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INTRODUCTION

The application of ion beams tfor 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 in high-energy ion implantation /1-41 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, & buried interelectrode coutact, 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 radiaetions. Some model considera-
tions are discussed in refs. /11_13/. Experimental studies of high
energy (EE>O.1 Ay 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
ions on a germanium single crystal has been revealed /14/. In going
from Ar to Xe the lon 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 714/
along the heavy ion track. This mechanism includes the following
stages: transformations of high-density electron excitations to
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of the response of a crystalline medium to energy release

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 autore-
crystallization mechanism of the primary defect volume the measure-
ments of the damaging effect of ions heavier than Ar (with energiles
of 25-122 MeV) on a Ge single crystal were continued.

1. EXPERIMENTAL

The damaging effect of heavy lons 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 & short irradiation by the
same ions (no differences have been revealed). The Ge substrates
used in this work were (T11) oriented wafers, 0.1 and 0.2 mm thick,
prepared by mechanochemical polishing of the slices from detector
quality material (resistivity 10ficm) supplied by "Hoboken-Overpelt".
The targets were glued upon the masgive metallic element of a
goniometric device by a silver paste. Irradiations were carried out
at room témperature under nonaligned conditions using external beams
from the U-300 cyclotron of the JINR Laboratory of Nuclear Reactions.
After passing collimator the beam had the following parameters: an
angular spread of < 0.5°, a diameter of 1 mm (on target), and an
intensity of 5;1010 s,

Precipitation of the carbon layer on the target led to a
decrease in the yield of the Rutherford scattering products per HC
of the beam charge. Thus the layer thickness was controlled and
minimized.

Elastically scattered ions and recoil nuclei from Rutherford
scattering were recorded 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, eL = 35°-75°. The crystal
was oriented so that the «<111>axis formed an angle 8L= 50°-65¢°
with the beam and was directed on to the detector. After the
exposure and chemical 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 detector and calculating the track density as a function of the
coordinate of crossing the reflection one obtains the reflection
shape. In the case of the <111>axis of Ce the angular halfwidth of
the blocking minimum was found to be w1/2251.0—1.3°. Therefore, the
role of angular resolution (= 0.2°) 1n the detection channel can be
neglected. At the beginning of irradiations all the samples exhibit-
ed sufficiently intensive blocking minima. The relative particle
yield‘Xb measured at the centre of the <111> minimum had values
about 0.3-0.4 and a standard statistical deviation of ~ 0.02.

The observation of the contrast pattern of the blocking effect
allows one to watch the crystal damage with increasing heavy ion
dose. The number of ions which reached the target during the exposure
and fluence value were found from the yield of the detected recoil
nuclel and scattered ions based on the known reaction cross section.
The determination involves the calculation of the thickness of the

target active layer, d {in beam direction) and the integration of the
Rutherford cross section in the AE range corresponding to a depth
from O to d. The range of the bombarding ions is much shorter thean
the target thickness and the active layer d is considerably smaller
than the ion range. The latter circumstance is due to the balance
between the energy losses of the incident and detected particles,

l.e.
ks {C{RNEL) - d]}m: {cz[thul + pd]}nz‘ (0

where the energy-range relation is qpproximated by the function

E; = (C,;R;) ', the index i = 1 refers to the incident particle; i=2,
to the detected particle , EL is the initial ion energy, U 1s the
detection threshold, k2 is the ratic betwesn the energles of the
reaction product and the projectile, p 1s the ratio of the pathlength
in the target along beam and detection directions. The thickness of
the active layer has been calculated by eq. (1) using the particle
ranges from ref. , which can glve rise to a systematic error of
up to 15% in the fluence values obtained. Table 1 gives the d values
and other parameters characterizing the experimental conditions.

2. RESULTS

As 18 known /16/, the blocking effect is unequivocally associat-
ed with the geometrical perfection of a crystal lattice. Tberefore

* a decrease in effect intensity with dose gives quantitative informa-

tion on disorder fraction. In experiments with Ge single crystals
the attenuation of the blocking-pattern contrast, the angular spread
Of reflections, and the extinction of the ordinary axial and planar
reflections were observed with increasing fluence. The yield )q) 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 40Ar, 630u, 84Kr, and
129'136Xe ions. In most cases a considerable growth of_Xb with dose
is observed, which indicates a strong damage of the crystal lattice.
An exclusion are the bombardments (fig. 2b,c) of germanium by 136Xo
ions (116 MeV) and 129Xe ions (122 MeV) in which the conservation of
the crystal's good quality is observed up to fluence values of
by B 1015 cm-z. The anomalously low damaging power of Xe ions (0.9 A1
MeV) is an unexpected result. Therefore it 1s necessary to consider
the possible trivial explanations, in particular, the thermal
annealing of the crystal as a result of i1ts 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 relieasse increases
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according to the following law:

T= Ty + \:—<%>(1—exp—{_—), (2)
where k is the heat conductivity of the material <x/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:

T = —c:p <§—> ' (3)
where V is the volume of the beam energy release, f and C 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
AT~2-3°C in the case of a '2?Xe ion bombardment with a beam
intensity of about 5x109 g (fig. 2c). The temperature rise is
negligibly small compared with the absolute temperature. Experimental
verification of the importance of the macrotemperature rise was
performed by comparing the results shown in figs. 2b and 2c¢. 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 risel T was smaller by a factor of 6
while the results changed inconsiderably. Some difference between
the data presented in figs. 2b and 2c is due to a change in the
detection angle and, correspondingly, to the recoil nuclel energy
rather than toA 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 goi to xenon ions was confirmed. By using the
technique of ref. the measured function_}b@?) can be converted
to the fluence dependence of the average defect concentration. The
result of this conversion for the case of a 129Xe (122 MeV) bombard-
ment is presented in fig. 3. Similar calculations can be carried out
for other bombardments but the assumption /1/ concerning the absence
of prolonged defects looks unjustified for strong crystal dameges.
For qualitative considerations it is possible to use directly the
dependencas)(bﬁ?) since the increase of ,Xb—-1 unambiguously indicat-
es the disorder growth in the target material. Further the damaging
power of the lon is characterized in the following way. By extrapo-
lating the dependence Xny(P) toP = 0 we find the)ffo) value for a
non-irradiated crystal and then calculate the extra yiold,X;ad(CP)
in the blocking minimum, due to the radiation dose P, by the
formula

-

-1
Krad®) =1 = [1 = XPE]1 - Xg0)] (+)
After that we determine the dose CPO.1 corresponding to the value
°ffx;ad( ?30.1) = 0.7 end the damaging power of the ion,AX g 4/AP =
= O.1/‘PO_1. 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 varilous projectiles.

Np.
%

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

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 the
recoill nucleus energy exceeds the threshold value Er.ngi_EmiS'ZS eV.
The multiplicity of defects produced by one displaced nucleus is
characterized by the cascade function v(Er.n.) which is equal to
0.4 B, , x E-! in the region of E 4 < E. <E

min «n.~ "max
saturation at E > « The E value corresponds to the enesrgy

r.ns Epax max
at which nuclear energy losses become considerably lower than
electron ones, i.e. reduced energy Emaxg’4 /18/. By integrating the
differential cross section multiplied by the cascade function it is
possible to determine the cromss section for defect formation, ESD .
If the scattering cross section is assumed to be Rutherford one,
then 6 turns out to be Erosortional to the coefficient
27 725 Aq
® = EL A; ¢ (5)
In order to specify the4SD values the screened differential
cross gectlon wae taken according to formulas from ref. 713/ in the
scattering angle range between 0

Eron. = Enip 804 Eggp).

and reaches

min 8nd & (corresponding-to

in



At 8>>8max the Rutherford cross section was employed. As a
result, the following expresgion was obtained

X 2 52
210713, 2, 2 2.601 265 25 Aq
60(cm2)- 6210 21 25A) ff(ﬂ/%de + g (6)

)
Va2EL  Emin Bmin A2EL Emip
where & is the Thomas-Fermi screening paremeter, the universal
scattering function f(t1/2) was proposed in ref. /18/ and numerically
formulated in re£.’19/, t= €2 SmB , and £ is the reduced energy
of the incident particle: -
£ = GAQEL[ 222 %(A1+'A2ﬂ

The numerical calculatlon according to the corresponding
program gives the 6[) values which are much smaller than those obtain-
ed using the Rutherford cross section. At the same time, the ratios
ofCﬁJ are sufficlently close to those of the coefficient 2 for
different projectiles. This fact ‘makes it possible to use the 2€ value
as a parameter for damaging power systematization. Earlier the
proportionality of the ion damaging power to the coefficient ® was
observed in ref./3/ for a GaP single crystal bombarded by energetic
jons ranging from 1H to 40Ar. A similar dependence was also obtain-
ed 20, for a Ge single crystal bombarded by lons lighter than Ar.
The measurements described in the present paper allow one to advance
to the region of the heavier ions up to Z1 = 54. The ion damaging
power A X /AP versus® 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 O.§-A1 MeV do not correspond
to the systematics. This corroborates the conclusion /14/ 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 dus to high energy release, then
the ion stopping power dE/dx should be & 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 meximum. An initial
growth is due to an increase in %€ and the decrease corresponds to
& sharp departure from systematics (fig. 4).

From the data presented in fig. 5 it is easy to reveal the
threshold activation of the new response mechanism for
(dE/dx)electron 23 MeV cm /mg. This evidence confirms the fype of
mechanism associated with thermal microprocesses in the region of
the track of a highly ionizing particle. The mechanisms of different
nature, as in, e.g., refs. /11'13/, are uncapable of accounting for
threshold activation for iens with a high stopping power.

8
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4, DISCUSSION

The presently known processes of high-current ion implantati-

n /5=1/ and ion-stimulated annealing of defects (e.g. refs. /8, 11/)
have common features, in particular the crystals are subjected to
the effects of the ion beam and macroscopic heating simulieneously.
In addition, in all cases the influence of the subsequent irradia-
tion on the earlier produced defects takes place. The autorecrystalli-~
zation we have revealed in the region of primary damage is different
from known processes /5-13/, o say nothing of the different ranges
of the energy and ion-Z the actual difference lies in the fact that
macroscopic heating of thn beam irradiated volums is eliminated in
our experiments and the damage maximum 151/ depending on the dose
has not been observed.

Nevertheless one can see here nothing more than Xe stimulated
annealing of the primary defects by subsequent ions. But this

9
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explanation should be rejected because the fact why 120 MeV Xe ions
are efficient for annealing while 50 MeV Xe and other ions are not

cannot be understood. A difference from known processes is evident
since annealing stimulated by 4He and 75Ae ions has been observ-
ed /8:11/ successively under the conditions of crystal heating.
Thus, the observation of the anomalously low damaging power of Xe
ions (O.9-A1 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-A1 MeV). To
verify this proposition a series of Kr ion bombardments was followed
by two exposures to a Xe beam and vice versa, 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 considerable defect growth in the Xe-irradiated
crystal. Consequently the Xe ions (O.9~A1 MeV) not only do not cause
strong damage in the crystal but alsc 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 completely amorphized by 15 or 44 MeV 129%e 1ons
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 Ej = 15-56 MeV (in contrast to Ep = 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 pm 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 single crystel has peen
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 a£ Xe ion
energies E;< 56 MeV.

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

3) 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 without
damage in the surface layer several Jm 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, V.A.Skuratov for the numerical
calculation of thedD values and the U-300 cyclotron staff for
providing beams.
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Kapamsan C.A., Orasecsu [0.1i., Byrpos B.H. El14-88-731
BospedicTBHe BBICOKOSHEpreTHYHHIX HOHOB
TsKeJlee€ aprroHa Ha MOHOKPHCTAJLI I'epMaHHs
H HOBBII ME@XaHH3M a4BTOPEKpPHCTalllIN3aluHH

C nomompbio sddexTa TeHeH H3YYEHO NOBPEXIANmEEe BO3JEHCT-
BHe HOHOB Ar, Cu, Kr, Xe Ha MOHOKDPHCTAJUI T'epPMaHHs B HHTEp-
Base sHepruu 25-122 MsB. O6HapyxeHa aHOMalbHO HU3KAas IO-—
Bpexjawmas CrnocobHOcTh HOHOB Xe ¢ sHeprued 116 mu 122 MsB,
IlpeqyioxeH HOBBIE MeXaHH3M OTKJIMKA KDPHCTAaJLIMYecKOH Cpemn
Ha NPOXOXIOeHHe HOHa, COCTOSmMHUH B aBTOKPHCTAJUIM3aIHHU 06—
JIJaCTH MEepPBHYHBIX IOBPEeXOEeHuH 3a CYeT MHKPONJaBJIeHHs BOOJIb
TPeKa H S3MHTaKCHaJIbHOrO BOCCTAHOBJIEHUA. JKCIEePHMEeHTAaJllbHO
IIOATBEPXAEHO MOPOroBOe BKIMOYEHHEe HOBOI'O MexXaHHW3Ma MpH yBe-
JIMYEeHHH TOPMO3HOH CNOCOOGHOCTH HOHOB.

Pa6oTa BrmosnHeHa B Jla6opaTOpPHH sifepHBIX peakuuti, OHAH.

MpenmpunT O6benNNHEHHOTO HHCTHTYTA ANEPHLIX HechenoBanuii. [ly6ua 1988
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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 ex-
perimentally.
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