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T h e  P A C  p r o b e  l l t l n  w a s  i m p l a n t e d  i n t o  I n t r i n s i c ,  n -  a n d  p - d o p e d  

germanium. After removing the radiation damage by thermal 

annealing the samples were irradiated wlth different ions to study 

defect-acceptor pairs by means of the PAC technique- In a l l  

samples a high electric field gradient could be observed, 

characterized by a quadrupole interaction frequency of VQ2 = 

415 MHz and an axial symmetry ( Vl = 0 ). Some samples show 

another frequency of VQl =52.5 MHz and 71 = O.The results glve 

evidence for an Intrlnslc defect trapped at the lltln probe. 

1. INTRODLICTION 

The t ime d i f ferent ia l  pe r tu rbed  angular  cor re la t ion  technique  ( P A C  ) has very s u cce s s -  
fully proven its applicabil i ty to the s tudy of de fec t s  in me ta l s  /1 / .  In semiconduc to r s ,  in 
spi te  of in tensive  inves t iga t ions  with various me thods ,  even today many fundamenta l  
ques t ions  concerning the p rope r t i e s  and behaviour  of in t r ins ic  and ex t r ins ic  d e f e c t s  remain 
to be answered.  Therefore  it s eems  natural  to  apply the  PAC technique  a lso  to  these  
sys t ems .  

However,  in s emiconduc to r s  the inf luence of residual  impuri t ies  is comparably  s t r o n g  
and can in te r fe re  with the observa t ion  of the  de f ec t  under  study.  Therefore  for  the p r e s en t  
work we chose  germanium,  the s emiconduc to r  which can be obta ined with the h ighes t  
purity. 

2. EXPERIMENTAL DETAILS 

Ge single c rys ta l s  of ul tra  high purity ( < 101~ B /cm 3 ), pol ished mechanical ly to a 
mirror  like sur face ,  were used for the  exper iments .  

The samples  were  prepared by implant ing 111In ions with 160 keV to a dose  of  
1012-1013 ions /cm z. Subsequent ly  the s amples  were annealed in vacuum to remove the 
radiation damage. We used a t w o - s t e p  anneal ing process ,  s t a r t ing  with 450~ for  30 rain 
fo l lowed by 650~ for  30 ra in~2~ .  Afte r  the  anneal ing the samples  were  i r radia ted with 
d i f f e ren t  ions ( C, O, P, Ge, As, Se, Sb, Bi ) or  e l ec t rons .  The irradiat ion energy for  each 
ion was chosen  appropr ia te ly  to obta in  good overlap with the In profi le .  The dose  was 
1012-1013 i o n s / c m  z, The e l ec t ron  irradiat ion was carried out  with 3 MeV e-  and a dose  of  
2.101o e - / c m  ~. The irradiat ion t empe ra tu r e  was 4.2 K. In all o the r  cases  the irradiat ions 
took place at room tempera ture .  

Some exper imen t s  were carried out  in s amples  p redoped  with Sb ( n -Ge  ) respect ively 
In ( p-Ge ) to  a dose  of  5.1013-5.1014 i o n s / c m  z.  Prior to the implan ta t ion  of radioactive 
t t t ln  also here the radiat ion damage was removed using the same anneal ing p rocess  as 
descr ibed  above. Af ter  the In implanta t ion  which was fo l lowed  again by a t w o - s t e p  annealing 
the samples  were irradiated with O to a dose  o f  2.I0 lz i o n s / c m  z. 

The hyperf ine in te rac t ion  of ll lCd was observed  by means of the PAC technique  / 3 / .  
The exci ted level of  lllCd, popula ted  by the e l ec t ron  capture  decay of  the  111In, decays via 
a T-Y cascade to the ground level. One observes  the angular  cor re la t ion  of  the 7 rays 
which is pe r tu rbed  if an electr ical  field grad ien t  ( EFG ) in t e rac t s  with the quadrupole  
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momen t  of the in te rmedia te  level of  the  y - y  cascade.  The EFG ar ises  f rom a pe r tu rba t ion  
of the cubic charge symmet ry  around the In probe.  The inf luence  of  this pe r tu rba t ion  can 
be descr ibed by a per tu rba t ion  funct ion  G(t) 

G(t) = ~. Szn(~ I) * coS(Cn(~l)vQt) �9 exp(-Cn(~l)~Q~t) 
n 

Here V Q =eQVzz/h  is the quadrupole  in terac t ion  f requency wi th  Q the  quadrupole  
momen t  of the in te rmedia te  level and Vzz the maximum c o m p o n e n t  of  the  EFG tensor .  
~l =(Vxx-Vyy)/Vzz shows  the a symmet ry  of  the  EFG. The four ier  coe f f i c i en t s  Szn and the 
frequency fac tors  c n depend on ~l �9 The exponent ia l  f ac to r  desc r ibes  a poss ib le  Lorentzian 
d is t r ibut ion  around a mean value ~'Q. 

3. RESULTS 

For the samples  implanted  
only with doses  of  ~ 1012 I n / c m  2, 
the annealing p rocess  descr ibed  
above led to a comple t e  removal  
of the radiat ion damage,  i.e. the 
PAC spec t ra  show tha t  ~lOOX of  
the probe a toms  occupy s i tes  of  
pe r fec t  cubic charge symmetry .  
With increasing doses  a s l igh t  
d i s t r ibu t ion  of  very weak EFGs at  
the In si te led to a s l ight  decrease  
of the an iso t ropy  with time. This 
e f f ec t  was m o s t  p ronounced  in 
the samples  p redoped  with 
5.1014 I n / c m  2 ( p-Ge ). 

Af te r  the irradiat ion with 
e l ec t rons  and various ions two 
well def ined in terac t ion  f r equen-  
cies were observed,  charac ter ized  
by the hyperf ine pa ramete r s  
VQ1 = 52.5 (10) MHz, TI = 0 and 
VQ2 = 415 (1) MHz, ~ = O. Figure 1 
shows  a typical spec t rum obta ined 
a f te r  irradiation with O. The 
f rac t ions  fi of  probe a toms  
decora ted  with the co r respond ing  
de fec t s  vary for  d i f f e r en t  ir- 
radiat ions,  f2 ( MQ2 ) has values 
in the range be tween  30Y, and 7.5Y, 
whereas  fi ( vQ1 ) reaches  a 
maximum of  IOX and even vanishes  
in some cases .  

Orienta t ion m e a s u r e m e n t s  
yielded a <111> or ien ta t ion  of the 
main EFG c o m p o n e n t  produced 
by bo th  de fec t s .  

The t empera tu re  dependence  
of the EFGs has been inves t iga ted  
in the O irradiated sample.  The 
resu l t  is shown in figure 2. In bo th  
cases  only a s l igh t  decrease  of  the 
in teract ion f requencies  be tween  
13 K and 293 K is observed.  

The behaviour of  the f rac t ion 
f2 was s tudied in the e lec t ron  
irradiated sample  in an isochronal  
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Figure I. PAC spectrum measured after O irradiation 
for 1111n in Ge at room temperature. 
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anneal ing program ( annealing the  s amples  for  10 min at  d i f f e ren t  t e m p e r a t u r e s  ). It was 
found tha t  f 2 has i ts  maximum value immedia te ly  a f t e r  the irradiation.  Annealing up to 
350 K showed  only a s l igh t  decrease  of  f2" 
Annealing at  t e m p e r a t u r e s  above 350 K caused  a quick decrease  of f2 which resu l t ed  in 
the d isappearance  of  uQ2 at  about  430 K. The f rac t ion  fl equally vanished at  this 
t empera ture .  

Another  s ample ,  i rradiated with 3 MeV e lec t rons ,  was t r ans f e r r ed  cold  ( T= 4.2 K ) 
into the measur ing appara tus  and measured  at  4.2 K. The obta ined PAC s p ec t ru m co r r e sponds  
to a wide d i s t r ibu t ion  of  quadrupole  f requenc ies  arising f rom radiat ion damage.  An 
isochronal  annealing program ( measur ing t empe ra tu r e  T = 4.2 K ) carried out  for this 
sample  below room t e m p e r a t u r e  showed tha t  ~Q2 is not  observed  up to 200 K and appears  
only a f t e r  warming up the sample  to room tempera tu re .  

Af te r  O irradiation of the  predoped  samples  the quadrupole  in terac t ion  f requency 
UQ1 appeared as well  as 'JQ2. The i sochronal  anneal ing p rograms  showed  no s ignif icant  
d i f fe rences  to the r e su l t s  in the  intrinsic samples .  

4. DISCUSSION 

The comple te ly  und is tu rbed  spec t ra  and the  full an iso t ropy  observed  a f t e r  annealing 
of the samples  with In concen t r a t ions  below 10 Is l n / c m  3 ( implanta t ion  dose  ~ 10 t2 a t / c m  2 ) 
show tha t  100% of the implanted  probe  a toms  occupy s i tes  of pe r f ec t  cubic charge symmetry .  
Al though in the Ge la t t ice  the subs t i tu t iona l  and the t e t rahedra l  in te rs t i t i a l  s i te  show 
this cubic symmet ry  a compar i son  with Ruther ford  backsca t t e r ing  / channel ing exper imen t s  
/ 4 /  al low to conclude  tha t  all In p robes  occupy the  subs t i tu t iona l  site.  

The damping observed in the s amples  with higher  dopan t  concen t r a t ions  
(~1021 a t / c m  3 ) can be a t t r ibu ted  to the  inf luence  of  o the r  impuri ty a t o m s  on the EFG 
at the subs t i tu t iona l  site.  

As far as the  nature  of  the two de f ec t s  t rapped  at the In p robes  is concerned  we 
can draw the fol lowing conclus ions :  
- The cor respond ing  quadrupole  in terac t ion  ( QI ) f requencies  UQ1 and VQ2 appear  a f t e r  
room t empera tu re  i r radiat ions with e lec t rons ,  Ge and various o the r  impuri t ies  ( C, O, P, 
As, Se, Sb, Bi ). Hence it fo l lows  tha t  the d e f e c t s  are e i ther  intr insic  ( se l f in te r s t i t i a l s ,  
vacancies ) or previously p r e s e n t  in the sample .  Due to the high puri ty of  the material  
only hydrogen incorpora ted  during the p roduc t ion  p roces s  or f rom the  a t m o s p h e r e  is a 
poss ib le  candidate  for  an ext r ins ic  defec t .  
- Afte r  the e lec t ron  irradiat ion at  4.2 K a s t r ong  damping of  the an iso t ropy  is observed  
which is due to the uncor re la ted  damage p roduced  in the vicinity of the In probes .  In an 
i sochronous  annealing program no unique f requency appears  up to 200 K. UQ2 appears  only 
a f t e r  the sample  is warmed up to 293 K. Thus the  co r respond ing  de fec t  becomes  mobile 
be tween  200 K and 293 K, a t empe ra tu r e  region where  vacancy migrat ion is expec ted  / 5 / .  
Se l f in te r s t i t i a l s  are mobile  a t  much lower  t e m p e r a t u r e s  and can be ruled out  by this 
observat ion.  
- In the case of  VQi addit ional  evidence for  the 
intr insic  nature  of  the de fec t  comes  f rom 
neutr ino recoil expe r imen t s  / 6 / .  The neut r ino  
recoil t r ans fe red  to the Cd nucleus  a f t e r  the 
e lec t ron  capture  decay of  ll l ln c rea tes  very 
localized damage around the probe  a toms .  The 
fact  tha t  VQ1 is observed in s amples  kept  at 77 K 
can only be explained by assuming the creat ion 
of an intr insic  de fec t  in the vicinity of the probe  
and not  the t rapping of  a migrat ing impuri ty 
like H. 

In view of these  fac ts  we s u g g e s t  tha t  
the QI f requencies  observed  in the  p r e sen t  ex-  
pe r iments  are m o s t  probably  due to In - #acancy 
complexes .  In the case of VQ2 = 415 MHz a 
vacancy is t rapped  in the nea res t  ne ighbour  
posi t ion ( V - S complex  in figure 3 ). This 
conf igurat ion explains  the  symmet ry  of  the 

V 

Figure 3. St ructure o f  the Ge lat t ice 
V-vacancy, S-subst i tu t iona l  
site, T - te t rahedra l  in te rs t i -  
t ia l  site 
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EFG, the (111) or ien ta t ion  of  i ts  main c o m p o n e n t  and the high value of  Vzz. In this  c o n t e x t  
it is in te res t ing  to note  tha t  in Si a QI f requency of  comparab le  magni tude  has been 
found, which a lso  is a t t r i bu t ed  to a t rapped  monovacancy / 7 / .  

Regarding the second QI f requency VQl = 52.5 MHz it is s t r ik ing tha t  i ts  value is 
quite precisely 1/8 of X/Q2. Due to the  1/r 3 dependence  of the  EFG one would  expec t  such 
a reduct ion  of the QI f requency if the d i s tance  be tween  the In probe  and the d is turb ing  
charge is increased by a fac tor  of two. However,  no regular  la t t ice  si te,  where  a vacancy 
could be t rapped,  ex i s t s  in the Ge la t t ice  a t  the double  nea re s t  ne ighbour  d is tance .  

A poss ib le  conf igura t ion  explaining the  hyperf ine  pa rame te r s  of  th is  complex  would  
be an In probe  on the  t e t r ahedra l  in te rs t i t i a l  s i te  ( T in f igure 3 ) wi th  a vacancy t rapped  
on the  subs t i tu t iona l  pos i t ion  along the  (lll:> d i rec t ion  at  the  double  nea re s t  ne ighbour  
d is tance  ( S - s i te  in figure 3 ). The fact  tha t  ~QI is a l so  observed  in the  neut r ino  recoil  
exper iment  / 6 /  can be explained by assuming  tha t  the  neut r ino  emi t t ing  In probe is 
displaced f rom its subs t i tu t iona l  s i te  to the T s i t e  leaving a vacancy at  i ts  previous site.  
In the p re sen t  expe r imen t s  the  d i sp lacemen t  could  occur  during the pos t i r rad ia t ion  with 
heavy ions. 

However,  in many s y s t e m s  a decora t ion  ( pass iva t ion  ) of a c c e p t o r s  in s e m i c o n d u c t o r s  
by hydrogen has been repor ted  / 8 / .  There fore  f u r t h e r  expe r imen t s  seem to be necessary  
to finally exclude hydrogen as a poss ib le  par tner  in the observed  In - d e f ec t  complexes .  
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