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Perfect crystal s i l i con samples implanted w i c h 60 KeV Bi atoms along the

[ 1 1 0 ] s u r f a c e normal d i rect ion were analyzed w i t h X-ray s t and ing waves. Two

ref lect ion Orders, (220) and (440) were used u i th Synchrotron r a d i a t i o n to

study sys temat ica l ly the impur i t y d i s t r i b u t i o n f u n c t i o n at 5 d i f f e r e n t doses

K 2r a n g i n g from 0.6 to 10 x 10 Bi atoms/cm . The a n a l y s i s reveals the

s u b s t i t u t i o n a l Bi posi t ion connected v i th a la t t ice expansion and the

formation of precipi ta tes at higher Bi doses äs wel l äs es t imates for the Bi

v ib ra t iona l ampl i tude .

to be pub l i shed in : ?•• Phya. B - Condensed Matter 58_, (19J15)
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Aa demonstrated by Golovchenko et a l . / ! / , s t ruc tu ra l in format ion about

i m p u r i t i e s in perfect crystals can be obtained by measuring the f luorescence

y ie ld from foreign atoms wh i l e scanning in angle through a strong Bragg

d i f f r a c t i o n c o n d i t i o n of the host la t t ice . In such a scan, the s tanding X-ray

wave f i e ld , which is generated by the in te r fe rence of the incident and

re f l ec ted beams and which has the spatial p e r i o d i c i t y of the ( h , k , l ) d i f f r a c -

t ion planes, rooves cont inuously by one-half of a d i f f r a c t i o n plane spacing in

the -H direct ion. Correspondingly, the Var i a t ion of the fluorescence yield

f r o m i m p u r i t y atoms depends on the pos i t ion of such atoms relative to the

chosen d i f f r a c t i o n planes. The basic assumption commonly made to analyze the

fluorescence yield spectra / l , 2 / is that the implanted atoms ei ther occupy

single d i s t inc t l a t t i ce sites or that they are d i s t r i b u t e d incoherently w i t h i n

the Substrate l a t t i c e .

H o w e v e r , a more detai led analysis of the d i s t r i b u t i o n funct ion of implanted

i m p u r i t y atoms has to include aspects such äs: impuri ty-vacancy in teract ion,

format ion of impuri ty p rec ip i t a tes , l a t t i ce r e l axa t ion , and la t t i ce d i s to r t i on

around the impur i t y sites /3/. In this context it is impor tan t to realize that

the X-ray s tanding wave analys is us ing the m-th r e f l ec t ion order from a funda-

mental set of d i f f r a c t i o n planes ( h , k , l ) w i l l determine the m-th Fourier

component of the impur i ty d i s t r i b u t i o n f u n c t i o n in the d i rec t ion of H. In the

present paper we have therefore appl ied a (220) X-ray s tanding wave analysis

with f i rs t and second reflection order to the Si(Bi) System at different Bi

dosea wel l above the s o l u b i l i t y l i t n i t . The resul ts are compared wi th a

r ea l i s t ic model of the Bi d i s t r i b u t i o n func t ion t o reach more quant i t a t ive

i n f o r m a t i o n about the B i d i s t r i b u t i o n .

Several groups have performed comprehensive a tudiea of the S i ( B i ) Sys tem

/4-8/, mos t l y using the Ru the r fo rd backsca t t e r inp . - channe l ing technique. Host

of these studies /4-7/ conclude that pari of the B i s m u t h occupy s u b s t i t u t i o n a l
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si tes whi le par t are displacecl s l Igti t ly f reim la11ico posi L i o n s . Howevc-r , l a ter

S tud ies have demonstra ted the ex i sU 'nrc n f a hpam c f f e c t for As /9-l l / , Sb /4 /

and Ei / l l / in Si causing Lhc i m p u r i ty at OTIS to be d i sp l aced f r o m subs t i -

tu t ional positions under the i n f l u e n c e of ehe a n a l y z i n g beam. Ih is e f f e c t has

been shown to be dose dependent , and one g roup /8/ used t h i s I n f o r m a t i o n to

per form a p lanar c h a n n e l i n g s tudy of 8 i in S i in wh ich the e f f e c t of the

analyzing beam was e l imina ted . This raeasurement concluded t hat Bi in Si is

s u b s t i t u t i o n a l , but w i t h a narrow d i s t r i b u t i o n around S i p o s i t i o n s because of

la t t ice strain in the neighbourhood of the Bi atoms.

All of these above mentioned measuresnents have been pe r fo rmed u s i n g dopant

17 -3
concent rat ions exceeding the solid so lub i l i t y l i m i t (S x 10 cm for Bi in

Si / I 2 / ) äs is the case in the present w o r k . Recent channeling measurernent

couple.d wi th ca re fu l thermal t r e a t m e n t of supersa tu ra ted Bi implants have

shown evidence /13/ t h a t the dopant p r e c i p i t a t e s out äs p a r t i a l l y coherent

c rys ta l l i t e s upon anneal ing t o a t empers tu re which i s dose dependen t . These

resul ts are a lso in agreemenL u i t h s t u d i c s of I h e S i ( S b ) Sys t em which shows

similar effects /14/ being most l ike ly rixic to concen t r a t i on enhanced d i f f u -

sion / I 5 / mediated by de fec t s or v a r a n c i c s .

As we wi l l show, the r e s u l t of our present s t u d y w i t h X-ray S t a n d i n g waves

are consistent with such a model in whit-.h p?rt of the Bi a tona fön-; ü r c c i p i t a tes

possibly a s s u m i n g a Bi hexagonal s t r uc tu r e if they are large enough, but at

least aligned to the Si s t ruc ture along the edges. Since th is t e c h n i q u e

measures tht phase of the d i s t r ibu t ion f u n c t i o n r e l a t i v e to the deep l y i n g ,

perfect Si p l a n e s , t h i s model corresponds to one in which par t of the dopant

atoms aro d i s t r i bu t ed symmet r i ca l l y around l a t t i c e s i tes and p a r t ;ire a r r a n g e d

incohercn t ly w i t h respcct to the hos t l a t t i ce .

For the ransuruiKnt of the present set of d a t a on the S i f ß i ) S y s t e m w i t h

r e f l e c t i o n O r d e r s (220) and (440) , we use a photon p o l a r i z a t i o n . d i r e c t i o n

pe rpend icu l a r to the r e f l e c t i o n plane and an imp l a n t a t i o n depth ;ind cormer tcd

s t r a g g l i n g ränge of the iinplanted Bi each be ing small / I 6 / i:ompared to the

e x t i n c t i o n depth of the incident X-rays .

The dynamic :a l theory of x-ray d i f f r a c t i o n / \11 p redic ts t ha t one Bloch-wave

eip, fns t . - i te of the photon is excited ins ide the c rys ta l under the c o n d i t i o n of

Br;igg d i f f r a c t i o n . For a two-beam Bragg-case and an i n c i d e n t p l ane wave E

cxp ( - i ( 2 n K • r - o) t), th is photon w a v e f i e l d consis ts of two pa r t i a l p lane

waves . The I r arapli tudes are summed up to ca l cu l a t e the i n t ens i t y I of the

t o t a l D f i e l d at the posi t ion _r_ äs

2
I ( Ü , r ) = T) cxp(-i(2TTK . r - N; t ) ) + D„ exp(-i(2n (K + H ) ' r - u t ) )| , f l J

' - r. r - n — —H " —r. — — '
„

—H

U
n

l l')
' and = 4 r i Im(K ) ,

wherc Lhe Z - S I X L B Is d i r e c t e d inward p e r p e n d i c u l a r ' o the crystal s u r f a c e ,

uhirh I K assumed to be parallel to the diffract ion planes, oives

1/2
. (2 )

R and v deser ibe t l ie i n t e u s i t y and the phase of the ref lected uave re la t ive to

the ine i deni wave äs a f u n c t i o n of r e f l e c tion angle £ .

The p robab i l i t y for e m i s s i o n of a f luo rescence photcn f rom an a t am at

posi t ion r is proport ional to the w a v e f i e l d i n t e n s i t y T ( - i , r) provided the

photon energy is s u f f i c i e n t to excite a photoelect ron in th is atom. When a

spec i f ic a tont ic species i s described by a n o r m a l i z e d densi ty f u n c t i o n p ( r ) t he

f l u o r e s c e n c e y i e l d w i l l be p ropor t iona l tu J p ( r ) I (ö ,^)d r where the in tegra l
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has tö be evaluated over ehe volume V which c o n t r i b u t e s to the photon y i c l d .

Throughout this paper we shall assumc t ha t p (r) is only d i f f e r e n c froro zero

cver a cry.stal depth region which is dose to the s u r f a c e and smal 1 compared

Cü the e x t i n c t i o n depth which is def ined äs the m i n i m u m of ^ wbon the

d i f f r a c t i o n condi t ion is passed.

Normal ization of the yicl d a t an angle 5 wi thin Ehe ränge of a Rragg

reflect ion to that at a re f l ec t ion angle w i t h ze r o r e f l e c t i v i t y , e l i m i n a t e s

the dependence on geometrical parameters , on cross sec t ions , and on d e t e c t i n n

e f f i c i ency . We t h c r e f o r e de f ine a normal ized a n g u l a r dependent f luorescence

yield Y„ which i s ob t ainecl f rom a stand in g uave measurement w i t h a spatial
H

periodici ty d„ = l / H for a cubic s t r u c t u r e , äs
n

Y„(S, r ) = l + R t , ( 9 ) 4 - 2 { R I I ( 5 ) ) l / 2 N ' J p ( r )co8(v„U)-2i iH' r )d3r
H — n H " — n

(3 )

N gives the total number of f luorescence selected atoms w i th _ o(r^)d r = N,
V

being implanted impurity atonis in our pre.sent study. ii*r_ gives the position in

units of the d i f f r a c t i o n plane spacing .iml i t i s convenient t o introduce a

coordinate Z T T f in the d i r ec. t ion of z ) perpendicu l a r t o the plane by z„ -
H H

(n+z )d where the integer n run.s from sero to i n f i n i t y and z = A d / d . The
K H K H

I n t e g r a t i o n of p(O in a plane paral lel to the d i f f r a c t i o n p lanes de.fines a

7,jjde_pendent dis t r ibut ion funct ion P ( z n j w i t h J P (z )dz„ - l . We f u r t h e r i n t r n -
7H

duce the r e f l e c t i o n order m of the f i r s t non forb idden re f lec t ion H^ in (i) and

(4 )

Por s impl ic i ty we hav<? omi t Lcd the I n d e x H frooi all quan t i t i e s which are

a l r e a d y charac te r i zed by subsc r ip t m. R e p l a c i n a tlie r.oslne in (4) by the surrt

of two exponent ia ls shows tha t the in tc - r f c^rence t e rm is proport ional to the

m-th F o u r i e T t-ornponent

F (P) = 7 P ( z T , ) e x p ( 2 ' i m e u ) d j : I > - f exp(2?i'f )
m J R ' R R c,ci c,m

(5)

of the 7 -p ro jec ted dens i ty P(z ). ^ <--an thus wr i te

(6)

ti
In nur .standing uave analys is the me<nsure<l y ie ld data Y (-D-) are given a least-

squarc fit ia ( f i ) . R (%) is simultaneousl y measured wi th Y (5) and v (&) is
^ TU m m

ca lcu l a t cd f rnm dynamical theory / I 7 / . The r c su l t is expressed by f and "P

which are c a l l e d tlie coherent f ract ion and cohercnt position, respectively,

and which are the ampl i tude and phase of the m-1 h Four icr component of the

z - p r o j e c t e d dens i ly f u n c t i o n of f luorescence selected a toms.
n

A realistic model for PCzJ i" the case of implanted Bi atoms in S i ( l l O ) has

tci express broadening by thermal v ibra t ions , possible latt ice d i s to r t ion in

(.he vic . ini ty of the B i atoms äs wcl I äs roncentcat ion dependeat lat t ice rela-

xa t i on which wi l l change the l a t t i ce cons tan t in the implanted region re la t ive

to thal. nf the bulk planes. These la tc r planes deterraine the per iodic i ty of

the S t a n d i n g wave pa t te rn . Fur thermore , a f rac . t ion A of the Bi can remainr-, r u

r a n d o m l y d l s t r i b u t e d wi th respec t to the wavc f i e l d p e r i o d i c i C y . This i s for

examplc Lhe c,-ise when the sur f ace of the sampl c is cuvered by some disordered

oxide l aye r s whi t :h can also t rap some Bi. To s i m p l i f y the a n a l y s i . s we shall

assume that ( l - A ) a toms are occupying one la t t ice s i te u n l y on the scale of

V

The l o i l o w i n g convolu ted di s t r i hu t ion f u n c t ion ine lüdes these d i f f e r ^ n t

aspects :



P ( z R ) = ( 7 )

where A +A = 1 . Thermal v i b r a t i o n s are represen ted by a normal ized Gauss ian
u s

dis t r ibu t ion wi th

(8)

wi th

(9 )

where ( < U H > ) is the Bi root ntean squarp v ibra t ional ampl i tude in the H^

direction. The distort ion prof i le P can a l s o he approximated by a Gauss ian

wi th a Standard deviat ion u n l and the func . t lun P (z ,z ) which describes the
u r r, o K

e f f ec t of l a t t ice relaxat ion on P ( z ) is de te r tn ined by the concencrat lon
K

p ro f i l e of the implanted atoras which i s also Gaussian like in z -direction

/ I 6 / - A concentra t ion proport ional lattir.e re laxat ion causes a s h i f t of tlie

doped l a t t i c e planes re la t ive to the under ly ing undis turbed crys ta l

d i f f r a c t i o n p lanes . A qnadrat ic exprcssion

P (z .z.,) = 3/4 (z } 3 (z2r r , o R r,o r , o ( 1 0 )

is a reasonable approximatioti for the resulc ing relaxation p r o f i l e - The coor-

dinate 2 0 describes the mean integrated l a t t i c e Expans ion .

By using Che convolüt ion theorem of Four ie r t r . insformat ions we w r i t e f
c ,m

of (6) äs a product of the ampl i tudes of the m ~ t h Four ier components of P ,

P , a n d P :

c ,i7i T ,m D , m r ,
( I I )

These co r r e spond ing aropli tudes can he eva lua ted äs f o l l ows:

( 1 2 )

D,m
which i s well known äs t he Debye-Waller f a c C o r . The produr.t w i t h f n can hc

u r l t t en äs

G,m T D
( 13 )

For ehe Four ie r a m p l i t u d e of P we obtain

f = 3(2 i imz )r , m r, o r , o r , o ) cos (2TTinz

Onlv the Four ie r component of V has a phase $ d i f f e r e n t f r o m zcro sinee
J r r, m

the Gaussian used for P and P is a real and even f u n c t i o n . Therefore $

Al though (he d i s t r i b u t i o n f u n c t i o n (7 ) c i m t a i n s several independent

Parameters wo sha l l show that mul t ip le order x-ray s t a n d i n g w a v e raeasurernents

coupled w i l h systematic dose dependent measurements c.an be used to charac-

te r ize the d i s t r i b u t i o n f u n c t i o n .

The e x p e r i m e n t s were ca r r ied out at the ROEMO ins t rument of the Hamburg

S y n c h r o t r o n R a d i a t i o n Labo ra to ry HASYLAB u s i n g the s torage r ing DORIS äs a

r a d i a t i o n source . The whi te incident Synchrotron X-rad ia t ion beam (SXR) was

monochromet ized by a s l i g h t l y d i spers ive double c r y s t a l moncchro^ator (see

Fig. l ) . The f i r s t crys ta l X I was a Symmetr ie G e ( 2 2 0 ) c rys ta l r e f l e c t i n g in



f irs t o r second order and t In? p] ane wavc generat ing second crystal X2 «äs

l /2
S i l i c o n ( 2 2 0 ) wich an asynimetry f ac to r (b) = 3.6 or Sil ico;:(440 ) w i t h an

asymraet ry f ac tor ( h ) s 2 . 3 f or t he ( 2 2 0 ) and ( 4 4 0 ) measuroment , r c spcc l ivc -

ly. b is de f i n ed äs Ehe rat io s in( .& + ; p ) / s i n ( 3 -^i) , where fi_ is tiie Bragg angle

and (p t he angle between ehe d i f f ra<- 1 inn planes and the sur f ace .

The monochroraa t ic photon beam wich an energy of E = 15.4 keV and 1 5 . 2 keV
"v

and a ve rC ica l a n g u l a r c o l l i n t a t i o n of 3.6 prad and 2.2 u rad for the ( 2 2 0 ) and

(440) case, respect ively, was impinging on ehe implanted Si sample cry.st.al XS

2 2
i l luminat ing an area of '4 mm and 140 mm respec t ive ly . The area was chosrn

by coll imators S2 and S3. The sample was p laoed on a gonioTneter w h i c h was con-

t inuously rocked back and f or th in angl e vr t.hrough the rock ing curve with a

sweep f requency of 0.1 Hz , w h i l e a E i (Li ) . so l id s ta te de tec to r ( S S D ) s imul-

taneous ly c.ol lec. ted app rox ima te ly 0 . 3 s r ad f rom the sca t te red spec t r um,

emi tted by ehe implanted crys ta l . A Na T d e t e c t o r and an ion ch amber I _ were

used t o measurc the crystal r e f l e c t i v i t y . These data frorn I . , I,, , SSD, and NaI

were stored in to a mul ti-channel analyzer opera t ing in a m u l t i- spec t r um- s ca-

ling mode. The SSD was aligned such tha t it de t ec t ed the h o r i z o n t a l l y

scattered pho t eins perpendicul ar to the vert ir.al r e . f l ec t ion plane to reduce the

Compton and TDS spectral c o n t r i b u L i o n , sint-.e SXR i s l i n e a r l y p o l a r i E e d wi t l i

the E^ vec tor po in t ing hor izon ta l ly . This i n s t r u r a e n t is descr ibed in deta i l in

/ I 8 / , /19/ and /20/.

The samples were implanted at toom temperature and 60 keV energy w i th Bi

atom doscs ranging frora 6 x 10 to 1.0 x 10 Bi a toras/cm". Subsequen t ly ,

they were annea led in four stages in a dry N-, atmosphere. F i r s t they were

brought in 30 minutes tn 7 7 5 ° C , a temperature which was rhen h c l d for .30

minutes . The coo l ing process was g radua l ly car r ied out in 60 m i n u t e s down Lt i

500°C and f i n a l l y down to 50°C in 120 minutes .

The rock ing curves and f luorescence y i e l d da t r shnwn in F i a . 2 v/ere

mea.iured a t :> D O R I S i-nergy o f ri. 0 f,i'V and a m e d i u m c l c c t r o n r .ur rent of 25 mA.

A signal from a random pulse j;encrator was used to corrct: t car.h fipectral region for

deadt irne e f f e c t s which were caused by the s l r o n g i y v a r y i n g count r a t e . The

background in the spec t r al region of the B i L l ine s was de termined for such

run by a r e f e r e n c e measurement for which the non- implan ted backside of each

.sample was i ispd. Pb and Pt l ine.s , ai t huugh h c i n g prespnl w i t h a l ow s ignal ,

had t o be tnken in to account e spec i a l ly for the lower Bi dose measuremen t s .

Because of lhc.se n c i g h b u u r ing l i n e s the h a f k g r c m n d b e l o w the Bi l ine s was

a p p r o x i i n a t e d by a q u a d r a t i c p o l y n o m i a l and snb t rac t t ' d f r u m r.he to ta l peak area

to determine the Bi y ie id instead of using a G a u s s i a n peak fi t procedurt ' .

Accord ingly the data shown in Fig. 2 were normal ized to the pulser signal and

to the p r i m a r y monochromat ic SXR in t ens i ty , cor rec ted fo r spurious f luo res -

ccncc l i n c s and were norraal Izecl to the f t uo rescence y i e l d obta ined for zero

2
r c f l e c t i v i t y . A X - f i t of ( ß ) to These d a t a is a lso shown in Fig. 2 and the

Paramete r s r ,. and f ,, are l i s t ed in Table ! for H = ( 2 2 0 ) and ( 4 4 0 ) . The
r, H c , H

, 2
angular scale was de t e rmined by a X - f i t of the r e f l e c t i v i t y curve to the

theoret ical express ion in fe r r ed frorn the dynamical theory of X-ray d i f f r a c t i o n

and r.onvD l u t. cd wi t.h the monnchrcini.itor angu la r emi t t .anre . As can r ead i ly be

seen f „„ and f , , , d e v i a t c f r o m earh oLher f nr ; j l l Bi dos es and increase
c , 2 2 0 c ,440

w i t h decreas ing i m p u r i t y cont.cn L . Al l mea.sured pha.se.'.'i d e v i a t e f rom 7.ero bu t
c,H

äs expected Lh i s is mo.st pronnunced for higher i m p u r i t y ronc.en t r a t i n n s slnce

the i t i tegrated l a t tice expansion increasps aocor t j ing l y . A mean in tegra ted

lat t ice expans inn < A d > was de te rmined i rom a wc igh t ed average of i „»,. and*
^ ) 2 2 0 c ,44Q

and i s a l so l is ted in Tab le l . These measure.d va lues of t he l a 11 ice relaxat ion

were used to deduce paramet e r s t a c c o r d i n g to ( 1 1 ) and ( 1 3 ) by the

r e l a t ion f = f f . Höwevcr , t h i s procedure hardly changes the
r. , rl C , n Ij , rl

ampli tudes .



From ( 1 1 ) and ( 1 2 ) we may determine the Standard deviat ion of the Gauss ian

dis t r ibut ion caused by thermal v ibra t ions and d i s to r t ion äs

ln ( fc,220 / fc,440}
( 1 5 )

The resul ts listed in Table l do not show a pronounced dose dependence. Even

2
ehe highe s t dose val ue only deviates s l ighlly from the dose mean value <o >

which was used to calculate subst i tut ional f rac t ions A „„ and A , , and the

weighted average A , also listed in Table l, by using the re la t ion A = f

-1 2
n., Kc,^). To demonstrate the close connection between lat t ice re laxa t ion and

H H

the total number of Bi atoms on substi tutional si tes, a parameter r = <Äd>

/A / Bi-dose is also included in Table l and remains constant for al l
s

measured Bi concentrations.

This point is fu r the t i l lus t ra ted in Fig. 3. The linear dependence in a

semi-logarithmic plot of the subst i tu t ional Bi amount and la t t ice re l axa t ion

on the to ta l amount of implanted Bi atoms is remarkable.

As shown in Fig. 4 the resu l t s of ehe ptesent X-ray Standing wave a n a l y s i s

caa be d i rec t ly campared with R u t h e r f o r d backscat ter ing studies from Campisano

et al. / 'V- The depemlence nf the subs t i tu t iona l Bi f r ac t ion A on the t o t a l

Bi dose is vcry s i m i l a r for both s tud i e s . The v i s i h l e devia t ions for higher Bi

concentrat ions can be caused by a d i f f e r e n c e in the applied annealing

processes , since the precipi ta t ion is d i f f u s i o n c o n t r o l l e d and there fore

depending on the annealing teaiperature, t ime and cycle s t ruc tu re .

From these results i[ can be conc ludcd that a supcrsaturated solid so lu t ion

of Bi in Si i.i tormed up to a dose of ahour 10 Bi a toms/cm ( F i g . 4), w i t h

an exe lus ive ly ( w i t h i n the p re sen t error bars) s u b s t i t u t i c m a l Bi s i te . The

- 12 -

increase of the randomly d i s t r i b u t e d Bi f r a c t i o n in connection w i t h the l inear

iTicrease of the total s u b s t i t u t i o n a l Bi amount and. o f the integrated la t t ice

re l axa t ion wi th increas ing to ta l i m p u r i t y dose f ind s a proper explanat ion in

the fo rmat ion of precipi ta tes . Since thei r format i tm does not e f f e c t the sili-

licon l a t t i c e re laxat ion in a dis t inguishable way, one can conclude that they

align wel l w i t h the silicon lat t ice . The la t t i ce relaxation which is caused by

the subs t i t u t i ona l f r ac t i on can be calculated to be ( 0 , 0 6 j ^ O . O D Ä / I O sub-

2
st i tut ional Bi atoms/cm .

There is no s igni f icant indication froro our data that anything eise but

thermal v ibra t ions cause the Gaussian-1 ike d i s t r ibu t ion p r o f i l e character ized

2, r rby <(j> u h i c h leads to the d i f fe rences between f ~-„ and f , ,„. We may thus
3 c ,220 c,440 J

c a l c u l a t e the Bi root mean square vibrational ampli tude at 300 K to be

2 l /2
(<u„. , ,>} = (0 .16 + 0.04)Ä which is a reasonable result in comparison to the

220 ~

corresponding bulk values of Si (0 ,08 Ä), when the largec Bi mass is taiien

into account, end Bi ( 0 . 1 ) Ä ) .

Th is p ic tu re is consistent w i th our measurement up to concent ra t ions of 7 x

10 /cm . The higliest dose result at 10 /cm , however, possibly indicates

that a f u r t h e r m o d i f i c a t i o n of the d i s t r ibu t ion functioti is needed at higher do-

2
ses. The 0 value is high in comparison to the lower dose values and the Ad.-n

and ' A ' d , ,„ r e su l t i n f e r r e d fron,* ,., anüö .. . show a remarkab le devia t ion f r o m
440 >220 ^,440

each o t h c r On1 y more sys tematic mea.su reinen t r; a t such high doses can c l a r i f y

this aspect.
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F igure 2 Measured and ca l t - i i l ate j i l r e f L e c t i v i t y and B i f l u n r e s r c n c c y i e l d

curves f o r ( a ) S i ( 2 2 0 ) .-and ( b ) S i ( 4 4 0 ) r e f l e c t i o n s . The y i c l d

eurvcs of e r y s t a l s wi 1h d i i f e r i - T i t . B i impl an ta t ion do.scs were

1 5 2
s h i f t e d for dose;; a n a l l e r 10 " / c m on the f luoresc:Riic:e y ic ld

K l ' . J i l IJ .

Figure 3 Measured mean in t eg raLed S i L a t t i c e expansion and the measured

amount of S u b s t i t u t i o n ^ ] Bi atoms US a f u n c t i o n of to ta l i m p l a n t e d

Bi d o s e .
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t" i gu re 4 Measured subst i tut ion a l I r n c t l o n of Bi atoms äs f u n c t i o n of to ta l

implan ted B i dose.
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