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IMPLANTATION PROBLEMS IN HYPERFINE 
INTERACTION EXPERIMENTS 

S. A. DRENTJE 

Laboratorium voor Algemene Natuurkunde, Groningen, Netherlands 

Rksumk. - Quelques paranietres qui jouent un r61e dans la production d'echantillons propres 
pour les mesures d'interaction hyperfine obtenus par implantation avec un separateur a isotope sont 
passes en revue. Le cas de basse concentration des atonies implantks est examine avec attention. 11 
est dit que l'effet Mossbauer et I'effet Channeling sont des phenomenes qui conviennent tres bien 
pour l'etude des effets des conditions d'implantation sur la localisation de I'atome d'impurete dans 
la matrice. 

Les effets des parametres de skparation sur la qualit6 de l'echantillon sont illustres par le cas 
129mTeE. Les effets de quelques parametres qui determinent les finales des atomes implantes dans le 
procCdC d'implantation sont illustres par le cas 173XeFe. - 

Abstract. - A review is given of some parameters playing a role in the production of clean 
samples for hyperfine interaction measurements obtained by implantation with an isotope separator. 
Attention is paid to the case of low concentration of the implanted atoms. It is argued that the 
Mossbauer effect and channeling effect are phenomena very well suited for studying the effects of 
implantation conditions on the impurity atom location in the host. 

Effects of separator parameters on saniple quality are illustrated by the case '""Tee. Effects of 
some parameters determining end positions of implanted atoms in the implantation process is 
illustrated by the case '33XeFe. - 

1 .  Introduction. - The method of ion implanta- 
tion by isotope separator or  by recoil after nuclear 
reactions or  nuclear decay is of importance both in 
nuclear and in solid-state physics. Its most important 
features are : 

1.1  Ion implantation often makes it possible to 
introduce impurities in regular lattice sites of a host 
in cases where the solubility of the impurity in the 
host is very small or where the cheniical reactivity of 
host and impurity is high. In such cases introduction of 
the impurity atoms by diffusion or  alloying is impos- 
sible. 

1 . 2  Using an isotope separator, the depth distri- 
bution and the dose of the implanted ions can be 
regulated by proper choice of implantation energy 
and total implanted ion charge. 

If the implanted impurities are radioactive, the 
emitted radiation may be used to study their hyper- 
fine interaction. In this cases only very low impurity 
concentrations are needed and desired. One of the 
main parameters in this casc is the precise location 
of the implanted atom in thc host lattice. 

Two methods : the Mossb;iuer el'rect [I], [ 2 ] ,  [3] and 
the atom location in single cr!,stals using Rutherford 
back-scattering of MeV ions (c~lrci~~~rc~l i~rg)  [4], [ 5 ]  l i ; ~ \ ~  

proved to be useful f'or these studies. At the s:irnc time 

both methods offer a possibility to study the implanta- 
tion conditions with which the sources were made. 

In section 2 we shall review very shortly the princi- 
ple of channeling and its application to impurity loca- 
tion. The principle of the Mossbauer effect will not be 
given, its application to atom location is shorlly 
indicated. 

I n  section 3 we shall discuss the method to produce 
radioactive clean sources of low concentration by 
isotope-separator implanlation. In section 4 a qualita- 
tive picture will be given of the process of implantation 
of keV ions, the creation and dying-out of collision 
cascades associated with this process and the final 
location of the i~npurity atoms. Botl: sections 3 and 4 
are written in the light of the Mossbauer and channel- 
ing effect applied to implantation efl'ects. The relevant 
papers are given by reference. 

2. Application of Mossbauer effect and char~neling 
effect to impurity atom location. - 2 .  1 Mosse,\urr< 
EFFECT. - The principle will not be giver7. \ve assume 
it is known by the participants of this c o l l o q ~ ~ e .  

Mossb:~uer spectra give information on 11ype1-fine 
nlagnetic fields, electron density and electric field 
gradients experienced by the radioactive implanteci 
nuclei. These quantities may depencl critically on t11c 
configuration of lattice ;itoms and ~acancies  close to 
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the impurity atom. Analysis of tlie spectra then may 
allow differentiation of various neighbour configura- 
tion. In particular, the magnetic hyperfine field and 
electron density (measured by the Zeeman splitting and 
isomer shift, respectively) and also tlie recoilless frac- 
tion are sensitive to short-range effects, within a few 
lattice spacings from the impurity atoms. 

2.2 CHANNELING EFFECT. - Channeling is the steer- 
ed motion of energetic charged particles along open 
directions in a crystal lattice. When a beam of charg- 
ed particles is hitting a single crystal making a small 
angle I) (of the order of lo) witli a close-packed atomic 
row or plane, a strong reduction of back-scattering 
of the beam particles is observed as compared with 
bombardment in a random direction. Tlie particles 
are steered tlirough tlie crystal by correlated sniall- 
angle collisions with the lattice atoms. According to 
the theoretical treatment by Lindhard [4], the steered 
(or channeled) particles will not penetrate closer to 
the centre of an atomic row than a distance a (the 
Thomas-Fermi screening distance x 0.2 A). Fur- 
thermore, II/ should be smaller than a certain cri- 
tical angle, which for the axial case is given by 

where Z ,  e and Z2  e are the nuclear charges of the 
moving particle and the lattice atoms, respectively, 
E is the energy of the projectile (2 100 keV/nucleon), 
d the lattice spacing along the row under consideration, 
C is an empirical constant, usually close to unity. Tlie 
steering effect causes the reduction of tlie Ruther- 
ford back-scattering. For substitutional impurity atoms 
a similar reduction in back-scattering is expected. 
Interstitial atoms, however, will be tt seen )) by 
the channeling particles in the open channels of 
the crystal. For these atoms no reduction in back- 
scattering of the particles will occur. In favourable 
cases even an enhanced back-scattering is observed, 
caused by the increased flux of tlie channeling particles 
in the centre of the channels (tlief(irs-pealciil,:effect [6]). 
Thus, information on the lattice location of impurity 
atoms can be obtained by comparison of the back- 
scattering of energetic particles from these impu- 
rities for random bombardment directions and open 
directions. 

It should be noted tliat tlie channeling effect gives in 
a certain sense bzrlk information, the conclusions of 
location experiments are of tlie following kind : 
((impurity atoms are located on (ijk) rows )), or (( in 
the centres of (ijk) open channels D. Small disturbances 
of the atomic rows in the close neighbourhood of the 
impurity atoms cannot be observed in the back- 
scattering spectra. 

3. Production of clean sources by isotope-separator 
implantation. - In a n  isotope-separator implanta- 
tion some of tlie parameters determining the quality 

of a radioactive implanted source are tlie penetration 
depth of the implanted radioactive ions, the shape of 
the ion beam, tlie pressure in tlie vacuum system and 
the duration of the implantation. 

3 .1 PENETRATION DEPTH A N D  DEPTH DISTRIBUTION. 

-Many isotope separators operate with implanta- 
tion energies of 50-150 keV, tlien the most probable 
projected range R of tlie implanted atoms for many 
impurity-host combinations is some 100 to 500 A. 
The width W of the depth distribution (FWHM) is 
of the same order of magnitude. Tn case of heavy 
impurity atoms (atomic number Z ,  and mass M I )  
implanted in a light !:ost lattice (ato~nic number Z2  
and mass M2, Ml /M2 > 1)  it appears that W 5 R, 
so tlie impurity concentration at the surface is relati- 
vely low compared witli the concentration at depth R. 
In  tlie opposite case, when M, /M,  < 1 ,  tlien TV >, R 
and the concentration at the surface can be almost 
equal to the concentration at depth R [7], [S]. 

3 .2  SHAPE OF TI-IE ION BEAM. - Representative 
for ion-implantation systems are the so-called Scandi- 
navian-type isotope Separators [9]. In the ion source 
a gas discharge is maintained in vapour of tlie radio- 
active material. Tlie ion beam leaving tlie source is 
accelerated, magnetically mass-separated and tlie 
desired isotope is collected on foils. Even under most 
favourable ion-optical conditions tlie beams have 
tails on tlie heavy and light mass side caused by colli- 
sions with residual gas molecules in tlie vacuulii sys- 
tem resulting in small-angle deflection of tlie beam 
particles. In the case of neutron-irradiated charge 
material these tails entirely determine the impurity 
concentration in tlie foils, as will be shown in tlie 
following calculation. Suppose a 100 PC source of 
area 1 cm2 is needed for some experiment, while tlie 
specific activity of the charge material is I C/g. The 
cliarge material consists almost entirely of tlie isotope 
with atomic number A ,  and tlie radioactive isotope 
A + I .  Then in the case of A z 100, and a half life 
E 106 s - 2 weeks the charge material contains only 1 
radioactive atom per -- 10' stable atoms. When tlie 
relative height of tlie tail of tlie stable beam A at tlie 
position of the radio;lctive beam A + I is lo-" 
(which means an enrichnient or rejection factor lo3, 
characteristic values in this mass region arc 10.' to 
lo4) tlien the implanted foil contains I radio;~ctive 
atom per 100 inactive atoms. Thus the concentration 
of the impurity atoms is almost entirely tliat of the 
neighbouring stable isotope A. When tlie range is - 500 A >  corresponding to - 200 aton1 layers in the 
host lattice, this concentration is about 0. I ",A, which 
is low enough for many cases [ I ] ,  [3], but marginal 
for a case like XeFe [2]. - 

3 .3  TIIE PRESSURE I N  THE V A C U U M  SYSTEM. - It  is 
clear from the preceding section on beam shape that 
the pressure should be as low as possible. Several 
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authors have indeed shown that the heigllt of the tails 
is proportional with pressure [lo]. 

Another more important pressure effect one meets 
in the case of cold implantations, where tlie temperature 
of the foil is low. Cryo-pumping of the foil holder 
causes gases and vapours to form condensed layers on 
top of the foil during implantation. A rough figure in 
this respect is the formation time of one atomic layer 
of condensable gases on a surface which is - 1 s 
at a pressure of torr. 

3 . 4  DURATION OF THE IMPLANTATION. - This cir- 
cumstance is close connected to the pressure effect. 
Recent experiments by the author [ l l ]  with 1 2 9 " ' ~ e  
and 133Xe implanted in iron foils (kept a t  - 190°C 
during implantations lasting about I h) have shown 
that the condensed layers play a minor role. In these 
experime~its a specially designed liquid-nitrogen- 
cooled trap is used in connection wit11 a conventional 
oil-diffusion pump to  pump down the collector 
chamber during several hours prior to the actual 
implantation. When we estimate a condensed layer 
thickness of 50 atomic layers to be formed in I 11 

on the foil we conclude that the partial pressure 
of condensable vapours better than torr is pre- 
sent in tlie collector chamber. In these experiments 
M , / M ,  > 1, where W < R. From this fact and the 
relatively high implantation energy (140 keV) we only 
expect - 10 2, of the implanted ions to be stopped in 
the condensed layer. 

4. The implantation process. - When an energetic 
heavy ion (wit11 energy, say, - 100 keV) penetrates a 
solid its energy will be lost mainly by exciting lattice 
vibrations and by displacing lattice atoms. These 
atoms (G primary knock-ons ))) may have sufficient 
energy to displace other 1:lttice atoms. The whole 
collision cascade may occur in a volume containing 
some 1 0 ~ 1 t o r n s .  On the average an  energy of about 
30 eV is needed for displacement of an atom from its 
lattice site, so one can expect several hundreds of 
displaced atoms among whicli a great fraction of the 
primary energy is dissipated. All kinds of defects may 
be generated by the knock-ons, like vacancies, diva- 
cancies, triples, closed loops and more complicated 
damage configurations. At absolute temperature zero 
a lot of this damage would persist after dying out of 
the cascade. Extensive computer calculations [I21 
have been pel-formed to give an  idea about the damage 
produced by primary knock-011s with energies of 100- 
I 000 eV. Often these atoms themselves end up at  
substitutional positions, or  in split-interstitial configu- 
rations. 

The final location of the primary particle is not 
clear. The last part of its track is comparable witli 
that of the knock-ons, but due to the dill'erent Litomic 
interaction with lattice atonis its final position can be 
different. Substitutional, regular interstitial or  associa- 

tion with one or more vacancies at neighbour posit~ons 
are possible locations. The description given above ic 
based on the idea that knock-ons move through a 
regular lattice. However, tlieoretical calculations [7] 
and experiments have shown that range and damage 
profiles (as a function of depth) are sim~lar.  This fact 
doesnot exclude that tlie primary particle on the last 
part of its track is moving in a region, which is 
damaged in an earlier stage of the cascade deve- 
lopment. 

In practice, a fundamental role is played by the 
(non zero) temperature of the target. During implanta- 
tion a part of the damage will anneal depending on tlie 
target temperature. In this respect there is a clear 
difference between semiconductors and metals. 

111 semicorlductors the lattice is heavily damaged 
at  room temperature implantations. But when keeping 
the target a t  temperatures of the order - 400 OC 
during implantation the damage anneals out comple- 
tely. In this process the impurity atoms can end up at  
substitutional [13] or  interstitial positions [I41 a s  has 
been shown by channeling experiments. 

In metals, on tlie other hand, the damage anneals 
rapidly at  room temperature and the implanted-atom 
location is often at  regular positions as has been shown 
by Mossbauer effect n~easurements [I], [2], [3] and 
channeling measurements [I 51. Even at  - 190 (IC 
implantation temperature Mossbauer effect measuse- 
ments on Te and Xe in Fe [I I] show that the 
implanted ions end up at regular positions in the 
iron lattice. 

From the preceding lines it may be clear that the 
process of implantation is very complicated. The 
temperature of tlie foil or  crystal is an importilnt 
parameter in the development of the collision cascade 
and the annealing of the lattice damage induced by tlie 
implantation. The physical processes determining 
the end position of tlie impurities in the nnllealing 
process are not qulte cleat-. An important parameter 
may be the solubility of the impurity in the host, if 
this is high there is a fair chance for high substitutional 
o r  interstitial fractions. In low-solubility cases a consi- 
derable fraction of the impurities end up in positions 
associated with vacancies or  at  damaged reg~ons.  

5. Conclusion. - In conclusion we can state that 
the implantation method for obtaining radioactive 
sources for hyperfine interaction investigation is of 
significance. 

Important are high iniplantation energies (which 
~nostly can be accomplished by post acceleration of 
the impurity beam) in order to  diminish the eventual 
effect of surface layers. 

A promising circumstarlce is that even low-tempera- 
ture implantations in metals prove tli~it considerable 
fractions of the impurities end up at regular lattice 
positions. 
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