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The accumulation of radiation defects in silicon implanted with 150 keV N' ions at high ion current density
(20 pA cm®) and low density (0.05 pA cm™) was investigated by means of X-ray double-crystal spectrometer and
EPR method. At high ion current density the radiation defects accumulate up to amorphization at the ion dose of
1x10"° cm™. At low ion current density the curve of lattice parameter change on dose has oscillatory view and
amorphization of the layer is not achieved at least up to ion dose of 1.4x10'® ¢cm™ The processes of the nitrogen
atoms capture on the vacancy defects and Watkins displacement of them from the nodes work as additional channel
of radiation defect annihilation. At high ion current densities and at high level of ionization in the implanted layer

process of Watkins substitution is suppressed.
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1. Introduction

The investigations of radiation defects accumulation in
silicon during implantation at various ion current
densities provide opposite results. On the one hand,
strong dependence of the efficiency of stable defects
production is known at B" ion implantation [1]. On the
other hand, for P* or Si" ions this dependence is slight [2]
or is absent [3]. It was supposed that the dependence of
production rate of the stable defects versus ion current
density was conditioned by interaction of newly created
mobile vacancies and self-interstitials with the earlier
introduced point defects. It was believed that the stable
defects were not primary but were formed in result of
simple defect corporation. But it is determined that self-
interstitial defects in silicon (Si-P6 [4], Si-B3 [5], Si-AS
[6], Si-O2 [7]) are the primary defects. According to
analysis [8] general vacancy defects — divacancies are the
primary defects too and not only at irradiation with light
particles (gamma rays, electrons) but at irradiation with
fast neutrons and ions.

In this work we investigate the radiation defects
accumulation in silicon implanted with N ions at various
ion current densities.

II. Experimental details

The accumulation of radiation defects was
determined from the change of the crystal lattice period
Aa of the silicon layer. The Aa values were measured
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from the angle difference between diffraction maxima of
the X-ray reflection from the implanted layer and the
substrate. The diffraction curves were measured by a
double crystal X-ray spectrometer for a parallel position
of the crystal-monochromator with the sample using
CuKoa, irradiation in the fourth order of a (111)
reflection. The accuracy of the determination of the Aa
was = 1x10° A. The concentration of the radiation
defects was estimated from the Aa values taking into
account the values of the atom displacement in the
regions of prevalent defects which is equal to 0.2 A [9].

The beginning of the amorphization process was
detected by the EPR method by the appearance of the
isotropic line with a g-factor of 2.0055.

Sheet charge carrier concentration in the implanted
layers was obtained from the Hall effect and electrical
conductivity measurements using the Van der Pauw
configuration [10].

Isochronal (15 min) annealing of the samples
implanted with ions was carried out in a vacuum
chamber with and without simultaneous 10 keV electron
illumination with a current density of 5 mkA cm™. The
accuracy of temperature during annealing was + 2 °C.

II1. Experimental results and discussion

In fig. 1 changes of the lattice period Aa versus the
N ion dose @ (Aa(®P)) are compared for high (20 uA cm’
2, scanning beam — Jo; =0.5 pA cm™) ion current density
(curve 1) and low (0.05 pA cm™) density (curve 2). At
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Fig. 1. Dependence of the lattice period of Si crystals
on N' jon dose. Ton current density: 1) — 20 pA cm™;
2)—0.05 A cm™.

high ion current density the linear character of radiation
defects accumulation takes place up to ion dose of
2x10" cm™. At the higher doses the curve of lattice
period change has sublinear character (Aa(®) ~ ®").
The change of the lattice period Aa reaches its maximum
at a dose of 9x10'* cm™ and then a bend is observed at
the higher doses. At these doses the diffraction curves
from the implanted layer become broader and their
intensity is reduced. Simultaneously a line with g-factor
2.0055 is detected in EPR spectra; this is typical for
amorphous silicon.

At low ion current density the curve Aa(®) has
oscillatory view at doses higher then 4x10" cm™. In this
case amorphization of the layer is not achieved at least
up to ion dose of 1.4x10'® cm™.

In fig. 2 the curves of isochronal annealing of the
silicon high doped with boron ( p = 0.005 Ohm c¢m) and
implanted with Si" (curve 1), P* (curve 2), or N* (curve
3) ions are shown. For heavily B-doped and implanted
silicon, curves of lattice period reconstruction have two
regions of inverse annealing.

Fig. 3 shows the electrical activation curves of the
impurity in silicon implanted with boron at a dose of
1.3x10" cm™ (curve 1). The activation of boron during
thermal  treatment with  simultaneous electron
illumination is shown by curve 2. As it is seen, the
illumination reduces the stage of “reverse annealing” in
the isochronal annealing curves of boron-implanted
silicon.

Fig. 4 shows schematically the motion of interstitial
Si atom under elastic deformation field caused by
impurity atom in the lattice node.

The oscillations of the curve Aa(®) presented in
Fig. 1 are the result of interaction of nitrogen atoms with
the point defects (vacancy type and self-interstitials). In
equilibrium conditions nitrogen is feebly dissolved in
silicon. However, nitrogen atoms are trapped on vacancy
defects, i.e. in the lattice nodes at the high concentrations
of point defects (at ion dose of 4x10'* cm™ concentration
of radiation defects in the layer is (3-4)x10" cm™). As
tetrahedral covalent radius of N atom (0.7 A) is less than
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Fig. 2. Lattice period reconstruction at isochronal
annealing of the heavily B-doped and implanted silicon.
1)-Si', 1x10" em™; 2) = P, 1x10" cm™; 3) - N,
3x10" cm”
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Fig. 3. Curves of electrical activation of ion-implanted
boron in silicon. 1) — B, 1.3x10" cm™; 2) — B,
1.3x10" cm™, annealing with electron illumination.

radius of Si atom (1.175 A) the lattice period of silicon
decreases. The estimations have shown that the
concentration of nitrogen atoms in the nodes is
6x10" cm™ at the dose of N* ions 4x10" cm™. In this
case the complete nitrogen concentration in the layer is
1x10" cm™. At dose of 4x10" cm™ these values are
1x10% and 3x10" cm?, accordingly.

Nitrogen atoms in the nodes are the deep donors in
silicon crystals [11]. They may change the charge states
of the radiation defects. Annealing temperatures of the
radiation defects depend on their charge states. It can be
used for evidence that implanted N may be localized in
the lattice nodes. In [12,13] concentrations and annealing
temperatures of interstitial complexes were determined
by X-ray diffraction method. These studies used the well-
known phenomenon of self-interstitial atom substitution
for group III elements in the lattice nodes of silicon
(Watkins substitution [14]). This substitution effect takes
place not only upon irradiation, as observed by Watkins,



A.R. Chelyadinskii, V.Yu. Yavid, S.N. Jakubenja, P. Zukowski

PN
S R
e oY 0o
olci O ‘I\}——clp
|18 A
R
O

Fig. 4. Motion of interstitial Si atom under elastic
deformation field.

but also in the process of thermal treatment of the
implanted samples at the temperatures of interstitial
defect annealing. The displacement process of boron
atoms from the lattice nodes can be controlled by the
experimentally observed change in the crystal lattice
constant. The covalent radius of B atoms is smaller
(0.8 A) than of Si atoms (1.175 A) and these atoms,
being positioned at the nodes, compress the silicon
lattice. The lattice constant is growing as the boron atoms
are displaced from the nodes. In silicon heavily doped
with boron (p = 0.005 Om cm) the stages of “inverse
annealing” are superimposed on the curves of the lattice
constant recovery (fig. 2). The interstitial complexes are
annealed at 120 and 480°C (curve 1) in the case of Si’
ions, while in the case of P’ ions the annealing
temperatures are 160 and 560°C (curve 2). The
differences in annealing temperatures of interstitial
defects were associated with their charge states [12,13].
The defects in the heavily boron-doped silicon implanted
with Si" ions are in a positive charge state. It is well
known that a considerable portion (up to 70%) of the
implanted impurity B or P is located in the lattice nodes
during implantation [15]. Because of this, upon
implantation of the P" ions into silicon heavily doped
with boron compensation of charges takes place and the
interstitial defects are in a neutral charge state (annealing
stages 160 and 560°C).

In the case of N' ion implantation (curve 3) the first
stage (160°C) corresponds to anneal of the interstitial
defects in neutral charge state. It is the evidence that
implanted N atoms localize mainly in the lattice nodes.
On the second stage (480°C) interstitial defects anneal in
a positive charge state, because at 430°C nitrogen atoms
leave the nodes and don’t return in the nodes again [11].

At the subsequent irradiation th N atoms are
displaced from the lattice nodes by interstitial Si atoms
(Watkins substitution). Watkins observed the substitution
effect in silicon doped with B, Al, Ga [14]. In the work
[16] authors concluded that substitution effect takes place
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for all impurities with covalent radii different from the
radius of the lattice atom. The elastic strains created by
the impurity atoms in the nodes are the cause of the
direct movement of the self-interstitials in the lattice
toward dilatation (compression) centers with subsequent
displacement of the impurity atoms from the nodes. It is
not difficult to consider this movement at a microscopic
level. The lattice atoms displaced from the equilibrium
positions in the first coordinate sphere relative to the
impurity atom and to less extent in the subsequent
spheres (fading) are polarised and generate an electric
dipole moment. Under the influence of the dipoles of the
displaced atoms the interstitial Si atoms obtain inductive
dipole moments. Since the magnitude of the dipole
moment sharply increases towards the center of the
deformation the interstitial atom moves to a dilatation
(compression) center. This is schematically presented in
fig. 4.

At the subsequent irradiation and increase of the
radiation defects concentration, the nitrogen atoms are
trapped on vacancy defects again and so on. The two
processes determine oscillatory character of the curve
Aa(®). The processes of the nitrogen atoms capture on
the vacancies and displacement them from the nodes
work as additional channel of radiation defects
annihilation. These results allow to explain earlier known
fact of point defect clusters formation suppression in
silicon ingots doped with nitrogen during growing [17].

But what is the reason that this annihilation process
does not work at the high ion current density (fig. 1,
curve 1)? We believe that at high ion current density and
high level of ionization, nonequilibrium electrons and
holes screen dipoles around impurity atoms. As result,
Watkins substitution process is suppressed.

We think that any impurity atom in the lattice node
with covalent radius different from the radius of lattice
atom is the such additional center of defect annihilation,
including B atom. The known dependence of stable
defects production efficiency on B ion current density
may be connected with this annihilation mechanism. In
the case of boron it is easy to verify influence of the
ionization level on displacement process from the nodes
by self-interstitials. The substitution effect is displayed in
the curves of electrical activation of implanted boron in
the process of thermal treatment at the temperature of
interstitial defect annealing (fig. 3). It can be seen from
fig. 3 that boron activation curve contains a stage of
“reverse annealing” that is caused by the displacement of
boron from the lattice nodes with interstitial Si atoms
generated during the anneal of interstitial complexes
[18]. The electron illumination reduces the efficiency of
the displacement process (curve 2).

In the case of Si’ ion implantation this additional
channel of defect annihilation does not work and defect
accumulation dependence on ion current density is
absent. In the case of P" ion implantation this dependence
is slight because section of P atom displacement from the
nodes is small [16].
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IV. Conclusion vacancy defects and subsequent Watkins displacement of
them from the nodes. Efficiency of the Watkins
substitution process is depended on the level of
ionization in the implanted layer.

The accumulation of radiation defects in silicon
implanted with N* ions depends on ion current density.
This dependence is conditioned by additional channel of
defect annihilation via nitrogen atoms capture on the
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A30T SIK HEeHTP AHIriIsauil TOYKOBHUX JAe(eKTiB B IMINIAHTOBAHOMY KpPeMHil

¢ Binopycokuti 0epacashuii yHiee, cumem, Ka eopa izuku nanien, 06i()HuKi6, np. @. Cxapina 4, 220050, MiHCbK, binopyce
Jhobnincoxutl mexuivnuil yHisepcumem, (DaKyJmeem ENIeKMPUYHOL iH.?IceHepll, Honbum

3a JOIOMOror JBOKPUCTAIBHOIO X-TPOMEHEBOro crekrpomerpa Ta mMerony EIIP mocinmijkeHO HakonmMyeHHs
paniauiiinnx nedekTiB y kpeMHii, immuianToBanoMy ioHamMu N+ 3 eHeprieto 150 keB npu Bucokiit (20 MA em?) ta
Huspkiii (0,05 MA cm?) rycrumi crpymy iomi. Ilpu BHCOKili rycTMHi cTpymy ioHiB pamiamiiini Jedexti
HAKOMHUYIOThCS X 10 amopdusartii mpu 103i 1o 1¥10"° em?. TIpu HU3bKill TyCTHHI CTpyMy iOHIB KpHMBa 3MiHH
rapaMeTpa TpaTKd Mae€ IMEepeMiHHMH XapakTep 1 amopdu3alis Iapy He OOCATaeTbesi ax 10 J03U 1OHIB
1,4%10" cm. [porecu 3axoIUICHHST aTOMIB a30Ty BaKaHCISIMU Ta IX 3MiIIEHHS YOTKIiHCA PO3IIISIAIOTBCS SIK
JIOIATKOBMIM KaHasl aHirumanii papiauniiinux nedexris. IIpu BUCOKIH I'yCTHHI CTpyMy iOHIB 1 IpH BHCOKOPiBHEBii
ioHi3aLii B IMIUIaHTOBaHOMY IIapi 3MIILEHHS Y OTKiHCA MO/IaBIIOEThCS.
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