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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
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The accumulation of damage and the development of mechanical strain in crystalla®iSby O

and N ion implantation to doses up tox40' cm™2 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 imptaBted

(i) a practically damage-free layer extending from the surface up half of the depth of the mean
projected rangeR,) and presenting negative straiaf contraction; and (ii) a heavily damaged

layer located around and ahead of Ryewith 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 Physic§DOI: 10.1063/1.1330254

I. INTRODUCTION mechanical strain at high temperature and high dose implan-

It is generally accepted that residual implantation dam-ation of ¢-Si with O or N ions. The influence of the im-

age in crystalline Sic-Si) decreases with increasing tem- planted species on the process of the formation of the layer
perature of the implantation. Below-200°C, the damage with a negative strain and on the damage accumulation has

accumulation from light or medium mass ions results in thebeen investigated.
formation of an amorphous layer at sufficiently high doses,
while above this temperature, the crystalline-to-amorphoud- EXPERIMENTAL DETAIL

transformation does not take place up to arbitrarily high Czochralski-grown silicon wafers oftype conductivity,
doses: High dose implantation has been used to synthesize ith resistivity of 1—20 cm and(100) orientation were im-
variety of compounds in silicon including a buried oxide planted at temperatures from 150 to 600 °C with molecular
layer and a buried nitride layer for silicon-on-insulatSOl) ions (I\Q or O;) of 240 keV, which corresponds to the en-
device applications. lon implantation at elevated temperaérgy of 120 keV/atom. At the higher energy of 185 keV the

tures provides a possibility for exploring damage-reIateogmpkjmt‘,mOn was performed usiftO* ions. The beam cur-

phenomena at very high doses. Understanding of the  op density was maintained in the range of 3u@cm 2

mechanisms of the growth of damage ion implantation atrhe jmplanted dose@tom/cn?) were chosen in the range of
high dose and elevated temperatures is of great importanges_4 o< 107 cm 2. The estimatecR, values fromTRIM®
for the synthesis of SOI materials. _ . code simulation are 0.26 and 0.2, respectively, for 120

It was previously foupd thgt the implantation efSi at oy 0 and N ions, and 0.3@m for the 185 keV O ions. In
elevated temperatures with O ions leads to a damage acCliger to reduce channeling effects, the normal of the samples
mulation which was shown to bifurcate into two distinctly |45 tilted by 7° with respect to the beam direction and the

different layers: a heavily dislocated region around andy face was rotated by 25° with respect to the0 direc-
ahead of the mean projected randg®y), and a shallower o

layer which is dislocation free but shows mechanical strain = 1o implanted samples were analyzed by Rutherford
of contraction in the planes parallel to the surfaé¢&:’ The backscattering spectrometiRBS) using a 900 keV*He"

role of the impurity atoms in.the grovvth o_f the damage is notyaqm aligned witH100 crystal direction or in random di-
clear at present and detailed information on the damaggsciion, The depth profiles of the damage were obtained from
growth during implantation of Si with ions other than those e RBS spectra using an iterative calculation procedure with
of O and Si at elevated temperatures is scarcely discussed iR two dechanneled beams’ approximafion.

the literature. Internal mechanical strain in the samples was investi-

~ Inthis paper, we present the results of systematic inveSgated by high-resolution x-ray diffraction measurements in
tigations of damage accumulation and evolution of internalyy,pje-axis and triple-axis configurations using akGu

beam. By measuring the angular distance between the dif-
dElectronic mail: alcima@if.ufrgs.br fraction peaks from the Si substrate and the implanted layer
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FIG. 2. X-ray rocking curves from Si implanted at 600 °C with 185 keV O
ions. Doses(1) 5x10%cm™2; (2) 1X107cm™2; (3) 2x 107 cm™?; (4)

40 3x107em™?; (5) 4x107cm ™2 (6) RT implantation, dose 2

X 10" cm™2. The obtained negative strain vs the dose is shown in the inset.

Y c b 0 P
0 100 Z%c))e thso(onm ;00 500 spect to the deposited energy distribution, meaning that the
P damage is accumulated at depths deeper than at RT implan-

FIG. 1. Damage profiles extracted from the RBS spectra from Si implante&ation ) ) ]

at 600°C. (a) 185 keV O ions, doses(l) 5x10%cm 2 (2) 2 According to the RBS studies there is a near-surface

><101;cm:§; €) 4><1E7>17cr_n2‘2- (b) 1207 key2 N ions, d7ose§:2(1) 1 layer practically free of damage in the samples implanted

X 107em % (2) 2x107em ™% (3) 3x107em % (4) 4x107em ™ The  \with O jons at elevated temperatures. No amorphous layer is

corresponding energy deposited in nuclear collisions calculaterRipyis . . . .

shown by the dashed curves. observed in samples implanted with O ions and the damage
profile practically does not alter with the dose. The data in
Fig. 4(b) show that in the samples implanted with N ions

in the (004 orientation in the rocking curves, the relative W'th dose=3x10""cm * a thin buried amorphous like layer

perpendicular mismatch\@/d), was obtained. The in-plane is formed, which becomes thicker with the dose. Addition-

component of the strain was found to be negligible in all thea”y’ the near-surface damage-free layer in the samples is

cases by examination of the reflections from the inclined 2/ TOWer than those implanted with O ions. For the highest N

7 —2 _ " i
lattice planes. To obtain the information about the depth disgose. (4 101.0”.‘ ) the near-surface dar_nagt_a free layer is
ractically missing. On the damage profiles in the samples

tribution of the damage the measurements were repeated alﬁmplanted with N ions to doses of210- cm-2 and above

geerpize surface of the samples had been etched to a Certat'fr?ere is an additional maximum or shoulder starting at the
' depth of 100—-120 nm.
Figure 2 shows the rocking curvesurves(1)—(5)] from
Il EXPERIMENTAL RESULTS the_ samples implantegl at 600 °C with 185 ke\_/ O ions to
various doses. A rocking curve from a sample implanted at
The depth distributions of the damage obtained from theRT with O ions to a dose of 2 10*°cm ™2 (below the onset
RBS spectra of the samples implanted with(@ 185 ke\) for amorphizationis included for comparisofcurve(6)]. In
and N ions(of 120 keV/atom at 600 °C to various doses are curve(6) the fringes to the left of the main peak indicate the
presented in Figs.(&) and Xb), respectively. 100% of the presence of a positive straiiof expansiol which is nor-
damage indicated in the figures corresponds to the “randommally observed inc-Si after RT implantation. The rocking
level” or 100% of dechanneling. The corresponding depthcurves from the samples implanted at 600 °C show a large
profiles of the energy deposited by the projectile ions, calcusubstrate reflection peak and a secondary peak to the right of
lated using therriM code simulatiorf, are included in Figs. the main peaksee curve$1)—(5) in Fig. 2]. This secondary
1(a) and Xb) for comparison. It was verified by RBS analy- peak indicates that there is a crystal layer in the samples with
sis (data not shownthat the damage profile after room tem- negative lattice straif{iof contraction. The strain perpen-
perature(RT) implantation with either O or N ions to doses dicular to the surfaceXd/d), obtained from the x-ray mea-
below the threshold dose for amorphization has its maximunsurements versus the O ion dose is shown in the inset in Fig.
at a depth which closely coincides with that of the deposite®. There is a maximum of the negative strain at the dose of
energy distribution. It is clearly apparent in Figgaland  3X10"cm 2.
1(b) that the damage profiles produced by implantation at  The rocking curves obtained from the samples implanted
elevated temperatures are shifted to deeper depths with rat 600 °C with N iongat 120 keV/atomto various doses are
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150; (2) 200; (3) 400; (4) 600 °C.
1) IV. DISCUSSION
T T T " The damage accumulation and distribution along the
02 0.1 0 0.1 02 depth observed for high temperature implantation of O ions
0 (deg) is in accordance with the results reported in the literatire.

There are two distinct damage layers in the implanted mate-
FIG. 3. X-ray rocking curves from Si implanted at 600 °C with 120 keV N rial. The near-surface layer has a very low damage concen-
ions. Doses{1) 1x10"em % (2) 2x107cm % (3) 3x10em % (4 yration, since the backscattering vyield in the aligned RBS
4% 10" cm™2. The obtained negative strain vs the dose is shown in thespectra from this layer closely coincides with that in a virgin
inset.
sample. In addition, this layer presents unidirectional strain
of lattice contractior(Fig. 2). However, the buried damaged
o ) layer located around and ahead of Rgof the ions(Fig. 1)
shown in Fig. 3. The strainXd/d), calculated from the presents no significant induced strain as verified via rocking
x-ray measurements versus the N dose is shown in the insgfyrye measurements performed after removal of the near-
in Fig. 3. There is an increase of the strain with the increasg face layer by controlled chemical etch. Similar results
of the dose up to 2 10 cm™2 With the further increase of \yere also observed in Si implanted with Si iGfsA model
the dose the strain significantly decreases. was previously proposed to explain the formation of these
Controlled etching of the surface of the samples withy,q layers based on a spatial separation of Frenkel
subsequent recurring x-ray measurements demonstrated thﬁferstitial-vaoancy pairs created during irradiatféhThe
the negatively strained region extends from the surface up tgomentum transferred to the recoiled Si interstitial atoms
the depth of=R,/2. The crystal layer around and ahead of shoy|d have a nonzero component along the direction of the
R, does not show any noticeable strain. incident ion beam. Consequently, a spatial separation be-

Figure 4 shows the damage profiles after implantation ofyeen the interstitial and vacancy defects, with the interstitial
O ions (at 120 keV/atom with a fixed dose of 1

X 10 em™?, at various temperatures. At the lowest tempera-

ture (150 °Q a 230-nm-thick buried amorphous layer cen- 6x10°
tered at the depth corresponding to that of the maximum ®
energy deposition is formeldurve (1) in Fig. 4]. However, - \
even at this temperature a thin layer with a very low damage

concentration is observed near the surface. With the increase 4

of the implantation temperature the amorphous layer be- g \
[

comes thinner, however, it is still centered at the same depth
(curve 2 in Fig. 4. No amorphous layer is observed after
implantation at higher temperatures, and the damage profile
is shifted to deeper depthisurves(3) and(4) in Fig. 4].

The strain calculated from the x-ray curves versus the 0 . . . )
temperature of the implantation in samples which received 200 400 600
an O ion dose of X10'cm 2 at the energy of 120 keV/ . o
atom is displayed in Fig. 5. One can notice that the negative Implantation temperature (‘C)

strain decreases with increasing implantation temperaturg, s. strain vs the implantation temperature for Si implanted with 120
from 150 °C. keV O ions, dose ¥ 10" cm™2.
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Si atoms distributed to greater depth on average, is produced. 3000 ———
Thus, the excess concentration of vacancies, mainly located k
near the surface, forms vacancy-type defect clusters which
induce the observed negative strain. On the other side, the
excess concentration of interstitial Si atoms located around
and ahead of th&,, of the ions promotes the formation of
extended defects. The suggested modeds supported by
the results of calculations of vacancy and interstitial Si atom
distributions using a special modified versionT&im.

In the present research, generally similar results were
obtained in samples implanted with O and N ions. However,
compared to O ions, N ions produce a higher level of dam-
age aroundR, causing the higher backscattering yield ob-
served over this region. In addition, at doses of 3
x10cm 2 and higher a buried amorphous like layer is
formed [see curveq3) and (4) in Fig. 1(b)]. Besides that, I L.
there is an additional maximum or a shoulder on the damage ol v o v A\
profile between the two layers at dose®x 10*"cm™2, in- 100 150 200 250 300 350
dicating that some specific mechanism of defect-impurity in- Channel Number
teraction is taking place. A similar disordered layer on the , _ _

FIG. 6. (a) (100 aligned spectrum of a sample implanted at 500 °C with O

interface betwgen the,SI CryStaHlélayer and b.urleﬁ\lglayer ions to the dose of 10 cm™2 and energy of 50 keV(b) (100 aligned
was observed in previous worksThe negative strain gen- spectrum of the same sample after a second implantation at the same tem-

erated by N ion implantation to doses up t&x 20'’cm 2is  perature, with O ions at 185 keV and dose of 107 cm2; and(c) random
higher than that produced by O ions for the same implantaRBS spectrum of the same sample after the dual O ion implantation.
tion parameters, in spite of the fact that the mass of N ions is
lighter than that of O ions. Our earlier experiments employ-
ing other light mass ions implanted at high temperatureswoid the buildup of stable defect structures. In addition, the
showed that the formation of the near-surface layer of negapresence of a high concentration of O or N atoms around the
tive strain cannot be explained solely by the collision me-R; region markedly reduces the dynamic annealfy.
chanics and it was suggested that chemical properties of thehere are also additional interstitial Si atoms created in this
implanted species should play a role in the damage accumuegion to accommodate the volume expansion due to forma-
lation process at elevated temperatdres. tion of impurity precipitates. Consequently, during high tem-
It is seen from Fig. 4 that at relatively low temperature perature implantation the damage is accumulated mainly be-
(150 °Q there is a buried amorphous layer formed by the Oyond the depth where the maximum energy deposition
ion implantation, and the near-surface layer with the negativeccurs &0.8R;)). The damage in those regions is composed
strain is rather thin~100 nm. However, in this case the mainly of extended defect structures and silicon oxide or
magnitude of the negative strain is the high@sg. 5. With  silicon nitride precipitates, which are stable up to extremely
the increase of the temperature the thickness of the neahigh temperature6>1200 °Q. In the case of N ion implan-
surface layer increases and the strain decreases. This effectdgion, the crystal at the end of range region is heavily dis-
difficult to explain using the model suggested in Refs. 2 andrdered or amorphous like. For high N ion doses, like 4
4, which consider only the spatial separation of the Frenkek 10'”cm™2, the N concentration may initiate agSl, phase
pair defects. Some additional mechanisms may be involvetbrmation. The lower fraction of N necessary for the forma-
to assist the formation of the above-mentioned double-layetion of SgN,, than of O for the formation of Si§) may
structure. explain the difference in the behavior of the observed dam-
We propose that during high temperature implantatiorage accumulation over thg, region with an increasing N
intense annealing of defects takes place in the near-surfaden dose[see Fig. 1b)].
region. In addition to the dynamic annealing of point defects, In order to demonstrate the IBIA phenomenon, a sepa-
energy of the incoming ions are transferred to Si atoms perate experiment was conducted employing dual O ion im-
taining to previously created defect structures. Eventually, Splantation at a temperature of 500 °C. The first implantation
atoms displaced from the defect structures occupy regulavas performed with a dose ofX210*%cm 2 and energy of
lattice positions after filling vacancy sites. The beam assiste80 keV/atom to create a buried defect structure centered at
transfer of Si atoms from defect structures to regular latticehe depth of=0.15 um. Subsequently, half of the sample
sites is referred to hereafter as ion beam induced annealirgurface was protected with a mechanical mask and a second
(IBIA). As a consequence of the IBIA, the formation of ex- O implantation was performed at a higher energy of 120
tended defect structures from the accumulation of interstitiakeV/atom with a dose of ¥ 10" cm™2
Si atoms is prevented in the near-surface region, giving ori-  Curves(a) and(b) in Fig. 6 are, respectively, the aligned
gin to the damage-free near-surface layer. Beyond the neaRBS spectra taken from the single and dually O ion im-
surface layer the IBIA is expected to be attenuated becaugdanted halves of the sample. For comparison, the random
the energy depositing in those regions is not sufficient tdRBS spectrum is included in Fig.[@urve (c)]. The regions

_—

g

Backscattering Yield (counts
g T
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comprising channels 245-280 in curves and (b) corre-  found that besides the lighter mass of N compared to O, the

spond to the backscattering from the damage introduced biynplantation of N ions produces higher mechanical strain

the first O ion implantation. Since over this region the back-and higher damage than O ions. This seems to indicate that

scattering yields in curvéb) are lower than those in curve the implanted species participate in the damage formation

(a) it is reasonable to conclude that the higher energy imduring the implantation at elevated temperatures.

plantation annealed part of the original damage. Considering We proposed that in addition to the spatial separation of

that the end of range defects created by elevated temperatuitee Frenkel pairs and intensive dynamic annealing occurring

implantation are stable up to very high temperature treatduring implantation at elevated temperatures, the IBIA par-

ments(>1000 °Q, the hypothesis of defect annealing due toticipates actively in the formation of the near-surface weakly

the temperature of the wafer has been excluded. Further irdamaged layer. In regions arouRyg, where a high concen-

vestigation demonstrated that the damage distributions prdration of implanted O or N atoms is present, the dynamic

duced by the lower energy O ion implantation in a virgin annealing is significantly reduced. Considering the efficiency

c-Si and in ac-Si previously implanted with the higher en- of the IBIA process proportional to the energy deposited by

ergy O are identical. Quite similar results were obtained bythe beam one expects that it should decrease abruptly for

replacing the O for N in the higher energy ion implantationdepths beyond that of the maximum energy deposition

(data not shown The obtained results constitute clear evi- (=0.8R;). Consequently, the damage builds up mainly at

dence of the IBIA phenomenon. the end of range of the ions. The presented rationale explains
As the negative strain in the near-surface layer does nahe observed shift of the damage profile toward the depth in

develop after RT implantation or even after a relatively lowc-Si implanted with O or N ions at high temperatures.

dose implantation at elevated temperatires can assume

that the formation of the vacancy clusters is the peculia®CKNOWLEDGMENTS
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