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The near-surface structure of low-energy- (0.5—1.5 keV) Ar-bombarded Si(100) has been stud-
ied using high-resolution x-ray-absorption near-edge structure spectroscopy and extended x-ray-
absorption Sne-structure spectroscopy with synchrotron radiation, medium-energy ion scattering,
variable-energy positron-annihilation spectroscopy and angle-resolved x-ray photoemission spec-
troscopy. The ion-induced defect structure for silicon, and the structure and distribution of in-
corporated Ar and silicon carbide formed during the dynamic ~ixing process are directly and
nondestructively measured and depth pro61ed in the subnanometer scale. The results indicated
that no Ar bubble was formed at moderate bombardment Suences (~10 /cm ) and that epitaxial
recrystallization could be achieved by postbombardment vacuum annealing at 700 'C for 30 min.

I. INTRODUCTION

Ar ion beams are widely used for surface cleaning and
ion-assisted dry etching of semiconductors. They are
also oRen used in ion-assisted deposition2 and sputter
depth profiling techniques that are available with many
analytical instruments, e.g. , Auger electron (AES) and
x-ray photoemission (XPS) spectrometers. s The advan-
tages of using Ar ion beams for these particular applica-
tions arise &om their chemical inertness and high sput-
tering yield, e.g. , the sputtering yield for 1 keV Ar ions
on silicon is about 0.8 to 1.0. However, the ion bombard-
ment process has the inherent drawback that the ion-solid
interaction usually produces a distorted or disordered
surface/near-surface layer, depending on the bombard-
ing energy and Huence. Although the ion-induced dam-
age can be decreased by lowering the ion energy, such
a gain is offset by a substantial decrease in the sput-
tering yield In addi.tion, the bombardment/sputtering
process will also lead to dynamic ion mixing and Ar re-
tention in the near-surface layer, which could be detri-
mental for particular applications. Many research ef-
forts are therefore directed towards the understanding
of the surface and near-surface structure following en-
ergetic Ar bombardment and the effects of the subse-
quent thermal processing on the bombarded surface and
near-surface structure. Nevertheless, a clear picture
of the near-surface structure has not yet emerged via di-
rect experimental evidence. For example, measurements
of the depth distribution of incorporated Ar and the as-
sociated recrystallization of silicon near the surface after
low-energy (less than a few keV) Ar ion bombardment

are yet to be performed.
Bean et al.s were among the Grst to systematically in-

vestigate the near-surface structure of silicon after Ar
bombardment. They successfully identi6ed temperature
effects on the Ar retention rate for 1 keV Ar bombard-
ment using the Rutherford backscattering (RBS) tech-
nique. Ar retention was found only when the bombarded
silicon substrate was maintained above room tempera-
ture. However, the relatively poor depth resolution (e.g. ,

160 A for 1.6 MeV He+ in the RBS/channeling low-
exit-angle mode) precluded a determination of the depth
distribution of the Ar incorporated into the silicon. Using
medium-energy ion scattering (MEIS) spectroscopy, Al-
Bayati et aL achieved a depth resolution of 3 A and mea-
sured the depth distribution of displaced silicon atoms
with 60—510 eV Ar+ bombardment. They reported the
formation of an amorphous layer in the near-surface re-
gion of silicon for Ar ion Suences exceeding 5 x10~ /cm2
at ion energies greater than 100 eV. Nevertheless, a true
depth distribution of the displaced silicon and incorpo-
rated Ar was not obtained due to the limited mass reso-
lution in the experimental setup.

For the minimization of defects in a damaged near-
surface layer arising &om Ar ion bombardment, one ap-
proach is to perform the bombardment at an elevated
temperature. When the Ar ion Quence is low, the
bombardment-induced defects are dominated by divacan-
cies which can be annealed out at T 300 C. Conse-
quently, a significant decrease in the damage is observed
at a bombardment temperature above 400 C for ion Qu-
ences below 5 x 10~a/cm2. s s For higher ion Buences,
however, elevating the bombardment temperature will
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result in the formation of extended defects in the subsur-
face region caused by thermally enhanced point defect
migration, combination, and stabilization. For ion Hu-

ences exceeding 10is/cm, pronounced disordering such
as dislocations and Ar bubbles was indeed observed.
Such an observation was confirmed by Ar thermal des-
orption spectra measured by Filius et a/. , who observed
multiple argon cluster desorption peaks near T = 600 C
for bombardment iluences above 10i /cm . The increase
of the Ar incorporation probability at larger bombarding
Huences was also identified by several authors. ' The
extended defects thus formed are located in the silicon
subsurface and may not be detected by surface-sensitive
techniques, e.g. , low-energy electron difFraction (LEED)
or AES. Another approach to the recrystallization of the
damaged silicon near-surface layer was through postan-
nealing under vacuum. One of the advantages for vacuum
postannealing when compared to that by bombardment
at an elevated temperature is that it occurs without con-
tinuous delivering of Ar into the substrate and the in-
corporated Ar will be annealed out consistently. Recent
data~3 have shown that migration and release of Ar oc-
curs at a temperature as low as 250'C, which is probably
associated with the dissociation of vacancy-type defects.
Hence, postannealing is unlikely to induce the formation
of extended defects such as Ar clustering. The postan-
nealing approach has been proposed ' as the preferred
method for obtaining a recrystallized silicon near-surface
layer. It should be mentioned that controllable recrys-
tallization through high-energy ion beams has drawn
much attention recently. However, this technique is not
suitable for recrystallization in nanometer scale and in
the near-surface or subsurface region.

Since Ar ion bombard. ment of silicon is a dynamic pro-
cess, the near-surface structure of silicon after the bom-
bardment also depends on the surface cleaning before
the bombardment. For example, if the silicon surface
is contaminated with carbon, a thin layer of SiC arising
from ion mixing will be formed in the near-surface re-
gion during the bombardment. i In fact, in most of
the relevant applications, Ar bombardment is performed
by backfilling the vacuum chamber. Thus it is difFicult
to completely avoid contamination by adventitious hy-
drocarbons. The SiC formed in this way usually has a
stable structure which is resistant to desorption by ther-
mal annealing. However, quantitative and nondestruc-
tive measurements of such a SiC structure have not been
reported to date.

In this paper, we use mass-resolved MEIS,
high-resolution x-ray-absorption near-edge structure
(XANES) spectroscopy, and extended x-ray-absorp-
tion fine-structure (EXAFS) spectroscopy with
synchrotron radiation, XPS, and variable-energy
positron-annihilation spectroscopy to measure directly
and nondestructively the near-surface structure of single-
crystal Si(100) bombarded by low-energy (0.5—1.5 keV)
Ar ions. The silicon defect structure and its recrystalliza-
tion, the structure of incorporated Ar and its redistribu-
tion upon post-annealing, and the structure and distri-
bution of the ion-induced silicon carbide have been quan-
tified and depth profiled on the subnanometer scale.

II. EXPERIMENT

A. Sample preparation

Single-crystal Si(100) samples were phosphorus doped
to a concentration of 10 /cm . The defect density in
the crystal was less than 2 x 10 /cm, according to the
manufacturer. Before Ar bombardment, all the samples
mere cleaned first by ultraviolet (uv) ozone oxidation to
remove adventitious hydrocarbons, and second mith 5%
hydro8uoric acid to remove the oxides and produce a
hydrogen-terminated surface. The ion bombardments
were all performed in an XPS-equipped ultrahigh vac-
uum analytical chamber. The chamber vacuum before
backfilling with pure Ar gas was about 5x10 Torr. Ar
ion beams with energies in the range 0.5—1.5 keV were
extracted &om a scanning Leybold ion gun through a
needle valve and a differential pump, while the pressure
of the chamber was maintained at 2 x 10 Torr. The
ion Quence was measured by a Faraday cup. An ion Hu-

ence of 10 s/cm2 over a 2x2 mm2 sample area was de-
livered in about 110 s. Two bombardment angles (0'
and 55') between the sample normal and the ion beam
were chosen to study the angle dependence of Ar and sil-
icon displacement distributions. In situ XPS was carried
out before and after the ion bombardments. To protect
the surface &om air oxidation during sample transfer,
the as-bombarded samples were immediately transferred
into an uv-ozone oxidation reaction chamber and capped
with 10 A Si02. The reaction initiated by the uv
photons was also expected to remove adventitious sur-
face hydrocarbons during the sample transfer. Although
the cap consumed the top 0.5 nxn of the bombarded. Si
layer, the bulk of the damage layer (&40 A) would be
protected &om reaction with the ambient air. A HF-
cleaned Si(100) single crystal was also capped with the
ozone oxide using the same process as a reference for all
the measurements. All postbombardment anneals were
performed in a vacuum chamber which was maintained
at 2x10 Torr, and the annealing time was fixed at 15
Inln.

B. Characterization

The MEIS measurements were performed using the 1.7
MV Tandetron accelerator at the University of western
Ontario. A collimated beam of He+ ions incident on
the samples at 250 keV was elastically scattered. and an-
alyzed with regard to scattering angle and energy via a
high-resolution toroidal electrostatic analyzer. The spec-
tra were collected in the double alignment configuration.
The scattering angle between the incoming channeling
string and the outgoing (scattering) ion direction was
90 . The energy resolution for all the MEIS data was
about 0.2%, which is equivalent to a depth resolution of

4 A for silicon. DifFerent channeling and blocking axial
directions were measured to verify the Ineasured distri-
butions for impurities and silicon displacements in the
bombarded samples. For comparison, conventional RBS
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with a 1 MeV He+ ion beam was also employed to mea-
sure some of the samples in this study. The RBS energy
resolution was 15 keV, which transforms into an equiv-
alent depth resolution of 60 A.. XANES and EXAFS
spectra were measured at the Canadian Synchrotron Ra-
diation Facility (Aladdin) on the 1 GeV electron storage
ring operated by the University of Wisconsin at Madison.
The x ray was monochromatized and the photon resolu-
tion at 100 eV was 0.1 eV. The total electron yield
(TEY) mode was used for both the XANES and EX-
AFS measurements. In order to eliminate the unrelated
structures in the measurements, all the TEY spectra were
normalized to the TEY signal simultaneously recorded
from a gold mesh reference monitor. XPS and angle-
resolved XPS (ARXPS) measurements were performed
using a Surface Science Instrument SSX-100 spectrome-
ter with a monochromatic Al Ka x-ray spot size of 300
pm and a pass energy of 25 eV. Variable-energy positron-
annihilation measurements were done at the Positron
Beam Laboratory at the University of Western Ontario.
Detailed descriptions of the experimental systems and
the relevant experimentation can be found in previous
publications.
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S.3+

106 104 102 100
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III. RESULTS AND DISCUSSION

FIG. 1. XPS spectra for (a) HF-etched Si(100) and (b)
1 keV argon-ion-bombarded Si(100) to an ion iluence of
1x10 /cm . Both samples were capped with ozone oxide.

A. Characterisation of the cap layer

The major concern for ex situ measurements of the
near-surface structure of silicon after low-energy (less
than a few keV) Ar ion bombardment is the instability
of the surface and/or near-surface during sample trans-
fer since the thickness of the defect layer formed during
the bombardment is expected to be of the order of a few
nanometers. To maintain a consistent surface condition,
all samples in this study were immediately capped with
ozone oxide after the bombardment. The ozone oxide
was formed in an uv-light-induced ozone reaction cham-
ber described previously. The thickness of the oxides,
Cs Q~ was calculated &om the measured XPS photoemis-
sion intensities for oxide, Is;Q„and silicon Is;, signal in
the Si 2p spectra (Fig. 1), respectively, using

t Is o, ps;&s.
&s;o, = &s;o, cos8ln

~

' ' ' ' + 1 ~,
siPsiog siog J

(3.1)

where A is the inelastic mean free path2s (IMFP) of
the photoelectrons and 8 is the experimental polar angle
(55'). The fitting positions for suboxide peaks shown in
Fig. 1 were the same as those identified in the literature
and for clarity only one fitted peak for each of the subox-
ide is shown. The calculations showed that 5 A. silicon
on the very top of the samples had been consumed. If
the oxide thickness calculation included the contribution
of the suboxide, the difference of the oxide cap thickness
between HF-etched single-crystal Si(100) [Fig. 1(a)] and
the bombarded sample [Fig. 1(b)] was ~ 3 A. , and hence
the difference of the thickness for the cons»med silicon
was 1.3 L. The ozone oxide was found to be very sta-
ble, i.e., the change of the oxide thickness measured by

XPS over a period of six months was within the measure-
ment error ((I A). Since the uv oxidation is conducted at
ambient temperature, the bulk of the defect structure is
not expected to be modified during the capping process.
To verify that the uv ozone process does not induce the
desorption of impurities inside the defective layer, XPS
was used to measure the photoemission intensity ratio of
Ar/Si before and after the capping process for the Ar-
bombarded samples. It was found that the change of the
ratio was within the measurement error (+5%%uo).

B. Near-surface structure after argon bombardment

Figure 2 shows the Si Lyy gyes XANES spectra for a HF-
etched Si(100) and 1 keV Ar-ion-bombarded Si(100) to
different ion fIuences as labeled in the figure, and Fig.
2(b) is the first order derivative of the Si Iir iri XANES
spectra for the corresponding spectra shown in Fig. 2(a).
XANES yields a direct measurement of the near-surface
structure under the oxide cap since the absorption edge
for Si02, which is not shown in this figure, is 5 eV
above the silicon edge. Comparing the spectra in Fig.
2(b) and Fig. 2(a), the Si Lrii and Lii absorption edges
for all the samples are resolved and the derivative spec-
tra provide much better resolution visually. The peaks a
and b in Fig. 2 are associated with maxima in the un-
occupied density of states and their replicas, a' and b',
are due to the spin-orbit splitting (0.61 eV). i These
peaks have been identified as evidence of a prevailing long
range order in the sample. The edge jump (threshold) in
the above spectra is known as the transition at the Aq
minimum of the silicon band structure and therefore its
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was weighted with k" (+=1,2,3) for difFerent regions of
the data in k space. By filtering and backtransform-
ing, the FT data indicated that the first shell nearest
Si-Si interatomic distances for both the c-Si and the born-
barded sample were identical (r= 2.35 L). The distances
calculated &om the second and third shells using a k2

weighting showed a slight expansion 6% (the calcula-
tion error is 2%) for the bombarded sample as com-
pared to those for c-Si. The small changes measured in
the present experiment are substantially diferent &om
that measured from bulk amorphous Si. This is prob-
ably because the detection depth of Si K edge measure-
ment is much deeper than the depth of the bombardment-
induced amorphous layer. The strong substrate signal
suppressed the signal &om the bombarded layer. An-
other evidence of a much deeper detection depth for the
E edge measurement comes from the fact that the Si02
signal almost could not be identified in the spectra.
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C. Damage depth pro81ing and argon retention
measured by MEIS

(Nt) s; ——(A/o OQ) cos 0, (3.2)

where o is the elastic scattering cross section, 0 is the
detector solid angle, Q is the integrated number of 4He+

ions, and 8 is the angle between the direction of the He+
beam and the sample normal. Alternatively, (Nt)s; can
be calculated &om the measured deference in energy of
detected ions backscattered at the surface and &om the
interface, AE,

(Nt)s; = b,E/[e],

Quantitative measurements of the Ar-bombarded sili-
con near-surface structure were performed by MEIS. Fig-
ure 4(a) shows the MEIS spectra for the samples bom-
barded by 0.5 keV and 1 keV Ar ions, respectively, both
to an ion fiuence of 10~s/cm2 and at a bombardment
angle of 0 . The spectra were collected in a double align-
ment configuration in which (111)was chosen as the in-

coming ion channeling direction and the outgoing ions
were collected at a scattering angle of 90' along the (1 12)
string direction. The spectrum for a silicon single-crystal
sample is also included for comparison. It can be ob-
served &om the figure that the intensities for the chan-
neling spectra and the random spectra reached the same

height, which suggests that the bombarded near-surface
layer had been completely amorphized (disordered) at
this ion Buence; this observation agrees with the XANES
data (Fig. 2) and those reported in the literature. ' In
these spectra, the silicon and Ar surface energy positions
(at 187.62 keV and 204.55 keV, respectively) are well sep-
arated, which makes it possible to obtain a quantitative
depth profile of the respective silicon displacement and
Ar retention at the near-surface layer of the bombarded
samples. The number of displaced silicon atoms per unit
area, including atoms on an ideal surface layer (Nt)s;,
can be calculated &om the measured area A of the sur-
face peaks in the spectra by

TRIM
Calculati

0)

II IIIII illl II IIIIII IIIIIII IR 0 K u ff s )
I I

0 20 40 60 80 100 120

Depth (A)

FIG. 4. (a) MEIS spectra showing the silicon surface peaks
for 0.5 keV and 1 keV bombarded Si(100), both to an ion
fluence of 1 x 10 /cm . The spectrum for a HF-etched Si(100)
single crystal is also included for reference. All the samples
were capped with ozone oxide silicon. (b) TRIM calculation of
the silicon displacement depth distribution for 0.5 keV and 1
keV argon-bombarded silicon.

where [e] is the stopping cross section. For the data
shown in Fig. 4(a), we found that the relative difFer-
ence between the values calculated using Eqs. (3.2) and
(3.3) was about 1%. The calculated areal densities for
the 0.5 keV and 1 keV Ar-bombarded samples [Fig. 4(a)]
are 1.45x10 %m and 3.54xl0 /cm, respectively. By
subtracting the ideal silicon surface peak areal density
(1.27xl0~s/cm2) from that of the sample without bom-
bardment (9.84x10~s/cm2), we deduced that the contri-
bution of the cap layer to the measured areal density
was 8.57x10 s/cm . This value agrees well with that of
a 10 A thin oxide on a silicon single crystal measured by
RBS using incident 0.8 MeV He+ ions. Consequently,
the corrected average areal densities for the 0.5 keV and
1 keV Ar-bombarded samples were 5.93x 10~s/cm2 and
2.68x 10 /cm2, respectively. Both values are smaller but
of the same order of magnitude compared to those in the
literature. ' ' The projected ranges of the displaced
silicon atoms calculated from the measured data [Fig.
4(a)] were 17 A. and 31 A. for 0.5 keV and 1 keV bom-
bardments, respectively. Compared to those from a TRIM
simulation ~ shown in Fig. 4(b), the simulated value for
0.5 keV bombardment overestimated the damage depth
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while for the 1 keV bombardment the measured and the
simulated values agree well with each other. This result is

not surprising since the TRIM code was basically written
for the simulation of high-energy ion-solid interactions.
It should be pointed out that one cannot directly com-

pare the depth scales shown in Figs. 4(a) and 4(b). An

amorphous sample was assumed in the simulation [Fig.
4(b) j while the measured depth has to be corrected with

respect to the scattering configuration. This observation

probably accounts for our measured projected ranges be-

ing smaller than those reported in the literature.
Theoretically, for a monoenergetic monoisotopic ion

beam, the depth distribution of bombardment-induced
defects depends significantly on the bombardment angle.
However, in most commercial ion guns, energetic neutrals
are not separated from the ion beam. Thus, it is diKcult
to control precisely the bombardment Buences. To un-

derstand the contribution of neutrals in our experiments,
MEIS (Fig. 5) was employed to measure the defect and

impurity distributions at various bombardment angles.
RBS (Fig. 6) was also used for comparison to measure

such efFects under channeling conditions. In Fig. 5, it
can be seen that the energy difference for ions at the sur-

face and at the interface in the spectra collected for both
(110) and (111) incoming ion channeling strings Rom the
samples bombarded at the bombardment angles of 55'
and 0' is approximately the same. The relative diKer-

ence of the theoretical projected ion energy at these two
bombardment angle is, however, 42'%%uo. Hence, the spec-

tra clearly show that energetic neutrals have a signi6cant
contribution to the depth distribution of bombardment--
induced defects. The areal densities for the displaced sil-
icon atoms and Ar impurities calculated from the spectra
shown in Figs. 5 and 6 are given in Table I, where all the
data have been calibrated to (i) the scattering configu-
ration and (ii) the contribution of the surface cap layer.
The relative error of the numerical results collected at
difFerent scattering configurations using MEIS or RBS is
within 10%. However, the data measured for displaced
silicon atoms from RBS are systematically larger than
those from MEIS by 20'Fz, while those for incorporated
Ar are systematically smaller. Since the depth resolution
for RBS is approximately 20 times worse than that for
MEIS, the error &om the RBS measurements is Inuch
larger than that Rom MEIS. The areal density for total
incorporated Ar measured by MEIS was about 10ts/cm,
which agrees with the Ar desorption data measured using
a quadrupole mass spectrometer by Filius et al.

The Ar retention ratio (total incorporated Ar over to-
tal ion fluence) can also be measured from the ion scat-
tering data. Figure 7(a) shows the Ar intensities for 1
keV Ar-ion-bombarded Si(100) to different ion fluences
and Fig. 7(b) is the calculated Ar retention ratio. The
actual ratio should be smaller than the number given in
the figure since the contribution of neutrals is not in-

cluded. Nevertheless, the value of 0.4 for the low-Quence

(10 /cm2) bombardment is lower than that measured
&om the absorption experiment ( 1) by Filius et al.
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FIG. 5. MHIS spectra for 1 keV argon-bombarded Si{1.00)
samples at diferent incident angles between the sample nor-
mal and the direction of ion beam: (a) 35' and (b) normal
incidence. The (111)and (110) strings were separately chosen
as the incoming channeling direction, and the outgoing ions
were collected at a scattering angle of 90' along (112) and

(001) directions, respectively.

120 150 ~SO 21O

Channel
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FIG. 6. RBS spectra with 1 MeV He+ analytical beam for
1 keV argon-bombarded Si(100) samples at different incidence

angles between the sample normal and the direction of ion
beam: (a) 35' snd (b) normal incidence. The channeling

spectra were taken along the three major crystal strings.
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TABLE I. Calculated silicon displacement area density and argon intensities from MEIS and
RBS spectra for Si(100) bombarded by 1 keV argon beam to an ion ituence of 1x10 /cm . The
units for all the data in the table, except for the unitless Ar/Si ratio, are 10 /cm .

RBS Si

Ar

Ar/Si

Bombardment angle
55
90
55
90'
55'
90'

(100)
4.67
3.61
0.093
0.067
0.02
0.02

Incoming ion
(110)
4.70
3.76
0.095
0.068
0.02
0.02

channeling direction
(111)
5.03
3.90
0.12
0.072
0.02
0.02

MEIS Si

Ar

Ar/Si

55'
90'
55'
90'
55'
90'

3.15
2.75
0.11
0.13
0.03
0.05

2.99
2.68
0.12
0.11
0.04
0.04

D. Argon depth pro8ling and argon defect structure

Figure 8 shows MEIS data for the Ar depth profile for
samples bombarded to an ion Huence of 10is/cm2, but at
diferent ion energies. These spectra were collected at a
scattering angle of 90' with (111)and (1 12) as the incom-

ing and outgoing ion channeling directions, respectively.
The measured depth profiles [Fig. 8(a)] are compared to
those from TRIM simulations [Fig. 8(b)]. By calibrating
the measured depth with respect to the scattering con-
figuration, it was found that the projected depths for Ar
in the 1 keV and 1.5 keV Ar-bombarded samples were 31
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FIG 7. (s) A. rgon int ensities for 1 keV argon-ion-
bombarded Si(100) to different ion ftuences. (b) Calculated
argon retention ratio for 1 keV argon-bombarded Si(100) to
different auences.

FIG. 8. (s) Argon depth proSle by MEIS for different ar-
gon ion energies. The ion fiuences were 1x10 /cm and the
bombardment angle was 0' for all the samples. (b) Argon
depth distribution calculated by TRIM.
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A and 45 A. , respectively; both values agreed well with
the TRIM simulations. For the projected depth of Ar in
the 0.5 keV Ar-bombarded sample, the measured value
was 18 A while the simulation indicated a depth of 22
A. The results are similar to those of the calculation for
displaced silicon atoms discussed above. The areal den-
sities for the Ar incorporated in the 1 keV and 1.5 keV
Ar-bombarded samples were found to be the same (1.1
x 10 /cm ), while the value for that in the 0.5 keV
Ar-bornbarded sample was 8.3 x 10~4/cm2, a value that
is slightly lower than the other two. It was also found
that the Ar depth distribution can be approximated by
a Gaussian distribution. The solid lines in Fig. 8(a) are
the results from Gtting using a Gaussian function. At
the lower energy (0.5 keV), the distribution is asymmet-
ric. Such a pro61e suggests saturation or quasisaturation
of the Ar impurities in the surface region.

The defect structure of the retained Ar at the near-
surface of silicon has drawn a great deal of interest since
the chemical afBnity between Ar and silicon is extremely
small. ~2 For bombardment to an ion Buence higher
than 10~ /cm, the defects in ion-bombarded silicon have
been shown to be dominated by the void type. ' The Ar
incorporation probability will also surpass the quasisat-
uration regime ' and increase with further increase in
the Buence. This phenomenon is interpreted as the for-
mation of Ar bubbles inside the void defects. The bub-
bles were formed initially by 6lling of the incorporated
Ar into the void defects created by high Buence bombard-
ment. The Ar inside the voids was overpressured due to
contraction of the local silicon lattice around the voids,
resulting in the solidification of the gas state Ar.
Such an interpretation has been supported by transmis-
sion electron microscopy (TEM).s For bombardment to
a medium Huence ( 10 /cm ), it was believed4 '4 that
most of the incorporated Ar is trapped at vacancy sites,
thereby forming Ar-vacancy complexes while interstitial-
type defects for Ar were negligible. In addition, much
of the trapped Ar for the room temperature bombard-
ment was immobile. Subsequently, aggregation of the
atomically dispersed Ar and the chance of forming Ar
bubbles should be small. ~ Nevertheless, controversial
reports are found in the literature. Revesz et al. ob-
served Ar bubbles with an average diameter of 170 A. in
200 keV Ar-bombarded amorphous silicon to a Buence of
6 x 10 /cm2 using TEM, while Faraci et aL reported
the formation of Ar bubbles in 40 keV Ar-bombarded
silicon single crystals to a Huence of 10~s/cm at room
temperature. Based on the 6tting of the observed time-
of-Bight data, van Veen et al. even argued that Ar clus-
tering might take place at a Huence of 10 /cm for an
ion energy of 3 keV. Conversely, Sawyer et al. observed
no Ar bubbles in their 1 keV Ar-bombarded silicon sam-
ples for ion Huences smaller than 10~s/cm; the Filius et
al. data also suggested that, for bombardment at a Bu-
ence of 10~ /cm, no Ar bubbles should be formed since
the observed Ar desorption temperature was rather low.

Figure 9(a) shows the Ar K edge EXAFS spectra for 1
keV Ar-bombarded Si(100) to an ion Huence of 10 /cm
and Fig. 9(b) is the Fourier transform of the correspond-
ing EXAFS data shown in Fig. 9(a). The Ar-Ar nearest

(a)

I

1 keV

3200 3250 3300 3350 3400

Photon Energy (eV)

Ar-Ar

R (A)

FIG. 9. (a) The Ar K EXAFS spectra for 1 keV
Ar-bombarded Si(100) to an ion Huence of 1x10 /cm . (b)
The Fourier transformation of the corresponding EXAFS data
shown in (a).

neighbor distance calculated by filtering and backtrans-
forming the FT data was 2.96+0.05 A. Since there are no
experimental data for calibration of the measured phase
shift, the theoretical data by Rehr et aL4" were used in
the present calculation. This value for the Ar-Ar near-
est neighbor distance is larger than that of 2.84 L in the
40 keV Ar-bombarded silicon but smaller than the 3.26
A. characteristic for solid Ar. 4s Moreover, the FT data
in Fig. 9(b) showed no obvious shells for higher order
nearest neighbors other than the second and hence are
qualitatively different &om those reported for the 40 keV
Ar-bombarded silicon sample, where the FT data showed
the "features for a fcc crystal. "43 The lack of long range
ordering in our data [Fig. 9(b)] suggested that formation
of solid Ar or Ar bubbles was unlikely at the present ex-
perimental conditions (0.5—1.5 keV with ion Huences up
to 10~ /cm2). However, the observed of Ar K edge data
indicated that the incorporated Ar should have existed
in some cluster form, otherwise no neighboring distance
could be measured. By assuming that these Ar clusters
in the bombarded layer were homogeneously distributed,
the areal density could be estimated using the measured
nearest neighbor distance, which yielded a value of 1.1
x 10~s/cm2 and is in good agreement with the MEIS re-
sult. In addition, we found that the Ar concentration
decreased to ( 5x 10~s/cm2 after annealing to a temper-
ature of 700 'C in all the samples in this study (see Sec.
III H). Such a temperature is substantially lower than the
Ar bubble desorption temperature. We concluded that
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no Ar bubbles had been formed in the bombarded sam-

ples.
0.528—

Mean Depth (nm)
10 30 55 90 120

E. Damage depth profiling by variable-energy
positron beam

z = (A/p)E", (3.4)

where A is a constant having the value 40 and the index
n was chosen to be 1.6. ' The line-shape 8 parameters

In high-energy ( 102 keV) ion-induced amorphization,
it has been proposed ' that the interface between the
amorphous layer and the crystalline substrate were pop-
ulated with extended defects, which has been confirmed

by TEM.49 Based on the RBS data, Bean et al.5 sug-

gested that appreciable disorder and retained Ar existed
below the surface to depths up to 500 A. for the 1 keV Ar-

bombarded silicon at an elevated temperature of 800'C.
This depth is at least 10 tixnes deeper than that predicted
by TRIM or by Lindhard-Scharif-Schiott (LSS) theory. M

The discrepancy was interpreted by Ar channeling during
the boxnbardment. Since the resolution of RBS data is

very poor, such a postulation needs further verification.
In a recent paper, Al-Bayati et al. used MEIS to mea-
sure the depth of Ar penetration in 510 eV Ar-bombarded
c-Si. Although the Ar scattering peak overlapped with
that of silicon, they found a depth of only 47 A.. They sug-
gested that channeling was not an ixnportant factor but
rather that Ar diffusion and defect stabilization played
crucial roles. Our xnass-resolved MEIS data showed that
the retained Ar was located no deeper than 50 A. (Figs. 5
and 8). Although the depth resolution is determined by
the energy resolution of the spectra, all calculations of the
linear depth from MEIS or RBS data (which yield areal
densities) depend on a knowledge of the volume density
of the material. In our calculation, the density of the
c-Si is used to approximate the true density of the bom-
barded layer. Such an approximation may underestixnate
the linear depth because the density for the defective sil-
icon may be slightly lower than that of c-Si, but at most
by a factor of 2. Therefore the depth for the retained Ar
cannot exceed 100 A.. The extended defect layer, however,
could be deeper owing to the effects of collision cascades.
This effect could be seen partially from ti.e dechanneling
in the MEIS spectra, which could be interpreted as aris-
ing &om extended defects with a relatively low density.
In addition, MEIS has a detection limit of Sx 10~ /cm .
To have a better knowledge of the depth distribution of
possible extended defects, we exnployed variable-energy
positron-annihilation spectroscopy to profile the defect
depth distribution. Positron-annihilation spectroscopy is
especially sensitive to defects in solids and it has been
shown recently by the present authors that it can be
used to study defect profiling in ultrathin filxns. Figure 10
shows the positron-a~»hilation line-shape 8 parameters
as a function of the mean positron implantation depth.
The solid lines are fitted data which will be addressed in
the following discussion. The mean positron penetration
depth z (nm) depends on the positron energy E (keV),
and can be calculated by
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FIG. 10. Positron-annihilation line-shape S parameters vs
mean positron implantation depth. (a) and (b) show difFerent
implantation depth scales. The data Sts using a positron
diffusion model are shovrn by the solid lines.

shown in Fig. 10 are similar to those for vacancy-type
defects in semiconductors ' and hence the positron re-
sults agree with the earlier conclusion that the majority
of the ion-induced defects are of vacancy type. The depth
for the defect structure shown in the figure was 300 A,
which is substantially deeper than those measured &om
the MEIS data. However, the substantial differences in
the 8 paraxneters seen in the figure are located in the
top 100 A. In order to obtain more information from
the positron results, the data were fitted using a positron
diffusion model. 53 We assumed a model consisting of a
four-layer structure where each layer had a different de-
fect concentration: the top Si02 cap layer (10 L) was
followed by the ion-bombarded layer (50 A.), and then
a 150 A interface layer, followed by the c-Si substrate.
The best fit was obtained by adjusting the layer thick-
nesses. Figure 11 shows the defect trap &action for the
four layers for the sample boxnbarded by 1 keV Ar to
an ion fiuence of 10~s/cm . In the above fitting pro-
cess, we found that it was necessary to introduce this
"interface layer" with an atomic defect density approx-
imately two orders of xnagnitude less than that in the
boxnbarded layer in order to obtain a reasonable fit to
the data. This result supports the existence of a tran-
sition layer with extended defects between the c-Si sub-
strate and the bombarded layer, but the total thickness
of the defect "layers" observed in the present work is at
least 200 L thinner than that reported by Bean et al. s

and 700 A thinner than those measured by photolumines-
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FIG. 11. The defect trap fraction vs mean positron implan-
tation depth. The results were obtained by 6tting using the
four-layer structure model.

cence (PL) spectroscopy. s It should also be pointed out
that using positron-annihilation spectroscopy to study
the near-surface structure of solids is a relatively new
topic. The behavior of positron diffusion, backdiffusion
in the near-surface region, and the surface effects of the
near-surface defect structure on the positron diffusion
length are not well established. The interpretation of the
data, e.g. , the parameters used to calculate the depth
scale, therefore needs more experimental and theoretical
study. However, the preliminary results presented here
are encouraging.

F. Bombardment-induced silicon carbide formation

In addition to the inherent disordering of the c-Si lat-
tice, Ar bombardment also causes a dynamic ion-mixing
process. On the one hand, foreign surface atoms and
silicon atoms will be sputtered kom the substrate at a
sputtering rate about 0.8 to 1 for the 1 keV bombard-
ment while the front of the ion-induced defects moves
deeper into the subsurface region. On the other hand,
dynamic ion mixing will lead to the possibility of form-
ing metastable structures by mixing the foreign atoms
at the surface with the substrate silicon atoms. Among
the possible mixing products, silicon carbide is believed
to be another inherent structure that will be induced
by Ar bombardment. 9' However, quantitative char-
acterization of such a silicon carbide phase is difIj.cult.
The amount of the carbide phase formed is expected to
be only of the order of a monolayer since the foreign
atoms on a "clean" silicon surface should not be more
than a few monolayers; as well, ion bombardment will
also efFectively sputter off the contaminants. One of the

most comprehensive studies of carbide formation by low-
energy ion bombardment was performed by Al-Bayati et
al. using MEIS. Those experiments, however, showed
only indirectly the existence of a silicon carbide phase by
assuming that the additional ion scattering intensity at
the interface of the disordered silicon peak was due to
carbide formation. Also, these intensities were shown to
be responsible for an additional disordering depth of 10
$, which was difficult to identify with the small number
of foreign surface atoms. Another disadvantage of ion
scattering in the analysis of carbide formation is that it
is unable to distinguish between different chemical envi-
ronments of the materials, resulting in diKculties in dis-
tinguishing the carbide Rom other species. More conven-
tional surface analytical methods ' using electron
energy loss spectroscopy (EELS), AES, and secondary
ion mass spectroscopy (SIMS) are also qualitative or are
observed from carbide formed by dosing carbon on clean
c-Si surfaces through high-temperature diffusion, which
could be qualitatively different &om that of ion-induced
phase formation.

In this study, we used XPS to measure the forma-
tion of bombardment-induced carbide as photoemission
is crucially dependent on the chemical structure of solids.
In order to clarify the relation between carbide forma-
tion and the number of foreign surface atoms, especially
adventitious hydrocarbons, we used two cleaning ap-
proaches in the measurements. In the 6rst approach, the
as-received sample was cleaned in a 5%%uo HF solution and
then immediately loaded into the XPS analytical cham-
ber which maintained a vacuum of 5 x 10 Torr. In the
second approach, the HF-etched sample was ozone oxi-
dized in a uv-light-induced ozone reaction chamber for 15
min and then G%%uo HF was used to remove the oxides; the
process was repeated once again to further decrease the
amount of adventitious surface hydrocarbons. s Figure
12 shows the high-resolution XPS C 18 spectra showing
the formation of the carbide phase at the silicon near-
surface by 1 keV Ar bombardment to various ion Quences.
Figure 12(a) was measured for as-cleaned c-Si(100) and
Figs. 12(b), 12(c), 12(d), and 12(e) were measured for the
sample bombarded in situ in the XPS analytical chamber
to ion ffuences of 10 /cm2, 5 x 10 s/cm2, 10i /cm2, and
2 x 10is/cm2, respectively. The initial coverage of the
hydrocarbon on the surface before bombardment [Fig.
12(a)] was 0.9 monolayer ( 10is/cm2) calculated us-
ing Eq. (3.1) where all the parameters for Si02 are re-
placed by those of hydrocarbon. This coverage could
come from air exposure during the sample loading pro-
cedure. By bombardment to a ffuence of 10 /cm [Fig.
12(b)], a shoulder fitted to a peak at -283.6 eV was
observed. The relative intensity of this peak to that of
the C-II peak increased with the ion Quence while its
binding energy shifted downwards to 283 eV at a fIu-
ence of 10 s/cm2. The results clearly showed the forma-
tion of a carbide phase in the bombarded near-surface
layer. The shift of its binding energy suggested that the
carbide induced by lower fluence bombardment was of a
metastable structure or a silicon-depleted phase. Horn-
bardment to a higher fluence yielded the stabilization of
the carbide phase through continuous ion mixing. Fur-
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(c)

C-H
-Si

the near-surface layer (see Fig. 2). The amount of the
carbide phase decreased with further increase of the Hu-

ence. This change was probably due to the competition
between the sputtering and the stabilization of the car-
bide phase since no change of either the peak position or
the total amount of the carbide phase was observed when
the Huence was above 10 s/cm . A dynamic equilibrium
was likely achieved because the carbon was supplied by
the chamber at a constant rate of 0.005 monolayer/s
(for the vacuum of 5x 10 @ Torr). In our bombard-
ments, it took about 180 s to deliver 10~s Ar+/cm2 to a
100 mm2 sample area (10 mmx 10 mm). This will enable

0.9 monolayer carbon to arrive at the sample surface.
The equilibrium thickness of the carbide phase was 0.8
A for both cleaning approaches employed in this study
(Fig. 13).

(e)
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FIG. 12. XPS C 1s spectra showing the formation of SiC
at difFerent ion Suences: (a) as cleaned; bombarded to an ion
Suence of (b) 1x10 /cm, (c) 5x10 /cm, (d) 1x10 /cm,
and (e) 2x10 /cm .

ther increase in the bombardment Huence only resulted
in a slight change in the relative intensities between C-H
and C-Si. Calculation of the total amount of the carbide
phase (Fig. 13) with the increase of the bombardment
Quences indicated that the amount of the carbide phase
increased with increasing ion Huences up to 10~s/cm~,
which was approximately the critical Buence at which the
c-Si phase was transformed into a disordered structure in

G. Depth pro8ling of the ion-induced silicon carbide

Previous studies9' suggested that the carbide phase
were formed at the interface between the bombarded
defect layer and c-Si substrate, which implied that the
carbon had to diffuse through the defect layer without
reacting with the silicon defects. However, interfacial
carbide-induced dechanneling was difBcult to observe in
the MEIS data. To reveal the carbide depth distribution
in the bombarded near-surface layer, ARXPS was used
to measure the location of the carbide phase. Figure 14
shows ARXPS C 1s spectra for 1 keV Ar-bombarded sil-
icon to a Huence of 10~s/cm2. The polar angle is defined
as the angle between the sample normal and the axis of
the entrance of the electron energy analyzer. By changing
the polar angle 8 the detected photoemission intensity Ip
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FIG. 13. Calculated SiC thickness for the samples bom-
barded to difFerent ion fiuences and different precleaning
methods.

FIG. 14. Polar-angle-dependent XPS C 1s spectra for 1
keV argon-bombarded silicon to a Suence of 1x10 /cm,
showing that the silicon carbide phase was located at silicon
subsurface.
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will vary according to

I~ = I, exp[ —t/(A cos 0)], (3.5)

where I, is the photoemission intensity from a chemical
phase located at a distance t below the surface and A is
the inelastic mean free path. This enables us to define an
efFective sampling depth, t,~„q;, = A cos8, at which 63%
of the photoemission does not undergo inelastic scatter-
ing. Therefore, by increasing the polar angle, the mea-
surement will become more surface sensitive. One sees
from Fig. 14 that the carbide intensity decreases with
increase of the polar angle, thereby suggesting that the
carbide was indeed located at the subsurface. The hy-
drocarbon was clearly located at the surface since there
is almost no change in the photoemission intensity for
the peak at 285 eV as a function of 0. However, since
the maximum t,~„q;, could not go deeper than 40 A. ,

the XPS might not be able to detect enough photoemis-
sion at the interface. %e then applied the "ultrashal-
low depth profiling" technique, 2o's~ which was recently
developed, to verify the results obtained from ARXPS.
Briefiy, in this technique, the controlled removal of 5 A
silicon was accomplished by uv ozone oxidation of the
silicon followed by HF etching to remove the oxide, and
by immediately transferring the sample into an analytical
instrument, e.g. , in XPS. The depth profiling with a reso-
lution of 5 L was achieved by sequential silicon removal
and XPS measurement. In this study, the interface be-
tween the bombarded defect layer and the c-Si substrate
was determined by watching the Si 2p spectra, in which
no photoemission from silicon dangling bonds could be
observed from an oxidized c-Si sample at large polar an-
gles (e.g. , 80'), and by comparing the full width at half
maximum (FWHM) of Si 2ps~2 with that of c-Si. The
depth profiling data are shown in Fig. 15 and the results
from ARXPS are also included for comparison. Similar to
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FIG. 15. Depth distribution of the silicon carbide phase
measured by angle-resolved XPS and ultrashallovr depth pro-
filing technique.

the calculation of the depth from the MEIS spectra, the
determination of the depth in the present technique also
depends on a knowledge of the density for the disordered
silicon. The c-Si density was used as an approximation
in the present calculation. Hence, the depth shown in
the figure may underestimate the linear depth since the
density of the disordered Si could be smaller than that
of' c-Si. However, while no silicon carbide phase could
be observed in the ultrashallow depth profiling, XPS still
detected the silicon dangling bonds. This indicated that
the profile had not yet reached to the interface. The car-
bide phase therefore should not be located at the inter-
face, but rather inside the defect layer. This conclusion
seemed more plausible since the probability of ion mix-
ing inside the bombarded layer is much larger than that
at the interface. The total amount of the carbide phase
measured by these two techniques was approximately the
same, i.e. , 0.8 A. . This rather small number suggested
that the carbide phase was most probably dispersed in-
side the bombarded layer and carbon was bonded to sil-
icon at localized defect sites. The chance to farm large
crystallite silicon carbide phase would be very sniall.

H. Recrystallization of the disordered near-surface
layer

One of the key issues for surface cleaning by Ar bom-
bardment is to restore long range order in the bom-
barded near-surface layer through epitaxial recrystalliza-
tion. Early work by Seidel et al. , however, indicated
that the Ar incorporated in the 200 keV bombarded sil-
icon had a strong inhibiting e8'ect on recrystallization
by postannealing. Yamada et al. also showed that re-
crystallization could not be achieved through postanneal-
ing up to 750'C for Ar-bombarded silicon at ion ener-
gies higher than 1 keV. For 1 keV bombardment, re-
crystallization was only marginally achieved when the
ion fiuence was below 5 x 10is/cm2. The results ob-
tained &om an alternative approach using bombardment
at an elevated temperature, however, indicated that re-
crystallization could be realized only when the bombard-
ment energy was low enough not to introduce extended
defects. 5 The failure of recrystallization has been inter-
preted as evidence for ion-induced enhanced defect mi-

gration and stabilization. It is therefore of importance
to accurately measure the Ar redistribution and defect
migration upon annealing.

Figure 16 shows the MEIS depth profile of the Ar re-
distribution after a 500 C anneal for 30 min for a Si(100)
sample bombarded with 0.5 keV Ar to an ion Huence of
10 /cm . The solid line is the theoretical fit to a Gaus-
sian function. The measured Ar areal densities for the as-
bombarded and the annealed sample are 8.3 x 10i4/cm2

and 5.4 x10i4/cm, respectively. The amount of des

orbed. Ar over that of the as-bombarded sample at this
temperature was then 35%. The profile clearly showed

that the desorption occurred from the surface region.
The annealing led. to a change of the distribution from

an asymmetric to a symmetric Gaussian shape. The ap-
preciable Ar retention could certainly serve as a barrier
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centration in the bombarded samples at diferent anneal-
ing temperatures. No Ar retention could be observed by
MEIS after the bombarded samples mere annealed in vac-
uum at 700 C for 30 min. The Ar concentration should
then be lower than 10~4/cm2, which is the detection limit
of MEIS. Further measurements by XPS also con6rmed
no photoemission of incorporated Ar after a 700'C an-
neal. The detection limit of Ar for XPS is 5x 10~s/cm2.
We then concluded that almost all the incorporated Ar
was desorbed at this temperature.

The structural changes upon annealing were monitored
by XANES. Figure 18 shows the measured silicon L edge
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FIG. 16. Argon depth pro6le by MEIS shows the redistri-
bution of argon after 773 K anneal for a Si(100) sample bom-

16 2barded with 1 keV argon to an ion Suence of 1x10 /cm .

for recrystallization at this temperature. In this study, it
was found that a temperature of 700'C was required
for desorption of the incorporated Ar to a level below the
present detection limit (( 10~ /cm2). Figure 17 shows

the MEIS data for the change of the retained Ar con-
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FIG. 17. (a) Change of argon intensities in 1 keV ar-
16 2gon-bombarded Si(100) to an ion Suence of lx10 /cm

against diFerent annealing temperatures. (b) Calculated ar-
gon retention with diferent annealing temperatures.
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FIG. IS. (a) Si Lll ill XANES spectra for HF-etched

Si(100) and 1 keV argon-ion-bombarded Si(100) annealed to
difFerent temperatures as labeled in the Sgure. (b) The Srst
order derivative of the Si Lqq, yqq XANES spectra for the cor-

responding spectra shown in (a).
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FIG. 19. MEIS spectra showing the silicon surface peaks
for 1 keV bombarded Si(100) to an ion Suence of 1x10 /cm
and followed by postannealing at different temperatures.

Positron Energy (keV)

FIG. 20. Relative changes of positron line-shape parame-
ters for 1 keV argon-bombarded Si(100) and subsequent an-
nealed samples at 573 K and 973 K, respectively. (a) and (b)
are plots at different positron implantation energies.

spectra and the first order derivatives for a sample bom-
barded by 1 keV Ar to a fluence of 10is/cm2 and sub-
jected to anneal at different temperatures. The recovery
of the long range order was clearly seen for the sample
after a 700'C anneal. Compared with that of c-Si, all
the crystalline features were recovered. The evidence for
epitaxial recrystallization can be seen in Fig. 19 where
MEIS data reveal that at 700'C (973 K), the areal con-
centration of the displaced silicon was 7.8xlOis/cm2,
which was the same as that for c-Si in Fig. 4. Anneal-
ing at a lower temperature (573 K or 300'C) only led
to a slight decrease in the number of displaced silicon
atoms. The recrystallization, however, was clearly epi-
taxial as evidenced by the interface movement shown in
Fig. 19(a). The normalized thickness of the recrystal-
lized silicon at 300'C was 12 A.

Figure 20 shows the relative changes of positron line-
shape parameter, AS = S,. —S s;, as functions of
positron implantation energy for the bombarded and
postannealed samples. After the 973 K (700'C) an-
neal, no defects could be observed from the profiling.
Since it has been shown that positron-annihilation
spectroscopy was sensitive to defects produced by 5 MeV
silicon self-implantation to a fluence of 5 x 10ii/cin, we
concluded that the observed epitaxial layer was compa-
rable to the defect-&ee c-Si.

IV. SUMMARY

In summary, we present a comprehensive study of the
near-surface structure of silicon (100) modified by low-

energy Ar bombardment using direct and nondestructive
depth profiling and structural measurements for both dis-
placed silicon and incorporated Ar at the subnanome-
ter level. The structure and depth distribution of the
silicon carbide formed in the dynamic mixing process
were also identified. The results showed clearly that low-

energy Ar bombardment can dramatically modify both
the structural and electrical properties of the silicon near-
surface layer by introducing structural defects and band-
gap states. At the moderate bombardment fiuence of
10 /crn, the near-surface layer (up to 50 A) was com-
pletely amorphized while no Ar bubbles were observed.
The distribution of the dispersed Ar could be approxi-
mated by a Gaussian function. Complete epitaxial re-
crystallization was achieved by postvacuum annealing at
700 C for 30 min.
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