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Damage accumulation in Si crystal during ion implantation at elevated
temperatures: Evidence of chemical effects
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Damage in Siinduced by irradiation with various light/medium mass ions at elevated temperatures
and high doses*3x10'® cm ?) was studied using Rutherford backscattering spectroscopy,
cross-section transmission electron microscopy, and high resolution x-ray diffraction. The results
obtained have shown that there is a marked variation in the damage accumulation for different ion
species. For O and N ions a distinct layer with a low level of damage presenting negative strain

is formed at the surface. It has been found that the magnitude of the strain does not correlate with
the energy deposited in the collision cascades. In the cases’ofiNg Mg" implantation, a low
damage accumulation occurs near the surface but no negative strain is formed. In contrast to the
N* and O cases, with the increase of the Ner Mg" dose (1x 10*” cm™2) the damage profile
stretches almost to the crystal surface. It is proposed that in addition to the mechanism of spatial
separation of Frenkel pairs taking place in the collision cascades, the ability of the implanted ions
to form precipitates and complexes with Si atoms noticeably influences the damage formation
during implantation at elevated temperatures. 2@00 American Institute of Physics.
[S0021-897€00)02112-5

I. INTRODUCTION is not yet clear at present. There is no detailed information
available on the damage growth during implantation of Si

It is generally accepted that residual damage in ion im-"" """ )
X g - ’ wjth ions different from O and Si* at elevated tempera-

planted crystals decreases with the increasing temperature
the implantation. Below-200 °C the damage accumulation ures.. ) .
for medium and heavy mass ions eventually results in for- In_th|s_ article, we present the rt_asults of a comp_aratwe
mation of an amorphous layer at sufficiently high doses.'m’.es‘t'(‘]""lt'o.n O.f da”.“age grgwth at h.|gh tempera?ure implan-
tation of Si with different ions of light or medium mass

However, above this temperature the crystalline-to- | ts. The infl f the implanted : th
amorphous transformation does not take place, irrespectiv%‘:"men s. Thenfluence of the implanted species on the pro-

of the dosé:? High dose implantation at elevated tempera-cess of the formation of a layer with negative strain and on
tures has been used to synthesize a variety of compounds ‘iRe damage accumulation has been studied.

silicon including silicon dioxide, silicon nitride and metal

silicide buried layers.lon implantation at high temperatures !l. EXPERIMENT

provides the possibility of exploring dzag"nage-related. Phe-  czochralski-grown silicon wafers oftype conductivity,
nomena at very high doses- (10" cm™?).% Understanding it resistivity of 1—2Q cm and(100) orientation, were im-
of the mechanisms for damage growth at high dose ion IMplanted at 600 °C with 120 ke¥N™, 90 or 120 keVA¢0*,
plantation at elevated temperatures is of great importance fof4q kev 20Net and 150 keV2*Mg™* ions to doses in the
technologies for synthesis of silicon on insulat&Ol) ma- range of 0.3-2.8 10 cm~2. The beam current density was
terials. _ _ _ _ maintained in the range of 3—6A cm~2. In order to mini-

It was previously demonstrated that implantation of Si ize channeling effects during the implantation, the samples
and O" ions into Si crystal at elevated temperatures leads tQuere tilted 7° and rotated 25° with respect to tfEL0)
the formation of two distinctly different layers: a heavily yirection.
dis!oca.ted.regior! near the ion range, and a sr_lallowerllayer The implanted samples were analyzed by Rutherford
which is dislocation free but shows a mechanical strain o,5ckscatteringRBS) spectrometry using an incident beam
contractior®*’ The mechanical strain is induced by the va- of 900 keV*He" * ions in random and i4100) crystal di-
cancy clusters formed from the surplus vacancies acCuMygtions. The depth profiles of the damage were obtained
lated at the surface. This effect was supposed to be intrinsig ;1 the RBS spectra using an iterative calculation proce-
to the conditions of the implantatiofi.e., high temperature §,re with the two dechanneled beam approximation.
and dosgrather than dependent on the ion-solid chemiStry. " | temal mechanical strain in the samples was investi-
The role of the impurity atoms in the growth of the damageyateq by high-resolution x-ray diffraction measurements in
double-axis and triple-axis configurations using a IKCai;
dElectronic mail: belevich@if.ufrgs.br beam. By measuring the angular distance between the dif-
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FIG. 1. Damage profiles extracted from the RBS spectra from Si implanted

with 90 keV O' ions. (1) Room temperature implantation dose of 20'° FIG. 2. Cross-section TEM micrograph of Si implanted with 140 keV Ne

cmz_; (2) implantation at 600 °C, dose of mol_s cm™2 The energy de-  igns at 600 °C, dose of 210 cm 2. Small white spots represent precipi-
posited in nuclear collisions calculated b is shown by the dashed  ae5(hubbles.
curve.

fraction peaks from the Si substrate and the implanted Iayesrhowed no amorphous layer. Therefore, the damage distribu-

in the (004 orientation in the rocking curves, the relative tion observed is not a result of a solid phase epitaxy process.

perpendicular mismatch\@/d), was obtained. The in-plane This damage consisting of extended defects is created during

component of the strain was found to be negligible by ex_the high temperature implantation. The level of the damage

amination of the reflections from the inclined lattice pIanes.(de(:h"’mne'mlJ observed after the implantation correlates

To obtain additional information about the depth distributionW'th ﬂl‘i O!ata rgported in the Ilteratuﬁ"é.The 'd.echannelln.g
of He™ ™ ions in the surface layer is negligible, showing

f the strain the m rements were r fter th . . . !
of the strain the measurements were repeated after the t%’most no damage in this region on the profiles extracted

Iaye';clmi;:iklz dszgzp(!ﬁhzaicrjnb een removed by etchlng. . Ofrom the RBS spectra. Similar results were reported also for
planted samples was investigated_. . . Y .

. o . Si implanted with Si ions“> A mechanism based solely on
also by cross-section transmission electron MICTOSCOPYLe kinematics of the ion-atom interactiGand not the chem-
(TEM). .

istry) was proposed to account for the presence of these two

layers in self-implanted $i° The separation of these two
layers was suggested to be due to a spatial separation of

The damage profiles calculated from the experimentaFrenkel interstitial-vacancy pairs created during irradiation
RBS spectra from Si implanted with'Oions at room tem- as a result of atomic displaceméntThe momentum trans-
perature(RT) and at 600 °C along with the profile for the ferred to the interstitial Si atom should have a nonzero com-
energy deposited in nuclear collisions simulatedey® are  ponent along the direction of the incident ion. This should
presented in Fig. 1. There, 100% of the damage indicatetkad to spatial separation between the interstitial and vacancy
corresponds to the “random level” or 100% dechanneling.defects with the interstitials distributed to a greater depth on
The following features are disclosed in Fig. 1. As is usuallyaverage. Thus, vacancies mainly located at the surface form
observed, the damage profile after RT implantation closelyacancy type defect clusters, which induce the negative
correlates to the distribution of the energy deposited irstrain observed, and interstitials promote the formation of
nuclear collisions, estimated biyriM. There is a 50 nm thick extended defects detected by the RBS around the projected
buried amorphous layer centered at a depth of 140 nm aftemnge of the ions. The suggested explan&tivas supported
RT implantation. However, the damage distribution in theby the results of calculations of vacancy and interstitial dis-
sample implanted with O ions at 600°C is located-120 tributions using a modified version akim.*°
nm deeper than in the sample implanted at RT. After high A typical cross-section TEM micrograph of the sample
temperature implantation a layer free of the damage resporimplanted with 140 keV Né ions to a dose of X 10 cm™?
sible for dechanneling is formed in the region extendingat 600 °C is shown in Fig. 2. This micrograph was compared
from the surface up to a depth ef100 nm. It can be seen with those of the O-implanted samplegnot shown here,
that the damage distribution in this case shows no correlatiosince similar micrographs have been published elsefiere
to the TRiIM distribution of the energy deposited in nuclear None of the TEM analyses of the samples implanted at high
collisions. temperatures showed any defects in the near surface region

The damage accumulation and distribution observed irexcept for the Né-implanted samples. In the Nemplanted
the case of high temperature"Gmplants are in accordance samples precipitategbubbles represented by small white
with the results reported in the literatuté There are two  spots(Fig. 2) are found in the near surface region and in the
distinct damage layers in the samples. A buried damagedepth neaR,. Apart from this, no significant difference is
layer is located around the projected range of ions, and abserved by the TEM analyses for the samples investigated.
second layer, which is supposed to have a unidirectionarhe vacancy clusters formed in the near surface region, that
strain of lattice contraction, is formed at the crystalwould account for lattice contraction, are not visible by TEM
surface*’ The RBS studies of the samples implanted at el-due to their small size. There is a band of extended defects at
evated temperatures within the dose range investigatea depth of 150-350 nrtthat is, neaR,,) with a sharp border

IIl. RESULTS AND DISCUSSION
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FIG. 3. Damage profiles extracted from the RBS spectra. Implantation at 10% Iy A
600 °C:(1) 120 keV N", 2x 10" cm™2; (2) 120 keV O, 1.5 % 10 cm™?; ! Ne
(3) 140 keV Né& 10" cm™2; (4) 150 keV Mg', 3x10' cm™2, 3 4
10" |
b Mg+
with the near surface damage free region. No amorphous 10° [ Wik | L ) LA oA
layer was observed by TEM in the samples implanted at high 0.2 -0.1 0 0,1 0.2
temperatures. A9

Figure 3 shows the damage p_roflles CaICU|ated_from th%IG. 4. X-ray rocking curves from Si implanted at 600 °C with 120 keV
RBS spectra from Si implanted with™N(2x 10" em™2 at N+ 107 cm-2: (2) 120 kev O, 107 cm2: (3) 140 keV N¢', 10 cm2:
120 keV), OF(1.5x 10" cm 2 at 120 keV,, Ne* (1xX10Y  (4) 150 keV Mg", 3x 10 cm2.
cm 2 at 140 keV and Mg" (3x 10'® cm™2 at 150 keV ions
at 600 °C. The projected ranges of the ions in these cases are

~260 nm. The doses of N O" and N€ ions were chosen o ,
train is located near the surface of the sample. According to

to produce approximately the same estimated values of th& RBS studi hi ion d dech i
energy deposited in nuclear collisions. The damage profile © studies, this region does not cause dechanneling.
High temperature annealinge.g., 1200°C) completely

in Fig. 3 should not be compared with the profiles in Fig. 1feliminates the negative strain in the samples irradiated with
because the corresponding implantation energies were diffel= . -
P g1mp 9 * or N* ions. Since N has a lower mass than O, the N

ent. The data presented in Fig. 3 demonstrate that similar t : .
the case of O implantation the damage distributions in the ions were expected to produce lower negative strain due to a

samples implanted at high temperature with,NNe* and Iowgr number of Frenkel pairs created. Ip fa_ct, the n(_agative
Mg™ ions are shifted towards the end of range of the ioni?ra'n observed n the case ofiNmpIantatl(_Jn IS essgntlally
while a ~100 nm thick layer with low damage is formed igher than th.at in the case Of Omplar!tatlon(seg Fig. 4.
near the surface. In the cases of @nd N° implantation, the Completely different mechanical strain behavior was ob-

A . o )
damage profile remains almost unchanged for doses from ?irVEdf'n tSI wrpla:ntgcijyvn? T;einti Mfg 'Onf (seef It:r:g 4 d
X 101 to 2 x 10" cm 2, indicating saturation of the damage ' '¢>¢ acts ciearly indicate that the formation ot the under-

accumulation. However, the increase of the dose of Ke surface Iz_iyer with t_he_ negative strain Is not d|_rectly con-
Mg™ ions from 3x 10% to 1x 107 cm~2 leads to broaden- nected with the ballistic mechanisms related to ion mass. It

can only be explained in terms of the influence of chemical
eDroperties of the ions on the formation of this layer. The
model of the formation of such layer suggested for the case
of implantation of Si with Si ions*® cannot generally be
gttributed to all ions. As the magnitude of the negative strain
éssnot connected with the mass of the ioidg is heavier

ing of the damage profile, mostly towards the surface.

shown in Fig. 4. The rocking curves from the samples im-
planted with O and N' ions show large substrate reflection
and a secondary peak to the right of the main peak. Thi
secondary peak indicates that there is a region in the sampl ) ,
with negative lattice strain(contraction. The maximum than O and N, most probably formation of the damage is

magnitude of the straifl.4x 10 %) was obtained for the affect_ed by the implant_ed species.
sample implanted with K ions at a dose of 21047 em2 Since the deformation of the surface layer was shown to

The rocking curves from the samples implanted with"Ne have a tetragonal character, the magnitude of the in-plane

and Mg' ions do not have any secondary peaks, they Onlye,train e of the implanted layer caused by the thick undis-
show a small asymmetry to the left of the main peak fromtorted subsltrate can be calculated from the measured
the substrate indicating presence of some low positive straiﬁAd/d)i as

(expansion in the sample. To obtain the position of the re- (Ad/d), (1—v)

gion with negative strain along the depth of the samples €=— A+ )+ (Adid) (1=2)" (1)
implanted with G and N' ions, the surface layer with a +

thickness of about 100 nm was removed by chemical etchwhere v is the Poisson ratio. The enerdy stored in the
ing. The x-ray measurements following the removal showedtressed crystal layer with the thickneéshue to the radiation

no negative strain, indicating that the region with negativedamage i¥’
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Y ion-atom interaction suggested for the description of the
E= 1— Vezt, 2 damage formation at elevated temperatures for the case of
Si* ions implanted into S{Refs. 2 and Bis not the only
whereY is the Young's modulus. The highest estimated elasmechanism responsible for the formation of the two layers of
tic energy was found to be stored in the layer implanted withyjstinct strain characteristics in the damage distribution. This
N* ions at a dose of 2 10" cm~?. For this case the mea- statement is based on the fact that the irradiation with bie
sured A d/d), =1.4x10"°. Fort=100 nm the value oEis  Mg* does not produce such a damage distribution. Conse-
1.1x107° J/ent. This energy was transferred to the crystal quently, the implanted species very likely participate in the
|attice Of the Surface |ayer fl’0m the ionS during implantation.formation Of the damage during imp|antati0n at elevated
The energy stored by the stressed crystal lattice is essentialfgmperatures. Besides or instead of the spatial separation of
different for the different ions implanted, while the energy the Frenkel pairs, the formation of precipitates should play
depOSited in nuclear collisions during implantation in SUChan important role in damage deve|0pment‘ Apart from this,
cases was approximately the same. This fact also confirmge jon mass is of significant importance in the formation of
different mechanisms of defect-impurity interaction for dif- the damage, but neither the negative strain at the surface nor
ferent ion SDECieS. The difference in the stored energy majhe magnitude of the damage around the projected range is
be connected to different binding energies of different Si-proportional to the ion mass. We conclude that a significant
impurity complexes. The strength of the chemical bofide  factor in the formation of extended defects and vacancy clus-
bond dissociation energys 8.0 eV for O-Si and 4.6 eV for ters is the chemical properties of the implanted species, their

113 ; Lo - ) .
N-Si* Ne and Mg seem not to form stable bonds with Si. apjlity to precipitate and to form complexes with Si atoms.
However we assume that generation of the negative strain is

not a direct result (_)f the formation pf Si-impurity complexes ACKNOWLEDGMENTS
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