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• In- T i v it \ roc.isurrnicnt s mi- r i 1 .irgc t cmp-.-r.it urc r m i*c i hi t en-pi- n i u i i Up- i-

.Irii. c •>!' the NTIMI!- -sr.itt- concent r;it ion I n U o i n .'••ii K in.I ~ :o K .-• h r i l i--

Hi. 1 r.iii'. i cut s 1 o I I o* i in* .. h. m i^i"* t ii I cnipcr.it ure h.u <* fecit »!«*» i i f.u m J ih* 

•Ii-.- i v -.J -t. -, cpt •• ( I r v r l i *. .it t r l 'nit t-J r.» I In- •' M u nil •, l)Viit»-i, ; i-| •. imp I <- v \ ,11 

lh- • ftmptcx r c i i t N wi th hydr.-geii. <\\ **so 1 ve*l n» t he *.c I . i t t i c t •--- -.ton-.- m 

i I'.ipN. .(ccorJ ill*; t o : V >il • II .* V >ll .. \n ci.er y\y 11 vc I .i *.-,,>-; i .it o l v* 11 h t he 

,11 v.ii'.iiu> •-<.Iihy-iroy.cn complex v*.is not observed. I'IK-NC result*, . in- m good 

.ti-.r cement k i t h t ho ide.i t !ut hydrogen I n gcrnuin i urn I'mms a ' verv i ln p dom-r * 

i i . i . t !u- energy I eve I l i es i n*- id i t lie i .i I enec luiui) . 

http://loc.it
http://voiui-iitr.it
http://cmp-.-r.it
http://cnipcr.it
http://-%3c.Iihy-iroy.cn


IH: : : ' ; 

I I'.t t •• In. T I.Ml 

1 •'.• ;.i|iiinfiT • •! h r >;li pur i t \ s n i i n K r y s t . i l ] m e ^ r c u m u n i> • t h : . . : . s m c n t r j -

i i «ti ••' l ' • t i u .! J I * . K I I U i:r.pur i t i c s as low .<v | 0 * \.a' ' - I t * 1 ' era" * . ' H a l I 

I I i ' . ' • . I I .HI i-n in.J l l i l l i t I ' l ' l i .mil low dec rees o f i - i iapcns. i t i on ha-. ofx-ned 

" . .. i... i i ' i l i t u - . i i . r t i n - - t ud> o f m t i i n s n - p r o p e r t i e s o f t h i s s c a u n » ] i K t o r 

M n . IT' ' I . *i mat i i i .i 1 <tiu s .in det VK l very sna I I ^ i r r u r concen t r a t i o n - i t l s 

I-- if '• *.• -tuJ> ii..i I I . . i i h r i n t i t imiv o f i n l r i n s i i i l l - k i t s , \n c&. inp le i s 

tl 11 i ' . i * w-uk . >:t , I I it, In .1 i n -ii i i - p t n i s in h i jjh • pur i T v i",e u 11 h .i J i s lot. a 

* i ,ni 1 M . ' . , i j i I ' , 1 i ' ra" ' . f lu* pre-.e i i t paper i r m - s t i i j a t i - s a * jM-own- m ' 

I - : - , i . . t i t I T w i t h m u . r p r . T l e * e l -it I • u.ii.s c \ t h . i t . i U ; i v s and. so f a r 

• i . j . i p p c i i • i n h>tl i ">:•- ti - iT- .wi i d i s l o c : i t n u t - f r e e **,e 

• - i n r . i l iH )s i - r \ . i 1 i . i n - . .>n t h e I • i i .HS eV l e v e l 

I M "he ear I y >t .ii'.e- o f h i f.h - put' 11 > lit.- deve loptnent f o r rad l a t i on Je t ee l o r s 

i t -..i i .ni tul t h a t d i s Joi at i on - f r e e tie h . i ' o* is: i i t a b l e f o r d e v i c e f a b r i c a t i o n . 

-M •.. i . i i . i p p m j i o f c h a i v e c r e a t e d by i o n i z i n g r a d i a t i o n o r p a r t i c l e s showed 

: ' i . i t t h e n were at l e a s t one and p o s s r b l v s e v e r a l deep ene rgy l e v e l s p r e s e n t 

i l f .ui . I I .in.l Hal le i * I : » " l ] . H a l l - e f f e c t and conduc t i v i t y measurement s r e v e a l e d 

in i. • ep t i ; j - l e v e l .it I * n. i lS eV w i t h a c o n c e n t r a t i o n ot about 2 x I f " en * 

I I * i - . • i nw i i ' s i n g l e i i y s j . i l s . Kv c o m p a r i n g t h e d i s l o c a t e d and u n d i s l o c a t e d 

<• l i n n - , i i f .i munoi r y s i .i l l ;ne s l i c e cut | "crpend l c u l a r t o t h e g r o w t h a x i s 

• ' r , [ u r . i l l e l t o i lu melt s o l i d i n t e r f a c e ) t h e d e f e c t c e n t e r was found t o 

'•e a •. m i ' ! e tccept i»r . t i I'.ui e ! shows t he h o l e concent r a t i on vs 1 / T Tor two 

in ip l t - . cut f rom .i p a r t i a l l v d i s l o c a t e d s l i c e o f a c r y s t a l . The c h e m i c a l b a c k -

/ IOU I I - . I v uncent ra t ion due t o s h a l l o w a c c e p t o r s and d o n o r s , ^ » - \ . . i "* c o n s t a n t 

t l i i iHi i-Jio' i t t he s l i c e . I n t he d i s- l o c a l i on - f r e e p i e c e one o b s e r v e s a d e f e c t 

.»11 n .in . icci .pt o r l e v i l .it I • O.tts eV de - i on i : : i n g a round o5 K. A n o t h e r m a j o r 

• 1 i t I ' I T I nee bet ween d i •• 1 ocat ion t r e e and d i s l o c a l ed r e g i o n s appea rs upon et c h -

MIJ- i . i t h p i t J e r e n t i . i l e i - h i n t s . l - ' i^ure .' shows t h e (100) s u r f a c e of a p o l i s h -

• te l ie , ! l ie -. I i c e a f t e r i t w o - m i n u t e e t c h i n I I I - : I1N0-:( ' i i ( NO-;) i l0*«( J : I : 1 ) . Hem i -

• phei u i l p i i s appe. i r i n t h e d i s l o c a l i on - f r e e r e g i o n whereas i n t h e d i s l o c a t e d 

• c, t i,-ii nt i l> t It. I M - 1 1 ! iiiiwn tl t • l o c a l ion e t c h - p o t s can he s e e n . I t ha>. been 

• li.i«n i l i a t Hi.- hemi- .p: .er . . . e t c h - p i l s do not r e s u l t f r om d e f e c t s t h a t t j i ve 

i i -.e t •> ' let c i ,ih I e c>nt i*.tst :n t ransm i ss i on e l ec t ron mi c r o s v o p y ( Seeder , l ; o l 1 , 

I tank !•> ' " ' I . 
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Tin* lietmsphert*.al p i t * .in* l i k e l y t o be a s ^ o i i . i t t d k i t h v .u . i nu* • t h i ? 

» e t c g n m n - i n .it t he e i \ s t a l I i : a t i o n t e a p e r a t u r e m*l nhicl . in J i s l i s . t t M t i - t m 

(.1 •..miiot .mnihi LIT e at .my -.inks except for >' ''<• . »\M it n r i • . . •-??=., -^.n.. 

t u u u i t s j r e l i igh l j s iobi le t h i» h i l l forri (much l e s s mobile) . l u . u iiu i' -. and 

l a r g e r vacancy c lus t e r* ' (Seeder and ("hik l!>n.S|. Ibi*- sugges t s s t r n n g l * th.it 

t lit- observed a c c e p t o r c e n t e r is l i nked t o t ' r o : r i i t i i V K a n c y - 1 yn«- J» i 'n t ••. Ma 

J i v i c a t u y p o s s i b l y p l a y i n g an import.int r o l e . 

\ l l r ad i a l i o n - d e t e c t o r - g r a d e t.e i s gtown in .1 pure hydrogen a t o o s p h e r e 

f{ .11 rat. I rom e a r l y e x p e r i m e n t s , c r y s t a l s gro*n in \ , . \ r and He wer-. i va i l 

i l -U . In none of t h e s e e a r l y c r y s t a l s could the l v • iM». e\ leve l be d e t e c t e d 

111 .1 J •. 1 01. at 1011- t r e e ,11'r.i , imr J 1J we find .my Iierai -^ ihcru a ! pi r s ot X lie k in.] 

ob--ei'ied in J i sJ0e.1t ion- ! ree hydrogen-grown tie. The s o l u b i l i t y of a t o n i c tl in 

.«»! ul i.t nea r the me l t i ng point is J * ] n l s c m " ' ; t h e hydrogen d i f j u - i o r ; 

cue f fw lent i s given by 

• - , . , „ - • / H».5S * O.HII c V \ c r a ; 

(I-rank ami Thomas I'.ioit). h i t h c r y s t a l growth r a t e s of I." cm/hr .t l a rge f r ac -

( ton t»f the d i s s o l v e d hydrogen w i It he ' f r o i e n ' i n t o the s i n g l e c r y s i . i U . S m a -

111 the p resen t work t h e a c c e p t o r leve l at U * u.OS eV ami t h e hemisphe r i ca l 

p i t . liave heen observed unly in hydrogen-grown (ie we conclude t h a t they a r e 

l i nked in some way in the p resence of hydrogen. 

the magnitude of |>,t i n d i c a t e s c l e a r l y t ha t in lie hydrogen i s d i s s o l v e d 

i n l e r s t j 1 i a l l y . Because of t h e i r s r r .a l lness , i n t e r s t i t ia 1 ly d i s s o l v e d hydrogen 

atoms a r e expec ted t o c o n s t i t u t e ' v e ry deep d o n o r s ' (with t h e donor leve l l i k e l y 

t o be submerged in the va lence hand fftciss 1956, Kaus IPfiH, Wang and k i t ! el 

I'lV.^J); m the presen t exper imen t s they t u r n out t o he e l e c t r i c a l l y i n a c t i v e 

indeed. 

Vn important p r o p e r t y ot' t he defec t c e n t e r d i s c u s s e d above i s i t s s e n s i ­

t i v i t y 10 anneal iiij'.. One obse rves that i t s concent rat ion i n c r e a s e s with 

niv r« a - i ii.- .unit .11 in/, t e m p e r a t u r e s up to nail K. It i s the main purpose of t h i s 

paper t o present it s u i t s for the s t e a d y - s t a t e c o n c e n t r a t i o n and the t r a n s i e n t s 

a s s o c i a t e d wi th letnperar ure changes ami to propose a model which e x p l a i n s t h e s e 

r e s i i l l . . 
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I K-ji. > imi-iil .11 

' . I I < > | ' t i i t i s ( n l i t f i r p- r l o r t x d u 11 h c r y s t a l * i;ro*Ti fro:a .1 rcclt o t h i g h l y 

pin IT 11 »t i-. MTi.tii nun Id . r,i 11 k.i - c o n t a i n e d in a s*nt lu-T u q u a r t ; i r i i i i h l c 

tit . 1 <ii .1 t\ t{th J I *• -u .1 i p i .-1 , i*l, 1 *, li »».!• RI h e j l <. d . l l u - u r renin J i n p .i** n o s p h c r e 

*».i . p 11 1 id 1 ut:i-J 11 t u -«. d !• ..1 r . t^i I, (1 .1 T TTI r uii l t NV i»t h e r * 1 <«• -»t a l e d . Hie re**: Jit-i t 

h i l ! . . * I'upiii 1t 1 (•-• ... i • . i i . i U . v l w 1: ti p i i u t o T h r r r i . i l l n n i r a t i o n S p t - c T r n M i m / 

i t r , . f l i i i i - r . tT 11 • ' . ) . l b< > w . n t'.Mjmi 1.1 be H. \ ] a m i P 1-11 h c o n c e n t r a -

1 t'tti I 1 m In i l l >|a 11 T - -v riK 11 * * i. - i;rnh!i i n - t . i h I In* com* c u t r.iT i o n 

i> t •»* . p v •- 1 • t ift 1 1 in 1 • ! • , ; • . ! I ' l iuiuti | ' t ( , ' 4 j ' : T . i t imi 1 - kno ' -n t o l i e b e l o w 1 0 " * era" 

I . . . . 1 i - . i • 

r1 *v[.- . impit . ' •- • " * o mr. J c o n v j «>t inij o f o n e J i s l o c a t i o n - t r e e a n d 

•MI, .li 1". «!<.I p i t . t v.. r . l e T • .1 from p a r t i a l l y d i s l o c a t e d C,v c r y s t a l s . 1 h i 

;< 1. i rti-rt a 1 way % ' . i t - n : r.»::. t 1 1.1 v u r \iv r p e n u * o i l a r to t h e c r y - i t a 1 t»ro*t h 

1«. 1 - . n u . i l anin-.i I i:. .: : c hit i . p i e - kc r e explt>i*i-d To c o n t r o l t l i e i n d i f f u s i o n 

•i • -MT I.M 1 it.uit s i n t - 1 h- a::ip!i---. 1 he r e M i l t s o b t a i n e d w i t h P h - h 1 - e t i t c c t t c . 

: . , ••!! > ' i l . ^r a i i o n ,[;.. p lu- jv k«. i . c o m p a r a b l e . The s a m p l e s w e r e a n n e a l e d 

.i : ' i* I- i i v d i L-inp. r it m i i u i i m r . o f t i c i e t i r 1 y lott£ to r e a c h e q u i 1 i b r i u m a n d 

uf- < pii nT I > iooU- ,1 i . . I.I'PIK t i-iipt-r.it u r e w i l l n n a few s e c o n d s . A more r a p i d 

.pi n« li h o u l d r e - . u l t tn t h e . l i - t u t •; ohs i - rv t ' i l by M a l l ( l i ' - ' l . At room t e m p e r a -

in ] - , i in- h o i i- c i n u t - n t r a ! ion doe-, not c h a n g e o v e r many m o n t h s . T h e s a m p l e s 

u. it | m | u n . l f o r N i l ! e t t ' r e t meaMiivmi nt *. by e t c h i n g in i lND-:HF( 1: 1 ) I'^r a b o u t 

••iimil . f o l bn>,.d '•> i t n . i i i ) : u i i h di -.t i 1 l e d , d e - i o n i z e d w a t e r a n d b l o w i n g 

li * v.! ' 11 !mi 1 . . . t i in t : . , i, M. 1 o u r I u u i ou t r e t i c c o n t a c t s h e r e s y m m e t r i c a l l y 

i p p l c . l t • t in - ••auipli 'u i..U- , o i u e n t r it i on u a s . l b t a i n e d f o r b o t h s a m p l e s 

i.» \.i\\ d i r - l ' a t i k i l ' i . » n Ma l l HUM u i v n e n t s from 30(1 K down t o S K. The h e a t 

i n- . i t nil nl J u l not * 1. MI - i t tu- net c o n c e n t r a t i o n o f t h e s h a l l o w l e v e l s by m o r e 

t n in i fi-u ( f e n - m i o f t in- .1. e p accep t , o r c o n c e n t r a t i o n . S i n c e t h e d e e p a c c e p t o r 

. o i u i nt i a t i on u i - . . - handed by more t h a n t wo o r d e r s o f m a g n i t u d e by a n n e a l s 

' " i h . T i i I..ii K atul o K. IM a d o p t e d a s i m p l i f i e d t e c h n i q u e ; i n j m e a s u r e d t h e 

ho t . - , ,MI. etif v.t: t on o f j i e *"* ^ . At l b ) ; T e m p e r a t u r e t h e d e e p a c c e p t o r i s 

M M . -ii i i d aiii! i ' • ,.-u e'H t -..i ion i'• e q u i l t o t h e d i f f e r e n c e o f t h e h o l e c o n -

» e n i T . i i i o n - *it" i he ,'• : - l o e . i t i o n - f r e e and t h e d i s l o c a t e d p i e c e . As l o n g a s o n e 

• i a \ b. low f..'o « :••: lot lo i i j -e r t h a n i few h o u r s , t h e d e e p a c c e p t o r e o n e e n t r a -

i inn :i i. lu••.. ii. .i t ' - t i - r - i b l e in . inne r , a w e l l i l e f i n e t l v . d u e t o r e a c h t e m p e r a t u r e 

n i . b | " l i d . - I l l --I - . a m i i l i - tl i-.t i*V\\ 
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Figure 5 shows an Arrhenius plot o f the s t e a d y - s t a t e concent rat IUII for 

tin; Jeep acceptor . S.i>plcs from d i f f e r e n t c r y s t a l s a l l gave s imi lar r e s u l t s 

with s l i g h t p a r a l l e l s h i f t s . 

If d i s l o c a t i o n - f r e e samples arc heated for very long t ii»es ( • 10* nin) or 

to temperatures above 720 K, the changes in the Jeep acceptor concentrat ion 

become i r r e v e r s i b l e l i . e . the samples do not return to low l e v e l s at lo«. 

temperatures) . This may he understood hy out d i f f u s i o n of hydrogen from th;* 

<'.c sample . Low-temperature H a l l - e f f e c t measurements a l s o revealed the i n t r o ­

duction of copper into the samples. The acceptor l e v e l s of s u b s t i t u t i o n a l cop­

per are far enough separated from the F v • n.OR eV acceptor under invest R a ­

t ion that they do not inf luence our r e s u l t s . 

•I. Time l - f fce ts 

After increases in teciperature the equi l ibrium concentrat ion of the deep 

acceptor i s reached in undetectably (< minutes) short t imes . This behavior 

suggests a d i s s o c i a t i o n process . A completely d i f f e r e n t s i t u a t i o n occurs when 

the temperature i s decreased. The equi l ibr ium coneentrat ion i s reached much 

more s lowly , the time constants being the longer, the lower the annealing tern 

I"' itni' i . . Figure I shows two typ ica l c a s e s . For each measurement p o i n t , 

the samples were cooled rapidly to room temperature. After c l ean ing as 

descr ibed , c o n t a c t s were appl ied and a Hall measurement was made at 77 K. 

After warming up, the contac t s were removed, the samples were cleaned again 

by e tching and then were brought quickly up to the annealing temperatures. 

The ex trapo la t ion uf the hydrogen-di f fus ion c o e f f i c i e n t of Frank and 

Thomas (1'JhO) to 72(1 K g i v e s for the d i f f u s i o n d i s tance during 

t - l h : ( x 2 ) ' = (2l)"t) "' = 2 mm. 



-S- i.B! - \:~i 

i*i \ ,K.H\<v-llydrogen Model 

taking all the experimental observations into account we put forward the 
t i»l I ok i ng model; Hie defect center with an acceptor level at I: + 0.08 eV is 
I di va* .OK y hydrogen complex. The complex reacts with the free hydrogen in 
I he (ii lattice according to: 

recombinat ion 
VJ1 - II s VJI, (2) 

di ssoc iat ion 

Wither the free hydrogen nor the V.ll, complex have energy levels in the for­
bidden band i i .e. they are electrically neutral J. When heating the sample, 
'.OUR of the V,ll, complexes dissociate almost instantaneously into mobile free 
hydrogen and virtually immobile V,11 complexes. The recapture of free hydrogen 
by I he V ,fl complexes at lower temperatures is controlled by the long-distance 
diffusion of hydrogen and/or by the release from traps, and hence much slower. 

Tire formation of both V',11 and V,H, may be considered as the reaction of 
the 'very deep donor' hydrogen with acceptor centers. Recent experiments with 
i'u fMailer, Mubbard and Hansen 1977) have shown that H can indeed form complexes 
with multivalent acceptor^ in germanium. The valence of the complexes is re­
duced by one for each hydrogen atom and the energy levels are shifted towards 
1 he valence band. The copper-hydrogen complex formation is very similar to 
the '.m eract ton between lithium and multivalent acceptors (I.oVccehio li>7J) . 

\mither analogous ca-.e is the formation of V, donor-centers, where the 
donor can be either l\ \s, Sb. Hi (Mashovets and S-mt sev 197S), or LiO (Konopleva 
and Novikov 1974). The acceptor levels of these complexes increase with in­
creasing atomic number from I- , + 0.10 eV (donor = P, L.iO) to H + O.lo eV 
(donor - Hi). The level position L: _ + 0.08 eV associated with the 'very deep 
uouor' II fits very well into this sequence and provides additional support for 
the view that the other partner of the observed complex centre is the divacancy 
V, (and not some larger multiple vacancy). 

Let ir- denote the t ime-dependent concentrations bv C , where i = 1 refer:: 
to V,H, i 2 to Val,, i I' to 'free' hydrogen (atomic hydrogen dissolved in 
I he latticej, i - t to trapped hydrogen. N.. denotes the total hydrogen concen­
tration, \y i the total divacancy concentration (both taken as time-independent) 

file:///mither


and N t IK- concent r.il ion o f hydrogen t -.ins ( t i n p rec i s - nature of uhu t i w* 

m.iy leave un spec i f ted | l i i i ' ra te equat ton-, to r the f.M<t ions t !vsvr i lH, l iU 

iv;ul 

dl.\ 

J t '. < : i S -

d,:,. 
' , C, f , • v , C, - a \ C,. • v C 
i i i : 2 t t t i t 

11| 

Two f u r t he r rate f i l i a t i o n s may he integrated immediately to give 

c : ' \ , " «'i 

, N M - : V ) • i : f - ct. (».) 

( c o n s e r v a t i o n of v a c a n c i e s and of fiydtogon a t o m s ) . In [ >) and (-IJ '.' aitd v , 

deno te the escape f r e q u e n c i e s oi' hydrogen atoms from t r a p s and from V , H ( . 

r e s p e c t i v e l y . The c a p t u r e r a t e s ' . Ii -= 1, t ) a r e given liy 

• • « r : " M • (7) 

where r is the capture radius o f V,ll aid r that of t in- hydrogen t raps . 

Under c o n d i t i o n s of thermal ripii 1 ihrtum (dC./dV = d l ' / d t 5 It) one o h t . u n s 

t\tr t h e etpii 1 ihrhint c o n c e n t r a t i o n 

eq e.( 
S , " <-, 

Vv, 
L l •?W (R) 

whe rt 

<\, 'V 
J N t t 

( H : i ) 
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I I ) I I . i t i nn t s | vi.iv !M t i t t v . l t o t hi- \ r r h c n iu - -r yp r T emper.'il u r c dep.-n.l.-n. e o f 

'* II if \ i , . l . . . : . . • . ! l i r l w r n :.lhl K .md l i ! l i K* i t ind o n l y i f 

(A) 
•A. 

Hid 

C.X.I 

f* MH I "J . I l«l 
\ ' / 

t omn.i i i .i«n h 11 h t h e r \ p e r iment a 1 re>u lT g i ves us w i t h r V 1 0 " ^ c m an J 

.>• IM 1 Y K | > | - l . S e V / k l l * " 1 t h e J i vacancy c o n c e n t r a t i o n \ v - = . V l O ^ c m - ' , 

w h i . h t . .i i v . i s o n a M i - o n l e r o f m a g n i t u d e . I r o m f J a ) one f i n d s N = - ^ y , 

' • I " -i» ' . I h i r . v . i l u i - compare-, w e l l w i t h t l ;e m e l t i n g - p o i n t s o l u b i l i t y oi 

i ivdr i» i : . - i i ,»f • l o ' V m ' ' . 

[ l ie r nut- - v . i r i . i t i on o f .m i n i t i a l c o n c e n t r a t i o n (" (o ) may bo found a n a l y t ­

i c . i l l > i l e i t h e r D in o f t h e two f o l l o w i n g s i m p l i f i c a t i o n s a r e a p p l i c a b l e : 

i i I I K e f f e c t - ; o\ t rap> a r e n e g l i g i b l e ; (-t) may be r e p l a c e d by ^d) w i t h 

C. 0 . 1'he ^ i * l t i t i nn is t hen g i v m by 

C t o l - b l 
t : , t» J b • ;i -If- | : i J , t + A r t R (11) 

Hi. .lev i .it i o n s f rom t lu- A r r h o n i u s law above (>20 K a r e i i r r e v e r s i b l e i n 

I I . i t u i i .mil a s s o c i a t e d w i t h o u t - i l i f f u s i o n o f h y d r o g e n , p r e s u m a b l y accom-

| i .ni t i - . l hy t h e i'. -act i on V ,11 / V',+11 no t t a k e n i n t o ,-iceount i n t h e p r e s e n t 

t h e o r y . The .lev t . i t i ons .it low t e m p e r a t u r e s may be a t t r i b u t e d t o v i o l a -

t tons , . | (').-i| o r (iHO . 

o t l i . r \ r i lien i i r . t y p e a p p r o \ i mat i ons t o (N) w h i c h do no t s a t i s f y (!>a) ami 

(OK) . H I ' u i i . i l ' l e t o . u . i . i i i i ! tor r l i e o r d e r o f m a g n i t u d e J l l ' V n r 3 o f t h e 

l>re . - \ponen! :. i 1 f . u ' l o r in t he A r r h e n i u s dependence o f ( 1 0 ) . 
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wni. / , ,v \ / . .N v 
I / .... - v , \ / ... . \ . , K*)-' v" ,,) 

Ki|iut ton ( l i t describes I ho ^raJual decay of .m i n i t i a l acce|t?oi t on -

cent r a t i on (' (o} a l t e r a rapid ! eir.perat urc vl i .u i^ ' To .1 tower r ewpera • 

t u r e , The \ .11 i J : t y of i l l l may be T est ed by .. omnar i nji t he inca Mjrrment s 

immediately . i l ' t r r r he I eroperalure change wi th the Um-t;-l tmc behavior. 

Hie compa r i --on i ** no! -..it i sfact ory at h i ̂ h annea} i tie. r eroperat ur<.-s, where 

the ' t a i l * extends to longer times than predicted bv i M ) . i t amn^ 

osit much be t te r at low annealing temperatures, par i icu l arT y it" one a l low-

fo r the fact tlt.it Inval id- o f the H our -J i I ' I ' I IMOII ;it lu^h temperatures 

there may be a gradient o f the H coi.cent rat ion from t lie surface to the 

i n t e r i o r , 

1 i ) 'Ihe hydrogen concent rat ion in the l a t t ice i s s t a t ionary ( i . c . Jl ' J4\ -

II. I'hen (1-0 J i;ive us 

' V J V \ , * Y-n ' 4 W , : i 
d-'i 

•V'i * V , 

InsL'i-tion uf I I - ' ! •HHI I"'] in to (S) resu l t s in 11 i f i l i f furvnt i ; i ! I'ljiut ion 

- I - , - t - . . ' ._ . ._ (,:, - C 5 ) (13) 
at 

wi th 

I I 
Y'l 

2 o , ^ . , ' 

The s h o r t - t i m e b e h a v i o r fol lows immediately froio ( 1 3 ) : 

i at '<> _ . i t ' 'o 
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M ' i t 
i , v : l ( o ) 

( C j l c l - Cj ' ' 1) (14 , i ) 

! l 
| <:,«» -< 1 

.eq 
V l 

1 '1 >lt I l • ' T j C j I o l j ' ( U * 0 C ( < 1 ) ) 2 

( 14b I 

\** ir. t h e ea*.v o t ( M l I h e l o n j j - t i m e b e h a v i o r o b e y s an e x p o n e n t i a l law 

l ' j - 1 "j"' 1 * » e x p l - t / i ) l ! . i ) 

I tu- t i m e e o n r - t a i H i .s now j ; i v e n b>' 

..eq 

I 
1 • Y : i 

V l ^ * v 
( 1 5 a ) 

I roin t h e i n t e j j r a l o f I 13) 

V? 
C ( o ) + y C l o l - C 

In — t I n ' 

.o'l 

l ' , l t ) + Y l ^ l O + < ,oq 
( I h ) 

we f i lul 

i«v»>- i : r*i ' i : , (o ) + Y ,-eu 
' V i • « 117) 

! . v a l u a t i o n nt" two a n n e a l i n g c u r v e s (A: e q u i l i b r a t i o n a t 5 7 3 K, a n n e a l ­

i n g .it !'•'* K; H: i-qui I i h r a t i on at r>73 K, a n n e a l i n n ; i t 4 7 ? K ( A i n 

I 1 1 ; . N M i . l . K U s u i , ; | . , | . ( 1 7 ) : .1 |A) - J . K x 1 0 ' ' ' ' e m ' s " ' a n d u . ( H ) = 

x 111" on together with the experimental time constant 
1 determine in i-q. (15a) the hydrogen escape frequencies V (A"1 = 



- 1 0 - l i--i •:''• 

2 x J O ^ s " ' and J ill) = l o ' " s " ' . The o. and u which are ohtaine.1 from t I t 
tin* iong-time behavior can be used in Eq (14a) to dctcrninc the i n i t i a l 
slope of the annealing curves. For annealing curve A we obtain 
dC./dt | = - 8.4 x I O ' C H T ' S - 1 compared Kith 'he cxpt-riaontal value uf 
- t..s x l l l 'Var ' s" ' and for curve II - 6.1 x l o ' c w ' s " ' compared with the 
experiment.! I value of - I.S JI 10"cn" 5 s" 1 . The agrcenciit between long­
time and stiort-time behavior is now sa t i s fac tory . This suggests that 
tire assumption of s t a t iona r i ty of the free hydrogen concent rat ion 
[di;„/dt = l)| was indeed admissnblc. The trapping rate o. comes out 
smaller than expected from an extrapolation of the high-temperature 
values of It . (.Using Kq. (7) and r = Z x l(l"8cm one obtained 
o (A) = 1.5 x 10" I 3 cm 3 s " 1 and or (B) = 9.3 x l O ^ - c m ' s - ' ) . This may 
indicate that in the proceeding treatment the "hydrogen diffusion 
coeff ic ient ' is to be considered as an effective quanti ty. In the 
temperature range of the present experiment hydrogen diffusion may he 
slowed down by a tendency to form hydrogen molecules in the l a t t i c e 
and/or by temporary association of hydrogen with some of the elec­
t r i c a l l y non-active impurities ( e .g . oxygen) that remained in the pre­
sent samples. 

Summa ry 

Our main findings may be summarized as follows: 

:j The single acceptor at P. * 0.08 eV can only and always be found in 
hydrogen-grown dislocation-free high-purity germanium. This strongly 
suggests that this acceptor is related to a complex consisting of 
vacancies (V) and hydrogen (H). The divacancy-hydrogen complex (V?H) 
is the most probable candidate. 

ii) The concentration of the acceptor is sensitive to annealing. A model 
based on the reaction V7H+H i V.H, and on hydrogen trapping and detrap-
ping at larger traps describes both the stationary concentration of the 
acceptor centre as well as the response lo sudden temperature changes. 

iiij The model is supported further by (a) excellent correspondence between 
the energy levels of divacancy-donor complexes and the V ll-centre and 
(b) the recently discovered complexes of hydrogen with multivalent 
acceptors (similar to multivalent acceptor-lithium complex formation). 
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Unle *. on* ni t r.il ion ve r sus r e c i p r o c a l t<iiipcrat u rc 1/T of .1 .h * [<•* .IT . . ! 

and an utid is loca ted (~*c sample cut from t h e same c r y s t a l s l u e . "Flu 

net - iinpur 11 y c o n c e n t r a t i o n of sha l low a c c e p t o r s and donors : •• equal 

for 1KM h samples . The I. * 0 .08 eV a c c e p t o r on ly appears in t Ju- .! i . 

local i o n - f r e e p i e c e ; i t s c o n c e n t r a t i o n depends on the anneal inc. 

t e m p e r a t u r e . 

Photograph of a p a r t i a l l y d i s l o c a t e d *-100- s u r f a c e of a hydrogen-

grown Ce c r y s t a l . The l a r g e e t ch p i t s wi th f o u r - f o l d symmetry in 

the r i gh t h a l f of t h e p i c t u r e a r e due t o d i s l o c a t i o n s . The hemispher­

ical p i t s in t h e l e f t h a l f of t h e p i c t u r e a r e a t t r i b u t e d t o vacancy 

and hydrogen complexes . 

S t e a d y - s t a t e c o n c e n t r a t i o n of t h e I- • 0 .08 eV a c c e p t o r of two d i s ­

l o c a t i o n - f r e e samples . A sample cut from c e n t e r of a c r y s t a l ( c r y s t a l 

0 = 35 mm). 0 sample cut nea r c r y s t a l s u r f a c e . The e r r o r for each 

measurement poin t i s of t h e o r d e r of 5 t o 10 n

o fo r t h e c o n c e n t r a t i o n 

and l e s s than !''• for t h e t e m p e r a t u r e . The dashed l i n e co r r e sponds t o 

1 . 0 1 - ; n l f l e x p [ - l l . 7 1 eV/kT} c m " 3 . 

Concen t r a t i on of I- + 0 .08 cV a c c e p t o r l eve l and of sha l low l e v e l s 

(as measured a t 77 K). 

0 : Sample e q u i l i b r a t e d a t (123 K, quenched t o and annea led at 5-1S K. 

/ j : Sample e q u i l i b r a t e d a t 573 K, quenched t o and annea led at 173 K. 

+ : Shallow n e t - a c c e p t o r c o n c e n t r a t i o n . 
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