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Mechanical strain and damage in Si implanted with O and N ions
at elevated temperatures: Evidence of ion beam induced annealing

J. P. de Souza, Yu. Suprun-Belevich, and H. Boudinov
Instituto de Fı´sica, Universidade Federal do Rio Grande do Sul, 91501-970, Porto Alegre, R.S., Brazil
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~Received 6 July 2000; accepted for publication 6 October 2000!

The accumulation of damage and the development of mechanical strain in crystalline Si~c-Si! by O
and N ion implantation to doses up to 431017cm22 at elevated temperatures have been studied
using Rutherford backscattering spectrometry and high resolution x-ray diffraction. The
implantation of O or N ions at high temperatures produces two distinct layers in the implantedc-Si:
~i! a practically damage-free layer extending from the surface up to. half of the depth of the mean
projected range (Rp) and presenting negative strain~of contraction!; and ~ii ! a heavily damaged
layer located around and ahead of theRp with no significant strain. Both the damage distribution and
the magnitude of the strain were found to be dependent on the ion species implanted. We proposed
that besides the spatial separation of Frenkel pair defects due to the mechanics of the collision
processes and the intensive dynamic annealing, an ion beam induced annealing process also
participate in the formation of the near-surface damage-free layer during high temperature
implantation ofc-Si. © 2001 American Institute of Physics.@DOI: 10.1063/1.1330254#
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I. INTRODUCTION

It is generally accepted that residual implantation da
age in crystalline Si~c-Si! decreases with increasing tem
perature of the implantation. Below;200 °C, the damage
accumulation from light or medium mass ions results in
formation of an amorphous layer at sufficiently high dos
while above this temperature, the crystalline-to-amorph
transformation does not take place up to arbitrarily h
doses.1 High dose implantation has been used to synthesi
variety of compounds in silicon including a buried oxid
layer and a buried nitride layer for silicon-on-insulator~SOI!
device applications. Ion implantation at elevated tempe
tures provides a possibility for exploring damage-rela
phenomena at very high doses.2–5 Understanding of the
mechanisms of the growth of damage ion implantation
high dose and elevated temperatures is of great importa
for the synthesis of SOI materials.

It was previously found that the implantation ofc-Si at
elevated temperatures with O ions leads to a damage a
mulation which was shown to bifurcate into two distinct
different layers: a heavily dislocated region around a
ahead of the mean projected range (Rp), and a shallower
layer which is dislocation free but shows mechanical str
of contraction in the planes parallel to the surface.2,3,6,7 The
role of the impurity atoms in the growth of the damage is n
clear at present and detailed information on the dam
growth during implantation of Si with ions other than tho
of O and Si at elevated temperatures is scarcely discusse
the literature.

In this paper, we present the results of systematic inv
tigations of damage accumulation and evolution of inter

a!Electronic mail: alcima@if.ufrgs.br
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mechanical strain at high temperature and high dose imp
tation of c-Si with O or N ions. The influence of the im
planted species on the process of the formation of the la
with a negative strain and on the damage accumulation
been investigated.

II. EXPERIMENTAL DETAIL

Czochralski-grown silicon wafers ofn-type conductivity,
with resistivity of 1–2V cm and~100! orientation were im-
planted at temperatures from 150 to 600 °C with molecu
ions (N2

1 or O2
1! of 240 keV, which corresponds to the en

ergy of 120 keV/atom. At the higher energy of 185 keV t
implantation was performed using16O1 ions. The beam cur-
rent density was maintained in the range of 3–6mA cm22.
The implanted doses~atom/cm2! were chosen in the range o
0.5– 4.031017cm22. The estimatedRp values fromTRIM8

code simulation are 0.26 and 0.27mm, respectively, for 120
keV O and N ions, and 0.37mm for the 185 keV O ions. In
order to reduce channeling effects, the normal of the sam
was tilted by 7° with respect to the beam direction and
surface was rotated by 25° with respect to the^110& direc-
tion.

The implanted samples were analyzed by Rutherf
backscattering spectrometry~RBS! using a 900 keV4He1

beam aligned witĥ100& crystal direction or in random di-
rection. The depth profiles of the damage were obtained fr
the RBS spectra using an iterative calculation procedure w
the two dechanneled beams’ approximation.9

Internal mechanical strain in the samples was inve
gated by high-resolution x-ray diffraction measurements
double-axis and triple-axis configurations using a CuKa1

beam. By measuring the angular distance between the
fraction peaks from the Si substrate and the implanted la
© 2001 American Institute of Physics
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 [This a
in the ~004! orientation in the rocking curves, the relativ
perpendicular mismatch (Dd/d)' was obtained. The in-plan
component of the strain was found to be negligible in all
cases by examination of the reflections from the inclin
lattice planes. To obtain the information about the depth d
tribution of the damage the measurements were repeate
ter the surface of the samples had been etched to a ce
depth.

III. EXPERIMENTAL RESULTS

The depth distributions of the damage obtained from
RBS spectra of the samples implanted with O~of 185 keV!
and N ions~of 120 keV/atom! at 600 °C to various doses ar
presented in Figs. 1~a! and 1~b!, respectively. 100% of the
damage indicated in the figures corresponds to the ‘‘rand
level’’ or 100% of dechanneling. The corresponding dep
profiles of the energy deposited by the projectile ions, cal
lated using theTRIM code simulation,8 are included in Figs.
1~a! and 1~b! for comparison. It was verified by RBS analy
sis ~data not shown! that the damage profile after room tem
perature~RT! implantation with either O or N ions to dose
below the threshold dose for amorphization has its maxim
at a depth which closely coincides with that of the deposi
energy distribution. It is clearly apparent in Figs. 1~a! and
1~b! that the damage profiles produced by implantation
elevated temperatures are shifted to deeper depths with

FIG. 1. Damage profiles extracted from the RBS spectra from Si impla
at 600 °C. ~a! 185 keV O ions, doses:~1! 531016 cm22; ~2! 2
31017 cm22; ~3! 431017 cm22. ~b! 120 keV N ions, doses:~1! 1
31017 cm22; ~2! 231017 cm22; ~3! 331017 cm22; ~4! 431017 cm22. The
corresponding energy deposited in nuclear collisions calculated byTRIM is
shown by the dashed curves.
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spect to the deposited energy distribution, meaning that
damage is accumulated at depths deeper than at RT imp
tation

According to the RBS studies there is a near-surfa
layer practically free of damage in the samples implan
with O ions at elevated temperatures. No amorphous laye
observed in samples implanted with O ions and the dam
profile practically does not alter with the dose. The data
Fig. 1~b! show that in the samples implanted with N ion
with dose>331017cm22 a thin buried amorphous like laye
is formed, which becomes thicker with the dose. Additio
ally, the near-surface damage-free layer in the sample
narrower than those implanted with O ions. For the highes
dose (431017cm22) the near-surface damage-free layer
practically missing. On the damage profiles in the samp
implanted with N ions to doses of 231017cm22 and above
there is an additional maximum or shoulder starting at
depth of 100–120 nm.

Figure 2 shows the rocking curves@curves~1!–~5!# from
the samples implanted at 600 °C with 185 keV O ions
various doses. A rocking curve from a sample implanted
RT with O ions to a dose of 231015cm22 ~below the onset
for amorphization! is included for comparison@curve~6!#. In
curve~6! the fringes to the left of the main peak indicate t
presence of a positive strain~of expansion!, which is nor-
mally observed inc-Si after RT implantation. The rocking
curves from the samples implanted at 600 °C show a la
substrate reflection peak and a secondary peak to the rig
the main peak@see curves~1!–~5! in Fig. 2#. This secondary
peak indicates that there is a crystal layer in the samples
negative lattice strain~of contraction!. The strain perpen-
dicular to the surface (Dd/d)' obtained from the x-ray mea
surements versus the O ion dose is shown in the inset in
2. There is a maximum of the negative strain at the dose
331017cm22.

The rocking curves obtained from the samples implan
at 600 °C with N ions~at 120 keV/atom! to various doses are

d

FIG. 2. X-ray rocking curves from Si implanted at 600 °C with 185 keV
ions. Doses:~1! 531016 cm22; ~2! 131017 cm22; ~3! 231017 cm22; ~4!
331017 cm22; ~5! 431017 cm22. ~6! RT implantation, dose 2
31015 cm22. The obtained negative strain vs the dose is shown in the in
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
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shown in Fig. 3. The strain (Dd/d)' calculated from the
x-ray measurements versus the N dose is shown in the
in Fig. 3. There is an increase of the strain with the incre
of the dose up to 231017cm22. With the further increase o
the dose the strain significantly decreases.

Controlled etching of the surface of the samples w
subsequent recurring x-ray measurements demonstrated
the negatively strained region extends from the surface u
the depth of.Rp/2. The crystal layer around and ahead
Rp does not show any noticeable strain.

Figure 4 shows the damage profiles after implantation
O ions ~at 120 keV/atom! with a fixed dose of 1
31017cm22, at various temperatures. At the lowest tempe
ture ~150 °C! a 230-nm-thick buried amorphous layer ce
tered at the depth corresponding to that of the maxim
energy deposition is formed@curve ~1! in Fig. 4#. However,
even at this temperature a thin layer with a very low dam
concentration is observed near the surface. With the incre
of the implantation temperature the amorphous layer
comes thinner, however, it is still centered at the same de
~curve 2 in Fig. 4!. No amorphous layer is observed aft
implantation at higher temperatures, and the damage pr
is shifted to deeper depths@curves~3! and ~4! in Fig. 4#.

The strain calculated from the x-ray curves versus
temperature of the implantation in samples which recei
an O ion dose of 131017cm22 at the energy of 120 keV
atom is displayed in Fig. 5. One can notice that the nega
strain decreases with increasing implantation tempera
from 150 °C.

FIG. 3. X-ray rocking curves from Si implanted at 600 °C with 120 keV
ions. Doses:~1! 131017 cm22; ~2! 231017 cm22; ~3! 331017 cm22; ~4!
431017 cm22. The obtained negative strain vs the dose is shown in
inset.
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IV. DISCUSSION

The damage accumulation and distribution along
depth observed for high temperature implantation of O io
is in accordance with the results reported in the literature2,6

There are two distinct damage layers in the implanted m
rial. The near-surface layer has a very low damage conc
tration, since the backscattering yield in the aligned R
spectra from this layer closely coincides with that in a virg
sample. In addition, this layer presents unidirectional str
of lattice contraction~Fig. 2!. However, the buried damage
layer located around and ahead of theRp of the ions~Fig. 1!
presents no significant induced strain as verified via rock
curve measurements performed after removal of the n
surface layer by controlled chemical etch. Similar resu
were also observed in Si implanted with Si ions.2,4 A model
was previously proposed to explain the formation of the
two layers based on a spatial separation of Fren
interstitial-vacancy pairs created during irradiation.2,4 The
momentum transferred to the recoiled Si interstitial ato
should have a nonzero component along the direction of
incident ion beam. Consequently, a spatial separation
tween the interstitial and vacancy defects, with the intersti

e

FIG. 4. Damage profiles extracted from the RBS spectra from Si implan
with 120 keV O ions, dose 131017 cm22. Implantation temperatures:~1!
150; ~2! 200; ~3! 400; ~4! 600 °C.

FIG. 5. Strain vs the implantation temperature for Si implanted with 1
keV O ions, dose 131017 cm22.
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Si atoms distributed to greater depth on average, is produ
Thus, the excess concentration of vacancies, mainly loc
near the surface, forms vacancy-type defect clusters w
induce the observed negative strain. On the other side,
excess concentration of interstitial Si atoms located aro
and ahead of theRp of the ions promotes the formation o
extended defects. The suggested model2 was supported by
the results of calculations of vacancy and interstitial Si at
distributions using a special modified version ofTRIM.

In the present research, generally similar results w
obtained in samples implanted with O and N ions. Howev
compared to O ions, N ions produce a higher level of da
age aroundRp causing the higher backscattering yield o
served over this region. In addition, at doses of
31017cm22 and higher a buried amorphous like layer
formed @see curves~3! and ~4! in Fig. 1~b!#. Besides that,
there is an additional maximum or a shoulder on the dam
profile between the two layers at doses>231017cm22, in-
dicating that some specific mechanism of defect-impurity
teraction is taking place. A similar disordered layer on t
interface between the Si crystal layer and buried Si3N4 layer
was observed in previous works.10 The negative strain gen
erated by N ion implantation to doses up to 231017cm22 is
higher than that produced by O ions for the same implan
tion parameters, in spite of the fact that the mass of N ion
lighter than that of O ions. Our earlier experiments emplo
ing other light mass ions implanted at high temperatu
showed that the formation of the near-surface layer of ne
tive strain cannot be explained solely by the collision m
chanics and it was suggested that chemical properties o
implanted species should play a role in the damage accu
lation process at elevated temperatures.11

It is seen from Fig. 4 that at relatively low temperatu
~150 °C! there is a buried amorphous layer formed by the
ion implantation, and the near-surface layer with the nega
strain is rather thin~;100 nm!. However, in this case the
magnitude of the negative strain is the highest~Fig. 5!. With
the increase of the temperature the thickness of the n
surface layer increases and the strain decreases. This eff
difficult to explain using the model suggested in Refs. 2 a
4, which consider only the spatial separation of the Fren
pair defects. Some additional mechanisms may be invol
to assist the formation of the above-mentioned double-la
structure.

We propose that during high temperature implantat
intense annealing of defects takes place in the near-sur
region. In addition to the dynamic annealing of point defec
energy of the incoming ions are transferred to Si atoms p
taining to previously created defect structures. Eventually
atoms displaced from the defect structures occupy reg
lattice positions after filling vacancy sites. The beam assis
transfer of Si atoms from defect structures to regular lat
sites is referred to hereafter as ion beam induced annea
~IBIA !. As a consequence of the IBIA, the formation of e
tended defect structures from the accumulation of interst
Si atoms is prevented in the near-surface region, giving
gin to the damage-free near-surface layer. Beyond the n
surface layer the IBIA is expected to be attenuated beca
the energy depositing in those regions is not sufficient
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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avoid the buildup of stable defect structures. In addition,
presence of a high concentration of O or N atoms around
Rp region markedly reduces the dynamic annealing.12,13

There are also additional interstitial Si atoms created in
region to accommodate the volume expansion due to for
tion of impurity precipitates. Consequently, during high te
perature implantation the damage is accumulated mainly
yond the depth where the maximum energy deposit
occurs (>0.8Rp). The damage in those regions is compos
mainly of extended defect structures and silicon oxide
silicon nitride precipitates, which are stable up to extrem
high temperatures~.1200 °C!. In the case of N ion implan-
tation, the crystal at the end of range region is heavily d
ordered or amorphous like. For high N ion doses, like
31017cm22, the N concentration may initiate a Si3N4 phase
formation. The lower fraction of N necessary for the form
tion of Si3N4, than of O for the formation of SiO2, may
explain the difference in the behavior of the observed da
age accumulation over theRp region with an increasing N
ion dose@see Fig. 1~b!#.

In order to demonstrate the IBIA phenomenon, a se
rate experiment was conducted employing dual O ion
plantation at a temperature of 500 °C. The first implantat
was performed with a dose of 231016cm22 and energy of
50 keV/atom to create a buried defect structure centere
the depth of>0.15 mm. Subsequently, half of the samp
surface was protected with a mechanical mask and a se
O implantation was performed at a higher energy of 1
keV/atom with a dose of 131017cm22.

Curves~a! and~b! in Fig. 6 are, respectively, the aligne
RBS spectra taken from the single and dually O ion i
planted halves of the sample. For comparison, the rand
RBS spectrum is included in Fig. 6@curve ~c!#. The regions

FIG. 6. ~a! ^100& aligned spectrum of a sample implanted at 500 °C with
ions to the dose of 231016 cm22 and energy of 50 keV;~b! ^100& aligned
spectrum of the same sample after a second implantation at the same
perature, with O ions at 185 keV and dose of 131017 cm22; and~c! random
RBS spectrum of the same sample after the dual O ion implantation.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

 20 Mar 2014 17:57:18



ck
e
im
rin
at
a
to
r
pr
in
-
b

on
vi-

n
w

lia
ur
e
e
e
o

le
f

ie

po
dis

ga

ta

m
o

ge
m
n

the
ain
that
tion

of
ring
ar-
kly
-

ic
cy
by
for

ion
at

ains
in

ul
n-
e

. B

Soc.

. B

f

. F.

, J.

pl.

s. B

46 J. Appl. Phys., Vol. 89, No. 1, 1 January 2001 de Souza et al.

 [This a
comprising channels 245–280 in curves~a! and ~b! corre-
spond to the backscattering from the damage introduced
the first O ion implantation. Since over this region the ba
scattering yields in curve~b! are lower than those in curv
~a! it is reasonable to conclude that the higher energy
plantation annealed part of the original damage. Conside
that the end of range defects created by elevated temper
implantation are stable up to very high temperature tre
ments~.1000 °C!, the hypothesis of defect annealing due
the temperature of the wafer has been excluded. Furthe
vestigation demonstrated that the damage distributions
duced by the lower energy O ion implantation in a virg
c-Si and in ac-Si previously implanted with the higher en
ergy O are identical. Quite similar results were obtained
replacing the O for N in the higher energy ion implantati
~data not shown!. The obtained results constitute clear e
dence of the IBIA phenomenon.

As the negative strain in the near-surface layer does
develop after RT implantation or even after a relatively lo
dose implantation at elevated temperatures,6 we can assume
that the formation of the vacancy clusters is the pecu
result of the defect annealing during the high temperat
and high dose implantation. It is expected that the increas
the implantation temperature enhances the dynamic ann
ing of the point defects, resulting in the formation of a low
number of vacancy clusters and therefore explaining the
served decrease of the negative strain~Fig. 5!. The growth of
the strain with the dose in the O ion implanted samp
shows a saturation and a decay after the dose o
31017cm22 ~Fig. 2, inset!, indicating some limit of the crys-
tal lattice to accommodate the growing number of vacanc
On the other hand, at very high doses (431017cm22)
mechanisms for strain relaxation become operative. One
sible mechanism is strain relaxation by generation of a
location band imbedded in the near-surface region.3 In the
case of implantation of N ions the drastic decay of the ne
tive strain at doses.231017cm22 ~Fig. 3! occurs simulta-
neously with the formation of disturbances of the crys
lattice in the near surface layer@Fig. 1~b!#. At the dose of
431017cm22 the damage-free surface layer is almost co
pletely eliminated, which is accompanied by a cutting dr
of the negative strain~Fig. 3, inset!.

V. CONCLUSIONS

The results obtained in the present investigation sug
that the model of spatial separation of interstitial Si ato
and vacancies2,5 does not completely explain the damage a
strain buildup inc-Si by O or N ion implantation. It was
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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found that besides the lighter mass of N compared to O,
implantation of N ions produces higher mechanical str
and higher damage than O ions. This seems to indicate
the implanted species participate in the damage forma
during the implantation at elevated temperatures.

We proposed that in addition to the spatial separation
the Frenkel pairs and intensive dynamic annealing occur
during implantation at elevated temperatures, the IBIA p
ticipates actively in the formation of the near-surface wea
damaged layer. In regions aroundRp , where a high concen
tration of implanted O or N atoms is present, the dynam
annealing is significantly reduced. Considering the efficien
of the IBIA process proportional to the energy deposited
the beam one expects that it should decrease abruptly
depths beyond that of the maximum energy deposit
(>0.8Rp). Consequently, the damage builds up mainly
the end of range of the ions. The presented rationale expl
the observed shift of the damage profile toward the depth
c-Si implanted with O or N ions at high temperatures.
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