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INTRODUCTIOi'J 

The application of ion beams for semiconductor processing opens 
up a great variety of possibilities some of which have already been 
used in practice and some have not been sufficiently developed or 
verified experimentally. In recent time a growing interest is being 
shown i n high-energy ion implantation / 1-4/. The depth layer formed 
in this process has modified properties and can be used as an absorb­
er of impurities and defects in heat treatment, as well as to create 
an insulating baffle, a buried interelectrode cOlltact, a vertical 
field transistor and other elements of 3-dimensional integrated 
circuits. The recently discovered /5-11/ processes of high-current 

ion implantation, the ion-stimulated annealing of defects and the 
annealing of defects by electromagnetic radiation or an electron flux 
are very important in working out the regimes of ion implantation. 
So far there are no adequate theoretical descriptions of the defect 
generation and annealing by nuclear radiations. Some model considera­
tions are discussed in refs. /11-13/. Experimental studies of high 

energy (Et>O.1 A1 MeV) ion effects on single crystals are promising 
for a better physical understanding of the processes as well as for 
progress in technology. 

Recently an anomalously low damaging effect of 122 MeV 129Xe 
ions on a germanium single crystal has been revealed /14/. In going 
from Ar to Xe the ion damaging power decreases several times. This 
contradicts known systematics and cannot be explained within the 
framework of traditional models. A new mechanism has been propos­
ed /14/, of the response of a crystalline medium to energy release 
along the heavy ion track. This mechanism includes the following 
stages: transformations of high-density electron excitations to 
thermal energy, micromelting of medium along the track and the 
subsequent cooling and recrystallization on the border between the 
liquid and solid phases. In order to shed some light on the aut ore­
crystallization mechanism of the primary defect volume the measure­
ments of the damaging effect of ions heavier than Ar (with energies 
of 25-122 MeV) on a Ge single crystal were contiIlued. 

1. EXFERIMENTAL 

The damaging effect of heavy ions was measured by the crystal 
blocking technique in the detection of ion elastic scattering 
products on a Ge single crystal target. The damage control was 



performed in two variants: "in situ" during the exposure and 
immediately after the exposure during a short irradiati on by the 
same i ons (no differences have been revealed). The Ge substrates 
used in this work were (111) oriented wafers, 0.1' and 0.2 10m thick, 
prepared by mechanochemical polishing of the slices from detector 
quali ty material (resi s tivity 10Stcm) supplied by "Hoboken-Overpelt". 
The targets were glued upon the massive metallic element of a 
goniometric device by a silver paste. Irradiations were carried out 
at room temperature und er nonaligned conditions using external beams 
from the U-300 cyclotron of the J INR Labor atory of Nuclear React ions. 
After passing collimator 
angular spread of <0.5 ° , 
intensity of ':;:10 10 s-1. 

Precipitation of the 
decrease in the yield of 

the beam had the foll owing parameters: an 
a diameter of 1 mm (on target), and an 

carbon layer on the target led to a 
the Rutherford scatteri ng products per ~C 

of the beam charge. Thus the layer thickness was controlled and 
minimized. 

Elastically scattered ions and recoil nuclei from Rutherford 
scattering were rec orded using an ordinary glass track detector. 
The detection threshold of the Z~ 10 nuclei lay at about 5 MeV. The 
detector was placed at a distance of 120 mm from the target and 
covered a large scattering angle range, 8L = 35°-75°. The crystal 
was oriented so that the <111> axis formed an angle 8L " 50°-65° 
with the beam and was dir ected on to the detector. After the 
exposure and chemi cal etching of the tracks a contrast structure of 
crystallographic reflections in the vicinity of the <111> axis was 
visually observed on the surface of the glass detector. By sCanning 
the de t ect or and calculating t he t r ack denSity as a function of the 
coor dinate of crossing the reflection one obtains the reflection 
shape. In the c ase of the < 111> axis of Ge the angular halfwid t h of 
the bl ocki ng minimum was found to be ~1 /2~ 1. 0-1.3 °' Therefo re, the 
role of angular r esoluti on (~ 0.2 °) in the de tection channel can be 
neglect ed. At t he beginning of irradiations a ll the samples exhibit ­
ed suf fic i ently intensive blocting minima. The r e lat i ve particle 
yield Xo measured at t he centre of the <1 11> mimmum had values 
about 0.3-0.4 and a s tandard statis t ical deviation of ~ 0 . 02 . 

The observation of the contras t patter n of the blocking effec t 
all.ows one to wat ch the crys tal damage wit h incr easin8 heavy ion 
dose. The number of ions which reached t he target during the exposure 
and f luence value were f ound from the yield of the detected recoil 
nuclei and scatte r ed ione baaed on the known react i on cross section. 
The det ermination i nvolves the cal culat ion of the thic kness of the 
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t arget active layer, d (in beam direction) and the integration of the 
Ruther ford cross s ection in the ~E range corresponding to a depth 
from 0 t o d. The r ange of the bombarding ions is much shorter than 
the t arget thickness and the active layer d is considerably smaller 
than the ion r ange. The l a tter circumstance is due to the balance 
be t ween the energy losses of the incident and detected part i cl es, 
i .e. 

(1)k2 {C{R1(EL) - dJf1= {Cz[R 2(U) + PdJf2 
where the energy-range relation i s approximated by the function

ni 	 . 
Ei • (Ci Ri ) ,the i ndex i = 1 refers to the incident particle; i=2, 
to t he det ected particle , EL is t he imtial ion energy , U is t he 
detection t hreshold, k2 is t he rat i o be tween the energie s of the 
r eaction product and the projec t i le, p is the ratio of the pathlength 
in the target along beam and de teotion directions . The thickne ss ot 

the active layer has been calculated by eq. (1) us ing the partiole 
ranges from ref. 115/, which can give rise to a systemat i c error of 
up to 15% in the f luence value s obtained. Table 1 gives t he d values 
and other parameters characterizing the experimental conditions. 

2. RESULTS 

As is known 116/, the blocking effect is unequivocally associat­
ed with the geometrical perfection of a crystal lattice. Therefore 
a decrease i n effect intensity with dose gives quantitative informa­
tion on disorder fraction. In experiments with Ge single crystals 
the attenuation of the blocking-patt ern contrast, the angular spread 
Of reflections, and the extinction of the ordinary axial and plan~ 
reflections were observed with increasing fluence. The yield)(O at 
the centre of the blocking minimum is the parameter most sensitive 
to the lattice damage. Figs. 1 and 2 show the~ values measured for 
the<111>axis as functions of the fluences of ~OAr, 63Cu , 84Kr , and 
129,136Xe ions. In most cases a considerable growth Of)(O with dose 

,) 	 is observed , which indicates a strong damage of the crystal lattice. 
An exclusion are the bombardments (fig. 2b,c) of germanium by 136xe 
ions (116 NeV) and 129Xe ions (122 MeV) in which the conservat i on of 
the 	crystal's good quality is observed up to fluence values of 

10 153 x cm-2• The anomalously low damaging power of Xe ions (0.9 A1 
MeV) is an unexpected result. Therefore it is necessary t o consider 
the possible trivial explanations, i n particular, the thermal 
annealing of the crystal as a result of its macroheating by the beam. 

If the beam with power W is switched on at the initial moment, 
then the temperature in the region of beam energy re l ease increase s 
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according to the following 	law: 
W <_X_> (1 _ exp __t_)T TO + 	 (2)k S 'T ' 

where k is the heat conductivity of the material P I S> is the 
average ratio of the heat transfer length to the cross section area. 
The time constant T is determined by the following equation: 

evp X
't = k <-S-> , 	 (3) 

where V is the volume of the beam energy release, p and e are the 
density and heat capacitance of the material. The calculation using 
eqs. (2) and (3) taking into account the pulsed structure of the 
beam gives an estimate of the equilibrium value of temperature rise 
!::. T~2-3°C in the case of a 129Xe ion bombardment with a beam 
intensity of about 5xl09 s-1 (fig. 2c). The temperature rise is 
negligibly small compared with the absolute temperature. Experimental 
verification of the importance of the macro temperature rise was 
performed by comparing the results shown in figs. 2b and 20. In the 
experiment of fig. 2b the beam intensity was decreased by a factor 
of 3 and the target thickness was two times smaller compared with 
fig. 2c. So the temperature rise!::.T was smaller by a faotor of 6 
while the results changed inconsiderably. Some difference between 
the data presented in fiBS. 2b and 2c is due to a change in the 
detection angle and, correspondingly, to the recoil nuclei energy 
rather than to (j, T. Therefore, the thermal annealing of defects can 
be neglected, except the processes occurring at room temperature. 

In the present experiments some data about crystal damages by 
energetic ions heavier than argon were first obtained and the anomaly 
observed /14/ in gOi71 to xenon ions was confirmed. By using the 
technique of ref. /17 the measured functionAQ(~) can be converted 
to the fluence dependence of the average defect concentra tion . The 
result of thi s conversion for the case of a 129Xe (122 YeV) bombard­
ment is presented in fig. 3. Similar calculat ions can be carried out 
for other bombardments but the assumption /17/ concerning t he abs ence 
of prolonged defects looks unjustified for strong crys t al damages. 
For qualitative considerations it is possible to use di rectly the 
dependences X O(cp) since the increase of XO-1 Wl8IIIbiguously indicat­
es the disorder growth in the target material. Further the damaging 
power of t he ion is characterized in the fo llowing way. By ex t rapo­
lat ing the dependence XO(q') to cP • 0 we find theX)C O) val ue for a 
non- i rradiat ed crystal and then calcula t e t he ext ra yield)(rad ( ~ ) 

in the blocking minimum, due to the r adiation dos e cp, by the 
fo rmula 

6 

MfI 
o 

-1 
Xrad(Cf') = 1 - [1 - XO(CP ~ [1 - XO(O)] . (4) 

After that we determine the dose ~0.1 corresponding to the value 

of Xrad ( 'f0.1) = 0.1 and the damaging power of the ion,!::.Xrad/ll'P = 

= 0.1/ 'fo. l' This value characterizes the degree of crystal damage 
per dose unit in an unified way. Now we turn to the discussion of 
the damaging power of various projectiles. 

no. 

'" 

Fig. 3. Defect density 
as a function of 122 MeV 
129Xe ion fluence 

o 

• ~ 'D'~<.~ 

3. SYSTEMATICS OF THE DAMAGING POWER VALUES 

Nonrelativistic heavy ions produce defects mostly in the elastic 
scattering on crystal nuclei. The -Frenkel pair is formed if t he 

recoil nucleus energy exceeds the threshold value Br.n~ _Emili' 25 eV. 
The multiplicity of defects produced by one displaced nucleus is 
charac terized by the cascade function V(E • .) whioh is equsl tor n
0.4 Br •n • x E;in in the region of EminS Er.n.S Emax and reaohes 
saturation at E • ?> Emax' The Emax value corresponds t o the ener grr n
at which nuclear energy loss es become consider ably lower t han 
electron ones, i.e. reduced energy E~ 4 /18/. By int egrating t he 
different i a l cross sec tion multipli ed by the cas cade f unction it is 
poss i ble to determine the c r oss s ec t ion for defect f ormation, 6 0 
If t he scatter ing crose seotion is ass umed to be Rutherf ord one, 
t hen 60 turns ou t to be l!.rol!.ortional to the coeffici ent 

Z l Zt. A1 
Cl€ = 1 2 . (5) 

EL A2 
In order to specify the 50 values the screened differential 

cross sec t ion was t aken accordin8 to formulas from ref. /19/ in the 
scattering angle range between 8 min and 8 (corresponding tomax 


•• Erui n and Em )·
Er •n 	 ax
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At 8> 8 max the Rutherford cross section was employed. As a 
result, the follo wing expression was obtained 

~ 
OX . 2 

OO(cm 2) =3.6210­
13 

0 Z1 ZzVA1 f(t1l2)d8 T 2.6010-26 Zj Z~ Al 

VA2E'L Emin 8. A2EL Emin 
min 

(6) 

where a is the Th.omas-Fermi screening parameter, t he universal 
s ca t t ering function f(t'/2) was 2roposed in ref. / ,8/ and numerically 
formulated in r e f J ' 9/, t ~ E.2s in 9/2 , and E is the reduced energy 
of the incident particle: -1 

£ =-OA2EL[e2 z,2zi(A1+A2U . 
The numerical calculation according to the corr esponding 

program gives the dO values which are much smaller than those obtain­

IIXr<Id • 
II. 
cm 2 

10-IS 

10-16 

lf1) 

Fig. 4. Correlation 

ed using the Rutherford cross section. At the same time, the ratios 
0[ 60 are sufficiently close to those of the coefficient oe for 
different projectiles. This fact ·makes it possible to use the oevalue 
as a parameter for damaging power systematization. Earlier the 
proportionality of the ion damaging power to the coefficient oe was 
observed in ref./3/ for a GaP single crystal bombarded by energetic 
ions ranging from 'H to 40Ar • A similar dependence was also obtain­
ed /20/ for a Ge single crystal bombarded by ions lighter than Ar. 
The measurements described in the present paper allow one to advance 
to the region of the heavier ions up to z, 54. The ion damagingc 

powertlXrad/tl'l' versusre plot is shown in fig. 4. It is seen that 
the majority of the points lie on a linear dependence. However, the 
results for Xe ions with an energy of 0.9-A, MeV do not correspond 
to the systematics. This corroborates the conclusion /'4/ that a new 
mechanism of crystal response to its primary damage is switched on. 

Experimental results shed some light on the details of the new 
response mechanism. If its origin is due to high energy release, then 
the ion stopping power dE/dx should be a natural parameter. It is of 

help to plot the ion damaging power versus (dE/dx)electron as shown 
in fig. 5. All the points on this figure including those relevant 
to Xe lie on a common regular dependence with a maximum. An initial 
growth is due to an increase in -ae and the decrease corresponds to 
a sharp departure from systemat ics (fig. 4 ). 

From the data presented in f i g . 5 i t is eaBy to reveal the 
threshold activation of the new response mechanism fo r 

(dE/dx) el ectrori> 23 MeV cm2/mg. This eVidence confirms t he type of 
meobanism as soc i ated with thermal microprocess es in t he r egi on of 
the t raok of a highly i onizing part iole. Tbe mechanisms of different 
nature , as in , e.g. , r e f s. / " - 13/, are unoapable of acoounti.ng for 
t hre shold aotivati on for ions with a high s toppi ng power . 

4 
102 lot 10 i§! 105 

ox... . 
0",.' 
,~1S I 

\6"16 

Hl~J 

" 
x.~ 

.,t 

lO )() 
IJlI. t ,"'YC.Z/~

'0 

between the ion damaging 
power and the nuclear 
energy loss parameter 

Fig. 5. Ion damaging 
power as a function of 
the electron stopping 
power 

4. DISCUSSION 

• 
The presently known prooesses of high-current i on implantat i­

on / 5-7/ and ion-stimula t ed annealing of def ects (e.g. ~f8./8. 1 1/) 
have oommon features, in partioular the crys t als are liIub;1eoted to 
the effeots of the ion beam and macr osoopic heating simultaneously. 
In addition, in a1l oues the influence of t he sub.equant irradili­• 
tion on the earlier produoed de f eots t akes plaoe. The autorwcry.tall1­
zat ion we have revealed in the region of primary damage i. d1fterent 
from known processe. /5-13/. To say not hing of the d1fterent range. 
of the energy and ion-Z, the actual ditference lie. in the faot that 
macrosoopic heati.ng of the beam irrad1ated volume 1s eliainated in 
our exp.ria.nt. and the damqe marlnmm /5-7/ dependin& on the do.e 

has not been observed. 
Neverthele.. one oan .ee here nothing more than Xe .t18ulated 

annealing of the pr1aar7 defects by . ubsequent ions. But this 
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explanation should be r e jected because the fact wby 120 MeY Xe i ons 
are efficient for annealing while 50 MeV Xe and other ions are not 
cannot be understood. A difference from known prooes ses is evident 
sin ce a.nnealillg stimulated by 4ge and 75As ions has been obse~"V-
ad / 8 , 11 / suooess i vely under the oonditions of crystal heating. 

Thus, the observation of the anomalousl y low damaging power ot Xe 
ions (0.9·A 1 MeV) at room temperature cannot be explained by known 
mechanisms. It remains to admit that autorecrystallization occurs 
as a result of thermal processes in the region of the highly ioniz­
ing particle track. 

The new mechanism cannot be termed annealing since in this 
case the self-restoration of each track region rather than the 
effect of one track on others takes place. However , if micromelting 
and recrystallization occur they can be employed to restore (anneal ) 
the previously damaged crystals by a Xe ion beam (0.9·A 1 MeV). To 
verify this proposition a series of Kr ion bombardments wa s foJlowed 
by two exposures to a Xe beam and vice vers a , a series of Xe bombard­
ments ended in Kr exposures. The results obtained are presented in 
figs. 1c and 2b. It is seen that the crystal damaged by krypton is 
restored noticeably after being affected by Xe. And vice versa, Kr 

bombardment causes cons i derable defect growth in the Xe-irradiated 
crystal. Consequently the Xe ions (0.9· A1 MeV) not only do not cause 
strong damage in the crystal but also are capable of annealing the 
previously damaged one. These results are in accord with the data 
intepretation discussed. Attempts to anneal by a 122 MeV 129Xe beam 
Ge crystals almost completery amorphized by 15 or 44 MeV 129Xe ions 
proved unsuccessful. As could be expected, epitaxial recrystalliza­
tion is inefficient in entirely disordered media. 

The observation of the strong amorphization of Ge at the Xe 
ion energy EL ~ 15-56 MeV (in contrast to EL '" 116 and 122 MeV) 
confirms a relationship between the damage degree and (dE/dx)elec' 
It is clear that in the case of implanting very heavy ions at an 
energy of about 1 MeV/nucleon the surface layer (several fIll thick) 
remains undamaged whereas damage at depth is strong. This type of 
semiconductor treatment by heavy element implantation may have 
practical importance. 

CONCLUSION 

1) By using the crystal blocking technique the damaging effect 
of Ar, Cu, Kr and Xe ions on a germanium singl e crystal has been 
studied at energies in the range of 25-122 MeV. The extremely low 
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damaging power of 116 and 122 MeV Xe ions has been revealed. It has 
been established that no anomaly of this kind exists at Xe ion 
energies EL~56 MeV. 

2) A new mechanism of medium response has been proposed which 
consists in autorecrystallization in the region of primary defects 
due to micromelting along the ,track and to epitaxial regrowth. 

J) The threshold activation of the new mechanism with increas­
ing ion stopping power has been confirmed experimentally. 

4) It has been found that there is a possibility of the high­
energy implantation of heavy element ions into semiconductor wi t hout 
damage in the surface layer several pm thick. It is also possible to 
anneal incompletely amorphized layers in this kind of implantation. 

The authors are grateful to A.V.Rykhlyuk for her help in 
preparing single-crystal targets, Y.A . Skuratov for the numerical 
calculation of the6 0values and the U-JOO cyclotron staff for 
providing beams. 
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KapaMHH C.A., OraHecHH ID.U., EyrpoB B.H. EI4-88-731 

B03,IJ;eHCTBHe BblcoK03HepreTWIHblx HOHOB 

T~enee aproHa Ha MOHoKpHcTann repMaHHH 

H HOBhlH MexaHH3M aBTopeKpHcTannH3a~HH 


C rrOMOmhID 3~eKTa TeHeH H3yqeHo rrOBpe~aIDmee B03,IJ;eHCT­
BHe HOHOB Ar, Cu, Kr, Xe Ha MOHOKpHcTann repMaHHH B HHTep­
Bane 3HeprHH 25-122 M3B. 06Hapy~eHa aHOManhHO HH3KaH rro­
Bpe~,IJ;aIDmaH crroc06HOCTh HOHOB Xe c 3HeprHeH 116 H 122 M3B. 
rrpe,IJ;nO~eH HOBbIH MexaHH3M OTKnHKa KpHcTannWIecKoH cpe,IJ;W 
Ha 	 rrpOXO~,IJ;eHHe HOHa, COCTOH~H B aBTOKpHCTannH3a~HH 06­
naCTH rrepB~Hhlx rroBp~eHHH 3a CqeT MHKporrnaBneHHH B,IJ;Onh 
TpeKa H 3rrH.TaKcHanhHoro BOCCTaHOBneHHH. 3KCrrepHMeHTanhHo 
rrO,IJ;TBep~eHo rroporOBoe BKnIDqeHHe HOBoro MexaHH3Ma rrpH YBe­
nHqeHHH TOPM03HOH crroc06HoCTH HOHOB.­

Pa60Ta BbllonHeHa B fla60paTopHH H,IJ;epHb~ peaK~HH, OHHH. 

npenpHHT 06'beJUUfeHHOrO HHCTHTynt JUJ:epKblX HccnenoBIlHHH. ny6Ka 1988 

Karamyan S.A., Oganessian Yu.Ts., Bugrov V.N. EI4-88-731 
The Effect of High-Energy Ions Heavier 
than Argon on a Germanium Single Crystal 
and a New Meshanism of Autorecrystallization 

By using the crystal blocking technique the damaging 
effect of Ar, Cu, Kr, and Xe ions on a Ge single crystal 
has been studied in the energy range 25-122 MeV. Anoma­
lously low damage is revealed in bombardment with 116 and 
122 MeV Xe ions. A new mechanism of crystalline medium 
response to ion passage is proposed, which consists in 
autorecrystallization of the region of primary defects 
due to micromelting along the track and epitaxial reg­
rowth. The threshold activation of the new mechanism, as 
the stopping power of the ions increases, is confirmed e x ­

perimentally. 

The investigation has been performed at the Laboratory 
of Nuclear Reactions, JINR. 
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