


1. INTRODUCTION

ion implantation in semiconductor crystals‘in the case of high
energy, when the specific loss of ionization energy u(dE/dx)md subs—
tantially exceeds the elastic energy loss -—{dE/dx)el possesses a series
of important properties in comparison with the low energy case. A local
heating process takes place in the neighbourhood of the lon track regi-
on. This heating process is associated with the high specific ion ener-
gy loss. This in turn causes the recombination of primary point de-
.fects, interstitials and vacancies. Moreover,the recrystallization of
the disordered field even 1In a very different melted single crystal
like diamond/l/ takes blace.

in the present research low and high ohmic samples are used.
2. EXPERIMENTAL METHODS

The irradiation of the samples iscarried out by using heavy ions
from the U-400 an,d'I‘C-IOO cyclotrons. The ion current density didn’t
exceed 1 pA/cm2 in any cases. The irradiation temperature of the samp-
les was always less than TOOC.

Investigations of the properties of irradiated samples were carried
out by using the optical refraction method, spreading resistance, me-
thod of x-ray diffraction, optiéal microscopy in connection with selec-
tive etching. Irradiated samples were prepared and beveled with an ob-
lique angle 40 in order to carry out optical reflection measurements.

0 The measure-

Bevel angles were determined with an accuracy of +0.01
ment of changing in the optical reflectlon coefficient which takes pla-
ce as a consequence of radiation damage creation along the polished
surface of'oblique angle was carried out by using an optical microscope
together with the Vidicon detector system.-The selected method 1is des—
cribed in detail in the work/zj. As a measurement of the opticai regi-
stration of radiation damage the relative change of the reflective in-
dex'R/RC is used, where Rc is the reflec;ive index of the nen irradia-
ted crystal of silicon.

The profile of spreading resistance in the same samples was obtain-
ed by using a double contact electrode system equipped with needle of
tungsten carbide (diameter of spike is about 1 p, the load on the need-

le is 0.2 grams:in suspension). The above-mentioned spreadening resis-
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tance profile iz received after carrying out one hundred repeated mea-
surements. Every measurement is achieved by using pneumatics touch of
two needles, thesc two needles are parallel to the edge of the polish
oblique angle at the same distance along the surface.

In many cases the resistance distribution along the depth of the
samples has been determine@ by taking off the implanted layer and mea-
suring the resistance on the surface. The layer has been excluded by
mechanical pclishiug of a diamond paste. The dimensions of euch layer
is one . The accuracy of polishing in such process was 0.5 p.

Superficial resisiancerwas measured -by using four contact metheds
by special apparatus IUS-3 (Russia production). '

X~ra; diffraction measurements haverbeen achieved in a double crys~
tal spectromsier with  a parallel situvated crystal monochromator and
investigated crystal. X-ray irradiation of CuXdl of copper was used.
- The crystal monochromator and the samples were cut in the plane [111],
and the investigation was carried out in the fourth order reflection
(?9 ). The interplaner distance was determined by means of angular
scatterlng between the diffraction maximum reflection of x-rays from
the attachment and implanted layer.-Thls procedure was achieved by an

accuracy of * 5x10-5.

3. EXPERIMENTAL RESULTS

First of ali let us consider the case of the process which takes
part LP silicon after implantation of boron ions. These ions are elec-
tr1ca‘ly active 1mpur1t1es in the glven materlal

" The depth of the disturbed layer in the case of boron ion implanta-~
tien with the energy of 13.6 ‘MeV could be evaluated -from the spreading
resistance surves (see Fig.lj inrunheated treated samples. The horizon-

tal part on the curves is due to the limit of the measuring possibility
13 —2
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of the installations. In case of irradiating with fluence of 8x10
the defected layer has the depth of 20 p, and if the fluence of 8x10
cm_2 is used the depth 22. S u could be reached, The distribution of
implanted boren could be evaluated from the curves which describes the
_relation between spreadlng resistance charge and the depth which are
received from the investxgatlon of the annealed samples in turn (see
fig.2). ‘

The conductivity maximum in the implantation fluence interval of
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8x3013 1G15 c:mT'2 is situated at a depth of 17-18 u. The calculation of

the nuclear and electronic stopping abilities and the profile of the
concentration of the implanted boroen 1mpur1ty with using the computer
code TRIM- 90/3/ gives the reduced depth of the maximum ion implantation
region [R = 16.2 u). Better coincidence may be noticed if some specific
informatxon from the work” Y isused. Concerning the quantity ARP,which
characterizes ion dopes the width of the layer, which is doped by ions
at the distribution half height., The calculations give the value
AR = 0.51 . This value is essentiazlly lower than that obteined from
exgeriment. The experimental value of the ion doped‘layer is 1.1 p.
There is also a marked difference between the experimental results and
those which are predicted from the theoretical formulae. The theory
predicts an asymmetric profile which is due to higﬁ concentration wing
in the direction of the surface. This wing is produced as a result of
boron light atoms back scattering on the atoms of silicon. In the expe-
rimental profile more intensive wings are noticed at the side of big
depth. Such disagreement between theoretical and experimental data may
be explained by probable channeling of the part of boron ions which are

. /57
captured in a channel after ion stopping at non-high energies in

turn,
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Fig.1. The distribution of the spreading resistance in silicon after
implantation of boron ions with energy of 13.6 MeV. The curves 1

-2 14 -2
and 2 correspond to the fluences of 8x1013 and 8x10° cm ~.
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Fig.2. The distribution of the spréading-resistance in 13.6 MeYy boron

. cics 13—
implanted silicon . The irradiation fluence is 8x10 3cm 2 and the

samples are annealed at 4500 and 10000.

The beginning increasing distribution of amorphic phase along the
depth of the irradiated layer could be given by means of optical ref-
lection measurements (see fig.3{2)). It is obvious that, the maximum of
the amorphic phase ~distribution and consequently the maximum of the
nucleér stopping of the boron lons are situated at the depth of 18 K.

This quantity is in  good agreement with the maximum obtained from the

experimental curves which represents the implanted boron ..distributioen.
The shape of the optical reflection profile curve qualitatively coinci-
des with theoretically calculated quantify -(dE/dx] 1 i.e. it has more
spreading wing in the direction of the surface, however. the experimen-
tal value of the peak width of 1.8 M is comparatively larger, than cal-
culated theoretically one (0.8 u).

In case of argon ion irradiation (energy of ions 46,3 MeV)} the

depth of the damage layer from the measurements of spreadlng resistivi-
ty is less for a fluence of 5x1014 m—2 than 1x1013 "2 and has the
average value of 16 p. The space distribution of the amorphous centers
is obtained from the measureﬁents of optical reflection distribution
Wwith the depth presented in fig.3(1). As shown in fig.4 the defect
formatlon maximum is situated at the depth of 12.6 p. The maximum depth

of introduc1ng amorphous phase is 14 u

w
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Fig. 3. Tbe reflective index relative change distributien AR/RC at the
wavelengih of 630 nm in case of 13.6 MeV boron ions (the fluence
is Ft= 8x1014 cm_ZJ - curve 1 and for the 46.3 MeV argon ions -
curve 2 (the fluence is Ft = S5y 1014 2') implantation in sili-

con.

The compariscn between the profiles of the electrically active de-

fect distrlbution and the optical reflection intensity shows deep pene-—

trability of point defects which . change the electrical parameters of
the sample in turn. The half height width defect distribution profile -
whicﬁ is obtained by means of optical reflection is equgl to ARp=2.2 #. '
which is much larger than the calculated profile width of the diétribq4
tion of the elastic loss of argon iens , this Vvalue -ig &Rp = 0.95 p.
(TRIM-90). The calculated and experimental profiles (see fig.3) coinei-
des‘with each other qualitatively, i.e.there is a characteristic "tail"
in the direction of the surface and a sudden fatlure in the direction
of large depths. There is also a good agreement between the calculated -
and measured quantities of the average projective range.

The x-ray diffraction method was used for the investiga;ion of the
lattice constant change character Aa in the implanted layers as a func-

tion of ion fluence and of the depth in irradiated tayer. The variation

of lattice constant was determined by means of.the angular distance be-

tween the maximum reflection from the implanted layer and the backing.
In fig. 4 the changes of . the lattice interval versus fluence in si-

licon layers implanted by argon is presented. The curves 1 and 3, main-

ly, refer to the surface layer of the defects of 4-5 um thicknéss and
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the curve 2 reflects the change of the lattice interval due to defects
localized at the depth more than 10.5 um. As seen from the figure, the
accumulation of damage }s of a sublinear character in the region of ar-
goen  fluences from 3x1014up to 1015 cm-z. 8a is of order (Ft)o's. On
further inc}easing the fluence the parameter Aa tends to saturation.
The sublinear character of accumulation of disturbances is associated
with ,;nnihilation of newly originating moving defects with earlier
stable defects. One should note that at usual implantation energies
(tens and hundreds keV) at room temperatures the sublinea} defect accu-
mulation is typical only for light ions producing, mainly, simple isé-
lated defects but not their clasters. In this connection it makes sénse
to consider that in case of high-energy argon implantation simple de-
fects are also mainly formed.

Radiation defects distribution of the silicon layer implanted by

argon in depth is presented in Fig,5 by the curves 1 and 2 for ion flu-
4

1 .
ences 3x10 and 3x1015 ions/cmz, respectively. The curves 1 and 2 are

obtained by measuring the lattice period at the layered controlled.

etching of sample layers. Defect concentration is calculated by measu-
red value pa’'in the layer with reference to backing taking into account
that the value of atomé' shift to the region of prevailing demage is
0.2 A. The curve 3 of theoretical distribution of stable disturbances
in depth is plotted from the curve of eﬁergy losses for elastic
interactions. This curve is calculated by the Monte-Carioc method on the

assumption that stable complexes form 5%
A, A
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Fig.4. The fluence dependences of lattice constant changes in Si, irra-

diated by argon ions with energy 46.3 MeV, The curve 3 cores-

ponds to the silicon samples annealed at 320°C.
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of all formed vacancies. Experimental values of disturbances in the
surface silicon layer irradiated by argon ions of 3x1614 cm_2 fluence
are clese the theoretical ones. With increasing the depth damage con-
centration increaées but more siower than the calculated one. This
progressing noncenformity of experimental and theoretical values with
the depth can be explained by annihilation processes. And really, anni-~
hilation processes increase with increasing the concentration of stable
defects, i.e. with the depth. However, the vicinity of experimental and
theoretical values near surface cannot be the evidence that the main
mechanism of the defect formation is-the energy loss of high-energy ion
for elastic interactions. As the defect accumtlation is of a subiinear

2 the experimental values (the

character, then at fluence of 3x1015 cm
curve 2) are much more low than the calculated ones (for fluence of ar-
gon ion Ciu-cl()ls.cm-2 the calculated curve 3 has to be multiplied by the
factor 10). For 'fluences lower than 3x10'% cm-z, in view-pf the same
reasons, the experimental values should be higher than the theoreti- -
cal ones, l.e. one should admit the existence of additional mechanism
of defect formation. High values of ionizing energy losses allow one to
suppose that the additional defect formation for argon ions with the
energy of 46.3 MeV is due to the Coulomb repulsion of ionized lattice
atoms- the Coulomb éxplosion. ’ - L

The restoration of the peried of silicon lattice implanted by high-
energy ions during the isochronous annealing process is shown in fig.6

{the curves 1 and 2). For comparison the curve of isochronous silicon

-annealing implanted by silicon.ions with energy of 200 keV is given.

The restoration period of the lattice proceeds by two stages: the first
~100-300°C, the second -400-600°C. Intrinsic damage in silicon irradia—
ted by silicon ions of keV energies afe anntealed In a similar way. The
first stage of restoration period of the 'lattice is due mainly te an-
nealing of di-vacancies. At the second stage multiﬁacancies complexes
formed in places of vacancy accunulation as a result of defect rearran~
genent under heat treatment are annealed. It is also known, that stable
interstitial complexes of two types annealing.at 120 -140°c and 500-
600°C, respectively, are formed in silicon implantation in comparable
concentrations with vacancy defects. However, these defects do not ma-
nifest themselyes in changing the period of siiicon lattice. Taking ac-
count of sublinear accumulation of radiatjon defects that testifies

partial annibilation of newly formed defects the question arises of
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what defects mainly dissappear in the region of accumulation during im-
plantation isclated or concentrated ones.One can find the answer if to
obtain the fluence dependence of changing the period of the lattice
during defect accumulation formation. ,

In fig.4 (the curve 3) changing the period of the lattice versus
argon ion fluence due to defects ﬁhich are responsible.fof the second
stage of annealing is shown. As seen, .their concentration increases

within the fluence dependence:

_ 0.6
Ny e = k (Ft)

15

at all fluences investigated “from 3x1014 up to 3x10 cm_z. X is the

coefficlent of proporticnality, F is the intensity of ion beam and t is
the time of accumulation of the fluence. Here, dependenqe yiéld for
saturation is not observed. Theréforé; mainly the isolated defects par-

ticipate in annthilation.

Kaet
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Fig.5. Distribution of radiation defects in depth of silicon layer {S5i.

doping by boron - SDB-10 (1111} implanted by “Car (46.3 MeV).
o - Ft =3x10"% en? 4 - Pt = 3x10" cn?,  dotted curve -
the calculation.
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Fig.6. The curve of restofation period of the lattice at the isohronous
silicon annealing SDB-10 [111] implanted by argon ions with
the energQ 46.3 Mev, o—Ft=3x1015 cm_z, |:|—Ft=3x1014 cm—2 and A -

by silicon lons with the energy of 200 keV.

The distribution of radiation defects as a function of the depth of
the irradiafed'}ayers was determined by using X-ray diffraction, the
behavior of the accumulaticn and annealing near the surface region of
silicon crystal "implanted at room temperature by necn and argon ions ~
Wwith energy 1 MeV/amu and also kripton ions With energy of 210 MeV.TThe
experimental results are compared with the results obtained from a

standard computer code TRIM-90. In fig.7 the changes of the lattice
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Fig.7. The dependence of the lattice parameter changes in silicon im-
22 40
planted by Ne, “TAr and 84Kr ions with 26.7 MeV, 46.3 Mev,

21C MeV energies respectively on the fluence.
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parameters of the silicon are presented after the irradiation by 84Kr,

40Ar and ZZNe.

The concentration of the introduced damage is higher for the ions with
large masses. The behavior of the damage accumﬁlation in the range near
the surface is the same for all ions. The concentration of the stable
defects grows with the increase of the fluence according to the rela-

tion:
=x (r1)0 7,

ngf

In this case for some defined for each ion fluences, the velocity
of damage formation strongly decreases and the curves characterizing
the change of the lattice constant reach saturation. The recalculation
of the threshold fluences (which corresponds to the saturation in the
dose dependence) to the dose dependence shows that it is impossible to
explain the noticed defect concentration on account of elastic losses
of energy only. The sudden decrease of the damage formation velocity
with the irradiation fluenge growth ensures the tolerance of an addi-
tional annihilation mechanism of elementary defects. The reason is that
the mean distance between the close tracks of ions decreases by
increasing the fluence. In case of increasing the ion masses, it could
be considered that the track diameter increases, i.e. the overlap of
the defects from cloée tracks for large mass of ions takes places at
comparaiively low fluences. This effect Iincreases the recombination of
point defects between themselves from the close tracks. This leads to
the decrease of their accumulation wvelocity. The value of the fluence
threshold (Ft)thr enables to evaluate approximately the_Frack diameter

of the ion from the expression:

_ -1/2
re™ Pl
Then’these radiiare equal to 3.2 A, 5.0 A and 13.4 A for the Ne, Ar and

Kr iens, respectively.
CONCLUSION

On, the basis of the obtained results the folloﬁing could be conclu-
ded: )
~ High energy ions could be used as a powerful tool for studying radia-

tion damage in semiconductor single crystals. -In this case it is pos-
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sible to obtain the high damage vglocity formation with large ion free
range, whicﬁ enables to use the classical methods of semiconductor
techriology.

- The implication of heavy ions reveals tﬁem as active impurities which
change the type of'conductivity in turn, permits the poséibility of
forming an electrically conducting layer at the far depth of seﬁicon-
ductor materials and multilayer structure which remain stable during

the heat treatment.
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