American Journal of Applied Sciences 2 (5): 910;2®)5
ISSN 1546-9239
© Science Publications, 2005

Displacement of Boron from
by Interstitial S Atoms During

the Silicon Crystal Nodes
I mplantation and Annealing

M. Jadan?A.R. Chelyadinskii andV. Yu Yavid
'Tafila Applied University College, AL-Balg#pplied University, Jordan
“Belarusian State University, Minsk, Belarus

Abstract: The process of boron displacement fro

m the noatesimterstitial positions of interstitial Si

atoms in silicon (Watkins effect) on the conditimismplantation and annealing has been investibate
with the help of X-ray diffraction and electricalethods. It was revealed that the efficiency of the
Watkins substitution is determined by the ion corr@ensity (level of ionization). With increasin§ o
the ionization level in the implanted layer durimgplantation or annealing (additional low-energy
electron irradiation) the replacement process neaguppressed.
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INTRODUCTION

Radiation defects are generated in silicon duringnonochromator

ion implantation. In the process of subsequentntiaér
treatment to anneal the defects and activate serted
impurities, residual extended damages (rod-likecksf
stacking faults bounded by dislocation loops) may b

curves were measured by a double crystal X-ray
spectrometer for a parallel position of the crystal
with the sample using GuK
irradiation in the fourth order of a (111) reflexti The
accuracy of theAa determination was1x10° nm.
Silicon crystals lightly doped with phosphorys € 0.5

Q cm) and highly doped with boropg= 0.005Q cm)

formed. These extended damages have interstitiavere implanted with a scanning beam of 100 keV B

nature. The presence of such impurities as C ar tBe
silicon crystals (layers) suppresses the formatdn
residual damag€s). The necessary condition for a
positive result is the incorporation of these inifes in
the lattice nodes. But it is known that during
implantation the quantity of generating interstit&i
atoms exceeds the value for stable
complexes by a factor of roughly 20. The self
interstitials may displace these impurities frome th
lattice nodes (Watkins substitution efféyt Therefore

it is needed to preserve these impurities in thicéa
nodes during implantation, so that they can laperate
as traps for self-interstitials during the heattneent.

In the case of boron it is important for multiples
implantatiof?!, for example. Using of boron atoms as
the traps for self-interstitial must decrease theant

of the operations in the multiple step method af io
doping. In this work we investigate the procesbain
displacement from the nodes into interstitial posi
by interstitial Si atoms on the conditions of
implantation and annealing.

MATERIALSAND METHODS

In this work the change of the crystal latticeipér
Aa was investigated in implanted silicon layers. Tiae

ions with the effective current densities5 0. 05-0.5
PA cni?

The charge carrier concentration was determined
from the Hall effect measurements in the Van demPa
configuratioff’.

Isochronal (15 min) annealing of the implanted

interstitigSa@MmpPles was carried out in a vacuum chamber both
if. Without and with simultaneous 10 keV electron

irradiation with current density of HIA cm? The
accuracy of temperature during annealing ®2%C.

RESULTSAND DISCUSSION

In Fig. 1 the change (growth) of the lattice canst
Aa versus the Bion fluence® is given for silicon
samples lightly phosphorus doped (curve 1) andilyeav
doped with boron (curves 2, 3, 4), respectivelyrvés
Aa (@) are noticeably higher for silicon heavily doped
with boron f, = 0.005Q cm) than those of the n-type
silicon samples. It should be noted that the vabfesa
(®) are higher for a lower ion current density.

Figure 2 demonstrates the recovery of the lattice
constant in silicon layers implanted witfh Bns during
isochronal annealing. In n-type silicop,(= 0.5Q cm)
on the first stage (100-28D) the deficiencies are
annealed mainl{. At the second stage (380-68Q0) the
multivacancy complexes, e.g. Five-vacancy (Si-P1

values were measured by the angle difference betweeenters) and others, which remained unidenfifiedte

diffraction maxima of the X-ray reflection from the

annealed. The same two stages were revealed for

implanted layer and the substrate. The diffractionsilicon implanted with Siond..
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Fig. 1. Dependence of the Silicon Lattice Constiat i 3. cyrves of Electrical Activation of lon-
on B’ lon Fluenceb in:1)-Si:P,po= 0.5Q cm; implanted Boron in Silicon by Isochronal
(2-4)-Si:B, po = 0-00_529 cm; k1 (1,3)-0.2; (2) Annealing without (1) and with Electron
- 0.5; (4)-0.01A 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.1)-Si:p, = 0.5

Q cm; (2)-Si:B,pg = 0.005Q cm; (3)-Si:B,po
0.005 Q cm, Annealing with Electron
lllumination

The stage at 700-900 is characteristic of 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" cmi? (2)-®p =
1.5 x 10" cm? then Annealing andbg = 1
x10* cm? (3)-the same as (2) but Annealing
with Electron lllumination

Figure 3 presents curves of electrical activatidn o

In silicon heavily doped with boron the stages ofimplanted boron in silicon (the dependence of thees

“‘inverse” annealing at temperatures of 100-120 andoncentration of the charge carriers NS on the
380-500C are superimposed to the curves of the latticdemperature of isochronal 15 min annealing) without
constant recovery (Fig. 2, curve 2). However, fog t (curve 1) and with (curve 2) simultaneous 10 keV
same samples, the curves of isochronal annealitly wi electron irradiation with a current density ofi& cm™
electron illumination have not the “inverse” stagesThe boron activation curve contains a stage oférse”
(curve 3). annealing (curve 1).
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covalent radii of Si and B atoms. At thé Bn fluence
of 2x10™ cni? the concentrations of displaced boron
QEQ —é atoms from the nodes are estimated to bd&08,
—y—¢ 5.9x10'® and %10 cni® at ion current densities of 0.5,
\ I ! 0.2 and 0.051A cm?, accordingly. The initial boron
—Q __.;Of““’f# concentration in silicon samples waslg'® cm‘_z. With
“——Q—Q—p decreasing of ion current density the quantity afom
\ | | ] displacement increases. This effect is joined wvdth
» ®» @O © level of ionization in implanted layer. It corretatwith
l | r results on defects annealing (Fig. 2). The stadgdes o
“inverse” annealing are due to substitution of lmoro
Si I \ \ atoms in the lattice nodes by interstitial Si atoffise
(’ temperatures of “inverse” annealing coincide witle t
f-—t,“"f"_ —&—® annealing temperatures of interstitial complexes Si
\ PE'Y and Si-B82. With increasing ionization level in

\ / may be estimated from the differenced\a and in the

the layer (electron illumination) the substitutiprocess
is suppressed (Fig. 2, curve 3).
Concerning activation process, it was shown using
channeling method and electrical measurenféhthat
Flg 5: Motion of Interstitial Si Atom under Elasti the “reverse” stage in the activation curves |3gmﬂ to
Deformation Field the boron displacement from the lattice nodes by
interstitial Si atoms generated during the anngatih
In the case of boron activation during thermalthe interstitial complexes. At high concentratioofs
treatment with simultaneous electron illuminatiamyo  impurity and radiation defects, this process isnsie
a bend is observed in the activation curve (cujve 2 the curves of electrical activation of inserting
The electrical activation of implanted phosphorusphosphorus too. However, in the cases of boron and
is shown in Fig. 4. The phosphorus activation csive@  phosphorus the process of Watkins substitution is
not contain stages of “reverse” annealing usu@ily\e  suppressed at high level of ionization in implanted
1). At the high P fluences¢x10'* cmi®) amorphization layer. It follows from both X-ray diffraction and
of silicon layer takes place and electrical actatof  electrical investigations.
the impurity during the annealing occurs According to the ideas developed in the Wdtk
simultaneously with the crystallization process.the Watkins substitution is determined by the
However, “reverse” annealing was present (curvéf 2) movement of interstitial Si atoms toward impurity
the samples have been implanted with a high inflaen atoms in the elastic strain field generated by d¢hes
of phosphorus ions and then subsequently annealed impurities due to misfit of the covalent radii afipurity
recrystallize amorphous layer and irradiated with S and lattice atoms. The lattice atoms displaced ftioen
ions to generate the radiation defects. But theeirge”  equilibrium positions in the first coordinate spher
stage is absent if the thermal treatment is caroed relative to the impurity atom and to a less extarthe
with simultaneous electron irradiation (curve3). subsequent spheres (fading) is polarized and genera
The great increase of lattice constant resultingyf  an electric dipole moment. Under the influence haf t
implantation (Fig. 1) in heavily boron doped silicas  dipoles of the displaced atoms, the interstitiabh®ims
compared to n-type silicon crystals cannot be eémpth  obtain inductive dipole moments. Since the mageitud
by the higher concentration of radiation defectdhds of the dipole moment sharply increases towards the
been ascertained in backscattering stliifleghat the center of the deformation, the interstitial Si atoraves
presence of boron atoms does not influence theofate to a compression (dilatation) center. This movenignt
introduction of stable defects in silicon crystalhe  schematically presented in Fig. 5. But what is the
boron atoms participate probably in the formatidn o reason of the suppression of the substitution m®oce
thermally stable complexes (stage at 700°@)@uring  when the level of ionization in the implanted lagy/és
annealing. We suggest that the additional incredse high? First, it must be considered from the poifit o
lattice constant in silicon heavily doped with bormay  view of charge states of interacting species. Baod
be connected with the replacement of boron atoom fr  phosphorus impurities being located at the Sidatti
the nodes by self-interstitial generated duringnodes have opposite charge states. If the selfsiittel
implantation. The boron atoms positioned at theesod capture any type of nonequilibrium charge carriers
compress the lattice of silicon. The covalent raditiSi  (electrons or holes) it cannot suppress substitutio
atom is 0.1175 nm, while for B-0.08 nm. The lattice process in the equal degree for both impuritiesdibo
constant is growing as the boron atoms are disglaceand phosphorus). The same results for B and P atoms
from the nodes. The concentrations of replacedoBhat having the opposite charge states in the nodes,
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demonstrates that the reason of the substitutiooges 5.

suppression is not conditioned by charge statethef
impurities and self-interstitials. We believe tlwtthe
highest level of ionization, the nonequilibrium elens

and hole screen the electric dipoles in the defdrme

sphere with the result that the motion of Si atamihe 6.
elastic strain field generated by the node-situatieadn
is suppressed.

7.

CONCLUSION

The presented results of the X-ray diffraction and

electrical investigations show that the efficienofy 8.
displacement of boron atoms from the lattice ndaes
self-interstitial depends upon a level of ionizatim
implanted silicon layers. The substitution processy 9.

be suppressed at the condition that the effective i

current density must be more than & cm? during

100 keV B scanning beam implantation. During

annealing the process of boron substitution may be

suppressed using low-energy electron irradiatioth wi

an electron current density of\ cm?.
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