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Character of defects at an ion-irradiated buried thin-film interface
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In order to investigate the nature of defects produced by ion irradiation through a heterostructure, a
silicon-on-insulator substrate with a buried SiO2 layer at a depth of;1.5 mm was irradiated. The
implantation was done using 2 MeV28Si1 ions in the dose range of 0.2– 131016 cm22. The
subsequent defect analysis was performed using the Au labeling technique. Besides the presence of
an expected excess of vacancy-type defects in the Si overlayer (VSi

ex), an additional vacancy excess
peak was observed at the frontside of the buried interface (VInt

ex). The VInt
ex is found to increase

linearly with increasing dose of the high-energy implant. The presence of thisVInt
ex peak near the

interface is also predicted by the TRIM Monte Carlo code. Additional Monte Carlo simulations of
damage production via high-energy implantation in Si/X-type structures show that the nature of the
defects at the front Si/X interface can be changed from vacancy to interstitial-type by increasing the
mass of atoms in the buried thin-film,X. These experiments provide quantitative verification of
nonuniform defect production at an ion-irradiated buried interface in Si. ©2002 American
Institute of Physics.@DOI: 10.1063/1.1470258#
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I. INTRODUCTION

In recent times, the idea of integrating different materi
with Si and other substrates has grown in importance du
the tremendous potential to make sophisticated devices.
integrated materials approach can lead to structures
opto-, electro-, and mechanical abilities coupled onto
single chip.1 This obviously attractive possibility brings wit
it a number of processing complications, among which th
mal expansion mismatch2 and the presence of the numero
interfaces are particularly important. The presence of ther
expansion mismatches will be manifest in any thermal tre
ments of the integrated structures, while the interfa
will appear in the coupling of properties between the vario
layers.

In this view, postprocessing of the structures to cont
strain and interface properties will require techniques that
capable of a spatial deposition of energy as well as mass
implantation is the primary technique for such situations
can be used to modify bulk as well as interfacial properti
via doping, intermixing, etc. In fact, one of the most exte
sively studied problems is that of radiation-induced mixi
across interfaces. Numerous books3 and review articles4 are
available on the topic of ion-beam mixing of interfaces a
buried thin films. However, these studies have typically
lied on the detection of interfacial intermixing via spectr

a!Electronic mail: ramkik@wuphys.wustl.edu
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metric techniques like Rutherford backscattering~RBS! or
secondary ion mass spectrometry~SIMS!. The direct quanti-
tative detection of interstitials and vacancies has been d
cult. Numerous techniques have been used to profile p
defects following implantation. For example, positron an
hilation spectroscopy,5 ion channeling,6 impurity-defect in-
teraction profiling,7 Raman spectroscopy,8 etc. The most re-
liable quantitative technique for studying interstitial
particularly for Si, has been via the growth of interstiti
clusters9 or via the behavior of dopants known to diffuse b
interstitial mechanisms.10,11 In comparison, the quantitative
study of vacancies in Si is even more difficult.12 However,
recently we have calibrated the Au labeling technique13 and
used it to make a number of quantitative measurement
Vex generation in Si from high-energy ion~HEI!
implantation.14 In this work, we use the Au labeling tech
nique to detect and quantitatively study the production
V-type defects near the front interface of a buried SiO2 thin
film in Si after implantation by 2 MeV28Si1. We also used
the Monte Carlo simulation code TRIM~Ref. 15! to observe
the nature of the excess defects at the buried Si/SiO2 inter-
face. Monte Carlo simulations also show that for structu
of type Si/X, the mass of atoms in the thin-filmX strongly
influences the concentration of the excess defect~i.e., I or V
type! at the front interface. The simulations suggest that
only the concentration but also the type of defect~I or V
type! at the interface can be controlled by an appropri
choice of mass of the buried layer, affording a possible
proach to control strain in overlayers.

A

5 © 2002 American Institute of Physics
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II. EXPERIMENT

The silicon-on-insulator~SOI! wafer used in this work
had an approximately 1.5-mm-thick top Si layer, while the
buried SiO2 thin film was 0.2mm thick. The thick Si top
layer was prepared by rapid thermal chemical vapor dep
tion of a ;1.3-mm-thick Si layer on commercially availabl
bonded SOI having a 0.2mm silicon p/p1 epi-Si top layer.
The substrate below the buried oxide~BOX! was Czochral-
ski silicon. The final 1.560.2-mm-thick Si was nominally
undoped and the background O and C concentrations w
below the SIMS detection limits of;531017 and ;5
31016 cm23, respectively. Cross-sectional transmissi
electron microscopy~TEM! analysis of the as-grown wafe
did not reveal any bulk or interfacial defects. The HEI im
plantation through the SiO2 layer was achieved by implant
ing 2 MeV 28Si1 in the dose range of 0.2– 131016 cm22

using a National Electrostatics Pelletron accelerator at
angle of 7° to the substrate normal. The beam current
1.4 mA while the substrate temperature was held at 70 °C
prevent amorphization. Since the projected range (Rp) of the
2 MeV Si implant is;2 mm with a straggle of;0.25mm @as
calculated from TRIM98~Ref. 16!# the interstitial-type de-
fect is behind the SiO2 layer.

Previously,V-type defects have been probed by a seco
Si implant of suitably chosen energy such that theRp of this
implant lies in the region of the vacancies.13,17 A suitably
chosen heat treatment then induces recombination betw
the vacancies and injected interstitials. Here, Si was
planted in the interface region of the 131016 cm22 dose HEI
sample with energies of 1.15 (Rp;1.41mm), 1.3 (Rp

;1.52mm), or 1.5 MeV (Rp;1.66mm). The energy was
varied slightly to compensate for any variation in the de
of the Si/SiO2 interface as well as to control the number of
atoms implanted near the interface. The areal density of
implanted Si atoms in the Si region near the interface w
determined by measuring the position of the interface
RBS and then integrating the area up to the interface un
the simulated implanted profile as determined by TRIM9
These samples were then annealed at 760 °C for 1020 s
tube furnace under 1 atm of Ar~flow rate of 1.5 lpm!. De-
pending upon the nature of the preexisting defects near
interface, this anneal will either grow interstitial clusters
recombine the added Si atoms with any existingV-type de-
fects. The defect production in the SOI wafers was compa
with bulk Si~100! wafers of float-zone type~FZ!, where the
identical 2 MeV Si implant in the dose range of 0.2–
31016 cm22 Si was carried out.

Finally, the vacancy defect profiles were measured us
Au labeling18 by implanting 68 keV196Au1 at a dose of 8
31014 cm22 followed by a drive-in anneal at 750 °C~in 1
atm Ar with flow rate of 1.5 lpm!. The anneal was performe
until the saturation of Au in theVex region.19 Rutherford
backscattering using 2.8–3.0 MeV4He21 was performed to
measure the resulting Au profiles. Calibration experime
reported previously13 have shown that under these HEI im
plant conditions theVex concentration is equal to the A
concentration multiplied by the calibration factork51.2.
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The Monte Carlo binary collision code TRIM98~Ref.
16! was also used to determine the nature of the excess
fects at the interface following the implantation.
Si(1.5mm)/SiO2(0.2mm)/Si structure was used to simula
damage production due to a 2 MeV28Si implant at an inci-
dent angle of 7°. The atomic densities used were 6
31022 atoms/cm3 for SiO2 and 4.9831022 atoms/cm3 for Si.
The damage production was observed using a full dam
cascade calculation. The displacement energy (Ed) used for
the Si substrate and the buried layer in this and all sub
quent TRIM calculations was 15 eV. Additional TRIM simu
lations were carried out to determine the dependence of
excess defects at the front interface on the mass of atom
the buried thin film. The implant parameters were identica
the previous simulation. These additional simulations w
carried out using the Si/X/Si heterostructure with the burie
layer X of thickness 0.2mm and density identical to SiO2 of
6.9831022 atoms/cm3 but containing atoms of mass 12, 2
31, and 73 amu. The depth of the thin film was 1mm from
the surface~as opposed to the earlier simulation where it w
at a depth of 1.5mm!. Following the full cascade damag
calculation, local recombination was used to determine
defect excess. In addition, the ballistic contribution to int
mixing of the thin-film and substrate atoms was also f
lowed.

III. RESULTS AND DISCUSSION

A. Excess defects at the buried Si ÕSiO2 interface:
Experimental findings

Figure 1~a! shows the typical Au profile obtained in
HEI sample with a 131016 cm22 dose Si implant in the SO
substrate. Also shown is the Au labeling into a SOI substr

FIG. 1. ~a! Experimentally observed Au profile after Au labeling for a SO
substrate~solid line! containing a high-energy implant~HEI! with 2 MeV Si
at a dose of 131016 cm22. Also shown is the Au profile into a bulk Si wafe
containing the identical HEI~open circles! and a SOI sample without the
HEI ~dashed line!. The buried oxide layer~BOX! is indicated by the shaded
area.~b! Overlaid signals of Au~open circles! and Si~dashed line! using the
depth scales obtained via RBS. This overlay was used to determine tha
rear edge of the extra Au peak in the SOI samples was at the front edg
the BOX layer.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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without any HEI. Three distinct regions of Au can be ide
tified in Fig. 1~a! for the HEI samples: the surface implante
Au peak in the region of 0–0.2mm, the Au profile in the
window of 0.5–1.5mm, and the peak in the region betwee
1.6 and 1.8mm. As compared to this, there is no Au trapp
in the sample without any prior implant. The Au profile
the region of 0.5–1.5mm is known to arise due theVex

defects.18 This region~referred to as theVSi
ex region! has been

studied extensively in bulk float-zone Si.14 We have recently
shown13 that for the dose conditions used in this work, t
Au concentration in theVSi

ex region is related to theVex con-
centration by a calibration factork51.2. To determine if the
profile in the SOI sample was quantitatively similar to th
obtained in the bulk FZ-Si substrates, the profiles from a
31016 cm22 dose HEI in SOI and bulk FZ Si were com
pared. As shown in Fig. 1~a!, after Au drive-in into the as-
implanted samples, a similar profile was obtained for b
substrates in the region of 0.5 to;1.5 mm. However, an
essential difference between the Au profiles of the two s
strates is the ‘‘extra’’ Au peak in the region between;1.6
and 1.8mm. To determine the precise position of this ex
peak, the Au signal was overlaid with the Si substrate sig
using the depth scales obtained via RBS.20 As shown in Fig.
1~b!, the rear edge of the Au peak corresponds to the fr
edge of the buried SiO2 thin film, as indicated by the dip in
the Si signal. This proved that the Au peak in the reg
between;1.6 and 1.8mm corresponded to Au at the fron
interface of the Si/SiO2 layer.

To determine the nature of the defects that resulted in
trapping in this interface region, extra Si atoms were ad
following the 131016 cm22 dose HEI implant. The extra
atoms were then reacted with the existing defects at the
terface by a 760 °C and 1020 s implant. If interstitial defe
are present at the interface, the extra Si atoms will tend
cluster with them and under the chosen anneal condit
would ripen to create large interstitial clusters of$311%-type
defects.21 These defects should show up as an increase in
concentration of trapped Au~Ref. 22! or be visible under
TEM. On the other hand, ifV-type defects are present at th
interface, the extra Si atoms will recombine with some of
vacancies. This should lead to a decrease in the amoun
Au trapped following Au labeling. Alternately, the extra a
oms could rapidly recombine at the Si/SiO2 interface, which
is known to be a sink for interstitials,23 thereby leaving the
defects and therefore the amount of trapped Au unchan
Shown in Fig. 2~a! are the simulated TRIM implantatio
profiles for the low-energy Si atoms with respect to the
perimentally measured position of the buried oxide lay
Also shown is the experimental Au profile for the SO
sample containing the 131016 cm22 Si HEI ~and 760 °C,
1020 s anneal!. In Fig. 2~b! the result of implanting the extra
Si atoms, as measured by Au labeling, is shown. Clearly,
amount of trapped Au has decreased after the second
plant, indicating that these defects areV type. The change in
the Au concentration as a function of the implanted Si ato
is shown more clearly in Fig. 2~c!. Here, the number of im-
planted Si atoms was estimated from the area under the c
between 1.3mm up to the front interface of the Si/SiO2 re-
gion at ;1.59 mm @Fig. 2~a!#. The integrated doses wer
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1.4531014, 1.3831014, and 1.0731014 cm22 for the 1.15,
1.3, and 1.5 MeV implants, respectively. The amount
trapped Au decreases linearly with the injected Si atoms.
slope of this variation, which gives the decrease in the nu
ber of Au atoms for every additional Si atom, is;0.86
60.26. The reciprocal of this ratio, which measures the nu
ber of interstitials needed to reduce the amount of trapped
by 1 atom is;1.1660.35. This number is in agreement wit
our earlier observed value of 1.260.2 for VSi

ex in FZ Si,
which measured the number of vacancies required to tra
Au atom. Furthermore, the amount of Si atoms placed at
interface ~the areal density varied from 1.0731014 to
;1.4531014 cm22! is large enough to form interstitia
clusters21 when implanted alone. However, transmissi
electron microscopy observations in cross section did
show any extended interstitial defects at the interface in
HEI samples containing the second Si implant. Therefo
these three results: the linear decrease in the interface
with Si injection, the agreement in thek value, and the ab-
sence of extended interstitial defects provides conclusive
dence that the existing defects at the interface~referred to as
VInt

ex! following the HEI areV type.

FIG. 2. ~a! The experimentally observed Au profile for the 2 MeV,
31016 cm22 Si HEI ~solid line! in comparison with the spatial distribution
of the interstitials obtained from TRIM calculations following the low
energy Si implants of 1.15–1.5 MeV.~b! Au profiles of the region near the
buried interface following the interaction between the defects of the HEI
interstitials from the low-energy Si implants.~c! Integrated Au concentration
after the various low-energy implants for the depth window of 1.3–1.59mm
plotted against the number of Si interstitials obtained from the TRIM cal
lations of~a! for the same depth window. The slope of the linear decrease
the amount of Au~;0.86! is identical to that obtained in the calibratio
experiment.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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To further quantify the behavior of theVInt
ex , a HEI dose-

dependent study was performed. Shown in Fig. 3~a! is the
Vex profile for the SOI substrate as a function of HEI dos
Increasing dose increasesVSi

ex as well asVint
ex . Using calibra-

tion factork of 1.2 for theVSi
ex andVint

ex regions, the integrated
Vex concentration for the two regions as a function of t
implanted Si dose can be plotted, as in Fig. 3~b!. The depth
window used to determine the areal concentration was 0
1.5 mm for VSi and 1.5–1.8mm for VInt . Both regions show
a linear increase with dose. Also shown in Fig. 3~b! is theVSi

ex

region observed for the bulk FZ Si. Clearly, the slopes of
VSi

ex are within the error bars of these measurements~;15%!.
In addition, while the overall concentration of theVInt

ex is
greater the slope is similar to theVSi

ex region. Thus, theVInt
ex

region behaves similar to theVSi
ex region, suggesting tha

similar excess damage production mechanisms are oper
for both cases.

B. Excess defects at the buried Si ÕSiO2 interface:
Simulation

Since binary collision codes have successfully predic
the existence of excessV-type defects in theVSi

ex region,24 we
can use the Monte Carlo binary collision code TRIM to u
derstand the effect of a buried thin film on the excess de
profile. Shown in Fig. 4~a! is the Frenkel pair profile pro
duced following the 131016 cm22 dose HEI in the SOI sub
strate. Following local recombination, the excess defect c
centration is shown in Fig. 4~b!, where the ordinate is in
terms of the vacancy excess. The experimentally obse
Vex is also shown. Besides the excess in theVSi

ex region from
the surface to about 1.2mm, there is also clearly a largeV
peak at the front interface. Therefore, the experimentally
servedVint

ex is qualitatively predicted by a simple binary co
lision calculation. The calculation of the excess as shown

FIG. 3. ~a! Vex profile for various doses of the 2 MeV Si HEI obtained fro
Au labeling and calibration factork51.2. ~b! Linear dose dependence wa
observed for the integrated~depth window of 0.5–1.5mm! @VSi

ex# for the SOI
~open circles! and bulk Si~solid squares!. Also shown is the integrated@VInt

ex#
~depth window of 1.5–1.8mm! for the interface region~open squares!,
which also shows a linear increase with HEI dose.
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Fig. 4~b! was based on the total number of atoms, i.e., b
Si and O. As Fig. 5 shows, a significant concentration of
~peak concentration is;431018 cm23! is intermixed across
the Si/SiO2 interface. The areal density of O in the Si side
the interface is;1.231013 cm22 for the 131016 cm22

dose. This indicates that intermixed atoms could contrib
significantly to the total atom concentration at the interfa
and will play a role in determining the behavior of the d
fects at the interface. In fact, we have recently reported
the thermal behavior of excess vacancies and the pos
effect of O on their behavior.25 Although the simulation pre-
dictsVint

ex , a quantitative comparison between the experim
tally observedVint

ex and the TRIM observations shows that th
simulation predicts values that are almost 103 higher than

FIG. 4. ~a! Frenkel pair profile obtained from the TRIM calculation for th
2 MeV, 131016 cm22 Si HEI in the SOI substrate containing a 0.2-mm-
thick BOX layer at a depth of 1.5mm. ~b! Excess vacancy defect profile
following local recombination from the point defect distribution calculat
from TRIM ~solid line! compared to the experimentally observedVex profile
for a 2 MeV, 131016 cm22 Si HEI. The depth scale of the experiment
profile was stretched by a factor of31.15 to align the buried interface
position.

FIG. 5. Oxygen mixing profile following the TRIM calculation of a 2 MeV,
131016 cm22 Si implant into the SOI substrate containing a 0.2-mm-thick
BOX layer at a depth of 1.5mm. The areal density of the intermixed oxyge
was estimated for the dark shaded area, which corresponded to oxyg
the top Si layer.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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that observed experimentally. Shown in Fig. 6 are the in
gral Vint

ex from experiment and simulation.Vint
ex is ;103

higher for the TRIM calculation over experiment. It must
remembered that the TRIM simulation only involves loc
recombination of defects. In the experiment, the Au drive
is carried out at 750 °C. Given the fact that point defects in
are very mobile, the trueVex concentration must also tak
into account any dynamic effects following the recombin
tion. A more sophisticated simulation taking into account
mobility and thermal stability of the various defect cluste
and their interaction with impurities and interfaces must
used to give an accurate quantitative picture of theVex gen-
eration. Nevertheless, the qualitative agreement obtaine
using the simple binary collision code like TRIM allows
preliminary study of the effect of various implant and su
strate parameters on excess defect production.

C. Excess defects at buried Si ÕXÕSi structures:
Simulation

Given the qualitative success of the Monte Carlo cal
lation in verifying the nature of the excess defects at
interface, the study of various aspects of the excess de
production on thin-film properties can be attempted. As
scribed earlier, hypothetical 0.2-mm-wide thin films contain-
ing atoms of mass 12, 28, 31, and 73 amu were placed
depth of 1.0 mm in these simulations. A 2 MeV, 2
31015 cm22 dose Si implant was simulated and the result
excess defect production was evaluated. Figure 7~a! shows
theVex profiles in these TRIM calculations. The immediate
apparent feature is the decrease inVex at the frontside of the
interface~between 0.98 and 1.0mm! as a function of increas
ing mass. In fact, for the case of mass 73 amu, the ex
defect becomes interstitial type (I ex), indicating acrossover
in the sign of the defect~i.e.,Vex to I ex! at some intermediate
mass. Shown in Fig. 7~b! are the concentration profiles fo
impurity atoms intermixed into the Si side of the front inte
face and the Si atoms recoiled into the thin film. Here,
case for mass528 amu is not plotted because theX atoms
could not be distinguished from the substrate Si atoms. In
estimation of the excess, the behavior of these intermi
impurity atoms, i.e., their substitutional vs. interstitial~1!
character must be accounted for. While the substitutional

FIG. 6. IntegralVInt
ex as a function of the HEI dose obtained from the TRI

simulations~open squares! compared to the experimentally observed valu
~solid circles!.
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purities will annihilate vacancies, theI-type impurities will
not. In the case of Fig. 7~a!, the impurity was assumed to b
I type. If the impurities are considered substitutional, t
result is a decrease in theVex and an increase inI ex. Figure
7~c! shows the effect of substitutional impurities on the r
sulting excess defect profile. The case forX of mass
528 amu is also included as now theX atoms need not be
distinguished from the substrate case.Vex has now decrease
for the 12 and 31 amu cases, whileI ex has increased for 73
amu. It should be emphasized here that the calculations w
done for hypothetical layers having atomic density of 6.
31022 cm23. Therefore, the result forX528 amu, corre-
sponding to Si atoms, shows an enhancedVex at the interface
of the atomic density change. Similar calculations perform
with X528 but with the atomic density of Si did not sho
enhancedVex.

Figure 8 plots the integratedVex at the front interface
~the integral window is;0.9–1.0mm! with and without the
substitutional impurity atoms as a function of the mass of
thin-film atoms. Significantly,Vex decreases linearly with in
creasing mass, with the position of thecrossoverfrom Vex to
I ex occurring at approximately 61 amu~for interstitial impu-

FIG. 7. ~a! SimulatedVex profiles at the frontside of the Si/X/Si structure as
observed from TRIM simulations for various masses ofX. The solid vertical
line at 1mm denotes the front interface between Si andX. The profiles here
were estimated by treating any intermixed atoms fromX to be interstitial
type. All the simulations were for a 2 MeV, 231015 cm22 Si HEI into a
1-mm-thick top Si layer and 0.2-mm-thick X layer. TheX layer had an
atomic density of 6.9831022 cm23. ~b! Simulated concentration of theX
atoms intermixed into the Si side of the front interface and the Si ato
intermixed into theX side. ~c! SimulatedVex profiles at the front interface
obtained by treating the intermixedX atoms as substitutional impurities.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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rities!. For substitutional impurities, thecrossovershifts to
lower masses, and for this combination of Si implantat
energy and depth of interface occurs at;51 amu.

Table I lists the integral quantities of the Frenkel p
~FP! ~I and V!, the nuclear energy deposited, forward r
coiled Si atoms, the impurity recoils, and the excess def
for the front interface. In general, there is a consistent va
tion in any quantity with increasing mass. For instance,
number of FPs in the Si substrate and the nuclear en
(Ed

nuc) deposited in the thin film increases with increasi
mass, while theVex following the recombination of the FP
decreases. For the case whenX is 28 or 31, the comparabl
FP density for 28 as compared to 31 arises because o
increased efficiency of energy transfer between two atom
identical mass~i.e., here the implanted ion has mass 28 am!
as compared to between the different masses.20 In addition,
the number of impurity atoms intermixed into the frontsi
increases with mass, while the number of Si recoils in
thin film decreases with increasing mass for the depth w
dow of 1.01–1.1mm.

The net excess defect density following ion implantati
through interfaces can be understood by considering the
of atoms to various regions near the interfaces. For an
emental volumedV at a positionP @Fig. 9~a!#, the net rate of

FIG. 8. Linear dependence of the@VInt
ex# on the mass ofX atoms as obtained

from TRIM simulations. The position of the crossover, which indicates
position of change in the sign of the excess defect at the front interfac
also marked. The position of the crossover varies depending on the beh
of the intermixedX atoms as interstitial or substitutional type. The crosso
occurs at;61 amu for interstitial-typeX atoms, while it occurs at;51 amu
for substitutional type. The calculations here are for the 2 MeV,
31015 cm22 Si implant into a Si(1.5mm)/X(0.2mm)/Si heterostructure.
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change in the number of atoms it contains is determin
mainly by two factors;~i! the recoils from neighboring re
gions that stop indV, and~ii ! the atoms knocked out ofdV
by energetic collisions. We define a functionr( ŕ ), which is
the rate per unit volume at which atoms from the neighb
ing regions are scattered by the ion-beam flux~including
recoils, etc.! and come to rest in the volume elementdV. The
net flux to pointP ~into dV! is the integral ofr( ŕ ) over the
surrounding regions, wherer( ŕ ) is nonzero, minus the rate
at which atoms are kicked out ofdV. In the homogeneous
bulk, the net change in the number of atoms indV is rela-
tively small ~the excess vacancies obtained experiment
are very small compared to the total point defect popu
tions!. However, if there is an inhomogeneity; i.e., a neig
boring region where the recoil production rate is differe

is
ior
r

FIG. 9. ~a! Net excess defect concentration following implantation in r
gions where the recoil production is changed over the bulk values ca
estimated by the net flux of atoms into elemental volumedV from the
surrounding regions. The functionr( ŕ ) determines the probability that an
atom from a neighboring region will be knocked intodV. Thus, integration
of r~r! over the volume neighboringdV minus the number of atoms comin
out from dV determines the net flux from which the net excess is de
mined. ~b! TRIM calculation of the total energy deposited to nuclear sto
ping (Ed

Nuc) for the variousX layers used. Change inEd
Nuc in going from the

bulk Si to theX layer provides one situation by which the recoil productio
in the X layer is different from bulk Si.
the

TABLE I. Results of the TRIM simulation for the 2 MeV, 231015 cm22 Si implant into
Si(1.0mm)/X(0.2mm)/Si heterostructure for the front Si/X interface. The excess defects are calculated in
Si side of the front interface in the depth window of 0.9–1.0mm. The density ofX for all the masses was
;6.9831022 atoms/cm3.

X atom Mass
No. of FPs

~cm22!
Ed

Nuc

~eV/ion!
Si recoils
~cm22!

X recoils
~cm22!

Excess defects~cm22!
1ve for Vex/2ve for l ex

~amu! ,1.0mm ,1.0mm .1.0mm ,1.0mm Substitutional Interstitial

12 3.131017 6.33109 8.331013 1.631013 8.631013 131014

28 3.331017 1.231010 6.231013

30 3.331017 1.331010 6.731013 2.131013 431013 631013

73 3.631017 2.431010 5.731013 2.931013 25.331013 22.331013
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from that in bulk Si, then another functionr* ( ŕ ) must be
used in this region and the rate of accumulation of atom
dV will be different from the bulk value. For instance, ifP is
close to a free surface, thenr* ( ŕ ) is zero beyond the surface
since the vacuum contributes nothing to the accumulation
atoms indV. The rate of loss fromdV is not affected by the
presence of the surface, and therefore the approximate
ance between the incoming and outgoing atoms indV will be
lost. In most cases whereP is near a surface, net vacanci
can be expected to accumulate indV.

An effect that can cause a change in the recoil prod
tion rate near interfaces between different materials is
nuclear energy deposited into the material because of a
ferent mass,4 atomic density, etc., as compared to Si. Fro
the simulations carried out here, theEd

Nuc ~in eV cm23! in-
creases with increasing mass@Fig. 9~b!#, as expected.4 In
addition, theEd

Nuc changes rapidly in going across the inte
face. This leads to a change in recoil production across
interface and from our flux model provides a condition for
excess defect concentration that is enhanced over the
value. Further, the increasingEd

Nuc will increase the cascad
size ~and the density of cascades! causing a ‘‘spillover’’ of
mass and energy across the interface. This spillover is cle
manifested in the increase in the number of recoiled impu
atoms from the interface with increasing mass@Fig. 7~b!#,
and therefore changes the net flux indV compared to the
situation in bulk Si. These preliminary qualitative finding
from the TRIM calculations emphasize that the mass of
interface atoms play an important role in the net excess
fect population at the interface. Importantly, these simu
tions show that the defect type and/or defect density at
front interface can be controlled. While this model can
used to understand the presence of theVex peak at various
interfaces, for instance, at the back SiO2 /Si interface@Fig.
4~b!#, it does leaves out secondary effects, such as the re
tion in the energetic particle flux with distance.

IV. CONCLUSION

The experiments reported here have clearly identified
nature of defects produced at a front interface of a bur
thin film during irradiation of a heterostructure. Excess d
fects were created by a high-energy implant of 2 MeV Si in
a SOI substrate containing Si(1.8mm)/SiO2 ~0.2 mm!/Si.
The Au labeling technique was then used to profile the
cess defects. Besides Au trapping in the well-character
excess vacancy-type defect region in the top Si region (VSi

ex),
additional Au trapping was observed at the frontside of
buried Si/SiO2 interface. The nature of defects resulting
this trapping was investigated by additional low-energy
implants. Following the low-energy Si implant and anneali
at 760 °C for 1020 s, Au labeling showed a linear decreas
the amount of trapped Au with Si interstitial dose. The ra
of the number of Si atoms injected to the reduction in nu
ber of Au atoms trapped,klnt, was;1.1660.35. TEM mea-
surements did not show the presence of any exten
interstitial-type defects. Therefore, the decrease in trap
Au with increasing number of low-energy Si atoms, the clo
correspondence of theklnt to k(1.260.2), and the lack of
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evidence of extended interstitial defects, clearly proved t
the defects at the frontside of the buried interface were
cancy type. The concentration of theVlnt

ex was found to in-
crease linearly with increasing HEI dose with a slope sim
to that of theVSi

ex suggesting that a similar damage produ
tion mechanism is involved at the interface.

Monte Carlo simulations of 2 MeV Si implantation int
a Si(1.5)/SiO2(0.2mm)/Si heterostructure confirmed the e
istence of excess vacancy-type defects at the frontside o
buried interface. Further simulations were performed
structures of type Si(1.0mm)/X(0.2mm)/Si using 2 MeV
Si, and varying the mass ofX from that of 12–73 amu. The
mass ofX was found to be a very important parameter in t
concentration of the excess defects at the front interface
change in sign of the excess defect fromV to I type at the
front interface occurred for a mass of;61 amu or greater,
when the defects were treated as interstitial type. This tr
sition shifted to lower mass~;51 amu! when the impurity
atoms from the buried layer were treated as substitutio
type defects.

The experimental results and Monte Carlo simulatio
suggest that it may be possible to control the sign of
defect at buried interfaces. This may be an important eff
considering the fact that point defects and their clusters at
interface can be used to tailor the strain of the overlayer.
instance, consider the presence of vacancy clusters nea
front interface of a Si/X/Si heterostructure, wherein the to
Si layer is sufficiently thin. In this case, a thin overlayer of
can be subject to slightly larger compressive stresses, sim
because of the additional available volume provided by
clusters. The sign of the applied stress can be reverse
instead of vacancies, an excess of interstitials existed at
interface. In other words, it is possible to envision tailori
the overlayer to accommodate an appropriate stress sim
by choosing the right combination of the buried layer ma
and implant parameter.
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