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Accumulation of structural disorder in Si bombarded-t96 °C with 0.5 MeV?°Bi, and 1 MeV

209, ijons (the so-called molecular effécts studied by Rutherford backscattering/channeling
spectrometry. Results show that the damage buildup is sigmodal even for such heavy-ion
bombardment at liquid nitrogen temperature. This strongly suggests that, for the implant conditions
of this study, the buildup of lattice damage cannot be considered as an accumulation of completely
disordered regions. Instead, damage-dose curves are well described by a cascade-overlap model
modified to take into account a catastrophic collapse of incompletely disordered regions into an
amorphous phase after damage reaches some critical level. Results also showitiret Bioduce

more lattice damage than Hons implanted to the same dose. The ratio of lattice disorder produced
by Bi, and Bij, ions is 1.7 near the surface, decreases with depth, and finally becomes close to unity
in the bulk defect peak region. Parameters of collision cascades obtained using ballistic calculations
are in good agreement with experimental data. The molecular effect is attributed to a spatial overlap
of (relatively densgcollision subcascades, which gives risgifononlinear energy spike processes
and/or(ii) an increase in the defect clustering efficiency with an effective increase in the density of
ion-beam-generated defects. 01 American Institute of Physic§DOI: 10.1063/1.1404426

I. INTRODUCTION implantation-produced lattice disorder. An understanding of

, . these processes is often necessary if potential applications of
Over the past two decades, studies of semiconductorg, jmpjantation for device fabrication are to be fully ex-
exposed to bombardment with MeV ions have received INpoited.

creasing interest. Such interest has been stimulated by the Often, the ratio of the levels of ion-beam-produced
fact that implantation with MeV ions offers considerable e |attice damage under molecular and atomic ion bom-
control and flexibility over ion ranges and energy deposition,5.qment regimesy) is used as a quantitative measure for
over large depths. Because ion implantation always producgge pmg. Wheny+ 1, it is considered that the ME takes place.
Igttice disprder, which affects all the properties of the mateq,ost of the ME studies, using Rutherford backscattering/
rial, considerable research effort has been made 0 Undefnanneling(RBS/O spectrometry to measure lattice disor-
stand and control material properties that are modified b¥jer, have revealed that>1 in the case of heavy-ion bom-
implantation-produced lattice damage. bardment(see, for example, Refs. 1};5vith the exception
One of the physically interesting ion-beam-damage eft some reports on electron microscopy studiésyhich
fects is the so-called molecular effdddE). It is considered have suggested that<1 in some cases.
that the ME takes place when the level of implantation-  the hature of the ME is generally explained within the
produced lattice disorder differs during bombardment withg., mework of the nonlinear energy spike concept, such as
atomic and molecular ions of equal velocity. The ME in displacement and/or thermal spikesin the case of dis-
semiconductors has received extensive studies over the peﬁhcement spikes, it is assumed that, if the density of atomic
two decades(see, for example, Refs. 1-4 and referencegjigpiacements within a collision cascade exceeds some
therein. Research interest in the ME has basically beenthreshold valudusually~10 at. %, the damaged lattice suf-
driven by the fact that ME studies are capable of providingers 5 catastrophic collapse to an amorphous phase. For a
important information on fundamental ion-beam-damaggnerma spike to occur, it is widely believed that the average
processes in semiconductors such as the amorphization bgqegy density deposited into the volume of a collision cas-
havior and the effect of the density of collision cascades oR.,54e should be close f@r abové the average energy re-
quired for material meltingusually up to a few eV/atomIn
dElectronic mail: sergei.kucheyev@anu.edu.au this case, highly disordered regions are produced as a result
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of the formation and subsequent rapid quenching of pseudo Depth (A)
liquid (“molten”) regions within collision cascades. These 2400 1800 1200 600 0
displacement and thermal spike processes are nonlinear wit T T T T T
the density of nuclear energy deposition. Hence, a spatia 800 F J —x— virgin -
overlap of collision cascadd®er subcascadegproduced by e 4x10"
atoms which form a molecular ion may result in an increaseE 600 | o 410™
in the level of implantation-produced lattice disorder due to.% x
such nonlinear energy spike processés. > —a—6x10"
Itis important to note that the ME in Si during heavy-ion g4 400 Hn —a— 6x10"]
bombardment has previously been studied mostly for Iatticeﬁ —a 810"
disorder integrated over the whole ion penetration dépth. 200 127]
. . . . . —o— 8x10
Typical energies of heavy ions in such ME studies were tens
of keV. However, it is clear that, due to ion scattering, the | . . e Bl .
efficiency of the spatial overlap of collision cascades pro- 0.8 1.0 1.2 1.4 1.6

duced by the atoms which form a molecular ion changes Energy (MeV)
with ion penetration depth. Hence, for a better understanding

of the physical processes responsible for the ME, it is impor(F'lG- t- RBS’; S%eit'ﬁ f/h;‘_"'i(”g the daﬁ‘ge bt;l”dlép (ijF 0-t5 ;Vlsey tBi
: closed symbolsan eV Bj (open symbolsion bombardment of Si a

tant to study the ME atldlﬁerent dep';hs. latively h . —196°C with a beam flux of~6x10° Biatoms/(cms). Implantation

We are aware of only one report for relatively heavy-ion gose(in Bi atoms/c) are indicated in the legend. The random yield cor-

bombardment where the ME was studied as a function ofesponds to~1980 counts.
depth for Si bombarded at room temperature with Ge cluster

ions with an energy of-1 MeV/atom® However, the authors ) ) )
of Ref. 5 did not keep the value of beam fiUin analyzed using one of the conventional algoritfrfms ex-

atoms(cn? 9)] constant during bombardment with atomic tracting depth profiles of the effective number of scattering

and molecular Ge ions. As has previously been discussed {fENters. For brevity, the number of scattering centers ex-
detail in Ref. 4. such a condition on beam flux is rathertracted from RBS/C data, normalized to the atomic concen-

important in ME studies in semiconductors, particularly intration of Si, will be referred to below as “relative disorder.”

the case of Si bombarded with light ions or with MeV heavy
ions at room temperature when dynamic annealing processéié RESULTS AND DISCUSSION

(responsible for the flux effectare rather pronounced.  Eigyre 1 shows selected RBS/C spectra which illustrate
Hence, the interpretation of the ME data reported in Ref. 5 igj,o damage buildup in Si with increasing dose of 0.5 MeV
rather complicated since contributions from both the flux ef—Bi1 (closed symbolsand 1 MeV Bj, (open symbolsions at
fect and the ME should be taken into account. —196 °C. It is seen from this figure that, with increasing ion

In this article, we report on a study of dizgrd_er depthose, implantation-produced lattice damage accumulates
profiles in Si bombarded with MeV heavy ion&®i). In 1o in the bulk and apparently at the surface. Indeed, a

order to minimize dynamic annealing and to eliminate congatively large surface defect peak is seen in addition to the

tribution from the flux effect, we study Si bombarded at lig- gxpected bulk defect peak, which is close to the maximum of
uid nitrogen temperature with a constant beam flux vélue  yhe yclear energy loss profile. Similar strong surface disor-

Bi atoms(cmzs)_]. Results show that parameters of collision gering observed by RBS/C, is typical for bombardment of Si
cascades ob.talned using ballistic calculations are in googii light ions at room temperatufe™* However, Fig. 1
agreement with experimental data. shows that a relatively large surface defect peak is also
present in Si bombarded with MeV heavy ions at low tem-
perature. Preferential surface disordering is generally attrib-
uted to the trapping of ion-beam-generated point defects by
Phosphorus dope@l00 Si wafers(5—-10Qcm) were the surface or the amorphous/crystalline interf2celow-
bombarded with 0.5 Me\#*Bi; and 1 MeV?°Bi, ions at ever, dynamic annealing process@®., defect interaction
—196°C over the dose range fromxa0 to 1.5 processesin Si during ion bombardment at liquid nitrogen
x 10" cm 2 with a beam flux of~6x 10° Bi atoms(cn?s)  temperature are suppressed and long-range migration of ion-
(for both atomic and molecular ionssing an ANU 1.7 MV beam-generated point defects is negligifledence, other
tandem acceleratofNEC, 5SDH-4. During implantation, mechanisms of the formation of surface defect peaks, ob-
samples were tilted by-7° relative to the incident ion beam served by RBS/C, should be considered, as has recently been
to minimize channeling. After implantation, samples werediscussed in Ref. 15. In the present article, we will not fur-
characterize@x situat room temperature by RBS/C using an ther discuss this issue but, rather, focus on the ME and the
ANU 1.7 MV tandem acceleratqNEC, 5SDH with 2 MeV  behavior of the damage buildup in the crystal bulk.
“He" ions incident along th¢100] direction and backscat- Figure 1 also shows that, in the region between surface
tered into a detector at 98° relative to the incident bearmand bulk peaks of disorder, bombardment wWitiBi, ions
direction. This glancing-angle detector geometry was used tproduces a larger level of lattice damage than irradiation
provide enhanced depth resolution for examining nearwith 2°Bi, ions to the same dogén Bi atoms/cni). Hence,
surface damage accumulation. All RBS/C spectra have beean the near-surface region of Si, the ME takes plaaéh

Il. EXPERIMENT
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FIG. 2. Depth profiles of relative disorder in Si bombarded-a86 °C with
0.5 MeV Bj, (closed symbobsapd 1 MeV B} (open symbolsions with @ F|G. 3. Depth profile of the effectiveness of the molecular eftettin Si
beam flux of ~6x1C° Biatoms/(cris) to a dose of ~8  pombarded at-196 °C with 0.5 Mev Bj and 1 MeV B} ions with a beam
x 10" Bi atoms/cri. A solid line shows a depth profile of lattice vacancies fiux of ~6x 1° Bi atoms/(crd s), after averaging RBS/C data for several
generated in Si by bombardment with 0.5 M&¥Bi, ions, as calculated  jon doses.
using the TRIM code.

a Si crystal is illustrated in Fig. 4, which shows atomic dis-

y>1). The ME has been observed for all ion doses used i,ﬁ)lacements generated in Si by one randomly chosen 0.5 MeV
this study (from 2x 102 up to 1.5< 10 Bi atoms/cri). 99Bi, atom, as calculated using the TRIM codeNote that
However, we will discuss ME data only for relatively low the depth at which the Bi atom starts to significantly depart
ion doses(up to 8x 102cm2) when lattice disorder is sig- from its initial direction(see Fig. 4 correlates with the depth

nificantly below the amorphization level. Indeed, as has pre@t Whichy becomes close to unitisee Fig. 3
viously been discussed in Refs. 17 and 18, the ME should be _ It is clear that the average parameters of individual col-
studied only in the case of relatively low levels of lattice iSion cascades produced by the components of a molecular

disorder when the interaction of defects generated by an im©n (Such as maximum relative disorder within an individual
pinging ion with preexisting lattice disorder produced by Collision cascade or the depth dependence of the average
previous ions can be neglected. distance between the centers of two collision casgacks

The ME is better illustrated by depth profiles of relative N0t be correctly determined based on data for only one col-

disorder extracted from RBS/C spectra. For example, Fig. 2

shows such disorder depth profiles in Si bombarded with 0.5 : . .

MeV 2°Bi, and 1 MeV?°Bi, ions at—196 °C to a dose of 800+ (a) Y I
8% 10* Bi atoms/ci. It is seen from Fig. 2 that the magni- ,-"

tude of the ME decreases as ions penetrate deeper into the Si !
crystal. Also shown in Fig. 2 by a solid line is a depth profile

of lattice vacancies generated in Si by bombardment with 0.5
MeV 2%Bi, ions, as calculated using the Transport of lons in
Matter (TRIM) code with a threshold displacement energy of
13 eV*® Figure 2 shows that shapes of the defect generation
function and the disorder depth profile, measured by RBS/C,
are close to each other. This supports the above assertion that
long-range migration of ion-beam-generated point defects in
Si is negligible for the implant conditions of this study.

Figure 3 summarizes ME data, showing a depth profile
of y obtained by averaging data for depth profiles of relative
disorder produced by atomic and molecular ion bombard-
ment to different dose®, 3, 4, 5, 6, and & 10'°cm?). This
figure again clearly illustrates that the magnitude of the ME
decreases as ions penetrate deeper into the crystal. Such a
behavior is expected. Indeed, the ME is due to a spatial over-
lap of collision cascades produced by atoms which form a
molecular ion(and, hence, simultaneously impact the sur- " ’
face. Such a spatial overlap of collision cascades takes place 0 400 800 1200 1600
only in the near-surface region, at the beginning of ion tra- Depth (&)
jectories, before ,the atoms forming a mOIecwar lon are, S;CatIEIG. 4. Two projections of the distribution of atomic displacements gener-
tered to large distances compared with the lateral size Ofieq in si by one randomly chos@¥Bi, ion with an energy of 0.5 MeV, as
collision cascades. This behavior of ion propagation througlalculated using the TRIM code.
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FIG. 5. Depth profiles of a half of the average distance between the centers
of collision cascadesb) produced in Si by bombardment with 0.5 MeV FIG. 6. Depth profiles of average relative disordy,{ and nuclear energy
209i, ions. Also shown is the ratio df to the standard deviatiofs) of the loss (@,, in the center of individual collision cascades produced in Si by
lateral distribution of displacements within collision cascades. bombardment with 0.5 MeV¥°®Bi, ions.

lision cascade, such as illustrated in Fig. 4. Hence, we haveollision cascades produced by MeV heavy ions. Indeed, Fig.

performed an analysis of data obtained using the TRIMP Shows that, for most of the ion penetration defetkcept
codé? for 33 different collision cascades produced in Si byfor the ion end-of-range partfq, and®, are significantly
0.5 MeV 2°%Bj, ions. In such an analysis, each collision cas-lower than the threshold values for these parameters required

cade was sliced by planes parallel to the sample surface. fier nonlinear energy spike processes to occur. Such threshold
each slice, a uniform depth distribution of atomic displace-values forfq, and ®, for Si are generally accepted to be

ments was assumed, while the lateral distribution was as=10% for displacement spikes and 0.7 eV/atom for thermal
sumed to be Gaussian spikes, respectlve_ljy,2 while Fig. 6 glves_fdm<0.5% and _
0,<0.2 eV/atom in the near-surface region. Hence, even in
fa=famexd — (y*+2%)/28°], (D) the case of a complete spatial overlap of individual collision
fym=N/(2752NoAX), ) cascades produced by the atoms \{vh?chI form a molecular iqn,
the ME should not take place. This is in contrast to experi-
wherey andz are Cartesian coordinates perpendiculaxto mental data shown in Figs. 1-3, which clearly illustrate the
(y=2z=0 corresponds to the cascade center at depthis  ME with y>1. Therefore, averaging nuclear energy deposi-
the standard deviatiorlil is the total number of displaced tion over a relatively large volume of individual collision
atomS(prOduced by all recoi)ﬂ'n the collision cascade in the cascades may not be g|v|ng a true picture in the case of
slice under consideration\x=100 A is the thickness of pombardment with MeV heavy ions, as will be discussed
slices; andhg is the atomic density of Si. For each slidg,;,, more fully below.
s, and the average distance between the centers of individual ynexpectedly low values df,,, and® , (see Fig. $also
collision cascades (® were determined by averaging data syggest that bombardment of Si with 0.5 M&¥Bi, or 1
for all 33 Cascade@ The total number of diSplaCEd atoms MeV ZOQBiZ ions does not produce Comp|ete|y disordered re-
(N) in the slice under consideration and the nuclear energyions within the total volume of collision cascades. This in-
deposition profile were separately calculatéasing the  deed appears to be the case, as is supported by data from Fig.
TRIM code'®) for a relatively large number of iors> 1000 7, which clearly illustrates that the curve of maximum rela-
to ensure good statistics. Assuming a Gaussian distribution

for nuclear energy deposition in the lateral direction with the

same value of as for atomic displacements, we also calcu- 1.0 ; , ,
lated the maximum value of nuclear energy deposition in 200, + e
averaged individual collision cascades, normalized to the _ag 08+ ° Bi, ot h
atomic concentration of Sid,,). 5 s it e

Results of the above analysis are shown in Figs. 5 and 6, © 0.6 [ ------ theory R 1
which illustrate depth profiles df andb/s (Fig. 5) and pro- 2 A
files of f 4y and @y, (Fig. 6). It is seen from Fig. 5 that the S 04 r e 1
average distance between the centers of individual collision & 02 L 9,” ]
cascades increases with depth. For depths of 500-700 A, ™ 5
wherey is close to unity(see Fig. 3, 2b is ~200 A. In this 0.0 gt . !
case, the ratid/s of the average distance between the cen- 700 5.0x10%  1.0x10° 1.5x10° 2.0x10"
ters of individual collision cascadesl§pto the characteristic Dose (Bi atoms/cm’)

diameter of collision cascades gRis ~1.4 (see Fig. 5.
Hence, results of calculations shown in Fig. 5 are in VeryFIG. 7. Dose dependence of maximum relative disorder in the bulk defect

. . P _ peak for bombardment of Si at196 °C with 0.5 MeV Bj (closed symbols
good agreement with experimental data from Figs. 1-3. and 1 MeV Bj (open symbols ions with a beam flux of ~6

' However, _reSU|t5 from Fig'. 6 are in contrast to expec.ta.y 10° Bi atoms/(cm s). Also shown by a dashed curve is a result of theo-
tions that nonlinear energy spike processes take place withiftical calculations.



J. Appl. Phys., Vol. 90, No. 8, 15 October 2001 Titov et al. 3871

tive disorder in the bulk defect peak as a function of ion dose  However, the above analysis of collision cascades re-
is sigmodal. If the damage buildup proceeded via the accwealed thaff 4,,=0.0024 at the maximum of the nuclear en-
mulation of completely disordered zones produced by singlergy loss profilgsee Fig. 6. This value off 4, is an order of
ion impact, the gross level of lattice disorder would be anmagnitude less than the value ©f0.027 obtained from a
exponential function, rather than a sigmodal gakown in  fitting of experimental data shown in Fig. 7. This result,
Fig. 7), as we discuss more fully below. however, is consistent with previous rep8ftahere it has
Indeed, in the first approximation, sigmodal damage-been found that the disorder level, as measured by RBS/C,
dose curves, such as shown in Fig. 7, can be described byaidter low temperature ion bombardmeéwthich does not pro-
model which takes into account a spatial overlap of regiongluce completely disordered regions by single ion impisct
with an incompletely disordered crystal structdte’® This  about an order of magnitude higher than the level of atomic
quantitative model can be applied for the case of the damaggisplacements predicted by ballistic calculations. The fact
buildup in Si during heavy-ion bombardment at liquid nitro- that lattice damage measured experimentally is significantly
gen temperature because the rate of dynamic annealing iarger than that predicted using ballistic calculations is also
this case is considerably lower than the defect productiosupported by disorder depth profiles reported in this study.
rate’® It is usually assumed in such cascade-overlap modelgor example, Fig. 2 shows that relative disorder in the maxi-
that anm-fold spatial overlap of incompletely disordered re- mum of the nuclear energy loss profile 4s5 times larger

gions is required for complete lattice disordering. The standthan the total number of lattice vacancies calculated using
point of these models is the fact that the part of the area of ghe TRIM code.

layer at specific depth taken by a spatial overlaplof L) ~ Hence, both experimental data and theoretical estima-
disordered regions can be described by the Poisson equatigidns decidedly show that, during bombardment with MeV
S, = (ad) exp( —ad)/k!, 3y  heavy ions(such as 0.5 MeV*Bi,) at liquid nitrogen tem-

) . perature, for most of the ion penetration degpéixcept for
whereais the aredprojected on the surface of the crystal ey end of range, where ions have relatively low eneigies
the disordered region at specific depthjs ion dose, ank  the damage buildup in Si cannot be considered as an accu-
is an integer number. In the caselof 0, S, determines the  yjation of completely disordered regions. This is in con-
relative area of undamaged material. Based on(Bqrela- (a5t 1o the situation in Si under keV heavy ion bombardment
_tlve disorder in the _crystal at specific depth as a function ofy; o\ temperaturek?! Moreover, collision cascades pro-
ion dose can be written as duced by MeV heavy ions are not nonlinear. In this case,

o what is the nature of the ME in the accumulation of stable

ng=1l—exp—ad)j 1+ E [a(ad) k! . (4) lattice disorder experimentally observed in Figs. 1-3? A pos-

k=1 sible explanation for the ME observed is that, similar to the
Here, a,=1—f,, wheref, is the level of relative lattice explanation currently accepted for the ME observed in the
damage in a disordered region afterka—(1)- fold spatial case of light-ion bombardment of &if the ME may be at-
overlap. We have assumed thigt linearly increases with tributed to nonlinear energy spike processes resulting from a
increasing number of overlaps; i.d,=ck, wherec is the spatial overlap of(relatively densg collision subcascades.
level of relative damage in a disordered region formed bySuch subcascades, which are clearly seen from Fig. 4, are
single ion impact. In contrast to earlier mod&is*>®*we have formed in localized regions of high energy density within the
assumed that, increases until the level of relative disorder larger volume of an individual collision cascade. The density
within a disordered region at specific depth equals the criticabf atomic displacements and/or nuclear energy deposition
level f. when a catastrophic collapse into an amorphouswithin some of these subcascades may be sufficient for the
phase occurs. After such a collapse=1 anda,=0. The formation of completely disordered regions due to nonlinear
critical level of relative disorder for such a collapse to occurenergy spike processes. In addition, a spatial overlap of such
has been chosen to bg=0.1, based on experimental data subcascades produced by the atoms which form a molecular
from Refs. 24 and 25. ion may result in the ME experimentally observed in this

Results of such calculations are shown in Fig. 7 by astudy.

dashed curve. The best fit to experimental data was found Alternatively, the ME can be attributed to an increase in
with parameters andc of 3500 A2 and 0.027, respectively. the defect clustering efficiency with increasing density of
The value ofc=0.027 suggests that, on average, a threefolatollision cascades in the case of implantation with molecular
spatial overlap K=4) of collision cascades is necessary forions as compared with the case of atomic ion bombardment.
complete lattice disordering in the region of the maximum oflt should be noted that, although the flux effect is usually not
the nuclear energy deposition profile in the case of bombardsbserved in Si bombarded with heavy ions at liquid nitrogen
ment with 0.5 MeV?%Bi, ions at liquid nitrogen tempera- temperaturé®?*this cannot eliminate such a mechanism for
ture. Note that the value d is in reasonably good agree- the ME. Indeed, an increase in the density of collision cas-
ment with parameters of collision cascades at the maximumades should enhance the formation of stable defects even
of the nuclear energy loss profile discussed above. Indeed,far implant conditions with a low level of dynamic annealing
characteristic radius of disordered regions with an area of when the flux effect is weak. This is due to the fact that
=3500 A2, obtained from a fitting of experimental data interaction processes between point defects from the same
shown in Fig. 7, is only about two times larger than the valuecollision cascade may occur in much shorter time intervals
of s obtained using ballistic calculations discussed above. than possible migration and interaction of defects produced
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