


1. Introduction * = s

" Radiation damage in'metals and se'miconducting crystals has been studied forrnany years at’
energies in the 100 keV' regxon Heavy ioninduced damage in ‘the range of hrgh energy is'a new’
branch of radrauon physrcs While performmg experrments at hrgh energies one has to bear in'mind
the varrety of éffects observed at low’ energy 1mplantauon (such as sensrtrvrty of the resultmg
damage to the experrmental condmons) in addmon to probable manlfestatron 'of new effects ansmg:
only for high energy’ jons. “Among the’ Tatter some are “already observed ie. a ‘sponge- -like porous
structure formation in a deep layer of Ge [1] and defect anneallng induced by the eIectromc energy-"
loss{2. W o ' ERREE ot i : ¥

Aétonishing modifications were also fourd in amorphous and polycrystalline materials /3-5/

and the thermal-spike model was supported experimentally /6,7/. The reference list cannot be’
complete because of the limited volume of the present paper and only a few important effects are
mentioned now: First an active role of the defect clusters as sinks and sources of ‘mobile defects
18,9/, second the mﬂuence of the” implantation temperature / 10 11/-'and  third “the - dose-rate
dependence of the damage'/12, 13.° e Cr :

‘ The main objecuve of the’ present work,is the comparrson of the’ damage behaviour indiced
in Ge and w crystals by a varrety ‘of heavy ions in the energy range 038.0) A MeV “The ‘studied

. crystals are among ‘the best sampIes for blockmg and channeling, but they are unhke each to another

both in thelr crystallographrc structure and macroscoprc propemes o

2. Experimental

The present results have been obtained by three grOu;;s :work'ing) (partially'in‘collaboration) '
at Munich, Dubna" and’Athens. The experimental setups'"descri:ption ‘and 'orel'iminaryresults ‘were
pubhshed elsewhere /14:16/.- ‘The “"Demokritos” (Athens) - experrment was “performed " at” the
electrostatic accelerator using ‘thé RBS channelmg method with C and O ion beams. In Dubna the-
héavy-ion cyclotron was used for the elastic recoil detectron (ERD) experiment, whrle the bIockmg
patterns-have been recorded by solid state track detectors. The ERD system ‘at the! Mumch 15 MV
Tandem contains a beam collimator; a computer-controlled gomometer for the target rotatron 2-
degrees of freedom) and translation (2*more) and a two—drmensronal position” sensitive .jonization:
chamber with AE-E.y 1dent1ﬁcatlon of recorlmg pamcles The 1omzatron chamber has the
resolution of about 1% in energy, Iess than 0.1°in scattermg anglcs and a charge drscrrmmatron less
than 1 for nuclei with Z up to 30. The kinematic corrections in energy by the posrtron srgnals are
introduced automatically in the software. The data are accuma.lated event by event and processed

on- or offline to give a two-dimensional blocking pattern.
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Polished and etched Ge and W plates of about 0.5 mm thickness were glued ;upon the

X gpniometer platfonn and used as targets. The irradiati’ons‘were performed at room temperature at
th,e‘vacvuzum of .10'7, Torr. The maximum ﬂ‘uence‘was reached typicallyaf)ter,flO_hr:irradiation., In all
ez(perlments no carbon build-up could be detected. The macroscopi“c temp}e‘rature:of thetarget active
volume was not changed by the beam since its thermal power was‘ on the level of onlyOl W The
beam mtensrty was drstrtbuted more or less uniformly over a 1x1 mm spot. o -

The minimum yield Xm and angular half- width Yin of . the blockmg dip were measured as-a

functron of fluence and beam density. At the beginning of irradiation the best contrast blocking

pattern has been observed, thus the damaging effect could be seen clearly The results of all

irradiations (Table 1) are finally used for the systematization of the damaging efficiency of heavy
ions. - ‘
3 Results

..._The blocking minimum parameters are lnﬂuenced by finite thickness of the target layer and
they are dependent on Z and E of the detected particle etc. Thus, for the_correct comparison of

different irradiations the defect_concentration np has .to be deduced. A specral program was

developed in order to calculate the damage dependent dechannelmg fractron |n the multiple-

scattenng model and to deduce the np value from the ﬁt to the measured xm and \J,'uz parameters
multrple-scattermg role is taken into account in a drfferent manner. The Am measured fora damaged
-crystal contains a few components corresponding to all imperfections in a virgin crystal +,the yield
of scattermg on statlcally dlsplaced atoms + the yreld change due to dechannelmg (deblockmg)

durrng a particle‘s path through the damaged crystal layer. As known from [18] the measured (1-%m)

value is expressed as a product of the corresponding values for-all fractional components. Thus, one

can distinguish three basic components noted above and write the following expression:

- A @)= - Aa O A -0p DI [I-F(np-9),. .o (D)
_where %, (0) and Am (9) are the yields measured for the virgin and after exposure to a fluence ¢
crystals, respectively. np is the defect concentration and F is the dechanneled fraction dependent on
np and the layer thickness, s. Fromeq. (1) one finds immediately:: ‘

e  Am®) = X = F 4 F gy (@)
. PO -F e D

The multrple scattermg (MS) model is-used. for. .the evaluatlon of . the dechannelmg
component F _ Assume that the MS ,angle after- a pathlength s 1n the da.maged crystal can be
substituted for that calculated with the pathlength np - s in an amorphous matenal .

This approximation is valid both for the case of. randomlyddtﬂstnbuted pomt defects and for
the sample containing (1-np) portion of the nondamaged crystalline material and np portion_of the
amorphous one. The Bohr formula for the MS angle is used with a normalizing constant C, whichjs -

a free parameter of the model: et

' Z,Z,e?.
Wm -Q n2 = c 2n lnl(——“p )

where Z,, E and € are the atomrc number, the laboratory energy and reduced energy of the particle,
respectively. Z', and N are the atomic number and: atomlc densrty of the matrix material. The
blocking ' )

minimum 'shape” can be! approximated by ‘a*Gaussian, and cylindrically symmetric: Gaussian -
distribution of the MS: angle has to be combined with the cylindrically symmetric ( in the axial case -
) blockmg—effect ‘distribution.. A new: Gaussian d1str1butron of emitted particles arises .which is

characterized by the angular width:

G -G

Applying the requrrement of blockmg d1p volume conservatton [19], the rrummum y1eld increase.

due to MS can be calculated also, and the F(np s) functron is deduced as follows

o A i I

The values of %m (¢) and Y2 (¢) are taken at a number of fluence points. From Xm (9)-, .one
can deduce the correspondmg np (¢) value usmg eqs (2-4) Iteranons have to be apphed since the F

function in eq (2)is dependent onnp.- The ﬁnally determined np -and MS angle values allow one to
evaluate the ‘Vl /2 ~“value and compare it- with the experimentally. measured \pm (¢)values The latter
procedure ensures control that the results are reproduced successfully in the MS model In Frg 1 the
results of quantltatlve srmulatrons of the blockmg rrummum pa.rameters in the MS model are shown

together with the expenmental pomts The predlcted \pm (¢) behavrour is compared w1th the

measured values as well The agreement is good for the examples lllustrated in Flg 1, and also o

(wrthm the lrmtts of expenmental errors) for all other 1rrad1attons The only f ‘ parameter of the‘vi
model in eq. (3) was chosen to be C=0.45 in order to get the best overall ﬁt to the total set of

expenmental points for both crystals. In Figs.2 and 3 additional results from the W and Ge crystals

3



damage are presented The nD ()] curves for W (Frg 2) show more or less regular scalrng Howcver'
: t.he resu]ts for Ge demonstrate a surpnsrng]y low level saturation of damagc for very heavy ion

jrradiations (I, Xe) and ‘a dose-rate dependence of the damage functions (Fig.3).“These peculiarities
_has to be eXplained, and an attempt to give the realistic interpretation is undertakeni below.

4. Discussion”

The simplest model predicting the saturation of the defect concentration at a leve] below 1 as

ell as the dose- rate dependence of the np (¢) functron 1s known from ref 120/:

an/dt—R(l n.,) o np; )

o o nD=R§a[l -,ef“(RHI)'t]a . . ©)
where R is the rate of.displacement due to atomic. collisions and a(T) is the, coefficient, of the
temperature induced recombmatron of free defects. It can be applied to the descnptron of the np.(¢)
functrons for tungsten. However, at thc case of Ge crystal the situation is more complrcated For any

“ion spec1es eq. (6) predlcts a constant level of saturation as far as R is kept constant ‘As clear from
'present measurements this doesn’t take p]acc in rcalrty, see for instance, Frgs la and 3

One poss1ble modrﬁcatron is the introduction of the term B nD) 1nto eq %) wh1ch means

the addrtrona.l a.nneallng due’ to the clectromc-energy losses S of heavy jons. Thus, nD is expressed

“as follows

R
P R+B+a

[1 _ é—(R+|3+u)t]. ‘ 16
Thc'coefﬁcientB (Se) “being dependent on the ion species can provide the description of the set of
np (¢) functions for all ions. The €gs. (6) and (7) can be successfully apphed to descrrptlon of the
‘np(9) functlons for W crystal and for any other cases where collisional mechanism is valid. There
are sttl] some doubts in the justice of such simple phenomenolagical models for any crystal species
‘and 1rrad1atron condrtrons The mrcroscoprca] behavrour of thc pomt defects in the crystal medlum

gat ﬁmtc temperature under the beam has to be ascrtbed in theory. Some attempts of the

mlcroscoprca.l approach are known stamng from ref. /8/ Unfortunate]y, the decrsrve progress in

such theorres was not achreved until now.

[
In a semrphenomenologrcal approach one can try to take into account thc processcs of the

mobrle defects productron and 1nteractron their stabrlrzatron in fonn of 1solated defects and defect

clusters as well ‘as the elution of mobile defects from clusters by the beam. The corresponding
differential equation looks like: ' - B '
r=R(1- [l +a@p)™); SEETTEE S ®
dn
dt

b _ e 41, r(n.,)"‘—aR(l n[,)(np)"‘ o ©

where 1 is the rate of newly produced mobile defects and the terms propomonal 10 (nD)
responsible for the defect. capture and elution in interaction with clusters. The failure. of thrs
approach is lack of data for the realistic choice of numerical values of parameters in eqs. (8, 9). For
the qualitative analysis eq. (8) was substituted into, (9) and the differential equation was solved by
the method of computer integration. The resulting function np (t) is applicable for description of the
experimentally, measured np(¢) functions. The comparison‘ of the evxperimenital points with the fit,
using eq. (9) is shown for example in Fig. 3. This means that the experimental results,donot
contradict to the model taking mto account the recomblnauon, clustertzauon and beam induced
mobility of defects. However, it is obviously impossible to speclfy the sccnano of the elementary
defect fate basrng only on measured np (¢) functrons

_Eqgs. (5, 8) and all snmlar models predict. the st.ut pornt derrvauve dnlet—R at t= 0 Thl\
‘means that the slopc of the nl)(q)) functlon at (q)) near 0 cannot devrate from the drsplacement ratc
predicted by theory, because this approach considers the;randorrj migration. and rnteractlon of
homogeniously distributed defects as an initial stage and doesnot involve at all the proccsses within
the microvolume of wake “excitations produced by single ion. In the latter volume the
mtcrotempcraturc can be slgmﬁcantly d1fferent from the sample tcmpcrature as well as the defect
'concentr.rtron never streams to zero, Just to some ﬁmte lrmrt (low cnouﬂh for swrft 1ons) defined hy
the dlsplacement Cross- -section.

By these reasons the account of the encroy loss mduccd tccomhumtron in <q. (7) is a
nonsatrslactory approxrmatlon and the sct of data on Gc dam.wc has to hc .malylcd uxrnu anoter
assumptlon The damavlng cfﬁcrency at low flumces may throw some lwht on proccsscs' wrthm the
volume pcrturbed by smgle |on In prevrous cxpcnments /2, 4 7/ some mdlC.lllOl]\ of thc dclcct
sellannealmg were found and now more results are avallablc for Gc (T.lblt.) Thc slopc dnl)/tl(t) at
low fluences appears to be the correct parametcr Ol the ion dam.u'm«' powcr The numbcr ol
displacements generated in the atomic collision cascade has been stmul.ttul by thc Monlc Carlo

code TRIM Fmally, the ratto of the expcnmcntally determmed dm)/d(b \alucs and thc TRIM-

prcdtcted dlsplacemcnts is pIotted versus electronlc stoppln“ pnramctcr (c.llcul.ttcd using thc same

code) as shown in Fig. 4



“An order magnitude decrease in the relative damaging:power (damaging efficiency) can be
explained only by the defect annealing due to high electronic energy loss. Scattering of the points in
Fig.4 is due.to both experimental errors and dose-rate: effect. Despite the points .scattering the
oeneral trend of the damagm power decrease with S. parameter is evident and three group’s results
areina reasonable aoreement / \ v E

The large amount of enérgy released during ion penetration (up to 30 MeV/um in this case)
is enough to produce heating of the ‘material near the ion trajectory.This Was shown'in’theoretical
estimations and was confirmed experimentally. Thé individual ion temperature “spike -has an
estimated short lifetime 1<0.1 ns. To be effective within such a short time the annealing temperature
has to be at least 2 few hundred degrees C. Thermal sptke induced crystalllzatlon [5] prodiices a
detectable track contrast in the amorphous Si and Ge. And the recrystallization process in the single
crystal'surroundings leads naturally to the restore of the lattice. The rapid selfannealing process
defines the slope dnp/do at low fluences and the defect mlgratlon recombmatlon and clusterrzatron
a.re slgmftcant on the late stages

For tungsten crystal the measured damaging power: values are proportlonal to the TRIM
predicted drsplacements Thus,. within' the experimental errors ‘the influence of electronic stopping
.onto W damage is not revealed unlike to the Ge damage The saturation of the nD(¢) functions can
be explamed sattsfactory by the recombination of pomt defects in W case. k

Conclu’sions'

Swrft -ion mduced damage in Ge and w crystals is systematlcally studied. The observed .

dlsorder saturation (at htgh fluences) and dose-rate dependence can be explalned by the defect
moblltty and recombtnatlon processes with possrble role of the clusterization and beam induced

eluuon of defects from clusters. The damagmg efflcrency decreases s1gmﬁcantly for very heavy ions

in Ge, thus electromc energy-loss mduced selfrecrystalllzatton is evident in Ge and not in W. Wake '

recrystalltzatron accompltshes the latent track formatlon and bound phenomena all connected w1th

processes m the microvolume excited by the smgle 1on passage The resultmg lattlce restore

however looks like the inversion in companson with the drsordermg in the latent track

I
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Table. Parameters of irradiations

Projectile

Crystal Energy, | Incidence | Detected | Scattering { Maximum |. Dose rate, Institute
" MeV angle, deg | particle | angle, deg dose, | (10"em?chy |
, (10"em™) .
Ge(100) ¢ 12 0 C 160 20 |. 83 "Demokritos”, -
Ge(100) %0 18 ) 160 + |- =12; 5.0 ,"Demokritos”
Ge(11)|  ®Ne ~|- 12 50 Ne 130 0.56 ~53 - JINR, Dubna
Ge(111) PNe | 104 41.5 Ge 68 | 15 40, JINR, Dubna
Ge(100) ST %0 - 753 S 50.2 13 : 16 LMU, Garching
Ge(11) | “Ar 25 385 Ar 71 0.29 238 " JINR, Dubna
Ge(100) | *Ni 165 753 ‘Gev 50.2 0.5 1.0 " | LMU, Garching
Ge(111) |- ¥Cu- 35 565 | Ge+Cu 53 0.15 -] 1.0 | JINR, Dubna
Ge(111) | ®Kr 73 50.5 Ge(Kr) 59. 0.32 1.2 JINR, Dubna
Ge(100) [ ™1 185 753 " Ge T 502 045 | 03and 1.3 | LMU, Garching
Get100) | 210 753 Ge 50.2 012 . | 04and12 [LMU, Garchjng
Ge(111) | - PXe 1_,‘ 56 “|--s565 | Ge 53 0.07 02 - JINR, Dubna
Ge(111) | ™Xe 116 50.5 Ge 59 0,09 03 i JINR, Dubna
Ge(111) | ™Xe 124 455 ’thé' “64_ |- 030--[—-09 - | JINR, Dubna
Ge(100) |-~ "Au: | 100 75.3 Ge 502~ | ., 005 0.43 LMU, Garching
Ge(100) | - ey 252 753 Ge 502 0.10 029 LMU, -Garching
Ge(100) | ™Au 266 75.3 Ge 50.2 0.05 0.28 LMU, Garching
W(110) %0 137 1 f.f. 164 . 46 12 JINR, Dubna
W(i10) [ PNe 175 56 f. f.f 159 i < 45. . ] - JINR,Dubna ;: ’
Jwaooy [ s 175 .75 S, ], 502 17 .48 | LMU, Garching
W(110) DAc 25 56 At 159 ‘0.6’ 25 _JINR, Dubna
W(110) BXe 124 54 W(xé) 67 012 08 JINR, Dubna
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Fig.1. Fluence dependence of the blocking parameters and deduced defect concentration values for
: the S ion induced dmhage in Ge and O ion induced damage in W. The results of the fit within

thé MS model (egs. (2-4)) are shown by éurv;:s.‘
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Fig.2. Defect concentration_functions measured for heavy-ion irradiations of the W crystal.

Parameters of irradiations are given in the Table
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