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Abstract: The process of boron displacement from the noatesinterstitial positions by interstitial Si
atoms in silicon (Watkins effect) on the conditimismplantation and annealing has been investitjate
with help of X-ray diffraction and electrical mett® It was revealed that the efficiency of the Vifatk
substitution is determined by the ion current dgnfievel of ionization). With increasing of the
ionization level in the implanted layer during iraptation or annealing (additional low-energy
electron irradiation) the replacement process neaguppressed.
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INTRODUCTION ray spectrometer for a parallel position of thestai
monochromator with the sample using GuK
Radiation defects are generated in silicon durimig i irradiation in the fourth order of a (111) reflexti The
implantation. In the process of subsequent thermahccuracy of theAa determination was1x10° nm.
treatment to anneal the defects and activate S&ted  Sijjicon crystals lightly doped with phosphorys € 0.5
impurities, residual extended damages (rod-likedsf o cm) and highly doped with boropy(= 0.005Q cm)
stacking faults bounded by dislocation loops) may b \ere implanted with a scanning beam of 100 keV B

formed. These extended damages have interstitighns with the effective current densitigs0.05-
nature. The presence of such impurities as C or tBe 0.5pA cm™2.

S|I|<_:on crystals (layers) suppresses the formf’f““’” The charge carrier concentration was determinech fro
residual damages [1-3]. The necessary conditiorafor the Hall effect measurements in the Van der Pauw
positive result is the incorporation of these inifies in configuration [6]

the lattice nodes. But it is known that duringI h | (15 mi i f the implanted s
implantation the quantity of generated interstitiil sochrona ( m_ln) annealing of the impianted S&sip
atoms exceeds the value for stable interstitial'®> cgrned out in a vacuum chamber .both'wllthodt.an
complexes by a factor of roughly 20. The Sehc_Wlth S|multan§ous 10 keV e_IZectron irradiation with
interstitials may displace these impurities frone th current density of SpA cm™ ;I'he accuracy of
lattice nodes (Watkins substitution effect [4]). l€mperature during annealing v "C.

Therefore it is needed to preserve these impurities

the lattice nodes during implantation, so that thap RESULTSAND DISCUSSION

later operate as traps for self-interstitials dgiine heat ) )

treatment. In the case of boron it is important forlN Fig. 1 the change (growth) of the lattice constza
multiple step implantation [5], for example. Usio§  Versus the Bion fluence® is given for silicon sgmples
boron atoms as the traps for self-interstitials tmuslightly phosphorus doped (curve 1) and heavily dbpe
decrease amount of the operations in the multip s With boron (curves 2, 3, 4), respectively. Curdeg®)
method of ion doping. In this work we investigahet are noticeably higher for silicon heavily doped twit
process of boron displacement from the nodes int®oron @, = 0.005Q cm) than those for the n-type
interstitial positions by interstitial Si atoms dhe  silicon samples. It should be noted that the valofes

conditions of implantation and annealing. Aa(®) are higher for a lower ion current density.
Figure 2 demonstrates the recovery of the lattice
MATERIALSAND METHODS constant in silicon layers implanted witi Bns during

isochronal annealing. In n-type silicop,(= 0.5Q cm)
In this work the change of the crystal lattice pda  on the first stage (100-28D) the divacancies are
was investigated in implanted silicon layers. The annealed mainly [7]. At the second stage (380°6D0
values were measured from the angle differencéhe multivacancy complexes , e. g. five-vacancyRSi
between diffraction maxima of the X-ray reflection centres) and others, which remained emtitied
from the implanted layer and the substrate. Thd8] are annealed. The same two stages were
diffraction curves were measured by a double ctysta  revealed for silicon implanted with" $ns [9].
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Fig. 1: Dependence of the Silicon Lattice Constsmt Fig. 3: Curves of Electrical Activation of lon-
on B" lon Fluenced in:-Si:P,p,= 0.5Q cm; implanted Boron in Silicon by Isochronal
(2-4)-Si:B, pp = 0.005Q cm; ks : (1,3)-0.2; (2) Annealing without (1) and with Electron
- 0.5; (4)-0.05.A cm™? lllumination (2)
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Fig. 2: Lattice Constant Recovery at Isochronal 15

min Annealing of Implanted SiliconAag.
Change of Lattice Constant after lon
Implantation with Fluenceb; Aar-Change of
Lattice Constant after lon Implantation and
Annealing at Temperature T.-Si:fy = 0.5Q
cm; (2)-Si:B,pp = 0.005Q cm; (3)-Si:B,pg =
0.005 Q cm, Annealing with Electron
lllumination

The stage at 700-900 is characteristic for silicon
implanted with B ions only and may be explained by
annealing of radiation defect complexes which idelu
boron atoms.
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Fig. 4: Curves of Electrical Activation of lon-
implanted Phosphorus in Silicon by Isochronal
Annealing: (1)®p = 6.3x 10" cm?; (2)-®p =
1.5 x 10" cm?, then Annealing andg = 1
x10" cm? (3)-the same as (2) but Annealing
with Electron Illumination

Figure 3 presents curves of electrical activatidn o

In silicon heavily doped with boron the stages ofimplanted boron in silicon (the dependence of sheet
“inverse” annealing at temperatures of 100-120 andoncentration of the charge carrierss Mn the
380-500C are superimposed to the curves of the latticéemperature of isochronal 15 min annealing) without

constant recovery (Fig. 2, curve 2). However, foe t

(curve 1) and with (curve 2) simultaneous 10 keV

. . . : ot . . )
same samples, the curves of isochronal annealitty wi électron irradiation with a current density ofu& cm™.
electron illumination have not the “inverse” stagesThe boron activation curve contains a stage oférse”

(curve 3).

annealing (curve 1).
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may be estimated from the differencesm and in the
covalent radii of Si and B atoms. At thé Bn fluence
of 2x10" cm® the concentrations of displaced boron
Q\ __‘) atoms from the nodes are estimated to bd08,
Q\Q —6 5.9x10" and 10" cm™ at ion current densities of 0.5,
/ / 0.2 and 0.054A cm™?, accordingly. The initial boron
L concentration in silicon samples was18" cni?. With
\Q\Q_Q_‘)’——‘)/ decreasing of ion current density the quantity afoln
\ | I | displacements increases. This effect is joined with
@ @ . © © level of ionization in implanted layer. It corredatwith
| I | | results on defects annealing (Fig. 2). The stades o
/(’/(,—o‘b —@__ | “inverse” annealing are due to substitution of loro
E— atoms in the lattice nodes by interstitial Si atoffise
Sa ’ \ \ temperatures of “inverse” annealing coincide witle t
(’/(,—O—b\b annealing temperatures of interstitial complexe® i
— [11] and Si-B3 [12]. With increasing ionization &hin
the layer (electron illumination) the substitutiprocess
is suppressed (Fig. 2, curve 3).
Concerning activation process, it was shown using
channeling method and electrical measurements [13]
that the “reverse” stage in the activation curves i
obliged to the boron displacement from the lattice

In the case of boron activation during thermal ttresmnt nodes _by interstitial_ Si aFc_Jms generated during_ the
with simultaneous electron illumination only a besd annealing of the interstitial complexes. At high
observed in the activation curve (curve 2). concentrations of impurity and radiation defectss t

The electrical activation of implanted phosphorss i Process is seen in the curves of electrical actinaof
shown in Fig. 4. The phosphorus activatiorves  inserted phosphorus too. However, in the casesroib

do not contain stages of “reverse” annealing uguall @nd phosphorus the process of Watkins substitution
(curve 1). At the high P fluences>6x10™ cm?) suppressed at high level of ionization in implanted
amorphization of silicon layer takes place andteled ~ layer. It follows from both X-ray diffraction and
activation of the impurity during the annealing oz electrical investigations.

simultaneously with the recrystallization process.According to the ideas developed in work [14], the
However, “reverse” annealing was present (curve 2) Watkins substitution is determined by the movenuént
the samples have been implanted with a high inflaen interstitial Si atoms toward impurity atoms in tlastic

of phosphorus ions and then subsequently annealed $train field generated by these impurities due tsfitn
recrystallize amorphus layer and irradiated withi@s ~ of the covalent radii of impurity and lattice atanT$ie

to generate the radiation defects. But the “reverselattice atoms displaced from the equilibrium pagis
stage is absent if the thermal treatment is cardied in the first coordinate sphere relative to the iniyu
with simultaneous electron irradiation (curve3). atom and to less extent in the subsequent spheres
The greater increase of lattice constant resultiogn  (fading) are polarized and generate an electrioldip
implantation (Fig. 1) in heavily boron doped silicas moment. Under the influence of the dipoles of the
compared to n-type silicon crystals cannot be émpth ~ displaced atoms, the interstitial Si atoms obtain
by the higher concentration of radiation defectshds inductive dipole moments. Since the magnitude ef th
been ascertained in backscattering studies [1@]ttiea  dipole moment sharply increases towards the cefter
presence of boron atoms does not influence theofate the deformation, the interstitial Si atom moves ato
introduction of stable defects in silicon crystalhe compression (dilatation) centre. This movement is
boron atoms participate probably in the formatidn o schematically presented in Fig. 5. But what is the
thermally stable complexes (stage at 7002@)@luring  reason of the suppression of the substitution m®oce
annealing. We suggest that the additional incredise when the level of ionization in the implanted lag/és
lattice constant in silicon heavily doped with bormay  high? First, it must be considered from the poift o
be connected with replacement of boron atoms ftwn t view of charge states of interacting species. Baod
nodes by self-interstitials generated  duringphosphorus impurities being located in the Si datti
implantation. Boron atoms positioned at the nodesiodes have opposite charge states. If the self-
compress the lattice of silicon. The covalent radifiSi  interstitials capture any type of nonequilibriumache
atom is 0.1175 nm, while for B-0.08 nm. The latticecarriers (electrons or holes) it cannot suppress
constant is growing as the boron atoms are disglacesubstitution process in the equal degree for both
from the nodes. The concentrations of replacedoBat  impurities (boron and phosphorus). The same refurits
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Fig. 5: Motion of Interstitial Si Atom under Elasti
Deformation Field
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B and P atoms having the opposite charge statdsein
nodes, demonstrates that the reason of the sulmstitu
process suppression is not conditioned by chaagesst
of the impurities and self-interstitials. We bekethat

at the high level of ionization, the nonequilibrium

electrons and holes screen the electric dipolethén
deformed sphere with the result that the motiorSiof
atoms in the elastic strain field generated byrtbde-
situated atom is suppressed.

CONCLUSION

5.

6.

The presented results of the X-ray diffraction and8.

electrical investigations show that
displacement of boron atoms from the lattice ndaes
self-interstitials depends upon a level of ioniaatin
implanted silicon layers. The substitution processy
be suppressed at condition that the effective ioment
density must be more than Q8 cm during 100 keV

efficiency of

9.

B* scanning beam implantation. During annealing the

process of boron substitution may be suppresset) usi
low-energy electron irradiation with electron cumre 10.

density of 5uA cm?.
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