,

an unknown for a commercial diode.

The depletion widths as deteiiniined using IEq. (09)

are shown on Fig. 13 for various hias voltages'. 'li'

Ioimer slope ii I ii. 13 it hii Hier oi ias vkoltages corres-

6 I
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ponds to a dopant concentration of 7.2 x 10 13cm- which

is close to typical values of 10 14cm - 3 . It therefore

appears that some of the p dopant has retrodoped into

the base region of this diode over a distance of about

0.5 pm. This mixing of dopant regions is similar to

data taken from Sze 9 which is shown in Fig. 14 for an

n+ on n region. This retrograde doping also extends

over a region of about 5 pm. We conclude, therefore,

that the diode shown in Fig. 13 deviates from a straight

line because of retrograde doping.

E. Furnace Tube Clcan ing Procedure

When compensating silicon to high resistivities by

NTD, very small concentrations of trace impurities can

be introduced into the sample by diffusion. Sources of

contamination are etchants, water supply, furnace tube,

protect ive silicon spacers (see Ref, I for anneal pro-

cedure) and the sample boat. Typical care in sample

handling usually introduces concentrations of the order

I -)
of 10 cIn , however, if the anneal temperature is low

enough, these diffusions can usually be removed by l

second lapping after the anneal. 1

Unfortunately, our furnace tube apparently picked

up a contamination source while annealing a batch of test

wafers for Rock'ell. We beliec the source of contamiina -

t ion to have come from tile epo'x\' used to hold the ingot

dii r ring sI i c i ng . Many of the wafeirs in this batch still

contained traces of this epoxy which we tried to rrnuxc

() -i



before irradiation. After annealing these samples, it

was found that all our NTD resistivities were at first

too high by orders of magnitude indicating the dominance

of acceptor impurities. After baking the furnace tube

for several weeks with flowing argon circulating through

the tube, it was found that the resistivities of annealed

samples all approached 5 Q-cm n-type indicating that

donors now dominated the impurity contamination. After

trying to bake the furnace tube for extended periods

with little improvement, it was decided to clean the

tube. The cleaning procedure for the spectrosil quartz

furnace tube, quartz boat, and Si spacers was as fol I ows

QIARTZ TUBE CLEANING PROCEDURE

1. Rinse in Xylene

2. Rinse in D.I. - 11,O

3. Rinse in Aquaregia (311C1/1 IINO3)

4. Rinse in D.I. - 1I1O

5. Clean with Microsol detergent

6. Rinse in 1).I. - 11 20

BOAT AND SPACER CLEANING (Pre-Cleaning)

1. Soak in Acetone 24 hours, rinse in D. . 11,(O

2. Soak in Ethyl Alcohol, - hours, rinse in I. 11,O

Etch in ItNO for 5 mi. , rinse in 1.1. 11,0

.1. Eitch with commercial CI-I for S Min., rinse in

I). 1 11,0



BOAT AND SPACER STANIAR) CLIIANIN(,

BEFORE EACt ANNEAL

1. Etch in Caro I  etch m ,in. , rinse in )- . - - 10

Etch in 10'., III. 3 w n inse in 1.1. - 11 0

3. Etch in I tt20:1 I I1)):1 1 I 5 Min., rinse ill

D. I . - 110

4. Bake for 48 hrs. in flowing argon at nO 0 C°(7.

Various annealing tests were performed on high

resistivity wafers #1 - Jf8 to test the cleaning proce-

dures. The anneal experiments # 1-8 have the following

histories:

Before test #1:

1. Tube cleaned as above

2. Tube baked at 900 0 C in argon for 46.5 hours

3. Sample etched in commercial CP-4

4. Sample annealed at 850 0C for 15 min. without

spacers and boat.

Before test #2:

1. Tube baked at 9000 C in argon for 48 hours

2. Sample etched in lab-mixed CP-4

3. Sample annealed at 850 0C for 15 min. without

spacers and boat.

Before test #3:

1. Tube baked at 900 0 C in argon for 24 hours

2. Sample etched in lab CP-4

3. Sample annealed in air at 850°C for 15 nin.

without spacers and boat.
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Before test #4:

1. Baked tube at 950 0 C for 24 hours

2. Sample etched in lab CP-4

3. Sample annealed at 850 0C argon at high flow rate,

no boat or spacer was used.

Before tests #5, 46 and 07:

1. Bake tube at 1000 0C for 24 to 72 hours in argon

2. Etch sample in lab CP-4

3. Sample annealed in argon at 850 0C with boats and

spacers,

Before test P8:

1. Bake furnace tube for 520 hours at 1O000C (boat

and spacers showed a greenish tint from some

unknown source of contamination--perhaps argon

gas) .

2. Etch sample in commercial CP-4

3. Sample annealed in argon at 8500( C for 15 main.

with boat and spacers.

The resultant resistivities for tnese experiments

are shown in Table S. It is clear that extended baking

in flowing argon tends to help, however, the best results

were obtained when the wafers were protected in the hoat

with spacers,. Additional long term bakinig for 520 hours

seems to have caused an acc(imulIat ion of contam inat i on

on the spacers and boat. After sever:ll lllollh ilse 'ler

the final cleanin' above, NVD resistivities in the

1(11 , 1 7 - cm ran1 rC' were a 1P Nill plossible.

(



Table 5. Listing of the initial, final annealed, and
annealed lapped resistivities for the test
wafers used to develop a furnace cleaning
procedure.

Annealing Pi(Q-cm) Pf(P-cm) Pf(Q -cm)

Run annealed lapped

#1 6255(P) 779(N) 596(N)
42 4902(P) 1465(N) 10690(N)

35250 (N)

#3 5305 (P) 948(N) 4254 (N)

#4 5712 (P) 3923 (N) 17422 (N)

#5 5849 (P) 8647(P) ---

#6 5334(P) 8305(P) 8616(P)

117 5918(P) 11220(P) 10185(P)

#8 7144(P) 3596(N) 20265(P)

F. IR Optical System Calibration

A considerable effort has been spent to bring the

Perkin-Elmer Model 112 double-pass IR-prism spectrometer

to best working order so as to obtain maximum signal-to-

noise and resolution. Although this is the principal

instrument used to date, a Beckman IR-9 (2-25 im) has

been placed in working order in the physics department

and this instrument along with the Cary offer double

!c'im capability from the Si hand edge out to 25 vim. In

il ?ition, a Spex-0.5 in instrument with gratings from

67



lvm-50vm has been purchased, however, it was not used

under the present contract because of delivery and

set-up time. A double grating Im Spex and tunable

laser Raman facility is also set-up and operating

in Physics and experimental samples were irradiated

to investigate the possibility of studying radiation

damage by this technique. The balance of this sub-

section will describe the placing in operation of the

Perkin-Elmer 112.

The 112 system has a variety of prisms (Glass,

Quartz, CaF 2, NaCl, KBr and KRS-5) making it useful as

a light source or absorption spectrometer from the

visible to S0ijm. The NaCI and KBr prisms were badly

damaged by water vapor and have been refigured. The

thermocouple detector has been replace with a new detec-

tor which has a KRS-5 window (l-SO~im).

The glass, CaF 2, NaCl and KBr prisms have been pro-

perly aligned and the system focus fixed for each of

these prisms. The spectrometer chopper contacts have

been replaced (they are Delco auto points of 1950 vintage).

The electronics have been maintained and are functioning

proper ly.

Since the prisms have a non-linear dispersion, the

drum-number of the spectrometer must be calibrated vs.

wavelength using known absorption lines. This has been

done using over 45 lines from Hig-emission, (02 absorption,

and polystyrene film (50tsm).
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Typical glowbar intensity spectra taken with the

NaCi and Cal prisms are shown in Figs. 15 and 16.

Wavelengths marked on the various Pir absorption lines

are in ljm. It can he seen from these figures that

ample calibration lines are available out to about

8irn so the CaF, prism is calibrated over most of its

useful range. The calibration of the NaCl prism is

not as well known between 10-25jni due to a lack of sharp

absorption lines in this region, and the calibration is

based mainly on polystyrene absorption lines. The reso-

lutions and signal-to-noise shown in Figs. 15 and 16 are

typical of data shown in the Perkin-1l:mer manual. The

resolution has been checked at selected wavelengths and

is nearly theoret ical as discussed later. A drying

column and flushing system has been developed which

effectively eliminates most of the air absorption.

A program has been developed to find the best poly-

nomial least squares fit for drum number, N, vs. wave-

length, X. A five parameter fit using the equation

N = A + ! + S + + + + F

was tried. The estimated error between fit and date

point s is gi eera I lly less than I_.

An expression for the dispersion of Ca i,, due ori-

ginally to Ilerzherger has been used to e.sti mate re

soltvitnt, power. Th i eq a t ion,

- 1



n = A + BL + CL 2 + DL + EL4
-) -

where L = ( - 0.028) - 1 with X given in pm, has been

used to determine n(A), the index of refraction, and

dn/dx, the linear dispersion. Since the resolving power

is given by

P = 4B dn/dx

where B = 8 cm is the prism base width, it is possible

to calculate the geometrical image width AX in pm vs.

slit width, w, from the expression from Harrison's spec-

troscopy text

AX bw 1- 1 p ')

In this expression, 1) is the exit prism beam width ( 5 cm)

and F: is the collimator focal length (,.. 27 cm). hWe can

use these expressions to calculate AX/w and compare these

with experimental data. The results are shown in Table 0.

Table 0. Comparison of Jig emission line half-widths

per unit slitwidth vs. calculated values

Ra t i o
A AX/w (calc.) AA/w (exp. ) (exp/calc)

0. S411m 161.2 A '/mm 200 A /mm2 1.2,

1.0l14 m 878.15 A mm ( 1000 /m 1.1.1

Since the agreement between calculated and measured

resolving powers is good, we conclude that we have

achieved reasonable optical al i ,lOPe'Il of the instruinent

for the ('n[F, prism. Once this is done, the other prisms

need only be focused, a single ad.justment, which is an
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extremely accurate procedure since it relys on the knife-

edge test which determines focus to fractions of a wave-

length.

We have also checked linearity of slit opening by

finding the approximate area under the 1.014pm fig emis-

sion line as a function of slit width. The (peak

height x FWN) i should be proportional to slit width.

The experimental data for FWIHM vs. slit width is shown

in Fig. 17 while the (area) 2 vs. slit width is shown in

Fig. 18. It can be seen that the linearity of slit

opening is good, however, there is a zero offset of

approximately 0.04 mm before the slit opens. This is of

little practical concern except when checking instrument

resolution so we have not adjusted it.

A calibration of glowbar power vs. radiant enittance

and blackbody temperature has also been determined.

This information will le of use in determining absolute

light intensity at the detector and in designing and

building additional blackbody sources and glowbar

sources for other spectrometers. The blackbody tempera-

ture as a function of electrical power into the glowbar

was determined from Xmax, the blackbody peak wavelength

(See Figs. IS and 16) for different settings of the

glowbar power supply. The power to the glowbar is

measured with a conventional panel watt-meter. The

hilackbody temperature can he calculated from
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a T =  2897 nii-degmlaX

From the radiant emittancc at Xmax' W is given by
max

-15T5 atsc2_
VT  = 1.3 x 10 T watts/cm -pi

max

Us ing this equation and experimental data for A at

different power settings, it is then possible to plot

W X vs. glowbar power. A plot of this data is shown
ma x

in Fig. 19. Note that for a glowbar power of 100 watts

the optical power emitted is about 10 watts/Cera . Since

the surface area of the glowbar rod is about 10 cm,

the electrical power is being converted into IR optical

power at very high efficiency suggesting that the source

is well designed and constructed.

Figure 20 shows the blackbody temperature deter-

mined experimentally from A vs. g lowbar power. TIhe
m a x

solid line is theoretically determined from the rela-

tionships shown on the figure. It can be seen that

only a small gain in blackbody temperature can be

expected by further increasing the glowhar power beyond

(00 watts. If the power is doubled to (00 walttS, the

t emperat tire increases from -107 75° K to 20000 K , howe\e ,

th is wi I 1 produce very I ittl e increase in opt i cal powe' I

at 10 ilfi. heL, hel icve, therefore, that the present

glowbar soturce is about opt iuT1m.

In Fig. 21, the Perkin-El me erc p r a"p]ificr ain

was determin d using a 10 ijk' test inpiut si ra and
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by measuring amplifier output for various settings of

the gain control. It can be seen that the gain switch

changes the gain by about 4 db/step. The maximum gain

obtainable is about 4 x 10 Since the detector sen-

sitivity is about 10 pV/pW, then 1 W of optical power

on the detector will produce an electrical signal output

of 5 volts. Since optical signals might be expected to

be in the nW range, output will be in the mV range when

the full gain of 5 x 105 is used. We conclude, there-

fore, that the amplifier has sufficient gain to perform

adequately.

Finally, we mention that a microfloppy disk has

been assembled to store data and programs useful to this

contract. This disk system interfaces with a variety

of 6800 microprocessor systems on hand and has been used

to store analysis programs for both DLTS and for the

theories presented in an earlier section.

G. DLTS System

Deep levels in NT-silicon have been investigated

using variations of standard depletion layer junction

transient techniques. The circuit diagram for a junc-

tion capacitance DLTS apparatus is shown in Fig. 22.

All timing is derived from the reference oscillator

at the top of the figure. This oscillator provides

a reference signal for the lock-in amplifier detec-

tor as well as providing tie trigger inputs ftor the

SO
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pulse generator for diode bias and the sample and

hold circuit.

Bias voltage, which forms a diode denletion re-

gion and which momentarily collapses this depletion

region, is obtained from a pulse generator and varia-

ble D.C. power supply in series. This arrangement

will momentarily switch the reverse bias, Vp, up near

zero volts to collapse the depleted region and fill

the traps. An output voltage proportional to the

junction capacitance is fed into the lock-in signal

input through a sample and hold circuit. The purpose

of this sample and hold is to remove the large capac-

itance pulso which occurs during the 0.1 iisec bias

pulse when the depletion region is collapsed. With-

out this circuit, the capacitance pulse will easily

overload the input to the lock-in. The lock-in out-

put is fed to the Y-channel input of the X-Y recorder

while the voltage from a platinum resistance thermo-

meter is fed to the X-channel input.

If, instead of junction capacitance, junction

current is measured, then the experiment is generally

known as "current DLTS" or "transient current spec-

troscopy" (TSC). The circuit diagram for this experi-

ment is shown in Fig. 23. This experiment is essen-

tially identical to the previous one except that the

signal voltage is developed by passing the diode

8.2
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current through a load resistor, RL. The TSC experi -

ment has certain advantages for detecting traps with

high emi ssi on rates since the current Out put is pro-

lportional to this emission ratc. This experiment also

has the most sensitivity to concentration profiling

very near the junction, a region of least sensitivity

for DLTS.

Details of the theory of these experiments w~ill.

be presented in a later section.

11. Previous I-:xper 1111(1tal paau

Wec list here, for completeiiess , aprtusdeVClOpeCd

and described previous! v. A detailed descript ion i.-

found in Ref. 1.

1. Bulk Pool Var table !Aux I rradiit ion ~acil i t\v

2. Neut ron Flux Detection and Integration System

3. Necu tr-o n A ct i va t i oni A nalIN-s i s Sy s tem Is

4. Fou1r-pc jut anid Titerimai Probes

S. Minority Ca rrier L.i fet ime Appa rat us

0. Hfigh Impedance Van de r lPaui Resist iv'i tv

and Hll System

7. Sam l P epaI rat ion F(Lpil I p t and TCle I q~ucs

A. Anne al i TI S y "t emII

InI add it ion to thle above, conS jderab le i 010001

putcr capab i Iity, has beeni developed ait MIIR1\R using

MotoirolIa 0i800(' S. lieso s S!t ('iii- NIt ( XtT IoiIno iIIteX pen1

s ixye ( $ 10001 pet, c* mI 10I~- 01I and hiave o nIt riited

SI



groatlIV to d ata a1im 1 Ns is aIId t heoret ica Ic,! I C11Iat iOnl.

Our present exvperi ence wi th these systems uinder thi S

cont ract is ma inly to use thcm for comput ing.- AlIl

of the calculations for the f irst secti on were per-

formed on one of these instruments. DLTS data reduic-

t ion was alIso per fo rmed on these iicrop roce s so r



IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Neutron Activation Analysis -- lDetermination of

In Concentration

The neutron activation analysis technique and

facilities have been described in a previous report.

As typical, no significant (>10 12/cc) concentrations

of trace impurities have been found in float zone

material from any source, however, significant con-

centrations of contaminants are found in Czochralski.

The first sample, #011-167"D", was a sample

furnished by AFNIL. This sample was scanned for trace

impurities, however, the only impurity to be found with

significant concentration was the dopant In. The esti-

mated concentration is 8,0 x 1016 atoms/cc (6.5 g

This concentration is somewhat larger than expected on

the basis of electrical measurements made at AFML,. The

discrepancy between electrical and physical determina-

tions of In is apparently a common experience of several

laboratories and suggests that In may not be I100', elec-

trically active in silicon.

This samplc was irradiated for 10 hours ill a uart:

vial along with four liquid multi-clement standards.

The standards included Cr, Co and Sc. No atte mpt was

made to look for short half-life isotopes. \fter two

days, the standards were opened, diluted to v olme and

a known portion transferred to filter disks and dried.

The sample was then opened, etched and tran sfcrired to

E ()



a count ing tube. Standards and the sanple were then

counted. No peaks were detected except those attributed

to ll4mIn. Using the cobalt standard for normalization,

the sample was compared to an indium standard irradiation

of 6 months prior to this irradiation for an In concen-

tration estimate. This is obviously not the best exper-

imental procedure for a determination of In, however,

no In standards were run simultaneously with this sample

since an accurate determination of specific dopants was

not requested by AFML.

A piece of Czochralski silicon from a rather large

ingot (obtained from Monsanto) which we have used for

all optical and I-PR work to follow (MJIRR 166) has

been analysed by NAA. This ingot is undoped and has

a resistivity of approximately 250 2-cm (n-type) which

is rather good for CZ.-silicon. The net carrier con-

centration is only 1.8 x 1O13 cm-3

'the sample was etched and crushed in an agate

mortar prior to irradiation. Three portions ( 150 mg)

of the crushed sample were weighed into 10-8 quartz

vials and irradiated along with flux monitor standards

containing known quantities off antimony cobalt and

chromium for 40 hrs. in position 11-1 (4-8). After irra-

diation, standard solutions were transferred from the

irradiation containers and diluted to 10 ml; 0.5 ml was

deposited on Whatman 541 filters on Hand iwrap. After

drying, the plastic and filter were folded and placed

L7
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in a counting tube. Samples were also transferred to

count ing) tubes;.

Cal culat ions were per formed determining counts, per

scc/jigmn- atom ic for each s t anda rd ci ement and normal1 i zn-

t ion constants were determined to correct previously

known CPS/ligm- atomic for sonic 17 elements to the present

irradiat ion and count ing condi tions. Copper, gal d,

ant imony', sodium, chromium and cobalt were observed in

themle a DI li Icluot S . Large bromine peaks were observed

and a calculati on giving a lower l imit for bromine was

p)e rfo rmlledI. The results are shown in Table 7.

Two floatzone samples, NEJRR 134 and 156, have been

obtained from Rockwell for the purpose of determin ing

In concent rat ion mnd In act ivi ty. The Concent rat ion of'

indium determined by NAA was compared to a deterinina-

t ion made by room temperature resistilvi ty measurements.

Since fn is a deep acceptor, it is not compi etc 1vO ionzed

at roomi teminp era t ure anIid c or-cct i ons to the eetia

measurements Must he ma1,de to aIccount 1'or this pa r1t i aI

ion ization. T(he equat ion for thle hole Concentration, 1),

as aI funct ion of' t empcrat tire for- a tw wi ccept or ( In anid

B)And cnimpenszating donor- ( Np I modl Ia %\s~ "i xCV

ifl-ex i olis ;i s I

(p N)( + K )1) p K,) - N K (p) + K,) - K (p + K

whe reC
N 0'' K i nld i 1111

K



K1 2 \ 0 ' 2 / (boron)

N. 2TT m k/ hY/

Fo r N 10 Lcm - an d N" 1 1 ) thle :Ihove otIation

canl be approximated by

(p + N D)(p + K I) (p + K)- N IK 1 (p + K,) =0

an ,iigl1oct ing N 1) compa red to p and canme e imn thle f ic -

taor (p) + K 1, we F in d t ha t

N =N., (In __K 

Using 111* =0. 59 Il ,1 4 and the act ivat ion eier 2v For

In we Find that

K,(NV/r) 0- Fkr=S.I.xP F~] 14 8/ -S o/T

whore T' is in deg~rees Kelvin. T[he cairrier concentration,

p), can bec determined From thle resist ivitv using the rela-

t ionship1

I S51 ) ~ Ic
Us ing thle three equat ions above, thle 1 n concent ration is

given in terms of the I-oom1 tempera','ture~ resistivit'.

NA1\ was Used as aIbove to determI~ine thle InIInen

t ration. It viol dod an In Concent rat ion of -. YOX 10 HIcm1

for both samples. (Ani indium stanmdard a s run \\ith Ii ech

Sample inl this Case). [he rsl ol tile c ect rica]

mecasuirements are seen in aleS



Table 8. Comparison of In concentration dcterminat ion bv

NAA and room t empe rat ure resi st iv ity mcasurements

Sample p (S'-cm) p (cm ) NA(cm-, -n] by NAA

15 16 1
MURR 134 1.434 S.71x10 2.55x10 2.51xi 1(!

MURR 136 1.427 8.,87x10 1i 2.63x1016 2.50x1010

It appears that the two methods agree to within about

5'; which is within the accuracy of the NAA dctermina-

t ion. It is therefore not clear why other lahoratories

find a higher concentraition of In hr phy sical methods

than by electrical. Either incorrect theorv is used

to fit electrical data or the percent electrical activa-

tion of In is very concentration dependent. It should

he noted that the " ionization of In at room tempera-

t re can be determined by 100 p/N: to be 3 1.2 1 for

.MIRR 13.1 and 33.7' , for MIIRR 136. The average is close

to 34,. We find the following, to he a good anproxi-

mat i on , there fore,

N 253(x 13

A 0. 0.3

253(5xl1
11. 34I t

0 . 1

N = 3.2x10 4

wh re , iq giveni i i-cm. [h is s inpIe equat i on ( ill on Iy

h 1w, however, when the room temperature is s uch that

K I . 5, x 10 cm 5 and when thc vineas ur i iis curi-rent i<

~) I



sufficient IN lo sU aS n(t to h at the s:1m l P-, I

last equat ion shoul d be accurate to within if'' for roov

temperatures between 15 and 20OC.

B. Radioactive Decay of l 41In

When In-doped silico n is irradiated by thermal

neutrons, the radioactixitv of the material is governed

by the metastable isotope 1111n( , 50 days vhji

effect can cause minor act ivit Y problems for the c:asc

of high phosphorus concent rat ion added by NI P and h ig h

In concent ration . These a rc , in fact , the c i ircumst anctes

Cor In-doped C7 since In concentration:.; can reach
17 -

Sx 101 cm while the residual IboIol to he compensated

might be a factor of ten higher than in 1I

Five In-doped C: wafers have hecn transmutation

doped for Westinghouse. The In concentration in these
17 -5

wafers was approximately 5x10 cm . These wafers iere

1 7irradiated to a fluence of 1.967x10 n/cm to add about
17 - -

I. x 10 1 cm of phosphorus for compensation. The samplet-

were irraidiated in a flux of about 4.2x 1 /c12sec in

position PSAF 20-24 . The samples were removed from the

reactor on 10-7-78. he activity on 10-31-78 was

measured as 6.77x10- 3>iCi/gm caused by the dccaiv of I In

,hile the act ivi ty on 11-9- 8 was 0. 7x10 I ( i/ . The

1114rn In was ident i f ied by the gamiiia em iss ions at l190, 501

and 720 keV. The hal f- life of In is SO days. In

-s 00.
addition, an act v i tv of 3. -3x I I) lti/i.m of (o wa,

t 'I
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detected. A plot of the decay of 1 4 m In activity is

shown on the lower half of Fig. 24 and confirms the half-

life of 50 days to within counting statistics.

It should be noted that approximately S12 half-lives

or 275 days are required for this sample to decay to

exempt limits of 2xlO- 4 Ci/gm for 114mIn. It must reachI

this limit before it can be sold as exempt material.

The limit for research quantities (not to be sold) is

lODCi total. This limit allows approximately 1.5 kgm

of similar material to be shipped for research purposcs

25 days after irradiation. For typical FZ material with

5x10 1 In cm- and the concentration of phosphorus added
12 -35

to be 3x10 cm , we can estimate the decay period as

shown in the top of Fig. 21 to be - 160 days to reach

2x10 jiCi/gm. Research samples of FZ can be shipped

almost immediately under the 10oCi total limit.

C. Vertical Flux Profile in RSAF, Doping Accuracy with

Industrial Laboratories, and Final Minority Carrier

L i fet ime

The University of Missouri Research Reactor is not,

working with several industrial laboratories to produce

compensated IR detector material and material Ifor other

detector applications. The demand for these services

is far greater than anticipated and has at times created

problems for our research program in that the calibrated

positions in RSAF are usually full or being recalibrated.

9.1!



There is also an additional burden ol research s11a f

s ince the h igh precis ion i rrad i at ion prob I ems dcmand

cons i derabi e attention to cal i br:jt ion, flux t, ire

count ing and analysis, and spec i a I sample I oad i n.

i\ ihi e the samp Ic backlog has boon as high as 4(1 i rr'I

diat ions with -i total reactor time o1 over I] (fi ]wl 

this detector work is not steady enough to just ify

full time techn ician help at present. These indust rial

experiments therefore cut in the rese.arch t ime Ml the

staff to some extent. We believe, howcver, that these

irradiations are in the best i.nterests of AFMI, and are

for the most part rel evant to the goals of the present

contract.

Irradiations have been performed on a fairly regu-

lar basis for the following organizations:

1. Rockwell International (IR detectors)

2. I lughes -Carlsbad (other detectors)

5. Kest inghouse Research ( IR detectors)

4. Ortec (other detectors)

5. University of Chicago (GaAs for AFOSR Contract)

0. San dia Laboratories (NTD research samples)

Monsanto (Research samples)

8. Komatsu Metal Electric (Research samples

9 ,lotorol.a (Research sm iles)

finder the previous cont ract , al I experiments Wcrc

performed on single wafers i rridiated at a f'i xed hcight



in the variable flux facility, RSAF. The extremely high

doping accuracy achieved previously (< 'o1) was the

result of accurate sample characterization prior to

irradiation and the fact that the vertical flux profile

of this facility could be ignored as compared to the

thickness of the sample wafers.

Such a procedure, although demonstrating the accu-

racy of the neutron flux counting system, is undesirable

for large scale production because of the small sample

volumes per irradiation ( 1gm). It is important, there-

fore, to transfer this technology from wafers to ingots.

This will be the subject of the remainder of this sub-

section.

The first experiment which was performed was a

determination of the vertical flux profile in RSAF using

Co doped Al flux wire.

Figure 25 shows the flux profile obtained from f-lux

wires for the total length of RSAF. Thirty flux wires

have been irradiated at various heights and for identical

times. The activity which is proportional to flux is

then used to determine the profile. It should be noted

from Fig. 25 that the original position we have used

for all the experiments of the previous contract (RSAF

12- 16") is extremely I inear. A second position, RSAF

20-24, has also been cal ibrated for detector material

irradiat ions. The ratio of integrator cal ibrat ions for

96(
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these two pos it ions have been compa red wi th 11 fu lX da;It a

taken from Vig. -', and is summa ri 2ed in [able 9.

Tale 9. Comparison of cal ibrat ions of' two RSAI positions
by integrator count s and FlIux wi rc dat a of
Fig. 21.

I NT G PAlO R :\ I IZAlIN 1: NJ Xi] RAlI 10
POS Fl, ION RATIO (n/cni /sc) F:ROM 1:1G.2

RSAF 12- 10 1.472 x 10 Is 5
RSAF 20-24 - v =112-

1I3 x 10

I t shol hI dbe noted that the f Ilux ra t io f'or1 thlese two

pos it ioils agrees to v;i th i n .062, for the t wo d i f Fcrent

de t eri1n i nat ionls.

'The f I ux pro f'ilIe in RS.XF 12 - 20 h is :I,, I so been

chiecked us ino Nil) s iIi con wa fers-, The]lse wafers were

spaced in a 10"' sample can us ing dummy sil1icon wafers

and annealed after irradiation at SS0 0 C in argon. '['li

results' of these experiments, are shown inl 1 igs . 2oi aInd

27. The s oIi d 1 men in th11ese f i gures i s t he be1 st f it

l ine t o thle flIux w ire data i n Fig. 2S. Al thoughL~l there

is somei scat ter in dat a points, presiiab iv due t('

samnple cont am inat ion pro])lIems during a iinea i nis, the

prof ile s 0obt aine d ill this wa Igree t~itii thet t-ltl.\ wire

data.

Exper iment s have al1so been run for Roc kwell and

fHughecs for stacks of' waficis i rradi iat d it, R-i andt

fl ipped enld for end at 50" ofl total I f Iueu ce so as 1t

O bt~l a i lie be st 1)ro f i e. A Se0t 0 1- f- i VC 1: t f L'r5 , S I
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throughi S- 5, were i rrad iatecd for IIu Iighes -Car IShad. ThIIe

i-.rt pur pose of- th is ex per iment was to exami ne thle in i -

formity in RSAF 20-241 over a 1V' range to see iF thle uini -

f orm ity was good cnough to do -1- l ong i ngot s .The t est

wafers were again spaced at equal intervals in t'-e sa- ;l

ple can using Si spacers. The second purpose of this

experiment was to check on doping accuracy relat ive to

f11lughs reCsistiVity measuremen~lts Which h-ere Made in an1

indu-IStrial. environment by technicians using hecavily

Ut ilized resistivity probes. The anneal,1S WeeC also per1-

formed at Hughes since, ultimately, an IR detect or

program would depend onl in-hiouse annealing.

Fou1-r po in t probe inca1SU reinen ts weire made at MU RI

and at IHugh es beftore and a ft er thle i r rad1iat ion and

a nneal1 n g . T he wafIers we;re irradiated to a 1 1uenc e

determined from integrator counts of 1.235 x 10(17 n/cm

Thi s corresponds to an added phosphorus concent rat ion of'

0.443 pb= 207x 113cmi The concentration ol

phosphorus added was also determined from in it ial resis -

t ivitv, po before Ni'l and final r-esistivity, p1 -, after

NIP and anneal ing us ing thle equa tion

N 25n3L + 89.54

where the phosphorus concenitration, N , is g ixenl ill pph

(I pph = x to 13 cm 3 ).

Dlat a oilt a i nced f rom MIJ RR r-es i st i v i t V '00.3SurerI'ncnt IS anitd

HUHEI~lS mecasurements are shown inl Tablec I (.No eff nirt a5
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made to compa re res i st iv i ty v nas it reinent s p r i or to t his

ex 1) 0 i 1e0n1t

We h)elIic jv e thicse; r esu It s arec r athe cr typ,)i caI o f

w ha t c an h)e expec ted onl a p roduc t i onl has i s and a re

s i ificant inl several respects:

1. If we assume that samples S- I and S-S were con-

t aiina t ed si1 igh1tlI , thec MU R R d ata i n( i c atecs t ha t

the doping target was achieved to better than 1'..

2. Anneal ing of NTO ingots for detector appl icat ions

can en l'le achieVed in an1 inlduStr-ial, non-

resea rch 1 abo rato rv env ironmen t. If the re sult s

of single wafer anneals are this good, whole ingot s

should he even More successful. Inl fact, SCXerI:rIf

recent expe r i mnt s work im n With Ilughes hasnrouce

colmlenlsa ted p- tvpe Samples iith U). f))l(7-c

to an aiccuracy of better t h:11S (comnare to ou'r

elarl ier results in the previous contract Ii n mak ing

h)i gh1 re0s i st i Vi tv p,1- typ N.1mila te0r ia I ) and, w ith1 a f inal

m in o r ity ca r r ier Ii fect imile o f a b-out S50() ns ec.

[hC e Ierti calI dop 1 i 1,1 rig prfile , )C 1 c1 he hel 1 uiform I'M

a lenigt h o f IT' t o bet t e r thlan 12' excep)t pe rhaps f or

S ome I uX f I. i nig i n1 o a t t lie S i -1\, I e r i lit e r face a1t

each end of thle sample can.

-1. To hli t t arge t t o w ith11in 12 r'o10 l at i ve t o in1dus tr i aI

re s s t i v i t y measuremenlts an11d anneal,1 i nli wth no11

spec ial n on - rout i lie calI i b)rat i on measuremen ts i s
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extremely encouraging and of sufficient accuracy

to insure success of the IR detector program.

A similar set of experiments were attempted for the

Rockwell group, however, the results were not as encoura-

ging due to the accidental contamination mentioned ear-

lier. In this set of experiments, all data was obtained

by MURR. A rather interesting doping problem was found

in this set of wafers. One end of the wafer stack

(apparently taken in succession from a single ingot)

showed a rather steep doping gradient. The hole concen-

tration vs. wafer number is shown in Fig. 2S. Beyond

wafer B-il, uniformity from wafer to wafer was very good.

The radial profiles of these wafers was also curious.

These profiles are shown in Fig. 29 after NTID doping

and annealing. All wafers between B-2 and B-10 (The

region of axial non-uniformity) showed extremely low

resistivity at the edges of the wafer, and a peak in

resistivity near the center which got progressively

broader down the length of the ingot. The data in Fig.

29 is uncorrected for image edge effects in the probe

measurements, however, these effects tend to raise the

apparent resistivity as the probes approach the edges.

We know that NFD doping did not contribute to this non-

uniformity (see NTD doped profile.* in Fig. 57 of Ref. 1),

however, a similar effect has been seen previously in

a (a doped wafer (see Fig. 53 in Ref. 1).
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F is ire 30 -shows a normal profile beforc NB)

for a sample wafer from the uni form region of the

wafer stack (pos it ion B- 12). Samples 11- 2, 1 , 6, 8,

10 were used to determine NT) vertical doping unifor-

mity as was done for the Hughes group.

F igure 31 shows graphically thle fluences obtained

from the initial and] final resistivities of' five addi-

t ional wafers used to det ermine the vertical flux pro-

file in RSAF . The f luence wais cal cul ated from the

equat ion

K K0

10hQre 0 (Cl 111) 1an d K 3.3SS Ippb per 10 nsI/cm1

-ind r, and pf are the initijal and final res ist ivit jes

before and a fter NTD . Wa fcrs were all annealed at

S50C( in flowing argon ais usual.

Thie fluence pro file obt a.ined in this way is shown

in Fig. 31I. Although the linmearity is excellent, ain

apparenit doping grad ien t exi sts from top to bot ton.

The unusual radial profiles led uis to suspect that a

mobility, gradient might exist along the ingot. We

there fore made IHall me as ureme nts onl the two end Soa p ic'

R1-2 and B1-10, and reOdetcrm ined thle irradiat ion Fl1 ences

onl thle has is of' these 1Hall data. The t ri anglIes shown)

on H g. .- I are Frioim Hall1 dat a and] ayrce w it h 11)c p robe

resist iv ity dat a to %%it Iin the ;iccuricv oi- ou r Hial

meIasurements (5:1 . F11F tI he two re , the FII -ecea 1 i-

I (M



can position (0 mm) was about 70% of that expected from

the integrator counts. These facts suggested that the

can was irradiated at the wrong sample position and was

not flipped end for end as requested.

It was ultimately determined that the sample was

irradiated in position RSAF 22-26 instead of position

RSAF 12-16 because of the accidental insertion of an

extra 10" spacer can in RSAF. The gradient was caused

by not flipping the can as requested. The profile

shown in Fig. 31, then is characteristic of the flux

profile in RSAF 22-26.

As a final topic of this subsection, we discuss

briefly the effects of radiation damage and annealing

on minority carrier lifetime in NTD silicon. Two 1"

long x 1" dia. pieces from Hughes ingot F01771101 were

cut for minority carrier lifetime measurements before

and after annealing. One sample, MURR-98, was irradiated

to a thermal fluence of 3.5 x 1016 n/cm 2 = 0.1174 pph

P-added while the other piece, MURR-99, was not irra-

diated. Both samples were then annealed at 850(:.

Before irradiation, both samples had initial resistivi-

ties of about 5450 )-cm p-type. The lifetime of NIURR-98

was initially 030 )jsec while that of MURR-99 was 820 jsec.

After irradition and annealing, MUlR-9S, the irradiated

sample had a final resistivity of 1290 <.-cm, about 8,

lower than expected. Since the resistivity of these I"

long pieces varied from end-to-end by (,., this final



resistivity was close to that expected from the fluence.

The lifetime of this sample dropped from 030 11 sec to

about 100 wsec, rather close to values reported by others

for NTI)-Si. 2

We believe, however, that lifetime is being limited

by introduction of fast diffusing impurities during

annealing and not by radiation damage. The unirradiated

sample, MURR-99, which was annealed simultaneously with

MLURR-98 had a change in resistivity to 16125 2-cm (p-type)

and a final lifetime of 50 psec.

We emphasize again the Hughes result of 500 vlsec

after NTD doping at MURR, and annealing at Hughes.

TOPSIL has also reported very high lifetimes for selected

samples and has suggested that lifetime is limited

almost entirely by annealing contamination. In fact,

they suggest that the lifetimes in harder neutron spectra

of light wafer reactors such as MURR are even higher

than in soft spectra irradiated material. This obser-

vation has also been made by the Oak Ridge group.

Because of the difficulty of isolating large samples

in our -- 1" 1.D. annealing furnace from the quartz fur-

nace tube, a known source of contamination, a study has

been made to see how the observed lifetime varies with

sample dimensions. The sample used for this experiment,

NIUJRR-102, was successively cut in half- and the liffetimes

measured as a function of thickness. The results for

both pieces 102A and 1(021 are shown in Fig. '. fIne
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would expect to see problems with surface recombina-

tion when the minority carrier diffusion length uiven

by

C'1 --- 7

is of the order of the smallest sample dimension. For

Dn  (ki/e) n  = 36.4 cm-/sec and for T 500 sec,

then C = 1.35 mm. This measured Ii fetime should then

represent the bulk lifetime for samples whose smallest

dimension is thicker than about three diffusion lengths

or 4 mam.

The results of Fig. 32 show that both pieces behavc

in an anomalous way abruptly at this thickness, however,

the results of these experiments are difficult to inter-

prot beyond this. It is concluded, therefore, that

lifetimes must be measured on ingot sized pieces for

reliable results. Relative measurements, T/Io 0 might be

possible, however, on smaller pieces. Because of the

expense of performing these experiments on whole ingots

($1,000-2,000/ingot) and because a new anneal ing fur-

nace and tube of large diameter are required $0,000) ,

we do not intend to pursue these experi nient s fUrthe r

without a specific financial commitment to do so. h c

be I ieve that si I icon producers are in the best posit ion

to do these experiments beca use of the cost of the

ma ,, r i.a I
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I). :\nnea Ii ng 'xler iment s

While0 thle experiments of the previous sect ions

ha ve vee r)C"elalted to thle development and ext ens ion of-

NiH) t eci hno logy , the expe r iment s inl this sub sect ion anrd

t ose to Co I L ow w i I I be devoted Cxc 1 (Is i veI v to I S st Id

of' thle defects Created by r;adiat ion. damage and thecir

annealI i rig p)rope rt ies

AlI though a c ons, i docrab I c body' of rald i alt i On dama1l~ge

knotlIedge ex ist s, neut ron damaj~g e s;tudic i es 11n s iiConl

have been mot ivat ed by rad ia t i On hMa1-den1inlg of deCViCes.,

Thles e ex per i inent s aire no t pa rt i citI a r I y relIevan t t o Nil)

material for several reasons. F irst , tile har11dening

stud ies are usuially perf'ormed onl doped material whi lie

the Nil) staring mater-ialI for most dev ices is undloped.

,Sinlce it is Well known1 that deCfect pro0dlct ion rates an1d

m i grat ion energi~es are dependent onl defect cha rge states,

thle differences in F~ermi level posit ion for doped material

and Nil) starting material are expec ted to produce di1_

fe rence s in de fec t p rodurct ion and anneal ing . Fir r thler -

more1-, in 1cad i at ion ha 1-denir1ing exper-i ments , thierma I neuit ronl

e ffects are always elimn ated by Cd or P, sample sli i eldinrg

in order to minimize act iv ity prob)lens For tire exper r -

mien11talI i s t . The most essent ial Component of' our Studyi

the the rmral1 neut ron , has in thle paist hcenr svst ern~rt i cal I Y

exc luded Fr-om the rad iat ion damag~e f'ie'l.

We inn1s t Form-ulate a new i-ad i at ion daimnage pic tunre

for)T onlrrse ys, hen1, wh ich is (in it e di f fe r-errt Cf morn I he



t ra dit i anal stud i es and experiments In a so ft neat roln

spectrum, nearly as many displacements are pr'oduiced hN

gamma and beta recoils as by fast nea1.t ron knock -ons.

The nature of the damage is al1so CIuite di fferen t. Ill

fast neut ron evrent is qu it e rap id crc at i ng cascades, ofI

defects in ext remel1y short t ime per iods . The th rimi

neu1trons, however, create radioactivity' which producces

recoil di splacemnents of- a f'ew atomsl' per recoil from

the reactions 1,2

3 0 S i - 31 Si 311)~ +

and

3 3 2 s +

a t a s low rate ant il the i-ad i oact iv'i t\' becomles inls in o1 i

f icant ly small af ter many hal f---Ilives . [or In-doped

material, this cool ing off period is of' the order of

weeks as we have -seen previously .

We must also expect to observe cons iderably more

do-ta i I inl anneal ing studieCs in Nil) material beOcauLse thisI

in it ia Iy I)Ln doped h igh i-es i st iv i ty materialI w ill h e

e xt reme I y sens it i ve to rapid changes iii the pi it ion of

t he 1:011im i0 eVe IW11 i Ch do1 no 'S10t OCC 11ir in dopl ed Ma teO i N

A much g i'eater seaTs it ix it y t o s mi 1 ( 1 dfc t co n cen i 1-

t ioniis i s the crec f o r rea Ii -. cd i n outir expe cr iment I s . i%

m i oht mien t i on th 1a d dd i t ina om IL'1 )1 i ,]t ion 1 thaIIt the L

11111 euJ Ii w' 1 i I 1 I) c s L, I s i Ii \c t 0 thle a i1o un t o f- ph11o s ph I uIn

;uIied I " I I~IRT.] i ('11 mIId 11eihe, t 11 ' 'ma]1 1 tI I iiteiit 1ou



A careful inventory of defect produlCt ionl rateS and

defect annealing stages is, therefore, requI-i red. W~e

have mentioned the 'FOPS IL and Oak Ridgle results which

suIgges;t that a hard neut ron spect rum prodUCes a h ighe r

final minority carrier lifetime. 1,2 This result is

totally unexpected by intuition and extrapolation from

previous damage studies but emphasizes the need to re-

aIssess our knowledge of neut ron damage as related to

NI'1 silicon. In thiis and the Foillow inrg subsect ions-

a bginning of' this task is presented.

In all the i sochronal data to fol Ilow, anneals

were mlade ill anl argon atmosphere- for 15 min. alt each

successive anneal temperature. Res ist ix.it ies were

mecas ured wvith four point probes wh ile ca rrieor t vpc wa s

determined by a thermnal probe. Thermal neutrons were

shielded from the sampl es in sorie experiments to isolate

the fast neutron damage by us ing ai boron rich sample

container. Beta recoil dainage was isolated by' i rra-

d iat ing samples in the pneumatic tube facility at NMPIR

which provided fast sample ret rievalI. The1(se sanilplces

were immediately annealed for 15S mni m. aii SSO "C toa rcmlav

last neut ron damage aind th en a i lod to o1I-rdag

from thle rena in itln betl a act i vitv'

Ani e xamnmatIion o1 h dli lcp[o.ndo ce olI i soch VP a I

aminca Iinrg onl the rima no LtrVn dose0 i' 5 shtliO in i i.

A\ 1I thliree( c-imip I o sw meo. 1 catlI ll 1 mom th '-;!1 ': 1i (21 11l iv v

(),'1 7 0m 1 C I i 1Y t 1 52( - , ) - I YTO) .11 ~I- N' 0 j c Ii1h
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mal doses of' 1.07 -x 1 16n1/Cnr f or MU R R 5 (u 0 .5 x

17 21010 n1/c f I o r MU RR 76 (A ; nd I . 57. x I0f) n/ cinr for

MU R R0 2 (LAi). 1 In order to pe0r form-11 the1'se i I-rNd i At io0n1s

over thliree o rder s o I magn)i t ud(Ie, i t was-, nceLs sary t o uisc

pos it ioils o f d i Fffc ent f Ilux and di Ffecrent thlermam 1- to -

fa3S t rat ios. 'Ihe C CadmIniuLM ra t i o0 of 1 ths 1 poSC10S i t ionIs

usecd f or samiple i rinad i ait -ionl werec 3 0: I , 12: a ii ad 1 U:I

re sp c t i vc IlN.

All three saIples I SOf F i 0 .3Were p)-type) At the

st art o f thle annealI and conve rted to n - type at some

h ighier t empe rat Ure . I n fa ct , th)e rmal p )robe chliec k o f

50 ingots ir-radiated to a variety of dloses always indi -

catedI p)-type after I rradiation inl coaiti-rast to Ref-. 12 .

'le t ype c onv e r.s onl anne a ni 14 t 0111pe raI t 1nrc dep enJidJ upon

thle neu1.tron dose and, theref-ore, Was depen'IdenIt upIonl the

amount of transmuted phosphiorus added. Sample (0) which

was irradiated to balance the boron concentraition with

phios pho rus , necver f-1u I I t ype c onlve r tcd, huLit aIt ti i ne0d

mllixed coniduct iOil type above 800'Of Samiple s (:) and ([I)1

type converted aIt 725 0 C and~ at 425OC, resp)c~t iveC 1 T1 I (iS

suggeCst S tha t thle t ransvitit ed phos phiorus does n io t hecomi,

elect rC I call act iVe Llnt i 1 h1 iigherI anneal0 I i- temperC1At ures

anid that this temipe iattire is loil For 1 arige 1 pho :ph o rl.-

conicent rat ionls.

At ah)ou t 0()I) U Anl eXt remumH ill the re< I t~c aIn

he ohscl-red inl I i a. . 1 Wc k denti I Ihi e x tr m , Ieu: i t h

t he produict ion of a1ccept ors i51l i11 Iron daiaa plIns



anneal ingo and will call these d fec t st rct u re s " o C O1° -

acceptors." Since the initial resistivity 1,as 525) -cm

=) 2. X 101.1-), the resistivity minimum in samples

(0) and (A) co rresponds to an acceptor concentration of

13 -3 13 -3
, o.3 x 10 cm or an increase of about ) x 10 cm

This concentration is at least an order of magnitude

higher than any electrically active impurity concentra-

t ions in the starting material. Sample (0) is not as

easily analyzed since it is n-type at 600-C, but if we

assume that the acceptor has balanced the donor concen-

tration at 600'C to raise the resistivitv to the intrin-

sic value, we need only approximate the resistivity we

would expect if the acceptor were absent. A straight

line drawn from the resistivity value at 475'C to the

value at 675°C yields a resist ivity value at 600'C of

about 90 (2-cm or a donor concentration of about 5 x

1) cm Since the "O'00°C -acceptor'' has balanced these

donors, the concentration of the "000cC-acceptor t ' is
also about 5 x 101 3 cK- Th is rather crude analvsis has

shown that the "000°C-acceptor'' is not strongly depen-

dent or a neut rOl dose. It samples from other soICCs,

we have observed that the concent rat ion of "000('- accep-

tors" is an order of magnitude higher suggest ing that

thi s defect coInpe ox is sample dependent rather than dose

dependent . Sha I low acceptors result in g from anneal" ing

to those temperatures, in concentrations of between 1

z-i 1 -15andO 11/ ciii , have been 01)served by" othL'r alt hors.

11 9
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It should also be noted that the isochronal annealing

for these float zone samples shows considerably more

annealing structure than has been previously reported

for float zone. 12

The question of cadmium ratio was examined by

irradiating three samples in the same position, with

and without thermal neutron shielding. Figure 34 shows

the results for samples cut from the same ingot of float

zone silicon (5500 c-cm, p-type). This ingot differs

from that used for the experiments shown on Figure 33.

Samples (0) and (0), which were shielded from thermal

neutrons, remained p-type during the entire anneal, while

the sample which was not boron shielded type converted

from p-type to n-type between 700'C and 72S°C apparently

due to transmuted phosphorus. Two qualitative observa-

tions can be made concerning the anneals of Fig. 34.

First, the major annealing features, other than a slight

shift in the curves, do not seem to depend upon the

presence of thermal neutrons during irradiation. Second-

ly, the temperature at which the resistivity minimum

occurs is lower for smaller fast neutron doses. Agai n

the "600°C-acceptor" concentration is ', 6 x 10 13 cm 3 and

is apparently due to fast neutron damage. It should be

noted that a study of damage due to recoil effects would

he difficult in the presence of the fast neutron damage

since tt is damage tends to dominate the annealing charac-

terist ics.
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Figure 35 shows the comparison of isochronal

annealing of a Czochralski silicon sample (50 :-cm, n-

type), thermal neutron dose = 3. s0 x 10 n/cmu, ,o t he

heavily irradiated float zone sample shown previously

in Fig. 32. The two anneals are surprisingy similar

both in the type convers ion point from p-type to n- type

at -100°C and in the rise in acceptor concent rat ion to

about 5 x 1t)3 cn - at O00C. We can directly compare

these results to those of Kharchenko et. al. 2 While

the res ul ts for Czoch1rask i si icon agree q ii e weel l ,

those for float zone are very different . Fu rthe rmo re

their float zone sample was initially n- type after i rra-

diation whiLe ours are p-type. 12

In measuring the resistivity after each anneal ing

step, a rise in the resistivity as a function of time

was noted. A measurement of this rise was taken for the

heavily irradiated float zone sample of Fig. 33. Data

for the first 60 minutes after cool ing. the sample to

room temperature is shown in Fig. 30 and is arranged in

order of annealing temperature (this figure does not

indicate the absolute change in resistivity betieen

annealing steps, however, all relative changes are to

the same scale). A large effect can be noted between

.375°C and 500°C which corresponds to the type conversion

peak.

While this effect may have somnet hing to do with the

initiation of phosphorus electrical activitv, such a
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conclusion cannot be drawn without direct examination

of energy levels in the band gap. The mechanism for

this resistivity instability is not understood at this

time. We have observed this effect in samples usin g

soldered contacts as well as probes and in etched sam-

ples as well as lapped. It should also be noted that

this effect is very large from 375 to 500 0 C but is neg-

ligible in the annealing range of 550-650'C even though

the resistivity is similar in magnitude in these two

anneal ing peaks. This effect might be due to carrier

trapping at defects with extremely small capture cross

section, to very slow room temperature migration of

defects freed from complexes during the anneal, or even

due to electrical activation of donor oxygen complexes

which are normally only observed in Czochralski. lurther

experimentation will be required to identify the proper

mechanism.

Figures 37 and 38 are isochronal anneals of two

float zone silicon samples which had been beta recoil

damaged by the technique described previously. The

sample of l ig. 37 (120(0 s-cm, p-type) was irradiated to

16a thermal neutron (lose of 3.84 x 10 n/cm making the

boron concentration approximately equal to the concen-

trat ion oTf transmuted phosphorus. In Fig. 3, the sam-

pie (5250 :-cm, n-type) had a dose of 1 .92 x 101- n/c.

making the phosphorus to boron ratio ahout 10::1. In

contrast to previous samples which were p-tvpe is a
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result of fast neutron damage, both of the samples were

n-type after the recoil damage was completed. Since

both samples are n-type at the start of the anneal, we

can make an estimate of the donor defect concentration

due to beta recoil events by assuming that the mobility

has not drastically changed. The starting material in

Fig. 37 has N A = 1 x 113cm-3 , and after beta recoil

12 -3 13-3damage n 1.8 x 10 cm , so N1) N A + n = 1.18 x 10 1cm
In Fig. 38, NA  = 2.4 x 10 1 2cm-3 n - 8 .95 x 10 111-

NA l" -

so NI) 1.14 x 101 3 cmn3  Therefore, a donor concentra-

tion of about 101 3cm 3 seems to be produced by the beta

recoil damage in both samples. Other features of these

anneals are not as directly comparable and apparently

depend upon either the boron to phosphorus ratio or dose.

We can see, however, the appearance of an acceptor or

the disappearance of the initial donor in annealing

between 300°C and 400'C in both samples.

We believe that these - recoil experiments are

the first concrete experimental attempts to isolate the

effects of recoil damage from those of fast neutron

damage. Although the concentrations of recoil defects

which can b produced are too low for lP, or opt ical

techniques to he experimentally successful, ilS should

be useful once correlations of cliL-l u r, y leve ls ha c

been made with known defect structures.
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In summary, we have surveyed the isochronal annealing

of both float zone and Czochralski NTD silicon under a

variety of irradiation conditions. A discrepancy with some

of the previous literature 1 2 has been found for NTD float

zone both as to the carrier type after irradiation but before

annealing and in the amount of annealing structure and final

annealing temperatures.

We have found that the dominate fast-neutron damage-

plus-annealing effect, in terms of the concentration

of electrically active defects, is the production of the

"600'C acceptor." Although these acceptors have been

renorted by others in float zone material, we have been able

to show that this defect also occurs in Czochralsli, that its

concentration is reasonably i-dependent of dose, and hence

phosphorus concentration, and that the concentration of those

defects appears to be sample dependent. Since this defect

occurred in high purity silicon in concentrations of

5 x 10 1 3 cm or higher, it is clear that these defects do not

involve impurities other than perhaps oxygen or carbon.

We have also observed an instability in the resistivity

as a function of time after anneal which is most pronounced in

the temperature range of 375-5000 C. Iee have suggested several

possible mechanisms for this resistivity instability, however,

further experimentation will he required to determine which,

if an%, of these models is true.

Finally, we have been able to, for the first time,

isolate the damage and annealing effects of beta recoil

efe t 2'be a ec i



damage from the other damage mechanisms in the NTD process.

This damage mechanism clearly produces donors before annealing.

By comparing two samples with different initial doping

conditions, we have been able to show that the "beta recoil

donor defect" concentration is of the order of 101 3 cm 3,

again about an order of magnitude larger than the largest

of the electrically active impurities in detector grade material.

The discrepancy between our annealing data recovery

temperatures (% 850C) and those of Kharchenko et al. 1 2

(< 500*) led us to investigate different possibilities. It

would, of course, be very desirable to obtain annealing

temperatures below 500'C to keep contamination to a minimum.

In a previous report 1 we had offered the hypothesis that the

high doping levels of Ref. 12 could have perhaps driven the

material amorphous. Although still a possibility since we

do not know the reactor spectrum of the experiment in Ref. 12,

subsequent calculations by H. Stein suggest that this is not

likely. 2 Also, our data in Fig. 33 and Fig. 35 for the

heavily irradiated samples fail to show this lowering of anneal

temperature to any significant degree.

We therefore felt that irradiation temperature might be

a significant factor. A piece of FZ (MURR 159) was irradiated

at Argonne National Laboratory in the CP-5 reactor in their

newly constructed hot irradiation facility. The sample

temperatore durinp irradiation was 496°(7, greater than any

temperatures expected from normal gamma heating. This

sample was subsequently isochronally annealed. The result,;

1 3fl
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are shown in Fig. 39. The annealing is similar to our

previous results above the irradiation temperature. The

"600'C defect" minimum is still seen followed by a type

conversion peak. Below 500°C, slight annealing structure

associated with radioactivity induced displacements is just

barely detectable. We must conclude, then, that elevated

irradiation temperatures do not explain the Russian data.

We will now briefly discuss recent experiments on annea I ing

unirradiated silicon, primarily for the purpose of oxygen

detection. It has been known for many years that CZ-silicon
17 18 -3

contains oxygen in the 5 x 10 to 1 x 10 cm range and

that this oxygen can be activated electrically by heating at

16
450°C for periods of hours. By annealing to still higher

temperatures, these oxygen containing donors disappear. Kaiser,

Frisch and Reiss have shown that the activation process is

fourth order, the initial rate of donor formation being given

by the equation

(dA4 /dt)t_o k fA14

where A4 is the concentration of oxygen donors and A1  the

concentration of "atomically dispersed oxygen." 1 6 They

suggest the value of kf at T = 450'C is about 1.2 x 10- 6 0

9 -1
cm sec . If one anneals at 450°C for longer and longer times,

the concentration of donors produced reacheF a maximum, A4*,

which is given by the approximate equation
16

A4* ( (f/k n ) ( A 1I



They give an approximate value at 450C for kf/kp =

x l0 cm Finally, on heating to higher temperatures,

they Found that the donors disappear aoain with an approximatelv

first order activation energy of 2.8 eV, i.e.

* -Nt
A4 (t) % A e

whe re

K 2.8 eV/kTK = K e
0

The constant, K , is determined approximately 1 6 from the

fact that K = 10- 6 sec when 1000/T = 1.44, or

K (10 6 sec 1 )e2.8/(8.6 x 10- S)(694.4)0-14

14 -1
4 x 10 sec

It should then be possible to determine electrically the

concentration of oxygen by studying the anneal properties of

unirradiated material. It must be mentioned that the above

relationships are only approximate kinetics equations which

have been linearized over a restricted temperature range.

Also, these authors warn us that this technique is not likely

to work with FZ silicon since the concentration of other

oxygen traps in FZ might be of the same order of magnitude

as the concentration of oxygen. 1 6 This last hypothesis has

apparently never been tested experimentally.

We therefore decided to run preliminary isochronnl anneals

in FZ to see if an increase in donor concentration could be

1 3



found near 4500. Since we expect very little change in

donor concentration in FZ, high resistivity material ,as a

necessary requirement. Kaiser, Frisch and Reiss also

report that several trapping levels have been found associated

with oxv en donor acti vation. Ve , therefore, lnxesti:'ted

the minority carrier lifetime as well, both with silicon

filtered light (iiw < E,) and unfiltered xenon light. The

results of this experiment are shown in Fig. 1(o and in more

detail (below 600°C) in Fig. 41. The material used in this

experiment was undoped p-type S000 P-cm FZ (MURR 179).

It can be seen in these figures that an increase in

donor concentration which reaches a maximum during 15 rain.

isochronal anneals at 550 0 C is observed. Although this

maximum occurs at a higher temperature than the 450°C

maximum discussed in Ref. 16, this is to be expected since

the time to reach a maximum at 45 0°C is of the order of

100 hrs. This maximum in resistivity is accompanied by a

decrease in minority carrier lifetime of almost 800 as expected.

The higher temperature peak ait 90"°C in Fig. 1 is believed

to be due to furnace contaminatirn and has been seen previous lv

in unirradiated p-type material.

A working hypothesis is that the maximum donor concentration

should be reached at a somewhat higher temperature than

450°C during 15 min isochronal anneals. This means the rate

constants given in Ref. 16 are not (iuite cor -ect at our maxi

mulm dn()o1 t eC )e r:at tire. 1o I l9 C1 h ctt r cons tl nt1 hot,11 (1 cr

13,1
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we will use them as a rough estimate of oxygen concentration

in FZ. Therefore, from Fig. 41,

Po = 2.5 x 10 12 cm-

Pmax = 2.2 x 
1012cm-3

* 011 -3
# oxygen donors = A4 = 3 x 10 cm

Using the previous relations, then

(A 1 0)3 A4 = 3 x l0Il 048
138 6 x 10

(kf/kp) 5 x 10

0 1 -3

A1  = initial oxygen concentration = 1.8 x 10 16cm

This is not an unreasonable concentration of oxygen in FZ and

is just at the limit of detection by optical absorption at

9 Wm because of interference of a lattice band with an

absorption coefficient of the same size as the absorption

coefficient due to this oxygen concentration. To complete

our analysis, the decay of donors should be complete by

600'C = 893'K as we observe. That this is true is easily

seen from

K =K e-2. 8 eV/kT
0

(4 x 10 1 4 sec- )e-2. 8 / (8.6 x 10- )(893)

-2 -i
= 5.86 x 10 sec

Therefore,

1 37



* -Kt
A4 (t) = A e

=(1.8 x 10 -(5.86 x 10 2)(15 x 60)

= (1.8 x 1011)(1.25 x 10-23)

-0

as expected. If we investigate this decay of donors at 500°C,

we can see why the isochronal annealing is still increasing.

At 500°C = 773°K, e Kt 0.832 and therefore very little decay

is occurring, however, the donor concentration is growing

as the fourth order. It is impossible to improve on these

calculations without a knowledge of the temperature dependance

of the production factor, k Our only recourse is to do

isothermal anneals at 4500 for hundreds of hours. It is

clear, however, from the above analysis that the increase in

resistivity between 400 and 550'C in Fig. 41 is not inconsistent

with oxygen donor production. We believe that this is the

first time that oxygen concentrations have been found in FZ

by this method. By using NTD techniques to compensate to

higher resistivities, greater sensitivity could be obtained

and the possibility of detecting oxygen in FZ to very low

concentrations could result. The annealing of the NTD would

have to exclude the 400-600'C temperature range, hbwever, so as

not to activate the oxygen prior to analysis.

I -) S



F. Defect Detection by Optical Absorption and EPR

We will discuss, in this section, the eight defect

structures which we have been able to observe in NTD

silicon to date. Although this list of point defects

does not exhaust all known defects which are observed

after room temperature irradiation, it covers most of

them. With the exception of interstitial oxygen, all

the defects are thought to contain vacancies. The

silicon interstitial centers have not as vet been observed.

We will count the number of vacancies contained in these

centers at the end of this secion and compare this to

the number of displacements we calculated in the theory

section.

Figure 42 shows the atomic configurations of three

of the four defects we have observed with optical

absorption, namely, the oxygen interstitial at 9 vim,

the A center vacancy oxygen complex at 12 im and the

divacancy center at 1.8 vim and 3 im. The other observed

defect is an absorption hand at 710 cm- which results

upon annealing and is one of the higher order bands

(OB's) observed by others.

Our first attempt to observe radiation damage

with room temperature optical !bsorption was a quick

experiment on unetched C2 10 mil thick wafers. The

results are shown in Fig. 13. The divacancv band at I.S :,;
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is clearly seen after a thermal fluence in row-2 of

8.89 x 1019n/cm 2 .17 An unirradiated F" transmission

spectrum is shown for comparison. An absorption near

3.3 um was also observed and originally thought to be

one of the 3 Vm divacancy bands, however subsequent etching

removed this feature. It is, therefore, apparently

related to surface states, a rather surprising effect

to be found with optical absorption. This first

experiment allowed us to determine sample thickness

(2-3 mm) and fluences for subsequent experiments.

Figures -11 and 45 show the before and after

irradiation near band edge absorption of F7 and C:

is 2irradiated to a thermal fluence of 1.56 x 10 n/cm

These samples were mechanically polished and etched.

Both the shifting to longer ",ivelengths of the band

edge and the 1.8 ujr, divacancy band can be observed. The

3.3 tim surface absorption is not present in these

properly prepared samples. No other defect hands were

seen in these lightly irradiated samples except the oxx'cr,

interstitial band at 9 urn in the CZ samples as shown

in Fig. i o.

The solid line in Fig. If) shows the oxygen

interstitial band after the 1.5 x 10 ri/Cm irrndintion

while the dotted band shows a similar salmnile after

annenling to 45' °C for 15 min. A sh ift t, 'hortcr

wax'elengths of the ahsorption peak is , er. The



Float Zone MURR 167

NaCI Prism

150 pm Slit Width

Room Temperature

Co2

22

1.8 ~
Divocancy

18 19

Drum Number

I igiire 14. Near h.,ind cd~vc ;hsorpt ion in I -s il icon

ri(I i it ed to ai t fie riiia I f] tec I OfC

I.SO x ~ .1 n/c,,2



MURR 166-CZ

Oth = 1.56 x 1018 n/cm 2

After Anneal

4750 C (20 min.)

cc

-- h 1.56 x 1018 ncm2

After Irradiation

1.8 Jim Divoconcy

1.25 1.5 2.0 2.5 3.0 3.5

Wavelength (pim)
F igutre 45. \eair hand1 ckdic j.optI(fll( iIiCll

144



MURR 166-CZ
77 0 K

0

Interstitial Oxygen

T
8.0 8.5 9.0 9.5 10.0 10.5

Fi Wavelength (Jim) n

FigUre 46. ()xvgcn interstitial absorption at 1) 111
the C-- samplc after irradiat ion to
I1. 58 x 1 01'1 n/cn12 . The data is taken ;it

K. The sol id l ine i s as irvrad iat ed wh ii c
the dotted l inel is a fter' anneal intg to F(

145



absorption, in general, occurs at a wavelength shorter

than 9 pm because the data were obtained at 77eK. 1 8

The double peak structure of Ref. 18 could not be

observed in these irradiated samples.

Figure 17 shows the behavior of the 9 pm

interstitial oxygen band at 77°K as a function of

annealing to 475'C and then S00°C. After the first

anneal, the formation of the 710 cm I HOE is obscrved,

however, no other of these bands could be found. The

oxygen band shifts to its shortest wavelength after

annealing to 475'C and also recovers somewhat in

intensity. A subsequent anneal to 500°C causes this

band to loss intensity and shift to longer wavelengths

again. This is shown in detail in Fig. .S.

We believe the sequence of events, here, is as

follows. After irradiation but before annealing,

oxygen interstitials are lost by attracting mobile defects

and the intensity of the 9 pm band decreases. After

annealing to 475°C for 20 min. these oxygen defect

complexes dissociate to form other defect complexes,

the HOB's, and to return oxygen interstitials to the

9 um absorption. On heating to 500°C, however, the

oxygen interstitials, as we have previously seen

coagulate into oxygen donor complexes, hence, the loss

of 9 ijm albsorption again as expected. 16 ,1 8  The sI ight

shifts in frequency are unreported to our knowledge and

of unknown origin.

1 C (



I \~ MURR 166-CZ

I 770 K

f~ 2.0X

9pm1.8 X

Interstitial Oxygen K.%*

As Irradiated (Dth 1.56 x 1013 n/cm 2

- Annealed at 4750 C (20 min.)

Annealed at 5000 C (20 min.) HOB

710 cm' 1

9.0 10.0 11.0

Wavelength (pm)

1 .10 1:1 ;(1 - "~I 119 htIC 1( SC I tI It 11 c I i o c



MURR 166-CZ

77 0 K

- I Interstitial
a Oxygen

0

-Irradiated and Annealed 4750 C (20 min.)

-- Irradiated and Annealed 5000 C (20 min.)

0Dth= 1.56 x 1018 n/cm2

8.0 8.75 9.0

1 ~ \9 Ic ;I( i I " Ii Iflit 11 I ('w t IW o fii t I * c

ox 'o n ):111 pw ( ltO w 11)c ilim 1



This hypothesis is justified from the isochronal

annealing in Fig. 11 which shows that maximum oxycen

donor formation occurs during isochronal annealing at

500°C or above. We must now ask, what are the defects which

remove oxygen interstitials from the 9 vm band during

irradiation but before annealing? The obvious answer

is that oxygen interstitials are lost during irradiation

to A-center vacancy-oxygen complexes. 19 ,20 We therefore

investigated the room temperature optical absorption

near 12 Wm as is shown in Fig. -IS). Although no clear

absorption band is seen at this neutron dose, an increase

in transmission is seen at shorter wavelengths and a

slight decrease is found at longer wavelengths near

12 vim. On annealing to 475°C, these irradiation

induced changes reverse indicating the loss of these

vacancy oxygen centers and the return of additional oxygen

interstitials to the 9 vim absorption.

Because of the above analysis, we felt that the

features shown in Fig. i9 near 12 vim were indeed related

to the formation and annealing of A-centers. To prove

this, a second CZ sample from the same ingot was
019n/m

irradiated to a higher thermal dose of 1.34 x 10 n/cm

in row-2. The raw data for the optical absorption near

12 im is shown in Fig. Soi for this sample. The room

temperature data is shown in the upper spectral

trace while this same absorption is shown at 77°K in

1 *1 9
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the lower trace. The A-center band is now clearly

seen for the low temperature data. Furthermore, a

plot of the absolute transmission, 1/10, also shows

the 12 pm absorption for the room temperature trace

as shown in the inset. The strange shape of the

room temperature absorptions is caused by an underlying

lattice absorption band which decreases in intensity

as the sample temperature is lowered.

Do these A-centers steal oxygen interstitials

from the 9 Om band? They do as shown in Fig. 51

where the decrease in this band is clearly seen. The

lower curve is before irradiation while the upper curve

is after irradiation. Using this figure, we can estimate

the concentration of A-centers formed. The change in

absorption coefficient for the 9 om band is 0.22 cm 1.

This corresponds to a decrease in oxyger interqtitials

of about 1 x 101cm using the data of Kaiser and Keck 1 8

to determine the concentration of oxygen. The oxygen

concentration before irradiation is also determined to

be 6 x 10 1 7cm 3  We can also estimate the concentration

of A-centers by assuming that the oscillator strength

for A-centers and 9 pm oxygen interstitials is the

same. 19,20 Doing this then, and using the data in the

insert of Fig. 49, the difference in absorption coefficient
-1

between maximum and minimum is about 1 cm which also

yields about 1 x 1017 -3Ayild aou 1x 0cm A-centers. Wqe therefore see



MURR 166-CZ (EPR)

Room Temperature

Oth 1.34 x 101 n/cm2

-- After Irradiation

0

IntrtitBafOxye Iraito

CO -3.04 c-

14 13

Drum Number

ri 3i ,, r~ Wn . -c ci 'c i i i on

t(~ 1.7 \ HI 7



that I out of 6, or about 17% of the oxygen interstitial,

available are saturated with vacancies. Do these

oxygen interstitials getter vacancies and deplete the

concentration of other vacancy centers? To answer this

question we must investigate the defects seen by EPR.

All of the optical absorption data were obtained on

samples cut from two similar resistivity ingots. The

Monsanto FZ ingot (MURR 167), and the Monsanto CZ ingot

(MIURR 166). Both ingots are approximately 250 P-cm

n-type before irradiation. We felt it important to

match Fermi level positions in the EPR samples since thc

occupancy of the defect levels will affect to some extent

that which is observed.

Preliminary irradiations were performed, howcer,

on FZ samples from the Wacker ingot which we have

1described previously. This is a very high resistivity

p-type sample (p > 10,000 P-cm) and is substantially

different from the optical absorption samples. \fter

irradiation to a thermal neutron fluence sufficient to

produce 25 P-cm NTD material (4 - 1 x 1018n/cm2), the

vacancy-phosphorus E-center 2 was found en cool ing the

Wacker sample below room temperature. The tIPR

spectrum for the [ -center is shown on Fig. -a:. :AIso

shown on this figure is an atomic model of thi- defect.

The [PR resonance is charac :erized by the tw, strong

hyper ine doublets indicated by dashes or, this !'igure

13.1
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with the 100% abundant P, by the mean g value of

2.007 and by the dramatic temperature dependance which

is related to motion of the unpaired spin electron

around the three possible silicon bonds next to the

P-vacancy pair. At a suitable low temperature

(approximately 180'K) this resonance is motionally narrowed

and the E-center resonance becomes much larger than any

other resonances making the E-center observable.

Although an exact determination of this defect con-

centration has not been made, it is clear that an

appreciable fraction of all NTD phosphorus (1.8 x 10 14cm 3)

is bound in E-centers after irradiation but before

annealing. This is likely to be due to the P recoil

vacancies which get immediately trapped in this center.

The room temperature EPR spectrum of this sample

is dominated by P-3 centers which are linear chains

22of four vacancies. This seems to be the dominate

room temperature defect and will be discussed later.

After annealing this sample to 4500 C, the UPR spectrum

is dominated by the P-1 five vacancy cluster shown in

Fig. 53 for the magnetic field along the <lnO>. This

P-I center, is identified by the g value at 2.009 and the

six hyperfine lines with Si.7 This defect is also

the dominant defect in neutron damaged, phosphorus

doped float zone, however, it is generally thought to

anneal away at 100 0C lower temperatures then we observe

here. This P-1 center appears to grow in NTI silicon

1 >0
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on annealing while the P-3 center decreases at around

200'C, the temperature at which divacancies anneal."2
4

It is likely, therefore, that the 4-vacancy P-3 centers

capture vacancies from dissociated divacancies and ,col-

lapse into the S vacancy 1I-1 cent er. :\tcr annea ling to

851°C, the only T !R signal to be seen at room temperature

( ig. 51) is a characteristic surface signal ait g = 2.fl55

that has appeared because the sample was purposely crushed

to randomize orientation. On cooling to 100'K the free

carrier EPR signal at g = 1.999 becomes visible because

reduced scattering at low temperature has sharpened the

resonance as expected. Since the line shape of this

signal is known from theory, it is straight forward to

convert this intensity to relative concentration. It is

hoped eventually to ohta in C1rther infCorrmation abIout

IP N'11) production from this resonance.

We now return to an investigation of the F: and CZ

samples (MLURR-167 and 168) which had been irradiated to

a thermal neutron fluence of 1.34 x 10 n/cm2 The (7

sample of this pair is the sample in which the con-

centration of A-centers was determined and the decrease

in oxygen interstitials observed. Since a large con-

centration of vacancy-oxygen centers was observed

( ,, I x 101 cm 3) which accounted for 17P of the tntal

concentration of oxygen interstitials originally in the

(7 sample, one might assume that the vacancies for these
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A-centers grew at the expense of other vacancy containing

defects. Watkins has reported on the difficulty of

observing F-centers in CZ material because of the
21

scavanging of vacancies by oxygen. This hypothesis

was in fact checked by irradiating FZ and CZ simultaneously

and observing divacancy and P-3 centers. The resultant

P-3 center resonances for the samples irradiated to a

thermal fluence 1.39 x 101 9n/cm 2 is shown in Fig. 55.

The P-3 four vacancy linear chain dominates the

EPR spectra of both the CZ and FZ samples at room

temperature after irradiation. This P-3 center 2 3 is

characterized by a pronounced angular dependence and

a complicated structure. The fine structure splittings

(S = 1) for a [110] field orientation are very clear

and show the basic 12 line pattern; 8 along [110] and

an outer three (2 down field and one up field). Basically,

there are six inequivalent orientations for this defect,

however, with 11 along [110] there are only four observed

since two become degenerate and we have the intensity

pattern (1,2,2,1) shown at the top of the figure. Since

each has S = 1, there are two transitions for each

orientation accounting for the 12 line pattern.

An investigation of Fig. 55 indicates that the

intensity of the P-3 resonances for the C2 and FZ

samples are similar. On correcting these intensities for

differences in sample mass, it is found that the P-3

1 ( 1"
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intensities are identical to within i 1%! The concen-

tration of P-3 centers has been estimated from FPR

signal strength to be about 3 to 4 x 101 7cm -3 , i e.,

a concentration similar to the concentration of A-centers

in the CZ sample. Since the EPR and optical absorption

have been done on the same samples, then it is clear

that P-3 centers have not lost vacancies to A-centers

as expected. This is surprising and must, of course,

he checked at lower fluences; however, this experiment

suggests that the P-3 centers are intrinsic to the

fundamental cascade process and do not coagulate from

a general vacancy gas created during irradiation. This

is obviously an important conclusion and could lead to

an understanding of the differences in reactor neutron

spectra as they affect the NTD lifetime problem.

What about other vacancy centers? In this heavily

irradiated pair of samples no P-centers are found in

either the CZ or FZ. Since the concentration of phosphorus

in these samples produced by NTD must be about

2 x 10 1cm-3 and the _ recoil vacancy concentration a

similar number, P-centers can not contribute enou '

vacancies to account for the observed A-center con-

centration.

Perhaps the divacancy concentration contributes to

A-center formation in CZ material. We run intn a

fundamental experimental difficulty here, as shown in

Fig. 4. For these heavy irradiations, the hand edge

I 2
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shift is so large compared to a sample irradiated to

1.51 x 10 18n/cm 2 that no estimate of divacancy con-

centration can be made from room temperature optical

absorption on these thick samples. On cooling to 77*K,

however, the three divacancy bands near 3 vm are seen

for the first time in our samples. It is perhaps

possible to compare the 3 im bands in the CZ and FZ

samples, however, the 3 uim bands are known to be very

Fermi level dependent. 24 It is therefore not clear

that the procedure is useful.

We are now in a position to compare the displace-

ment theory of the first section with our count of

vacancies observed experimentally. We have made a

rough estimate of divacancy concentration in these
2

samples from data obtained by the ORNL group. These

data are shown in Fig. 57 by the open circles while

the cross represents our estimate of 4 x 10 1 7cm - 3 for

the approximate divacancy concentration.

From the irradiation time and using the displacement

rate in Table 3 of 2 x 1014 disp/cm 3/sec, the total

number of displacements is calculated to be ,, 4 x i01 9cm 3

The number of vacancies in each of the observed defects

is listed below.

17 -3 17[V-X] divacancies = 4 x 10 cm = 8 x 10 vacancies/cm'

17 -3 18
[P-3] 4 vacancy = 3 to 4 x 10 cm 1.4 x 10 vacancies/cm

1 1 6 cm 1. 3 171
[P-I] 5 vacancy < 3 x 10cm-x vacancies/cm

l64
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[El vacancy-phosphorus < 2.25 x 101 5cm ". 25 x 105

vacancies/cm3

[A] vacancy-oxygen = 1 x 20 1 cm 3  1 x 10 vacancies/cm3

Total vacancy concentration observed = 2.44 x 1018

vacant ics/cm

Total calculated displacements = 4 x 10
1 9 cm- 3

2.44 x 1018 0.061
Total vacancies/total displacements ___

4 x 10
or 6.1.

We conclude that about 6% of the total displacements

have been observed in these experiments by optical

absorption and EPR. We do not know the number of

displacements which have been lost by annealing at

room temperature, however, 6% remaining is not

unreasonable. It would be of interest to repeat these

same experiments at lower fluences and at higher fluences

to see if effects of overlapping cascades could lead to

a saturation of the defect production rate. We believe

that oui approach is sound and that a pursuit of this

subject can yield fundamental knowledge about the

displacement cascades and recoil events which is not

well understood at this time.

J:. Raman Scatteri in Neutron Irradiated i

In the previous ,bsection, a defect bookkeeping

showed that (nlv about 0'. of tihe total displacements

1 6



are observed as vacancy related point defects. Where

are the rest of the displacements? Raman scattering

has suggested that most of the remaining displacements

are located in highly disordered material which appears

in many ways to be amorphous.

It is well known that irradiating silicon with

neutrons produces damage in the crystal. Theoretical
25

models predict that recoil atoms from gamma ray or

particle emissions either due to the capture of ther-

mal neutrons or due to the elastically and inelastically

scattered fast neutrons produce clusters of :itomic

displacements in a crystal. At a sufficiently high

neutron dose the clusters appear to be amorphous-like

in nature, as evidenced by the appearance of new de-
26

fect induced vibrational modes. The extent of amor-

phization depends, however, on the damage density.

A damage density of 6 x 10 23eV/cm 3 at 8)°K is shown
?-7

to produce an amorphous layer by ion implantation.

We have performed experiments with s-amples irradiated

at 300'K at the University of Missouri Research Reactor

Facility (MURR), to thermal neutron fluences of 3.5 to

7 x l0 19 n/cm2  For silicon the energy available for

atomic displacements is principally due to fast

neutrons, in light water reactors. The fluence of

fast neutrons (energy . 18S eV in our experiments s

therefore 0.' to 1.3 x 10 n/c19 I[rocin the reactor

1(7-



spectrum at MURR we have estimated the mean Si recoil

energy to be 'x 22 keV. For the highest fluence the

concentration of displacements is calculated to be

3.6 x 102 0cm 3 , corresponding to a cascade density

of 2 x 101 8cm 3  Consequently, 0.7% of the crystal

volume is damaged. Stein2 5 has estimated that the

21 3damage density for a 22 keV recoil is -u 10 eV/cm

The ratio of this damage density to that required to

produce totally amorphous material 2 7 is 0.62, which

is in good agreement with the damaged fraction of the

crystal volume we obtain for our reactor spectrum.

We irradiated a number of Si samples to a fluence

19 2of 7 x 10 nth/cm 2. Before and after irradiation,

the resistivity of each sami.,e was measured (Table 11).

We have begun, to our knowledge, the first

studies of defect induced vibrational modes in neutron

irradiated Si using Raman Scattering. We observe

features in the Raman spectra due to first order

processes that arise from the destruction of transla-

tional invariance in the lattice with peaks that

correspond to maxima in the vibrational density of

states (VDOS) averaged over the Brillouin Zone (BZ).

These new peaks are very similar to those seen in the

Raman spectra of amorphous Si2 8 , and we believe that

they arise from amorphous-like zones that are formed

in the crystal due to irradiation. Some of the first
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Table 11. Resistivity of Raman samples before and
after irradiation (P = 7 x 10l1nth/cm2).

Resistivity (n-cm) and type

Sample Before After
Number irradiation irradiation

HD # 1 2 x 10- 2  (p) 3.5 x 10 3

LID # 3 4 x 10 - 3  (p) 6.8 x 103

liD # 4 5 x 10 - 3  (p) 1.1 x 104

LID # 6 4 x 10 - 3  (n) 1 x 103

ID Y 7 2 x 10-3 (n) 2.0

lD 8 9 x 10 - 3  (n) 2.9 x 10 4

LID # 9 1 x lo- 3  (p) 8.6 x 10-

CZ # 2.lc 3.4 x 102 (n) 1.6 x 106

FZ # 2.1 2.5 x 102 (n) 1.9 x 10

order processes that we observe have been observed

before in infrared absorption spectra. However,

Raman spectroscopy offers the advantage of observing

both crystalline and amorphous-like features in the

same spectrum, while only the amorphous-like features

are observable in the IR due to the selection rules,

The Raman scattering spectra were obtained at

0 
+

300°K using the 6471 A radiation from a Kr laser,

a double monochromator with holographic gratings, and

a cooled photomultiplier with photon counting clectronics.

Figtire 58 shows the Raman spectrum of Czochralski Si
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(34(0 2-cm before irradiation, sample # C7 2. Ic)

before and after irradiation to a fluence of

7 x 10 ln/cm 2.  Before irradiation, the Raman spec-

trum of Si is dominated by the only allowed first

order process, the zone center optic phonon at a

frequency of 520 cm - 1
. Other weaker modes are over-

tone processes such as the second order transverse

acoustic mode, 2TA(X) at 300 cm -1  Upon irradiation,

two new peaks appear, at ', 95 and 100 cPa ;I , s e r in -

posed on an enhanced background scattering below the

frequency of the optic phonon. The new features

appear in a rl scattering geometry and are first

order in nature. They are rbservable both in the

float zone (2501 -cm, s apnlIe , 1Fz 2.1) and boron

doped (6 x 10 s- I x 1020 holes/cnra s amples # fli) 1,

3, 4 and 9) silicon. The intensity of the peaks

scales with the neutron dose, as we find from a com-

parison of Raman spectra taken for samle if C- 2.1c

and sample C- li 1, which Iras irradi ,ted to1 a (Iuhecc

of 3.6 x I1 nth/c I . In the insert of Fig. 38 we

show schematically the origin of these new peaks.

In fully crystalline Si , which has two atoms per

unit cell, the BZ would have acoustic (LA and 'IA) and

optic (1,0 and TO) branches as ill palnel (a), F ig. .
- I

Ihe optic mode (7)20 cm in . i at the zone center

wo Id he t he on y I I owed fir s t o rdc r process (c- =



which is Raman active. If, for instance, a defect

was introduced on the average in every alternate cell

so that the new unit cell is double the original, the

new BZ is halved, and is equivalent to folding the

BZ of (a) back into the zone center once (panel (b),

Fig. 58). New Raman active modes now appear at the

zone center. By extending this argument, in fully

amorphous Si, where translational invariance is com-

pletely lost, the entire BZ is folded into the zone

center. The narrow zone center optic phonon modc at

520 cm - disappears, and the spectrum obtained con-

sists of broad peaks representative of the vibra-

tional density of states averaged over the entire BK.

This, schematically, is what is observed in amorphous

Si. In our samples we see both crystalline and amor-

phous-like features, which we believe is due to the

fact that we have amorphous-like zones in a mostly

crystalline matrix.

The comparison between the spectra obtained in

our samples and in amorphous Si is shown in Fig. 59.

We plot the reduced Raman spectrum of amorphous and

neutron irradiated Si (crystalline spectrum subtracted).
29

As defined by Shuker and Gamon , the reduced Paman

intensity I M

H h, /k T )
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deconvolutes from the measured Raman intensity I

the contributions arising from the harmonic oscilla-

tor part, Bose Einstein distributions and dependence

on exciting frequency L . The resulting spectrum

IR(w) contains only effects due to matrix elements,

which are slowly varying, and more importantly, the

vibrational density of states (VDOS). The crystalline

VDOS obtained from a shell model fit to neutron scat-

tering data is also shown in Fig. 59 (dashed lines).

We note that the broad peaks in neutron irradiated

Si do indeed correspond in frequency to peaks in the

VDOS. We therefore attribute the low frequency peak

(the 95 cm peak in TM(w) is the 125 cm peak IR(w)

due to the form of the deconvoluting function) as

arising from iveraged transverse acoustic (TA) modes,

the central background from longitudinal acoustic

-l
(LA) modes and the high frequency (490 cm ) peak

from optic modes LO and TO). This assignment is

similar to that made in amorphous Si.2 8

An interesting feature of the amorphous :one for-

mation by neutron irr;idiaited Si is tha:t the '1ones

are distributed uniformly tlirou,h the bulk of the

sample. Neutrons have a penetration depth of' many

centimeters in Si, and the damage and amorphous 7ones

produced are truly hithin the bulk and not confined

to surface layers of the order of a micr()in in tli,I,-



ness as in the case of ion implanted Si. At a suffi-

ciently high neutron dose, therefore, it should be

possible to irradiate Si into an amorphous state and

make bulk amorphous Si.

Much of the damage produced by irradiation can

be annealed. We have studied the Paman spectrum as

a function of isochronal annealing for one samnl.

Our results are shown in ri(,. 60, for snanil c

CZ 2.1c. The anneals were performed in a furnace

for 15 minutes at each temperature in an ;itnosphcre

of flowing nitrogen Las. The structures induced by

irradiation decrease in intensity (Fig. 01) with in-

creasing anneal temnerature and anneal out completely

at 600°C, when the Raman spectrum is identical to

that of non-irradiated Si, While most of the annealing

activity takes place around 250 0 C, the peaks linger

on and disappear into the noise only around 550 to

600'C. This kind of annealing behavior is typical

of anorphous Si made by other tec hnia(UCs.

In addition to a decrease in intensityv, the low

frequency peak shifts to higher energies as we anneal

the sample (Fig. 62). The peak, which is at 125 cm-1

in the reduced Raman spectrum prior to anneal (i.e.,

30°C anneal) shifts up to 150 cm- 1 before it disappears.

We attribute this to the fact that as we approach

crystallinity, contributions at the zone center arise
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mainly from the edges of the B:, corresponding to a

few folds in the BZ, which would tend to shift the

peak to higher frequencies. In other words, the

peak is similar to the overtone 2TA structures in

crystalline Si (c-Si) but is at half the frequency,

being a folded back single phonon mode. The main

contribution to the 2TA structures in crystalline

Si arises from the 2TA(X) mode at 300 cm 1 . The

single phonon mode due to a folded TA(X) branch would

yield a frequency of 150 cm- 1 , a number in good agree-

ment with the 150 cm "1 peak we observe after a large

degree of annealing has taken place. The high fre-

-1quency (490 cm ) peak does not shift with anneal tempera-

ture, as far as we can tell within our present si, uiial-to-

noise levels. Since the optic branch has considerably

less dispersion than the acoustic branches, the smaller

number of' BZ folds upon annealing are expected to pro-

duce only slight shifts in the peak frequency. Detecting

these small changes will require a more detailed study.

The Raman spectrum of intrinsic silicon is charac-

terized by an intense zone center optic phonon, at a

frequency of 520 cm , and other weaker two phonon

overtone bands. Donor (or acceptor) levels close to

the conduction (valence) bands are produced by doping

with impurities, Discrete electronic Raman transi-

t ions 3 b3 tween even parity states of the impil'it\'

I -t



levels can be observed at impurity concentrations of

16 18 -3 1
1016 to I01 cm -

. At heavier doping levels (> 1019
-3)

cm ), the discrete impurity states broaden into an

impurity band, the material is rendered degenerate,

and the Fermi level moves into the conduction (or

valance) bands producing a free carrier solid state

plasma. In polar semicondh tors such as GaAs, GaP,

etc., the dominant effect of the free carrier plasma

is the mixing of the plasmon with the longitudinal
33

optic phonon. In a heavily doped, non-polar semi-

conductor such as silicon, the large number of free

carriers participate in low frequency inter- and intra-

band transitions that are Raman active, and can be ob-

served by visible laser Raman spectroscopy.

Interband transitions 3 4 - 3 7 that occur between

neighboring bands (r1 -* 2 conduction bands or the

two uppermost r+ valence bands) form an electronic

continuum that overlaps the frequency of the zone

center optic phonon for carrier concentrations of

1019 cm- 3 and higher. These transitions also have

the same symmetry as that of the optic phonon, con-

sequently a discrete-continuum interaction takes

place, producing a typically asymmetric, broadened

and shifted Fano type lineshape for the optic phonon

described by the expression

I(w) - (q + )2/] + -

1 f



where

= (W-WO - Aw)/r

and

V T

q = e

The frequency shift Aw0 , from the freouency wo in in-

trinsic Si, and broadening represent the real and

imaginary parts, respectively, of the self energy

of the phonon due to a deformation potential inter-

action with the electronic continuum. 3 6 The asymmetry

parameter q reflects the signs and relative strengths

of the optic phonon Tp, electronic continuum Te and

the electron phonon interaction V through the res-P

pective matrix elements. We have measured and calcu-

lated the three Fano parameters 3 6 3 7 for n-Si and

find excellent agreement between theory and experi-

ment. The more complex valence bands involved in
38

p-Si make calculations somewhat difficult.

Intraband Transitions '39-4o ma i fest them-

selves in the form of a low freoucncy tail in the

Raman spectrum, extending from near zero to about

300 cm - 1  in both n- and p-Si. The tail is attri -

buted to intervalley fluctuations arising from the
11 -,12

six ell ipsoidal conduction band valleys in n-si

In p-Si we have found that the complex anisotropic

valence bands 40,12 can be well approximated by eight
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ellipsoid <110> "valleys." Such a model accounts for

the experimentally observed selection rules and other

stress and frequency dependent behavior.

In addition to free carrier effects, localized

vibrational modes associated with light dopant atoms

appear at frequencies higher than that of the host

optic phonon. 4 3 These local modes also interact with

the interband continuum and consequently take on an

asymmetric lineshape similar to that of the optic

ploo .43-47phonon.

These three major features that appear in the

Raman spectra of heavily doped Si are all affected by

irrad iation. The most dramatic change appears in the

optic phonon. The removal of free carriers by radia-

tion induced damage removes the interband electronic

continuum responsible for the Fano type lineshape,

and the optic phonon becomes narrow and symmetric as

in intrinsic Si. The intraband tail is absent (Fii.

63, sample I ID 1 9).

Furthermore, the local modes of boron disappear

in irradiated Si(B) suggesting 48 -4 9 that horon is

removed from its usual substitutional site and is

probably also surrounded by defects that prevent it

from vibrating at its normal local modc freqiacncv.

An investigation of this horon loca I mode inrtenl.itv

decrease and the increase in the amneWrpheWIS P;RammIT

I 1:
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peaks, can possibly yield, for the first time, a

direct measure of the size of the neutron produced

displacement cascades. Thi s in format ion is of con -

siderable interest from the point of iriew of funda-

mental radiation damage theory because direct experi-

mental evidence of cascade size and overlap is, to

date, very meager.

The free carriers removed by irradiation can be

recovered, however, in a controlled fashion by con-

ventional or laser annealing. The concentration of

free carriers after each anneal is determined by elec-

trical measurements. The inter- and intraband transi-

tions, and the interactions with the phonons and local

modes as a function of carrier concentration are

presently being studied.

The resistivity of the irradiated sample C_ 2. Ic

was also studied as a function of anneal, The measure-

ments were done using the four point probe technique.

A plot of resistivity as a function of anneal

temperature is shown in Fig. 64. Upon irradiation,

the resistivity of the sample increased from 310 : -cm

to '\' 100 -cm due to the well known trapping of free

carriers by the defects induced by irradiation. The

resistivity stayed in the 106 Q-cm region for anneal

temperatures S 000 °C, then dropped to 1.5 ,.,-cm after

the 700(0C anneal, where most of" the defects arc e I, eed

1 >R



n-Si, irradi ated -7x10 9 n/cm2

7
10

I ,
6 %

0 *

'106  c

2
5:10 2  irradiation

-I--

tA

Lu

10-

0 400800
ANNEAL T EM PERATURE, 0°C

'igure, (-. P -csj~tiit% Of SlITle ( - ;is a flliction c

o11I : l. I I



to have annealed out. This temnerature agrees well

with the disappearance of the amorphous-like peaks

in the Raman spectrum. Based on the fluence and the

product ion rate Of phosphorus due to transmutation of
30Si, this is close to the expected Final resistivity

of - 0.7 P-cm. Since we used a highly polished and

etched surface (that was made for the Raman Scattering

experiments) for the resistivity measurements, we do

not knot, For sure if the small peaks in the resistivity

(e.g., the peak at 400'C anneal) are related to the

annealing of specific defects.

DLTS in Neutron Irradiated Si

In this final subsection we will :ittempt to answer

the primary question, "flow (to the defects observed in

the previous experiments Ltcildc electrically?" The

DLTS and TCS techniques are ideal extieriments to deter-

mine defect energy levels in the band gap and investi-

gate their annealing. Because of the high sensitivity

of this technique, however, it should be noted that

the very low concentrations of defects in this experi-

ment discourage defect interactions which are expected

at the much higher fluences used in the previous FPR

and optical experiments.

In order to understand the implications of carrier

capture and thermal emission from deep deffect levels

in the depletion region of a reverse hiased diode, it

1 8 €



is first necessary to explain these kinetics in n

normal semiconductor. The advantages of using a

diode depletion layer will then become obvious.

We will begin by describing the carrier kinetics

of trap emptying which lead to the convent ional equa -

tions for junction capacitance, depletion width and

junction current as a function of time. We will then

derive signal processing equations for single and

double gate boxcars and lock-in amplifiers. Finally

we will present our results for a lock- in ampl i fier

detection system on Si diodes which have been neutron

i rrad i ated.

Figure 65 represents schematically the four

possible processes for filling and emptying traps

thermally. Ve w ill nelect opt ical and Auger processes.

The analysis presented is taken from Ref. 50 which

appears to be the Clef in it ive paper on the sub J ect.

Other useful papers are Pefs. 51, 52, 3; and 51.

The rate equatitons for the four processes a, b,

c, (I ill Ii (3 ar :

-dn/dt a b = c n npT - ennT

-dp/dt = c d = C1 ) pn T -epp

dnT/dt = (a b) - (c d) (crnpT - n"I

(cppnT -epP)

n eJ)pJ - (Cpp + enn I

NT P PI l
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The parameters cn , cp are the electron and hole cap-

ture coefficients while en, ep are the thermal emission

rates. The equation for dPT/dt can be obtained from

Eq. (73) and the constraint, Eq. (74). Eliminating PT

in Eq. (73) by using Eq. (74) and realizing that in

the depletion width of a diode, n = p = 0, we obtain

the important equation:

dnT/dt = -(en + eP)nT + epNT (75)

This equ ion and Eq. (74) for PT = NT - nT are the

basis of DLTS as well as TCS theory.

These kinetics equations can be solved once ini-

tial conditions are defined. We have the following

set of initial conditions for various experimental

situations assuming the bias pulse either completely

empties or fills the trap of interest.

I. N-type Depletion Region

A. Majority carrier trap: t = 0, nT(O) = NT

B. Minority carrier trap: t = 0, PT( 0 ) = 0

II. P-type Depletion Region

A. Majority carrier trap: t = 0, PT( 0 ) = NT

B. Minority carrier trap: t = 0, nT(O) = 0

These initial conditions can be considered as

working definitions of majority and minority traps in

n- and p-type material. If the initial conditions are

not entirely satisfied, then the traps are said to be

unsaturated with carriers.
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The solutions to these differential equations are

now straightforward. For case I.-A, we find that

nT(t) = NT + en e(en + e p )t
en + ee e (en + epe -

and using Eq. (74),

NNT en (I -e-(e n  + ep)t) --PT(t) - NT - nT - en + ep e

n p

Exactly the same cquations exist for the other

three cases with a suitable substitution of the appro-

priate carrier concentration and emission rate sub-

scripts. These results are summarized below:

I. N-TYPE - MAJORITY TRAP

Use Eqs. (76) and (77)

II. N-TYPE - MINORITY TRAP

Use Eqs. (76) and (77) with the substitutions

nT(t) - PT(t)

PT(t) n
en  e ep

e e
i.e., nT(t) = P (1 e (en +  ep )t

en + ep

Ill. P-TYPE - MAJORITY TRAP

Same Equations as 1I.

IV. P-TYPE - MINORITY TRAP

Same Equations as I.

Flhuntions (76) and (7) , therefore represent all

possible Situations with ;ilproi'rint ' interret at ion.
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To determine the temperature dependence of the

thermal emission rate, we define the probability that

a trap is occupied, P(ET), using Fermi statistics as

P(ET) = nT/NT = I + g- 1 e (ET - Er)/kT]-1 (78)

In equilibrium, the total emission rate must equal

the total capture rate, therefore

emission rate = enP(ET)

capture rate = c[l - P(ET)]

or

e n P = cn (1 - P).

Substituting Eq. (78) into this last equation we

obtain

= cn g 1 e(ET - EF)/kT"

But defining the capture coefficient in terms of

the capture cross section, Cn = n <Vn> On =

Nc e -(Ec EF)/kT <vn> an; thlerefore (pss=in p=l),

en= Nc 'n <vn> e-(EC ET)/kT ("9)

and by similar arguments

ep = Nv Op <vp> e-(ET - Ev)/kT (80)
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The thermal carrier velocities are given by <vn> 2

= 3kT/me , etc.

We shall now consider, for simplicity, only

majority carriers in n-type material. The equations

can easily be generalized to minority carriers and

to p-type material.

The actual diode bias scheme used in a p+n DLTS

experiment is shown for a diode at the top of Fig. 66.

The diode depletion width is modulated by a rapid

change in the diode bias as shown at the bottom of

this figure while the actual junction capacitance is

shown schematically at the center of Fig. 66.

The diode is originally in a reverse biased con-

dition © so that a depletion region is formed and

the traps have had time to empty. At © , the reverse
bias voltage is collapsed which reduces the depletion

region. Because electrons rapidly rush into the con-

duction band of the depleted region, the traps will

now tend to fill very rapidly because the concentra-

tion, n, of electrons is large in Eq. (71). The

junction capacitance rises very rapidly at ( as a

result of the collapse of the depletion region since

C(t) = PA/W(t). We begin our capacitance transient

at . We have designated this time t = 0. Because

extra charge is left in the depletion region which

neutralizes the charge of the ionized donors, the
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junction capacitance is lower at t = 0 by an amount

AC than the capacitance, Co, before the bias pulse.

We shall show that the amplitude of this capacitance

transient, AC, is proportional to the trap concentra-

tion, N.1  During the rest of the period, P, in reoion

the trap carrier concentration decays toward C0

with a time constant, T, which we will now show to be

the reciprocal of the carrier thermal emission rate.

The time dependence of the junction capacitance

is given by the usual equation for a junction of

area A,

EAC(t) -, (81)

where the depletion width, W(t), is given for a one-

sided abrupt junction as

2 c(VBi + V)
W(t) = q N(t (82)

and where NI(t) is given for majority carrier traps

in n-type by N - nT(t). Thus,

C(t) = A q c (ND - nT(t))
V 2 (vBi + v )

This last equation can be written as

C(t) A ( (N n N
(VBi C ( XD

( nT



wdere C, =A[qE ND/2(VBi + V)] is the junction capa-

citance an infinite time following the bias transient.

This can also be written

AC co C(t) 1nT
T_ - C - - g3

0 0 IN

Using Eq. (70), and assuming that en ell for maiority

traps in n-type, which follows for a level in the

upper half of the band gap from !:(is. (79) 1and (80),

nT1 (t) = N-t / where I/T en

or

,C NT -t/ [

ll i s is the has i c equa t i oi o r lhe 1) LS signal. S ince

AC/C o  " 1 
-  for the Boonton hr idge , a dop in, level

lo -
cI) = o cm I I ViCIld a t ran concent rat ion NT  -=

S CMn lower ing N D  will increase this sensitivitv.

Not ice that this equat ion at t = determines the

trap concent rat ion

() -) -,

In t ead ct me:asur i ng i ta c t i on ca]aC i I;Inc it is

poss i h e to measure i unc t ion cu rrent . hi - t'Ins 1 ('1

current spect roscopy ([CS) is usfcIul for traps ,i th

hi gli Cmi ;s ion rates or fo r con(nt Vat i on pr Ifi I i inv

near the iunct i on.
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The total junction current due to trap emission

is made up of three parts, an electron trap emission

current, a hole trap emission current and a Maxwell
50

Displacement current given by

in(t) = A jq (dn/dt)dx
,W

ip(t) = A j0 q (dp/dt)dx

W

id(t) = A f q (dnT/dt)(X)dx.
J~t I w

The total junction current is, therefore, the sum of

these three terms. Using Eqs. (71) - (74) it can be

shown that

i(t) = i p + id = A (ennT + eppT). (85)

This is the basic equation of TCS theory and is

probably sound, however, some minor approximations

have been included by assuming a one-sided abrupt

junction, neglecting the Debye length, etc.

Again, assuming majority traps in n-type material

and using Eqs. (76) and (77), we find that

A 2enep + en(en - ep) e-t/[

iit) = NT +e ep en + ep

where I/T = en  + ep,

For en >>ep, Eq. (86) obviously reduces to

qWANT -t/rit) T (2ep + ene ), l/t = en. (87)

I 9 n,



This equation contains a steady, time independent

minority leakage current proportional to e and a timeP

dependent majority transient en e  In the analysis
55-56

of most TCS experiments, it is assumed that the

first term can be neglected relative to the second.

This is clearly not true for an infinite time after

the transient since the second term vanishes. Never-

theless, Eq. (87) is usually written
5 5 -5 6

i~)-qWANT 1 -t/T 1
i(t) = ____ C , - en (88)

Note that this TCS signal equation is similar to the

DLTS signal Eq. (84) except for the l/T term. Since

I/T is the thermal emission rate, the TCS signal inten-

sity" is prrportional to this rate. This justifies our

previous statement that TCS can be used to advantage

for those traps with high emission rates.

We shall now do a signal analysis of DLTS and

TCS signals (Eqs. (84) and (88)) us ing hoth boxcar and

lock-in amplifier detection. A signal processing dia-

gram is shown in Fig. 07 for a I)'S lock-in amplifier

experiment. The signal waveforms are shown on this

diagram. If a boxcar amplifier is used, this diagram

is essentially the same, however, the form of the

reference signal, er(t), is diffcrent.

The timing diagram used in the following analysis

and experiments is shown in Fig. 0,8. The reference

1 97



C)
IC)

'C)

w

C)

-I

.1

AT
x

'C)

C)
'C) 4-4

- C-

E

2. .- *
1

.s.

'I.

C)



Bias

Voltage

C7T(t)

es(t)

er(t)

Boxcar

ti t2a . i i
two t=P

t1 +At t2+At

j: i ~ ~ rir 63. i 11 f di ii r im for 1)1 S cmncriment.

Yipure 08



signal for a double boxcar amplifier is shown at the

bottom. A single boxcar reference signal would be

identical except that the second gate-on at t2 would

be missing. Note that either the lock-in or double

boxcar references will remove any D.C. component to the

signal while a single boxcar will not. According to

Eq. (88), TCS experiments could make use of a single

boxcar amplifier provided that the leakage term ep is
54

truly negligible in Eq. (87). If a D.C. component

exists such as Co in a DLTS experiment, then the

slight temperature dependence of this D.C. component

will cause the baseline of the spectra to shift as a

function of temperature. For a diode doped on the low
16 -3,K

side to 10 cm-, carrier freezeout from 300'K to 77°K

causes a 20% change in C0 .

We will begin by analyzing the DLTS signal using

lock-in detection. As shown in Fig. 67, the capaci-

tance meter outputs a voltage proportional to the

diode capacitance. The signal voltage, es = Ae -t/T + B,

where A is an amplitude equal to CONT/ 2ND times the

capacitance to voltage conversion factor of the Boonton

bridge, and B is proportional to the D.C. component

of the signal, Co . From Fig. 67, the demodulator mul-

tiplies this signal times the square wave reference

signal (we are using the lock-in in the broad band

mode) given by

2(1 (



+1, 0 < t <P/2er(t )  1/-1, I'/2 t < P

where P is the period of the reference and also the

time between bias pulses. The output e. is obtained

by taking the average of this product over a complete

period. Therefore,

P
S1 fer(t) es(t) dt

lj P/ ]/ P Ae t / T  + B DP(Ae -  + B)dt J (Ae + B)DT

0 P/2
pr (1 - e- ) . (89)

Notice that the D.C. component, B, is removed from

the first half-period by the negative going second

half-period. From Figs. 67 and 68, however, the A.C.

signal, Aet/t, is smaller in the second half-period

therefore, we obtain a net positive average signil for

the whole period. The double boxcar operates on thlis

same principle.

Since we wish to know the emission rate corres-

ponding to a DLTS peak we note that, since

1 = avNe-AE/kl'
T

then dT/dI (I. Therefore, to produce a maximum in

the output signal for a particular temperature, the

expression yielding this maximum,

d 'o d ,:'s eialdt 0,

is eqluivalent to de 0 /d = 0.

2(11



To find the signal at DLTS max. peak height, we set

d-Fo/d- = 0 and find that

Tmax = 0.398T = 0.398/f (90)

where f is the lock-in reference frequency. Note that

this expression holds for every peak in our spectrum

for a fixed frequency.

Substituting this relation into eo, we obtain

the peak signal height in terms of amplitude A as

eOmax 1.=0.2036 A = e(meter)

Since our lock-in is calibrated in t11S sinewave units,

but measures average values, the factor 1.11 relates

the measured output to the meter reading.

From the above, our amplitude is given by A

4.24 e(meter). From this, AC can be determined as

AC = 4.424 [pE/volt out][mV in/volt out][volts/inch][peak hgt. in
inches]

capacitance lock-in recorder
meter

or

AC = const x peak hgt. in inches.

To make our production rates quantitative, we

must investigate the frequency response of our system.

We have done this for several DLTS peaks found in

neutron irradiated silicon as shown in Fig. 69.

2 (0 2
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When the amplitudes of the peak heights are

normalized to the maximum peak height at mid-frequency

range, the frequency responses of the various trap

levels are quite similar. We have plotted this fre-

quency response in Fig. 69 and find that our peak

heights roll-off at both the high and low ends but

are a maximum between ", 10 Htz to 100 Hz. Both roll-

offs are about 6 db/decade. The low frequency roll-

off is just the lock-in amplifier low frequency res-

ponse while the high frequency roll-off is related

to our gating off the capacitance signal for an

appreciable fraction of a complete period. We can

conclude, therefore, that quantitative measurements

can be made of amplitude, AC, using this frequency

response curve.

The analysis of the DLTS signal is quite similar

for double boxcar detection and has been presented by

56Lang. In this case, the output signal is given by

fAt tAt
C-o-At (Ae - / + B)dt 1 (Ae - / + B)dt

-f A(e - t l / T  
_ e - t2/T) (91)

in the limit that At 4 0. Again, to obtain the

emission rate, we set deo/dT = 0 and obtain5 4

Tma = (tl - t2)/[ln(tl/t 2 )]" (92)

20,1



This expression is analogous to Eq. (90) for the

lock-in. In essence then, in both experiments we

are comparing out exponentially decaying signal,

es(t), to a fixed time gate, either the period P

for a lock-in, or the expression, (t1 - t2 ) x con-

stant, for a double boxcar. Equations (90) and (92)

then tell us the value of our trap emission rate,

T max, at the DLTS peak. For a fixed time gate,

either P or t1 - t2, this emission -ate is known

and is a constant for each peak in the spectrum.

By changing our time gate (in our case the period)

we obtain a new value for Tmax for each peak which

occurs at a shifted temperature from the peak posi-

tion at the previous gate setting. We are, in effect,

obtaining a table of values of Tmax vs. T for each

peak. Each gate setting (period) yields another pair

of coordinates. Since

T _ Nv e-AE/kT (93)
T

a plot of In TT 2 vs. I/T will yield a straight line

slope proportional to AE and an intercept proportional

to o. These two parameters, the depth of the energy

level and the majority carrier capture cross section

characterize our defect.

Typical )DLTS spectra for room temperature irra-

diated Si are shown in Fif,. 70 for a single period 1'.
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A series of such spectra at different periods yields

thc Arrhenius plots shown in Fig. 71 from which AF

and a can be determined.

To obtain quantitativc results, we must obtain

the pre-exponential factor temperature dependence

for Eq. (93). Expressed in expl icit form f-or both

n- and p-types

On (p I Tn~p) 
0 e(h) vn(p) Nc(v~) C '1

wher AE= Eu- E for majority traps in n-type and

AE= - for majority traps in p-type. The)

carrier thermal velocity is given by (cgs Units)

Vnp = 3kT )1 6. 74 1 x 15 (h1 ).1 T

The density of states is given by

3/2
Nc V = 2 [ 27 me (I) kTF

= 4.831 x 10~ is C 312O~ T3/ 2

Combining v ind N and dropping subscripts we obtain

C 1 /7 = OKI'2 e- AE/kT (94)

whereO K =3.2S7 X 10 2 (W * /mo).

i ng 111* 1.0(8 mo and mh 0. 59 mi we Obtain

the constants



21
K n = 3.518 x 10 , n-type

Kp = 1.922 x 10" , p-type

Once AE is determined from the Arrhenius plot,

it is useful to solve Eq. (94) for the capture cross

section which becomes, using the above factors,

o= 2. 842 x 10-2 e A/T/TT

ap = 5.204 x 10-22 eAE/kT/7T2 (cm2)

We now proceed to analyze the output signals for

a TCS experiment using Eq. (88) real i z ing that

es(t) = i (t)R L where P L is our load resistor in i,.

23. We will begin by assuming that D.C. lcakage

in Eq. (89) is negligible. This makes it possible

to do the experiment with a single channel boxcar as
55

was done by Wessel. 5We shall, therefore, begin with

this signal analysis.

A single channel boxcar consists of a gated am-

plifier which turns on at a delay time t 1 after the

b ias pulse trigger and signal averages over a gate

width ,.t after turn-on. It is usually assumed that

the gate width is a small fraction of the total decay

time. For the TCS experiment, the signal esIt) =

ift)Rl, and, Fs i a! K . I I , wc ot:1 .i1

t 4A t
I qW"ANT 1 t

co ----- R e id

t-t



Assuming a negligible gate width (At-O)

ql'IANIRL 1 et /x . (97)' o (tl1, -) -- 2 T

To make a measurement of the emission rate, l/b,

we need an expression which determines the TCS peak

position as a function of temperature, T. Note that

deo deo dT

dT t dT

is the condition for a maximum in Co(T), however, since

T(T) has no maximum, this condition becomes dFo/dT = 0.

Taking this derivative we find that the TCS peak occurs

when T = t1 . We therefore obtain a measurement of

the emission rate en = l/T = l/t1 at the peak tempera-

ture. By generating a set of spectra with different

delay times, the capture cross section and trap depth,

ET, can be determined from a plot of ln(tjT 2 ) vs.

1/T. The above analysis is from Ref. 55.

Several features are clearly not correct. This

result, Tmax = t is based on Eq. (88) which neglects

the leakage current due to ep in Eq. (87) . When we

take this into account, we obtain

qWAN TRL -t /T)

2 (2ep + ene

Now a different result occurs since both ep and ell are

temperature dependent. The leakage current, if signi-

ficant, can therefore shift the peak pos itions.

2 1 0



This can be averted by usino a double boxcar

amplifier which measures at delays tI and t2 and takes

the difference between the two signals, A-B. The

time independent leakage current (a DC level) obviously

vanishes. Therefore the double boxcar analysis yields

qIVANTRL 1 (e-tl/T _ e-t2/T) (98)
0 2 

and the peak position can be obtained by solving the

equation deo/dt = 0 which gives56

T - e(2 - t1 )/i (99)

t2 -

To find the peak, we need to solve the above

equation numerically for T(tl/t2).

Since a lock-in is also a signal averager, it

can also be used for I)LTS and TCS. The lock-in output

when operated broadband is given by

-o = 1T er(t )  es(t )  d t  (100)0 T

where er = +1 0 < t < T/2

1 T/2 < t T

if we set the phase to he zero. Similar expressions

can be derived from narrowband operation by using the

Fourier components.

In a sense, the lock-in is working exact]\ like

a double boxcar with t 1  0, t 2 = T/2 and It =/2.
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The gate wvidth is no longer negligible, however, the

process of taking the difference between the first

and second half periods eliminates the leakage term

due to eP. We can therefore use Eq. (88) for the

analysis. We obtain, from Eqs. (10(0I) and (1)1 1 , azid

the signal 11nction

RLNTqA W I e-t/T
es(t) -eW

the result

RLNTcqAI1 - P/2-r 2

eo 0 -2 ) T 1 - e 1 (10')

where P is the period. Fnr DJ'S we hnd

o [1 - eP/2] 2 (10)

The character of these two equations is quite different.

Note that Eq. (1(02) has no max. as r is varied but Eq.

(103) does. Eqiaation (102) tells us that a TCIS spec-

trum with peaks should not occur' Figure 72, however,

shows this not to be true experimentally. The electron

trap peaks E l , 2 and .. are clearly related to the

DLTS peaks E1 , 1: and F.- obtained prev'ioUsly. There -

fore, something is clearly wrong.

Analysis of the TCS - Lock-in Problem

From the above, something must be wrong with eS(t )

or I(t) or co" Several possibilities exist:

1) Gateoff Problem - The signal is gated off

during the hias pulse for a time , t to prevent

S12
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overload. The output should, therefore, be

calculated as
1 ¢ P

o= ' I eserdt.

At

This same problem exists for DLTS and has been

analyzed. We obtain the same function for eo

as before in the limit At<<P. We have

checked this effect experimentally and have

reduced the bias pulse width until the peaks

no longer shift.

2) Time Dependence of Depletion Width - The

depletion width is clearly a function of time

because this is the only time dependence found

in the DLTS experiment, see Eqs. (82) and (84).

This means that W(t) should remain under the

integral contrary to popular analysis as used

above and in References 55 and 56.

We have obtained the proper current ex-

pression as follows
qANT

i(t) = - -W(t) [2e + en e ]; l/T = en .

But h (t) = -A
M7T

where C(t) = C(-)(l - D)

Therefore, using (83), it can be shown, ne-

glecting leakage, thit

i(t) qAW() [-T e12 NT et/] (104)

1 - 2ND
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where W(-) CA is time independent,

Although the most reasonable solution to

our problem, it should be noted that Eq. (104)

reduces to Eq. (88) where NT<<ND. From DLTS we

know that NT % 1013 to 1014 and ND 1016 from

breakdown measurements.

3) Bias Modulation from Load Re;istor - After

the bias pulse, the depletion width also changes

because the bias voltage, V, is in series with

the load resistor voltage i(t)RL. We can also

calculate this effect in an approximate way

since

t2c[VBi + X - i(t)ILJI '(t) =q[ND - nT(t)]

[i (t) R I,
I~~(w) (1 + 2 g i~~~

(1 n T)

Substituting into i (t) and solving for i (t) we

obtain

qAW-NT e-t/t)

1t (2 - e-t/T)

21 - [ T -t/ 2(V + VBi1
2 1- 2ND e

Tiis last equation incl udes all effects ex-

cept leakage, however, it is completely unmain;iie-
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able mathematically. ft is possible to check this

effect experimentally, however, since varying RL

should produce a peak shift if the effect is im-

portant.

4) Unknown Theory Problems - The three effects

above can all be controlled experimentally by

varying At, NIT and RL to the point that they can

be made negligible. The analysis of these effects

is based on the fundamental current equation

2t= (ennf + ePPT)

qWANT 2enep + en(en - e.) e
( en + e p en + ep

where 1/r = en.

It is perhaps possible that some sign i ficant

error has been made in this theory in Ref. 5O.

In fact, an alternate equation to (105) has bcen

given as

(t) = q(x 2 - X) I ennT + (1 - epp

where x2, x1 is an effective generation re,,ion

smal ler thin 1% and where P is the rat io bcwecnn

the excited charge within x- x1  and tho nina

sured cha rge in the external circuit. 'lhe lc, r 

o- this equation is similar to ty . (i(5) and

although the quantitative menasurement of pc:k

0-1



height might be altered, the time dependence is

expected to be the same.

Although the TCS experiment shown in Fi-. 72 is

not completely understood, one aspect, namely spatial

variation of defect concentration is evident and the

results reasonable. When the bias pulse amplitude is

varied, the width of the modulated depleted zone is

also modulated. In Fig. 72, since the reverse bias is

-10V, those bias pulses which approach Ml\, are za-

pling traps which are physically located near the

junction in addition to those traps at greater distances

from the junction which are observed for smaller bias

voltages. It is clear from fig. 72 that the trap E2

has a high concentration nearer the junction than E1

or E3 . This is evident because of the increase in

amplitude of F2 at high bias pulse voltages relative

to the other peaks.

The same experiment using junction capacitance

does not show this effect! Lang has shown, however,

that the sensitivity of spatial vaiiation is greatest

for TCS near the junction and lowest for DLTS. $8  We

must therefore conclude that the defect responsible

for level E2 has migrated during irradiation or after

toward the junction as a result of the electric field

of the junction. Since the electric field in the n-

type depleted side of the junction is negative, the
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pile-up of E2 at the junction suggests a net positive

charge state for this defect.

For DLTS to be completely useful, the question of

resolution should be investigated. If two energy levels

of similar capture cross section are closely space, a

theoretical model for the DLTS line width is required

to deconvolute these closely spaced peaks. We have,

therefore, attempted to fit the experimental DLTS spec-

trum for neutron irradiated n-type Si (solid line in

Fig. 73) with the theoretical function for lock-in out-

put signal

=3Ail? - Ei/ 2 1i) 2 (16
i=l i

where the subscript indexes the i th pcak of amplitude

A i , and where the ith emission rate is given 1,

1 -E-k
T _- v eNce 1/kT

A program to calculate Eq. (106) as a function

of the Pt thermometer resistance R(T) was used to cal-

culate the theoretical curve indicated hv the dots in

Fig. 73. It is clear that the experimental line widths

are greater in Fig. 73 than the calculated line widths.

The difference between experimental and calculated is

shown in the bottom of Fig. 73 and appears to be a

first derivative of the experimental data.

The above procedure yielded excellent results for

peak height and peak position. A 1', shift of the acti-
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vation energy, El, was quite apparent when comparing

the measured and calculated results. In fact, the

experiment was repeated to obtain T maxT' vs. I/T plots.

The least squares correlation was greatcr than 99..0,

This precision is necessary to obtain the proper peak

positions. The small remaining least squares error is

the result of measuring peak positions on the X-Y re-

corder plots.

We have investigated by computer calculation various

reasons for the experimental line widths. The difference

curve suggests that amplifier band pass might be affecting

the line widths. The experimental band pass is limited

in several respects. We must first consider the band

pass of the amplifiers in the capacitance meter. The

preamplifiers before the lock-in modtulator must also

be considered. Finally after modulation (usually called

demodulation in lock-in terminology) the effects of the

low pass integrating filter must be considered,

The band passes before modulation (product with

reference signal) can be analyzed by the technique of

Laplace transforms. If e(t) = Ae - t /  is the signal

before low or high pass filtering, then the transform

of this signal is given by

Es(s) = Lies(t)} = S es(t)-st dt .

0

where s is a complcx variable and where we have defined

the thermal emission rate l/ = , for convenience.
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The effects of amplifier roll-off can be analyzed

by the Bode plot approximation to the amplifier as

follows. The idea is to find an approximate amplifier

transfer function, T(s), in the complex space which

represents the amplifier response effects to the input

function. If, for example, wL and wll are the low fre-

quency -3db points of the amplifier frequency response,

and if the amplifier has a 6 db/octave roll-off at

both ends of the response and a mid-band gain of G,

then the exact transfer function for the approximate

Bode plot representation of the frequency response is

given by

Gs

T(s) = (s + wL) (S + (108)

which is the convolution of the low frequency transfer

function s/(s + wL) and the high frequency transfer

function 1/(s + wol) . Faster roll-offs (12 db/octave,

18 rib/octave, etc.) can easily be approximated by the

product of more terms of the form 1/(.s + Loll ) or s/(s 4i)

The overall effect of the amplifier response on

the signal function is then given, in the complex

space, by the convolution of the resnonse function

and the transfer function as

Eo (s) - T(s) * Es(s)

Gs
. . .. (1..
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The function Eo(s) is, however, just the Laplace

transform of the amplifier output in the time space.

Therefore the output function for our exponential in-

put is given by

eo(t) = L-1 { o(S)I

The Laplace inverse is easily found for Eq. (109),

since it may be broken down by partial fractions (the

advantage in using approximate Bode plots). The result

is a sum of three exponential functions with time con-

stants T = l/W, TL = 1/wL and T.l1 = 1/Wil.

This method can also be used to analyze the effect

of the high pass or low pass of the amplifier separate-

ly. For example, for the high pass case

GE((s) (s H)(S +)

and

e0 (t) = L-1 Eo S)

- (WH G ) (e ut - e-w lit) (110)

Likewise, for the low pass case we have

e0 (t) ( G ) (wec"t - w,,e-wIlt) 111)

This function is the actual time dependent function

which is multiplied by our square wave in the lock-in

r1



demodulator and then averaged over a period. There-

fore the actual lock-in output is given by

P

"6 J eo(t)er(t)dt
0

if we assume that the final low pass filter of the

lock-in is a perfect integrator. [It is clear from

Eqs. (110) and (111) that the lock-in output, r o ,

contains additional powers of w or i which can perhaps

explain why the TSC experiment discussed previously

actually has peaks.] We have calculated the DILTS

spectrum shown in Fig. 73 using the output functions

given by Eqs. (110) and (111). Neither the low fre-

quency or high frequency roll-off appears to have any

effect on the experimental line widths sufficient to

explain the observed effects.

Although not conclusive, because of the approxi-

mations used, we feel that the effects of band width

should not be investigated further at this point.

It is interesting to note, however, that near the ends

of the frequency response, slight shifts in peak posi-

tion are tc be expected which could alter the activa-

tion energies and cross sections slightly. It is re-

markable to us that this analysis has not been inves-

tigated by others until now. Clearly these methods

can be expanded to boxcar ampl if iers as well.

As a final point, the question of the fin;jl low

pass filter integration must he addrossed. Tf the



integrat ion is not perfect , then thle lock- -inl out put

s ignal could conceptuallIN he represented as; a mixsture

of the integrated output and its deriv~at ive~ (non-jinte-

gratedl output) .I n fa ct , s u ch a gue cs s w ou I d p)e rhap1)S

ex 1) lai n the d i f Fc re n c ec u rvie of Jig j 77 We ha vc not

pursued] this problem from the I apli c tiran sform point

of view, however, we hav'e jove s tiga ted it e xpe r imen tallyv

by) runningo DIJS spectra %Jith di fferent lock -in time

constants . No effect onl line i i d th has been obs erred

in these experiments sulggesting( thit "In anlal\ticall

approach is not Justified.

Finally , we have been l ed by the aiboire investii~a -

t ion to thle folloh~ing quest ion. Canl a DIATS spectrum

lie obtained at constant temperature by varying thle

frequency or gate t imes' Such anl exper iment , whlich

we c all frequency scanned ULTS ( SPLTSl , has several

advantages, from a rad iat ion damage poinot of r e.I f

thle temperature is fixed or v-aried onlly ov~er a smiall

temperat ure range, defects can he prevented from

annealing mak inrg the t ec hn ique ge no ra I I useful for

low temperature experiments. Second(ly', it is con)cep -

tua' I ly ploss ib It, to bu iI dI a) room temperatulre M.1 S appar;) -

tus and (ICIi iIlatec the CC ryogcnI i c S

St imn Iat ed by thle above(', 1%e ha C' calI cii1 at(ed thle

1IlT.S spec t rumP Of :i g . 7' ini the f requenrcy doim inl at

thbree f ixed t empeirat ure s T[he re suIt s a re shIomn ill



Fig. 74. Although the peaks appear in reverse order

in the spectrum, they are easily identified. Unfor-

tunately, the range over which the frequency must he

scanned in order to cover half the band gap of Si is

extremely large (10 - 6 lz to 10 0 liz) and beyond present

day electronic capabilities. It is interesting to

note, however, that the FWIIM line widths on a log-

frequency scale are independent of both temperature

and peak height. This is the ideal situation we have

been looking for in resolving closely' spaced DLTS

peaks. The FSDLTS technique can, therefore, find

application in simple deconvolution of DLTS peaks if

the temperature of the sample is fixed so as to cause

the ILTS peak to occur within the band pass of the

amplifiers used to detect the signals. This technique

might also be useful in analyzing the effects of am-

plifier band pass on idcal signals in that a dev iation

from ideal line shape at the low or high frequenct'

sides of the peak should quickly indicate at what fre-

quencies amplifier hand pass effects become important.

The above analysis, although lengthy, is necessary

in order to put the following observed data :io proper

perspective. We have observed a variety of defect

levels in neutron irradiated silicon as a result of

room temperature irradiation and annealinug to 55O'f"

(seven electron traps in n -type and fifteen hoile traps

in -type).
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Samples, in general, are the coIl ector- to- base

junctions of easily obtained commercial transistors.

This was convenient in a general survey study such us

this because of the large number of sampl es run. VlI

the p'n (n-type) data, a 2N2270 was used while a

2N2904 was used for the n'p (p-type) samples. All

traps listed are majority carrier traps, i.e., elec-

tron traps in n-type and hole traps in p-type. Several

Schottky barrier and diffused junction diodes were

fabricated on phosphorus and boron doped silicon in

order to check that the traps obtained were not im-

purity-dopant related. Agreement was found in

general with the results obtained on transistors.

We have been fortunate in that preliminary reports

of a similar experiment by C. E. Barnes but using a

boxcar amplifier system have been available. Excel-

lent agreement on the room temperature energy levels

is obtained with Barnes data which gave us considerable

confidence in our more extensive results. The only

other neutron irradiation (data at room temperature is

indeed sketchy and is available only in unpublished

form (AFCRI.-TR-76-0021). Our data and those of

Barnes are !generally not in agreement with the dat a

in this technical report. Table 12 lists tihe room

tem~perat ire' preduct ion rates for a Ie't ron irild ha'le

traTps: L' 1 1 , 1 ,5, Il, r12, 1 ,, l which are t')pi C, l\

Ch ;11-0!



Table 12. Production rates, capture cross sections and
energy levels of electron and hole traps in
neutron irradiated Si. Data of C. F. Barnes
is taken from Ref. 59.

Trap Energy Level C Production Rate
(eV) (cm2 ) (cm - )

MURR DATA:

E 0.16 6.7 x 1015 3.2

E? 0.24 4.6 x 101 'i, 0.3

E. 0.42 2.2 x 10 5 3.1

IL, 0.19 5. x 10- 0

11- 0.37 2.9 x 1015i 0.3

11 4 0.40 1 .5 x ]1 0. 18

- 16

H,' 0.17 2.1 x 101

11 2' 0.34 1.6 x 10- 1s--

-15

tl ' 0.39 2.7 x 10 0

i4 0.53 6.2 x 10- 1.;

C. F. BARNES:

F 1 ~ 010. 9)

1:, 0.23 -- - 0. 08

i 0.2 20 --

114 0.53 6 -x 0



observed. Several p-type samples had a di ffe rent

hole trap spectrum (11 1', 112', 113' and 11,') however,

modest annealing to higher temperatures made the

spectra of the two types of samples similar. We

therefore believe the effects to be related to impurity

defect interactions.

All samples were irradiated in RSAF 12-16 in

boron walled cans to reduce activation of the Au in

the devices by thermal neutrons. Several samples wcre

irradiated w ith thermal neutrons as well, with little

difference in the spectra observed. Fluences for the

production rate measurements of Table 12 ranged from

about 2 x 1(015 to 2 x 10 10nth/Cm2 for n-type material

and from 2 x 101S to 2 x 10 1- /ti 2 for p-type

material. The fast neutron rluences are estinated to

be about 1/30 of the thermal neutron fluences in RSAI:.

The production rates in Table 11 were hased on this

est i mate . It shoUld be noted tiiat the agreement with

ratios of production rates with the data of Barnes is

good, however, we report a considerabi v lower nbsolte

rate for all levels in p type. Reasons for thes C dif-

ferences are probably related to the nature ,,f ( he

fa;t neut ron component in I hese two re;ct ors.

I sochronal annealin, of the PI.T; spec tra in both

n - ty pC and p- ty\pe ma I er i , aI 1i as beeI comp I eted t I o0 .

Diode failure occurred at (oll(( ' in time .\i , n-t pe



transistor and at 550°C in the 2N2904 p-type transis-

Cor. Figure 75 shows the n-type spectra aftei cach

15 min. anneal (the anneal temperature is near the

spectrum while the DLTS scan temperature is at the

bottom of this figure). A total of seven electron

trap levels were observed. The absolute concentrations

of these levels is shown in Fig. 76 as a function of

anneal temperature. The thermal fluence on this pn

15 2
diode was 1.8 x 10 n/cm The additional phosphorus

produced by this irradiation is below 3 x 101 1cm - or

about an order of magnitude below the lowest defect

concentration observed.

The defect energy levels and capture cross sec-

tions are shown in Table 13 for the p+n junction of

transistor T-IS (2N2270).

Table 13. Energy levels (EC - ET) and carrier
capture cross sections for electron
traps in n-type material.

(E )ET) r,
Level feY) ) (diRl2)

0.16 4.8 x 10- 1
5

2 0. 24 4.6 x 10

0.42 3 . x 10 1S

B4  0.34 2.5 x H)

0.27 -12

V 0. 1.0 x

F, 52 5.8 x 1 0
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It can be observed in Fig. 75 that the peak

position of the r 3 peak shifts slowly to the right

as annealing temperature is increased. Each shift

is accompanied by a drop in defect concentration (Fig.

76). We bave designated the shifted peaks E3(I)

S(II) and E 3 (III). No energy level data was obtained

for 15 C11
for E3 (), however, .3 (I) = 0.42 eV, 2.5 x 10 1 er

which is within experimental error of the values for

.. = 0.42 e\X, 3.7 x 10 15 cm . The shifts in peak

y (ii1) are caused For the most part hy changes in the

value of the carrier capture cross section as shown in

Table 1I.

Table 14. Ion i :a ti on ene r,, i es and capture cross
sect ions for the F>41I1) level.

Anneal ine rgy of Capture
Temperature level Cross Sect ion

( 0 c) (e\) (cm 2 )

300 o.45 7.4 x 10

350 0.45 5.1 x 10 -i

100 0.43 1.8 x 10 I

450 0.47 4.2 x O

The ionization energy for [P3 (Il1) = (0.45 4 0.02)eV

appears to be sli iphtly higlher than that of 13  (11.12

0.02) eV. This suggests that peak lF 3 is composed of at

least two very closely spaced energy levels which

anneal at different temperatures.
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New peaks which are produced by anneal i ng iI

the [4, lS , E6 and levels. The I4 peak has e :

observed by Barnes . q 'his peak grows rapidlI' from

250 to 350°C and then anneals. The F5 peak ap)ea rs

as the E4 peak anneals suggesting a relationship be-

tween these two defects. There is also some sugges

tion from the shape of the peak that E5 might :also

be a double level. At still higher temperatures

(500-550°C) the .6 and F7 levels appear.

Figures 77 and 78 show the l)IIS spectra for i so-

chronally annealed p-type material (transistor r-o,

2N2904). This sample was irradiated to a thermal
Fluence of 1.8 x 1016n/c ,2,giflunceof .8 .Uncm?, a falctor of ten higher

than the f I lence on the n- type samp Ie. Vwo sepairate

reference gate frequencies are shown (10 lIz for Fig.

77 and 500 ltz for Fig. 78). The So0 IIz scan is in-

cluded to show peak 11,S. Taihle 15 lists tHie ener'v

levels and capture cross sections for the p- t.pc

hole traps.

The isochronal .inneal ing of the p-type s-imple i-

shown in Figs. 79 aind So . Th C data has bcen p I:r] t

into two figures for clarity. of the level- .how,

the original levels i, and I- or, ha1. ltac ) h i o hs rved

previously by Barnes 'I"; well as If d nermb l'p> 11-

The anneal ing of this samp!e i s tr-ilv" c'ompl icatc(k

and deserves much ftrther Itudv. 'lIhe hchbe \i,,r W (' 1:
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Table 1S. Energy levels (I T  E. ) and carrier
capture cross sections for hole traps
in p-type material.

Level }ev) (cm/J

111 0.16 6.4 x 10-i

12 0. 18 1.6 x 10

113 0.35 2.8 x 10-15

114 0.39 9.7 x 10- 10

11S 0.61 4.1 x 10-13

Ht6 0.28 0.2 x 10-1i

f17 0.22 1.2 x 10-15

118 0.62 1.2 x 10- 1t

I 9  0. 19 8.8 x lo-14

1110 0. 25 1.0 x l0-1S

Iill 0. 20 3.0 x 10-15

1112 0.37 6.4 x 10-13

1113 0.45 2.4 x 10-17

1114 0.51 7.9 x 10- 12

His 0.19 5.1 x 10-!1

is remarkable. The concentration of this defect drops

an order of magnitude between 300 and 350°C and then

rises again at 450'C, then disappears at 500'C.

This defect could well be associated with the " 00o(C

defect" seen with resistivity measurements. It may

be that we have the same energy level and similar cap-

ture cross sections for different defects.
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Identification of the defect structures associated

with these energy levels is difficult. In Fig. 81 we

show neutron damage EPR annealing data from Pef. 22.

Unfortunately, the times and temperatures in the Purdue

experiment were not constant and we have observed dif-

ferences in the annealing from data shown in Fig. 81.

Guldberg6 1 has recently summarized most of the

annealing facts known about neutron irradiated Si.

Although this paper shows DLTS data for n-type material,

his annealing does not start until 400'C. Very few

correlations exist between our data and his with the

exception of E which Guldberg claims is a surface
61

state. When we compare our annealing data with

Barnes, however, the agreement is good, We believe

this to be due in part to the fact that we and Barnes

have investigated CZ while Guldberg's work is in F2.

Corbett62 has also reviewed known annealing

stages in Si. His review is similar to that of

Guldberg's. 61 Kimerling has reviewed DITS data for

electron irradiation. Some similarities occur between

these data and ours. From all of these sources we

can make some educated guesses as to the nature of

the DLIS defects involved.

Our El level appears to he well establ ished as

the vacancy-o'xygen A-center. S It should he noted,

however, that this level does not anneal as soon as

hIn
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reported in Refs. 59 and 64. There is some confusion

about the 1"5 level at different annealing temperatures,

however, the first annealing stage of F3 ; at l1)O°C is

probably related to the breakup of the E-center va-

cancy phosphorus. From 250-400°(' the level ! 3 (IlI)

appears to be a divacancy level as well as the E2 and

1l, levels. 59,63 All of these anneal in about the same

temperature range.

The growth of E4 could perhaps be related to the

FPR P-] which is a five vacancy cluster which increases

as the divacancy breaks up. The rise in 11- should then

be related to the growth of the EPR signal P-4 which

is known to contain oxygen and is thought to be a tri-

vacancy oxygen center. 6 1 '0 2 The rise in 1:5 in the

same range but to lower maximum concentration is most

likely to be associated with the P-2 center which is

thought to be a divacancy-dioxygen center. 0' 2 The

other DIS lines at high annealing temperatures prohabl\

involve oxygen, however, little more can he said abozut

them. The 1 Aow temperature 1I3  line is similar to tile

P-3 four vacancy center while the behaxvior of 115

appears to be related to the P -6 resonance which is

6h1 ,02
thought to be a di-interstitial.

We have summarized our best giiesses as to the

nati re of tile DII S levels ill 'a le I , .lhs . 11cs5

have been hased ma "lin iy oil t (i'i111c: t 1('Ip t' i I'( !;I

12]



tive concentrations of known defects in neutron irra-

diated Si, and in the case of the A and V-V centers,

on other DLTS papers. It must be realized that the

situation is extremely complicated and requires much

further study.

Table 16. Tentative identification of DLTS levels
with known defect structures in Si.

DLTS Energy
Level (eV) Defect Structure

E.52 Surface ?

E 0. 16 A-Center vacancy -

OX y gen

0 0. 42 E-Center vacancy-
( 150 0 C) phosphorus

F3(III) 0.45

t1  0.21 V-V d ivacancy

112 0.18

4 0.3 P- I f ive - vacancy

113 . 5 P-1 trivacancy-
(300-500)(: oxVgen

5  (. 2 1'-2 di vacancv-
J i oxygeen

if-. I). 35u P- I- - \aca cy \

(? .T. - 300 (:)

I15 (. hI '-6 d - interstit ial

2.1 3



V. PROGRESS AND ACCOMPLISHMENTS

The objective of this research program has been to

extend and advance the technique of nuclear transmutation

doping in silicon and to advance the state of the art in

compensating residual boron in IR extrinsic detector

material. We summarize briefly, here, the main accomplishments

of this program.

0 The theory of the behavior of the room temperature

electrical parameters in NTD silicon vs. fluence has

been completed and accepted for nublication. A

variety of intrinsic parameters have been found which

relate the extrema of these curves to a single fluence

parameter, the critical fluence. The calculation of the

critical fluence parameter has been extended to all

p-type starting material and is now an exact calculation,

not an approximate one.

* A resistivity homogeneity model has been completed

and accepted for publication which provides a calculation

of the behavior of Ap/p vs. NTD phosphorus to boron

ratio. This theory, shows that the resistivity iinhomogeneitv

is no worse and generally better than the starting

material inhomogeneity for phosphorus to boron ratios

greater than two.

* A model has been completed which allows calculation

of the maximum resistivity which can be obtained by NTD

compensation of p-type silicon before inhomogeneity

fluctuations cause mixed typing of the material. This
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model should be useful for a variety of other envisioned

detector devices which depend on high resistivity for

their operation.

0 A new calculation of the damage rate due to fast

neutron displacements has been made which takes into

account the neutron flux spectrum and secondary's ioni-

zation for the first time and is relevant to row-2

of the reactor, the position where EPR and optical

samples have been irradiated. The displacement rate

is found to be 2 x 1014 displacements/cm 3/sec for row-2.

* A method of determining In-concentration from room

temperature resistivity measurements is presented which

should be accurate to better than 10%. This technique

has been verified by neutron activation analysis.

* The radioactive decay of ll4mIn has been investigated.

It is found that the case of heavy In doping and heavy

irradiation as in CZ-Si leads to minor activity problems,

however, the case of lighter In doping and lighter

irradiation as in FZ-Si produces no activity problems.

* The vertical flux profile in RSAF has been determined

and axial uniformity has been shown to be adequate

for ingot doping over restricted lengths. The major

limitation, here, will be axial boron uniformity in

the starting material.

0 Ingot and wafer programs are in progress with all

the major industrial producers of IR detector arrays
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using NTD compensated Si. General experience shows that

phosphorus concentration can be controlled to 13'" using

industrially determined data and annealing. We believe

this to be an extremely significant accomplishment

since it moves NTD compensation out of the research

laboratory environment. Furthermore, minority carrier

lifetimes of 550 vsec have been reported doing NTD

compensation under these circumstances.

The survey of isochronal annealing of resistivity

in NTD silicon has been completed for high, medium,

and low fluences in CZ and FZ. These results have

been published.

Preliminary experiments have been completed which

suggest that oxygen concentration can be determined

from resistivity changes which occur during annealing

in the 450-550°C temperature range in high resistivity

float zone.

* A number of defects introduced by NT]) iirradiation

have been identified by EPE and optical absorption in-

cluding the divacancy, the vacancy-oxygen A center, the

vacancy -phosphorus L-center, the four vacancy chain P-5,

the five vacancy cluster P-1, one of the 110B bands and

the phosphorus concentration related free carrier reso-

nance. Most of these defects have been measured in a

quantitative way to some extent and a count of the number

of vacancies contained in these defects compared to

displacement theory. The results suggest that approxi-

2,10



mately 6) of tile displacements b) fast neutrons remain
stable following room temperature NTi doping. The

surprising result that the concentration of the four

vacancy P-3 center is unaffected by interstitial oxygen

gettering and A-center formation suggests that this

defect is a primary radiation damage product which is

st~ibilized during the displacement cascade and not formed

from a general vacancy gas by coalescence.

Raman scattering has been used to detect highly

disordered regions in heavily neutron irradiated Si.

The neutron damage induced Raman peaks have much in

common with those Raman peaks observed in amorphous

Si and tend to anneal in a manor characteristic of

amorphous Si regrowth. The frequency shifts of these

peaks upon annealing have been interpreted in terms

of Brillouin zone unfoldinq. As an added benefit, it

was discovered that boron local modes could be easily

studied in neutron irradiated Si because the radiation

damage compensated the free carrier interfering effects

normally observed in such material.

* DLTS measurements on neutron irradiated silicon

have yielded a wealth of defect energy levels in the

band gap. Upon anneal ing to 500°C, fifteen hole traps

and seven electron traps have been identified. Although

some similarities to LIPR neutron data and electron

irradi-tion data occur, the situation is extremely

complicated and certainly deserves much further study.

2a7



It is also clear that new diode fabrication techniques

will have to be devised to break the S000 C barrier of

thermally induced device failure. We have devised

several such techniques which should solve this prob-

lem.

We feel that continued progress on the investigation

of specific defect production rates, annealing, and defect

concentration ratios as a function of reactor spectrum will

form the foundation for a better understanding of the NTL)

process. These techniques can perhaps be used to determine

the overlap of defect cascades and may eventually provide

information which will explain the observation that a hard

neutron spectrum produces higher minority carrier lifetimes.
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VI. APPENDIX

During the publication of this report additional infor-

mation about the nature of the displacement cascade has

been discovered which we will outline briefly in this

appendix.

For the experiment discussed in Section IV-E, where

the defect concentrations observed by optical absorption

and EPR are listed on pp. 164-166, it is instructive to

compare these concentrations with the concentration of cas-

cades. For this experiment, the displacement concentration

was 4 x 1019 cm - 3 while the mean number of displacements

per neutron was 181 from Table 3. The mean concentration

of cascades is therefore given by

17 -3
[cascade concentration] = ND/W = 2.2 x 10 cm

Since the mean recoil energy of the secondary making this

cascade is nu 22 keV, then the range of this recoil is on
o

the average about 125 A. Assuming that the radius of this

cascade track is no larger than the range, it is easy to

show that the overlap of cascades is not likely for this

fluence. It should also be noted that the concentration

of cascades is almost identical to the concentration of

P-3 cascade remnants. In other words, there are about one

or two four-vacancy P-3 centers created in each cascade.

To understand this, we must consider the energy loss

of the primary knnck-on (PKA) ion along the displacement

track. As the ion moves along the track displacements are

24 9



made producing simple Frenkel pairs. As the recoil secon-

dary energy is lost by this process, the ion's mean free

path between collisions drops to a value below the separa-

tion distance between atoms along the track. Once this

happens, every atom along the track must be displaced

creating a Brinkman displacement spike. 6 4 An estimate of

the energy below which a spike is created, Es, is given by(

( a)4 NT4/3 E

Es = 16 Ed = 037 eV (1-A}

where Fa 20 eV (7)'7/ = 9448 eV and a = a /Z /3

2.2 x 10 cm where ao = 0.53 A is the Bohr radius. This

energy should be compared with the mean encrgy per dis-

placement = = 122 eV and with the energy required to

make a four-vacancy center which can be obtained roughly

from

r-(P-3) = 2l:dv = (50 eV) - = 200 eV , (2-A)

w ith 7 = 4. Considering the approximat ions of the above

models, and the possibility of some defect recombination,

the agreement between IEqs. (1-A) and (2-A) is reasonable.

We conclude, therefore, that our 22 keV primary ion loses

energy along the track by creating ionization and singlc

displacements at a rate Of about 122 ON per Irenkel paii.

Once the spike energy is reached, a track of displaicc

ments results in the formation of a few P- 3 four- vacanc\

centers. Since the P-6,(IX) interstitial defect complex,

which we have recently observed, occurs in ('qua]2 numbers*



with P-3 regardless of the reactor spectrum, it most 1 ikely
is formed from the atoms ejected From the displacement

spike also. In fact, tile very low concentration of P-S

and P-6 centers observed in hi th Cd-ratio samples irradiated

at Argonne's CP-5 reactor can be accounted for quantittativelv

by the contamination of the thermal flux by a small fast

Inetron component, indicating that a knock-on Si, w!ith an

enerv less than or of the order of a typical gamma recoi 1

knock-on (U --474 eV) , has a negl igible probability for

producing a large cluster center like the P-S. 'his lattice

disorder is not, however, isolated as recogni zable isolated

point defects. Only the fast neutrons accomplisih this by

way of the spike mechanism.

It should also be noted from p. 161 that there are also

about two divacaricies per cascade. It is not known at this

time if the divacancy is also a result of tile displacement

spike, however, the energy required to form the divacancy

is From Foq. (2-A) about 100 eV. The sum of the di vacancy

:1nd four-vacancy energies is an appreciable fraction of the

total spike energy (2 x 20 eV + 2 x 101) el).

'he five-vacancy center, those concentrat ion never

exceeds 10,. of the four-vacancy concentration, does not

appeair to be a cascade rem111nalnt. lhe st itic u ore of this

de fect (I it. 55 is non - )1 anar as oppoZeJ to the di vac Ancy

and four - xacanc\ cen t ers wh i ch appea - as t ac ks i I 1 1(1

direct ioin. Ve bel ieve that th1i: de fect is form II s( rict v

by :iccident t0tenever fou:11r-Vaca tl s' it, \'di 'fll -j( L i"



on adjacent sites by the collapse of a divacancy and four-

vacancy into a five-vacancy and free vacancy. The isolated

free vacancy can then migrate to interstitial sites for

annihilation, leaving a stable five-vacancy center to be

observed. This model is based on the fact that the con-

centration of five-vacancies is low and that linear five-

vacancy tracks have not been observed by EPR.
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