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Extended x-ray-absorption fine-structure (EXAFS) measurements were performed on As heavily im-
planted crystalline silicon, using total electron yield and fluorescence detection to study a large range of
implanted doses: 5X 10", 3, and 5X 10'® As/cm?®. The electrical deactivation of these samples after laser
and subsequent thermal annealing (from 350°C up to 1000 °C) is studied through the evolution of the first
two shells of neighbors around As atoms. For an annealing temperature lower than 750°C, a model con-
sistent with the EXAFS results is presented, in which the As deactivation is due to the formation of inac-
tive clusters involving about 7 As atoms around one vacancy. For a higher annealing temperature
(750-1000°C) the EXAFS results suggest the coexistence of clusters and precipitates in equilibrium.

I. INTRODUCTION

Shallow junctions in crystalline silicon with high elec-
trical conductivity, required by the microelectronics in-
dustry, are obtained by incorporating doping impurities
such as As (or Sb, P, B) in excess of equilibrium limits us-
ing ion implantation. In case of n ' /p junctions, the
most commonly used dopant is As. For heavy As im-
plants the crystal regrowth of the amorphized layer can
be effectively accomplished by liquid-phase epitaxy using
pulsed-laser annealing. In this case, at an implantation
energy of 100 keV, one can obtain a complete activation
of the dopant up to a maximum dose of 4 X 10'® As/cm?,
a value far above the equilibrium carrier concentration.
However, subsequent thermal annealing treatments,
which are generally performed in the very large scale in-
tegrated technology, already at temperatures as low as
300°C, result in a marked decrease of the carrier concen-
tration toward the equilibrium value.! ¢

Rutherford backscattering spectroscopy (RBS) mea-
surements show that, after laser annealing, As atoms are
substitutional, whereas a fraction of them are displaced
from the Si lattice after subsequent thermal annealing.®’
Moreover, concomitantly to the deactivation phenom-
enon, extended defects, interstitial in nature, are
formed.>3~10

Many models have been proposed to explain the physi-
cal nature of the inactive dopant: the main ideas are the
formation of precipitates>>®!! or of inactive clus-

ters” 12717 in equilibrium with the As atoms in solution,
or the coexistence of the two local structures.”!">!® The
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subject is still open, as the observed precipitates cannot
explain all the inactive As atoms.? Moreover, the compo-
sition of these different structures is still unknown, even
though many hypotheses have been proposed [small
coherent, sphalerite type, SiAs precipitates,’ As;,'®
As,V, 712 or As,V (Ref. 13) clusters, associating several
As atoms and, in some cases, a vacancy (¥)]. Only re-
cently, but for implantation doses higher than 1X10'7
As/cm?, large SiAs precipitates having the monoclinic
structure previously reported by Wadsten!® have been
clearly identified by TEM experiments.”® Also in this
case, the total amount of As in the large SiAs precipitates
represents only a fraction (about 15%) of the total inac-
tive As concentration.

Pandey et al.'® already applied the extended x-ray-
absorption fine-structure (EXAFS) technique to this
problem. They analyzed samples isochronally annealed
for 30 min at annealing temperatures ranging from 200°C
up to 800°C using only one very high implanted dose
(6X10'® As/cm?). They also presented a model of an
inactive cluster (As,V) which appears to be in agreement
with their EXAFS results for an annealing temperature
below 650°C.

In a previous paper, we reported electrical measure-
ments, transmission electron microscopy, and double-
crystal x-ray diffractometry performed on heavily im-
planted samples (from 1X10'® to 5Xx10'¢ As/cm?) after
laser and subsequent thermal annealing. We also pro-
posed a model of the As deactivation that can be summa-
rized as follows.

(i) At a given dose, low-temperature annealing gives

1
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rise to As deactivation through the formation of an
(As,V)* cluster and a self-interstitial I~ as a first step of
the deactivation process.

(ii) At higher temperatures, it was suggested that these
clusters could agglomerate to form an As, V cluster.
These clusters could also be the embryos of the precipi-
tates observed by electron microscopy.’

In this paper we present the results of EXAFS experi-
ments performed on a larger range of implanted doses,
ie, 5X10, 1X10', 3X10'%, and 5X10'® As/cm? by
using two different detection techniques: total electron
yield (TEY) and fluorescence detection. We have focused
our attention on two main problems: (i) the initial stage
of the As deactivation phenomenon, and (ii) the evolution
of these metastable alloys towards the equilibrium. The
former point is investigated by an isothermal annealing at
350°C at a dose of 3X10'® As/cm?, while the latter is
studied at higher annealing temperatures for doses rang-
ing from 5X 10" to 5X10'® As/cm?. From the evolution
of the local order around an As atom, the different mod-
els of the As deactivation process previously proposed are
discussed.
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II. EXPERIMENT
A. Samples

{100} CZ p-type silicon wafers were implanted with ar-
senic at an energy of 100 keV and at doses of 5X 10"
As/cm?, 1X10'%, 3X10'¢, and 5X10'® As/cm?. This re-
sults in an amorphous layer about 150 nm thick as deter-
mined by electron microscopy on cross sections. Laser
annealing was carried out with a Xe-Cl excimer laser in
air with an energy density of 1.9 J/cm?. A fast scanning
of a square light spot of 16 mm? was used to cover the
whole area of the samples. The highest As concentration
that can be electrically activated after laser annealing is
about 4X10'® As/cm?. For As concentrations above this
limit, some As atoms remain electrically inactive after
laser annealing. This is the case for our samples implant-
ed with a dose of 5X10'® As/cm? (see Table I) and most
probably for the ones studied by Pandey et al.,'* im-
planted with 6 X 10'® As/cm?.

Subsequent thermal annealing was performed in N, at-
mosphere in a range of temperatures from 350°C up to
1000 °C as shown in Table I. In this table, the electrical

TABLE I. Characteristics of the samples studied: the implanted dose, the annealing treatment (each
thermal annealing was performed after a laser annealing), the electrical characteristics (C A0 is the inac-

tive As concentration, f is the fractional deactivation parameter defined in the text), the EXAFS detec-
tion mode, which was used on this sample (Fluo, fluorescence detection; TEY, total electron yield mea-

surements).
Electrical EXAFS
Dose Annealing characteristics detection
As* /cm? Type Time C, o(As™ /em?) f mode
5% 10" Implanted Fluo
laser 0 Fluo
650°C 2h ~2.5X10" 0.58 Fluo
900°C 30 min ~2.5X 10" 1.00 Fluo
1X10' Laser 0 Fluo
3x10'¢ Implanted TEY
Laser 0 Fluo,TEY
350°C 40 min 3.9X10% 0.13 TEY
350°C 80 min 6Xx 10" 0.20 Fluo
350°C 640 min 1.6X 10" 0.55 TEY
450°C 4h ~2.7X 10 0.90 Fluo,TEY
550°C 3h ~2.7X10' 0.91 Fluo
650°C 2h ~2.7X 10 0.94 TEY
750°C 1h ~2.8X 10" 0.99 TEY
850°C 30 min ~2.7X 10" 1.00 TEY
900°C 30 min ~2.7X10%* 1.00 TEY
1000°C 30 min ~2.7X10'* 1.00 TEY
5X10' Implanted TEY
laser 1X10' TEY
450°C 4h ~4.6X 10" 0.92 TEY
550°C 3h ~4.7X 10 0.95 TEY
650°C 2 h ~4.7X 10" 0.96 TEY
750°C 1h ~4.7X10' 0.98 TEY
850°C 30 min ~4.7X10'¢ 0.99 TEY
900°C 30 min ~4.7X 10" 1.00 TEY
1000°C 30 min ~4.7X10' 1.00 TEY
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characteristics of these samples are reported as inactive
As concentration C,, and fractional deactivation f.

This latter parameter is given by
f= (Ctot —C,, +)/(Ct°l —CL )

tot . . ey
where C At C st and C ast arTe the initial, the equilibri-
um, and the measured carrier concentration, respectively.
From a comparison of the values of C A and f, it is

worthwhile noting that for all doses employed, the equi-
librium carrier concentration has been attained only at
the highest annealing temperatures.

Several samples were used as model compounds for the
EXAFS study: crystalline SiAs, amorphous arsenic, and
crystalline GaAs [studied in total electron yield (TEY)
detection] and a bulk-doped (BD) Si crystal with an As
atomic concentration of 0.04% (studied in fluorescence
detection).

B. EXAFS experiments

The As K-edge spectra of the model compounds and of
most of the As-implanted samples (Table I) were carried
out in a TEY detection mode. The experiments were per-
formed on station EXAFS 1 at the storage ring DCI of
Laboratoire pour 1'Utilisation du Rayonnement
Electromagnétique (LURE) using a Si{331} monochro-
mator and a 2-mm vertical width for the entrance slit.
The signal was recorded with the detector developed by
Tourillon et al.?! and the sample was positioned on a ro-
tating sample holder to reduce the Bragg peaks. The
electrons emitted from the rotating silicon wafers after
the absorption process (photoelectrons, Auger electrons,
and their secondary electrons) ionize the He atoms at at-
mospheric pressure. Low-energy electrons are collected
by the aluminized mylar electrode polarized at +60 V.
The contribution of an ejected electron is proportional to
its kinetic energy as each He ionization requires 24.6 eV.
The detector current is then dominated by the more ener-
getic Auger electrons (9.1 keV). According to the formu-
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la given by Elam et al., 22 the depth probed by this tech-
nique in the case of As in a Si matrix is about 4000 A
Consequently, the whole implanted layer, about 1500 A,
is probed.

The As K-edge-fluorescence EXAFS measurements of
the samples indicated as “Fluo” in Table I were per-
formed at a grazing incidence angle on station 9.2 at Syn-
chrotron Radiation Center, Daresbury Laboratory, using
a monochromator Si{220} and a vertical width of the en-
trance slit of 0.4 mm. The harmonic rejection rate was
kept constant to 50%. The fluorescence signal was moni-
tored by a Canberra 13-element Ge solid-state detector,
which has an energy resolution of about 100 eV at 10
keV. It allows the As fluorescence line to be selected for
the recording of the EXAFS spectra and to eliminate the
Bragg peaks, which appear in only some of the 13 detec-
tors. The incidence ang’e of the x-ray beam on the sam-
ple was about 300 mdeg, about twice the critical angle for
total external reflection at the As K edge.

For each sample, several spectra (from 3 to 6) were
added to obtain a better signal-to-noise ratio. As an ex-
ample, the absorption spectra of a 3 X 10'% As/cm? sam-
ple (after laser annealing), obtained by TEY and fluores-
cence detection, are shown in Fig. 1.

C. EXAFS analysis

For all samples and model compounds, data analysis
was carried out using the same standard procedure: the
oscillatory part of the x-ray absorption, normalized by
the edge jump as proposed by Stohr, Noguera, and Ken-
delwicz,?* was isolated using a fourth-order polynomial
expression. The EXAFS spectra of a 3X10'° As/cm?
sample (after a laser annealing), measured by TEY and
fluorescence detection, are shown in Fig. 2. Data are
then Fourier transformed using a k* weighting and a win-
dow extending from 50 to 400 eV. The Fourier trans-
forms (FT’s) of some samples, obtained as described
above, are reported in Figs. 3-5. As usual, the reported
distances in these figures must be corrected to account

~ FIG. 1. Absorption spectra of a 3X10'-
As/cm? sample, after laser annealing, obtained
by fluorescence and TEY detection. For com-
parison, the spectrum recorded by electron
detection has been rescaled in amplitude.
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o FIG. 2. EXAFS spectra of a 3X10'-
As/cm? sample, after laser annealing, ob-
tained by fluorescence and TEY detection.
-0.05 |
-0.1 |
-0.15 L 1 .
0 100 200 300 400
ENERGY (eV)
0.1 L R . .
3x10'% As/cm?
—— LASER - - 450°C 4h
0.08 - -
= - 350°C 80min — 550°C 3h
0.06 - 7\ L FIG. 3. Moduli of the Fourier transforms of
', several 3X 10'%-As/cm? samples after laser an-
', nealing, after a subsequent annealing at 350°C
0.04 ) | for 80 min, at 450 °C for 4 h, and 550°C for 3 h.
¥ The EXAFS spectra were obtained by fluores-
. . cence detection at grazing incidence angle.
s~
¢.02 S L |
- \.l . T
-~ ° - \ DVA .
N <7 J 54 N = ¢
0 Rl s . . r s
° 1 2 3 4 5
Distance (A)
o'l 'S Il ' 1
5x10'S As/cm?
— Laser
0.08 - 5
= = 650°C
0.06 — 800°C

0.04

0.02

Distance (A)

FIG. 4. Moduli of the Fourier transforms of
several 5X 10'°-As/cm? samples after laser an-
nealing, after a subsequent annealing at 650°C
for 2 h, and at 900°C for 30 min. The
EXAFS spectra were obtained by fluorescence
detection.
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for central and backscattered atomic phase shifts before
obtaining the real distances reported in Table III. It is
also worth noting that the magnitude of a peak of a FT
is, for an ideal experiment, roughly proportional to N /o
where N is the number of atoms in the shell and o the
Debye-Waller factor (standard deviation of the distribu-
tion of distances). Therefore, the amplitudes of the
different peaks are not proportional to the number of
atoms, as the Debye-Waller factor was found to vary
from one sample to another (see below).

An inverse Fourier transform of the first two peaks be-
tween 1.5 and 4.5 A is then performed. The obtained
data were analyzed using the least-square-fitting routine
EXCURVSS, based on curve-wave theory.?* This pro-
gram minimizes the parameter FI defined by

1 "o 2.3
=N X100 > (data; —model; )°k; ,

pts i

FI

where N is the total number of points in the analyzed

spectrum, data; and model; the experimental and theoret-
ical values of the EXAFS signal at the wave vector k;.
The central atom (As) and backscattered phase shifts (As,
Si) were calculated ab initio and refined using a linear
correction. The choice of the model compound used to
refine the theoretical phases is of importance and in Sec.
IID we compare the results obtained with the SiAs and
BD crystals as reference. An example of least-square-
fitted data is shown in Fig. 6.

In order to appreciate the error bars on the fitted pa-
rameters and their correlations we have plotted the
fitting-index contours corresponding to different values of
the parameter FI defined above. The error bars associat-
ed with each parameter were obtained from the contour
corresponding to the parameter FI equal to 1. It corre-
sponds roughly to the value of FI calculated with the
values of the parameters obtained by a fit on another
spectrum of the same sample but measured during anoth-
er experiment. Thus, it reflects the uncertainty of the ex-
periment and of the fitting procedure, even though the

FIG. 6. Fit of the Fourier-filtered two first
peaks for the laser-annealed 3X10'®-As/cm?
sample. The absorption spectrum was mea-
sured by fluorescence detection.
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real error bar is probably lower, since the results present-
ed here are mean values of results obtained on several
spectra measured during different experiments. Concern-
ing the first-neighbors shell, the errors on the number of
coordination are of the order of 10%, and 0.01-0.02 A
on the distance (depending on the spectra) and 1.2X 1073
on the Debye-Waller factor.

It should also be noted that the analysis of the second-
neighbors shell requires much more care than the first
one. This is due to the fact that this shell contains As
and Si atoms at about the same distance to the central
atom, as will be seen below. The number of highly corre-
lated parameters required to describe the As and Si con-
tributions was then too large to obtain good accuracy on
quantitative values using least-square fitting in k space.
Therefore, in the case of this second-neighbors shell, we
have made some physical realistic hypothesis in order to
reduce the number of free parameters. The total number
of atoms, As and Si, was then fixed equal to 12 and the
distance from the As central atom of the second-neighbor
Si atoms was fixed at 3.81 A. This distance was found in
the BD crystal in which we assumed that no As atoms
are present in the second shell due to the important dilu-
tion. In order to obtain the error bar on the number of
As atoms present in this second-neighbors shell we then
plotted the fitting-index contours, varying the number of
As atoms in the shell and their distance from the As cen-
tral atom or the Debye-Waller factor (see below). The er-
ror bars were estimated from the contour corresponding
to the parameter FI equal to 1, as in the case of the first
neighbors.

It is also worth noting that there exists a significant
phase shift between the As and Si backscattered phases.
Therefore, the presence of As and Si atoms in the same
shell should lead to a decrease of the amplitude of the
EXAFS signal, depending on the distances between these
atoms and the central atom. This could lead to a de-
crease of the magnitude of the FT without a decrease of
the total number of atoms.?

In order to compare the EXAFS amplitude obtained
by TEY and fluorescence detection in the two different

EFFECTIVE
NUMBER OF ATOMS

A

MEAN DISTANCE
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synchrotron centers, the angular divergence of each
beamline for the experimental conditions described above
was estimated, taking into account the divergence due to
the monochromator and to the entrance slits. The energy
resolution was described by a Gaussian distribution
whose standard deviation is equal to E cotg(8,,)56,
where 0, is the Bragg angle and 86 the angular diver-
gence. We obtained 4.3 eV for EXAFS 1 at LURE and
1.2 eV for station 9.2 at Daresbury. Therefore, the
theoretical phases used to analyze spectra taken in TEY
mode were corrected using the EXAFS spectrum of the
BD crystal previously convoluted by a Gaussian of stan-
dard deviation equal to 4.1 eV [e.g., (4.32-1.22)!"2]. For
the samples studied in TEY and fluorescence, the results
found for the number of Si nearest neighbors are equal
within 10%. In summary, we assumed the phase and am-
plitude transferability between TEY and fluorescence
detection if the energy resolution is properly taken into
account.

D. Model compounds

Several model compounds were studied in order to
correct the theoretical phases: for the As-Si pairs crystal-
line SiAs and the BD crystal were used while, for the As-
As pairs, amorphous As was chosen for the first neigh-
bors and crystalline GaAs for the next-nearest neighbors.

For amorphous arsenic, the As-As distance was fitted
with theoretical phase shifts. The As environment ob-
tained is three As atoms at 2.48 A, in agreement with the
one given by Greaves, Elliott, and Davis.?

Since the SiAs crystal is monoclinic!® a correction due
to the linear polarization of the beam was made. The for-
mula giving the effective number of nearest neighbors
seen by EXAFS is N*=3(cos’9), where 0 is the angle
between the polarization direction of the beam and the
bond between the central atom and one of its neighbor.
The average (cos?0) indicates a mean value over all the
neighbors of the shell. In Fig. 7 we report the atomic dis-
tribution around an As atom in SiAs and the different
contributions of each neighbor atom to the EXAFS sig-

FIG. 7. Distribution of the Si atom dis-
tances around an As atom in crystalline SiAs
[from Wadsten (Ref. 19)]. Three different As
crystallographic sites, each with three Si
nearest neighbors, were taken into account.
The vertical scale represents an effective num-
ber of atoms as seen by EXAFS. Each atomic
bond was corrected by a term (cos?6) in order
to take into account the x-ray polarization of
the beam.
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TABLE II. Coordination number (Ng;) and distance (dg;s;, d ass;) of our different As-Si model com-
pounds, together with the corresponding Debye-Waller factor o%. The values in parentheses were ob-

tained from the experiment.

First shell Second shell Third shell

N dsci-Si o’ . N dSOi-Si N dsol-si

Samples (A) (1073 A?) (A) (A)

Pure Si crystal® 4 2.35 12 3.84 12 4.50
Nsi d psssi o’ . N d AsSi Nsi d As-Si

(A) (107° A?) (A) (A)

SiAs crystal 3.3° 2.38° (3.59
Bulk-doped crystal® (4.0) (2.41) (2.5) (12) (3.81) (12) (4.48)
(+£0.01) (+0.02

?From x-ray diffraction.

PEffective coordination number as obtained after the correction due to the linear polarization of the

beam.
°From Wadsten (Ref. 19).

9Results obtained from a fit of the EXAFS spectrum with theoretical phase shifts.

nal according to the term {cos’*d). Adding all these con-
tributions leads to an effective number of first neighbors
in crystalline Si/}s of 3.3 atoms, instead of 3, at a mean
distance of 2.38 A (see Fig. 7).

It is important to note that the crystallographic struc-
tures of the two model compounds, SiAs and the BD Si
crystal, are very different. Indeed, the crystalline SiAs is
monoclinic and has a layered structure!” leading to an
asymmetric atomic distribution around an As atom.
Consequently, the Debye-Waller factor, i.e., the mean-
square width of the Gaussian distribution of distances, is
probably strongly anisotropic. This atomic distribution
is even more asymmetric if one takes into account the
effective number of atoms seen by EXAFS. On the other
hand the bulk-doped crystal is diamond cubic and the As
atoms are assumed to be in substitutional positions, with
four Si nearest neighbors, due to the very low concentra-
tion of As. Therefore, the atomic distribution around the
As atoms is expected to be symmetric and narrow. Table
II shows the environment of As atoms in our model com-

pounds and the results obtained for the BD crystal as de-
scribed above.

Concerning the choice of the reference samples, we
have compared the results obtained using the SiAs and
the BD crystals to correct the theoretical phases. The
values of the As-Si distances always appear to be the
same. As such, one could argue that both the BD and
the SiAs samples could be equally well employed as a
reference. However, this is not true, mainly because the
values of the As coordination number are somewhat
different. Namely, significant differences appear in the
laser-annealed samples. In these samples, where arsenic
is known to be in substitutional position, according to the
RBS results>”?7 and electrical measurements,’ the values
of the As coordination, obtained with the SiAs crystal as
a reference, are physically too high, e.g., about 5 instead
of 4. On the contrary, the use of the BD crystal as a
reference gives the expected As coordination (see Table
III). As shown in Fig. 8, the FT’s of the laser-annealed
samples closely resemble that of the BD crystal: the

0.12 L . 1 )
— Bulk Doped Crystal
0.1 A = = Laser 5x15 As/cm2 |
E ,' \.. — Laser 1x16 As/cm2
g 0.08 - . i
E A —— Laser 3x16 As/cm2 FIG. 8. Comparison of the moduli of the
E 0.06 4 FT’s of the EXAFS spectra of the BD sample
"2 ' . | and the laser-annealed samples for the three
£ R implanted doses studied (5X10'° As/cm’
5 0.04 - ' \ | 1X10%, and 3X10'® As/cm?. The EXAFS
g ,/ spectra were obtained by fluorescence detec-
AR tion.
0.02 A Ve \ / A J 0 -
BAY /] -
D A
0 T T T r
0 1 2 3 4 5
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TABLE III. EXAFS results of the first shell of neighbors around an As atom. For each sample, the
mean values reported here were estimated from the results obtained on the samples studied several
times or by different detection modes. The error bars were obtained by doubling the residual at the

minimum.
Dose Annealing .
As*t/cm? type Ns; dassi (A) 02 (1073 A
5X10 Implanted 3.3+11% 2.38+0.015 5
laser 4.1 2.41 3.5
650°C 39 2.39 4.5
900°C 39 2.40 4.5
1Xx10* Laser 3.9 241 4
3Xx 10! Implanted 2.9+10% 2.38+0.01 4.5
laser 42 2.40 4.3
350°C 40 min 34 2.40 33
350°C 80 min 32 2.39 4.7
350°C 640 min 32 2.38 2.8
450°C 2.7 2.36%0.02 2.7
550°C 2.2 2.37 2
650°C 3.2 2.37 3
750°C 3 2.36 2.3
850°C 34 2.38 4
900°C 3.1 2.37 2
1000°C 3.6 2.36 2
5x10' Implanted 2.8 2.3740.01 3
laser 39 2.41 4.7
450°C 2.9 2.37+0.02 4
650°C 2.7 2.37 1
750°C 2.7 2.35 2
850°C 3.6 2.38 4.5
900°C 3.1 2.35 3
1000°C 3.7 2.37 4.5

peaks corresponding to the three nearest-neighbors shells
occur at the same distance but the amplitude of all the
peaks is lower. This strongly suggests that the As atoms
have the same short-range environment as in the BD
crystal but with a more important static disorder in the
distribution distances. In the case of the SiAs crystal, the
discrepancy observed in the number of nearest neighbors
is then due to its different crystallographic structure with
respect to the laser-annealed samples, which leads to a
nontransferability of the backscattered amplitude be-
tween these samples. Instead, in the samples further an-
nealed between 350 and 1000°C, when the deactivation
process is significant, the As coordination numbers ob-
tained with the two model compounds are very close,
namely about three Si neighbors at a distance of 2.38 A.
In this case, the amplitude transferability between these
samples and the SiAs crystal is correct, as the local envi-
ronment is the same. In summary, the use of the BD
crystal as a reference always gives physically correct re-
sults, unlike the SiAs crystal. Therefore, all the results
presented here were obtained with theoretical phase
shifts corrected with the BD crystal.

III. RESULTS

The results and the error bars for the first-neighbors
shell, obtained as described above, are reported in Table

III. Within this first shell one notices that, for all the
samples, no significant As contribution was found, at
least within the accuracy of the measurements. Canova
et al.,?® in polycrystalline Si-doped As, and Erbil et al.?’
in crystalline Si, came to the same conclusion. This trend
strongly suggests that the local structure with As-As as
first neighbors is not favored.

A. Dilute specimen

Since the concentration of As atoms (0.04%) in the BD
sample is low enough to ensure that all the As atoms are
in substitutional position in the Si matrix, it can be used
to extract the exact local deformation due to the size
difference between As and Si. The results obtained with
theoretical phases, without any linear corrections, using
EXCURVS88 (see Table II), show the nearest-neighbor
As-Si distance results to be equal to 2.41+0.01 A, in
agreement with the EXAFS measurements of Erbil
et al.?” obtained on Si specimens doped with 0.1, 0.7, and
7 a.t. % As. This value also agrees with those obtained
from different theoretical models: for example, Bechstedt
and Harrison,” using the_bond-orbital approximation,
found a value of 2.42 A. Concerning the second-
neighbors shell, the distance between the Si atoms and
the As central atom was found to be equal to 3.81+0.02
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A. This value is slightly lower than the crystallographic
value of 3.84 A in pure silicon.

B. As-implanted specimens

After implantation, and before any annealing, the sam-
ples are amorphous and, with the EXAFS technique,
only the first-neighbors shell is visible. No significant
variation of the As environment was observed with the
dopant dose. Indeed, for the three doses studied, 5X 10"
As/cm?, 3X10'®, and 5X10'° As/cm?, the same result
was obtained: 3+0.3 Si atoms at 2.38i0.01 A. This lo-
cal environment around the As atoms is the same as in
crystalline SiAs and is in agreement with the one found
by Knights, Hayes, and Mikkelsen®® in a-Si:H. This
coordination of three was also found by Greaves et al.’'
in a-Si-H and amorphized silicon with a slightly lower
distance of 2.36+0.01 A for the inactive sites.

C. Laser-annealed specimens

In the initial metastable state obtained after crystalline
regrowth by laser annealing, the As atoms are in a substi-
tutional tetracoordinated site, although in a highly super-
saturated state. Each As atom is then surrounded by
four Si atoms at a distance of 2.41+0.01 A, in agreement
with Erbil et al.?’ This Value is much larger than in pure
crystalline silicon (2.35 A) and reflects the local dilatation
due to the larger atomic radius of As. The same distance
of 2.41 A was found in the case of the dilute specimen.
As in the case of the as-implanted specimens, the envi-
ronment around the As atoms does not depend on the im-
planted dose between 5X 10" and 5X 10'® As/cm?. It is
also worthwhile to note that the Debye-Waller factors are
significantly high. This point is consistent with the previ-
ous remark concerning the important local static disorder
of the first neighbors. This disorder is probably caused
by the presence of As atoms in the near neighborhood,
since the magnitude of the different peaks of the FT’s de-
creases as the implanted dose increases (Fig. 8).

D. High-dose-annealed specimens
(310" and 5% 10'6 As/cm?)

During the furnace annealing, the metastable solid
solution tends to return to its equilibrium solubility value
and several drastic changes occur on the nearest neigh-
bors of the As atoms for the two highest doses studied,
3X 10" and 5X 10" As/cm’.

(i) The coordination number decreases from 4.21+0.4 to
3.24+0.3 during the isothermal annealing at 350°C. For
the first time, it is clearly shown that this decrease is
correlated to the electrical deactivation that occurs at the
same temperature [Table I and Fig. 9(a)]. Simultaneous-
ly, the As-Si distance decreases slightly.

(i) The As-Si distance of the first neighbors becomes
equal to 2.3740.02 A when the deactivation is complete.
At the same time, the coordination number is reduced
from 4 to 3 atoms, approximately, for an annealing tem-
perature below 750 °C, as shown in Fig. 9(b). On the con-
trary, when the annealing temperature increases from
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FIG. 9. Number of Si nearest neighbors around an As atom
(the mean values reported were estimated from the results ob-
tained on the samples studied several times or by different detec-
tion modes). (a) 3 X 10'-As/cm? samples isothermally annealed
at 350°C plus the laser-annealed one and the equilibrium state
at 450°C. (b) Equilibrium state of the deactivation process for
an annealing temperature between 450 and 1000°C. The num-
ber of atoms shown are mean values of the results obtained for
the two implanted doses: 3X 10'® and 5X 10'® As/cm?.
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TABLE IV. EXAFS results of the second shell of neighbors
around an As atom. The number of atoms is deduced using the
fitting-index contours similar to the one in Fig. 10.

Number of As
second-nearest

Dose Annealing type neighbors
3X10'° ions/cm? Laser 1+1
350°C 80 min 343
450°C 5+3
550°C 6+4

750°C up to 1000°C, it appears, from Fig. 9(b), that the
number of Si nearest neighbors increases slightly up to
3.7£0.4 atoms.

Concerning the second-nearest-neighbors shell, the
Fourier transforms indicate directly that the second peak
decreases in magnitude with the deactivation of the As
atoms (Fig. 5). This trend also appears clearly during the
isothermal annealing at 350°C (Fig. 3). This decrease of
the peak magnitude can be explained by an increase of
the number of As atoms or by an increase of the Debye-
Waller factor, i.e., an increase of the static disorder. In
order to distinguish between these two hypotheses, a
quantitative analysis is necessary. Simultaneous presence
of As and Si atoms is assumed and fitting-index contours
corresponding to a variation of (i) the atom number, (ii)
the Debye-Waller factor, or (iii) the distance to the cen-
tral atom (Fig. 10), are plotted. Results at 3X10'¢
As/cm® are summarized in Table IV. One notes a
significant increase in the number of As second-nearest
neighbors at 450-550°C annealing temperature.

The changes in the second-neighbors peak for anneal-
ing temperatures higher than 550 °C are too small (see the
second peaks in Fig. 5) to deduce any further evolution of
the number of As atoms.

(a) NA-=5
4.1
4
-
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3.8
3.7 } + +
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20*
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E. The 5X 10'° As/cm?-implanted dose

The case of the lowest implanted dose (5X10"
As/cm?) seems to imply, at first view, a different mecha-
nism. The experimental results shows only a slight de-
crease of the number of Si nearest neighbors and a more
significant decrease of the As-Si distance under thermal
annealing (Table III). However, at such a low dose, not
only the accuracy in the determination of the nearest-
neighbors number deteriorates, but 50% of the As atoms
are also in a substitutional position at 650°C as well as at
900°C (see Table I). As a consequence, the EXAFS tech-
nique probes a mixture of two configurations in approxi-
mately the same number. The apparent nearest-neighbor
number should be the average of the substitutional posi-
tion number (equal to 4) and of the position number pro-
posed for the deactivated states (equal, respectively, to
3.2 at 650°C and 3.1 at 900 °C), thus giving approximate-
ly a value of 3.6. Similarly, the average Si-As distance
should be close to 2.39 A. These figures are in the error
margin of the experimental results measured at 5X 10"
As/cm? and the proposed model is still compatible with
the low implanted dose.

IV. DISCUSSION

A. Low-temperature annealing (350 < T < 650 °C)

The usual assumptions made in order to explain the As
deactivation are the formation of inactive clusters or pre-
cipitates. By transmission electron microscopy, precipi-
tates have only been observed for high-temperature an-
nealing (T > 850°C). "2 Therefore, the electrical deactiva-
tion observed at lower annealing temperatures can only
be explained by the formation of inactive clusters that
could be metastable and/or act as embryos for the precip-
itates at higher temperature. The exact shape and nature
of these embryos are still unclear except for the first shell

(b) 20°=0,038

3.9+

HA-

3.8¢

AL

FIG. 10. Fitting-index contours of the second-neighbors shell obtained on the 3X 10'°-As/cm? samples annealed at 450°C, whose
TF is presented in Fig. 3, by varying the (a) Debye-Waller factor or (b) the number of As atoms in the shell. N, is the number of As
atoms in the shell, R 5, their distance to the central As atom, and o2 the Debye-Waller factor of the shell. The heavy line represents
the contour corresponding to FI equal to 1, which was used to estimate the error bar (see text).
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around the As atoms. The decrease of one atom (from 4
to 3) in the number of Si nearest neighbors as soon as the
deactivation proceeds clearly indicates that one vacancy
is involved in these clusters. The main local structures
involving a vacancy that have been proposed are As,V
studied by Pandey et al.'> and As,V, which we recently
suggested.! In the two cases, the short-range structure
around an As atom becomes thg, same as in crystalline
SiAs, i.e., three Si atoms at 2.38 A. The present work ex-
tends the previous studies to lower annealing tempera-
tures. As a consequence, it is now clearly established that
the changes in the coordination number and the As-Si
distance occur simultaneously with the electrical deac-
tivation of the As atoms. Therefore, this structural
change can now be attributed to the deactivation
phenomenon. In fact, As atoms have a natural coordina-
tion of three, as in amorphous and crystalline arsenic, but
the laser annealing is so fast that As atoms are “frozen”
in substitutional position in the Si matrix with a coordi-
nation of four. On the contrary, during a long annealing,
it is possible to create a vacancy by emission of a Si inter-
stitial in order to recover the natural coordination of
three.

The second-shell changes observed after the As deac-
tivation, are also significant and indicate clearly an ag-
glomeration of As atoms in second-neighbors position.
In the temperature range of 450-550°C, our quantitative
interpretation of this shell has led to a number of 614 As
atoms, in agreement with the results obtained by Pandey
et al.' for a heavier implanted dose (6 X 10'® As/cm?).

In the temperature range 350-650°C, the electrical
deactivation was then clearly identified to be due to the
formation of complexes As,, V consisting of up to 74 As
atoms around a vacancy (including the central As atom).
The important error bar existing on the m determination
does not allow us to conclude whether the structure of
these clusters evolves continuously with the annealing
temperature or with the amount of deactivated atoms, for
example, from As,V into AscV. However, m is already
greater than 2 at 450 and 550°C and there is a tendency
for m to increase with the annealing temperature. There-
fore, the As,V structure, if it exists, is a transient struc-
ture and is limited to the very first annealing steps.

B. High-temperature annealing (750 < T < 1000 °C)

The detailed measurements made between 450 and
1000 °C [Fig. 9(b)] show that the As,, V complexes clearly
seen between 450 and 650°C are not the final
configuration. Indeed, it has been observed that the num-
ber of Si first neighbors tends back to four atoms at high
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temperature. This observation cannot be explained by
the As redissolution in solid solution, the As content be-
ing much larger than the solubility limit at 1000°C. On
the contrary, it is probably connected to the precipitates
observed by microscopy in this temperature range.
Therefore, one can suppose that the As,, V clusters exist-
ing at lower temperature can act as embryos for the for-
mation of these precipitates. The sphalerite SiAs, which
has been proposed after the electron-microscope observa-
tion of precipitates above 850 °C,? is, therefore, compati-
ble with our measured values since, in this structure, the
As atoms are tetracoordinated. At these temperatures,
the As atoms could then be found with three different lo-
cal atomic structures at the equilibrium state: (i) electri-
cally active in substitutional position, (ii) in an inactive
cluster As,,V, and (iii) in a precipitate, as recently sug-
gested by Parisini et al.*?

V. CONCLUSION

Using two different techniques to measure the EXAFS
signal (total electron yield and fluorescence detection) on
As heavily implanted crystalline samples, we were able
to study a large range of implanted doses, from 5X 10"
As/cm? to 5X10'® As/cm?. The local structure around
an As atom during the different stages of the As deactiva-
tion after a laser and a subsequent thermal annealing, in
the range 350-1000°C is described. It is shown that the
agglomeration process is already active during the As
deactivation. Moreover, from the careful study of the
two first shells of As neighbors, we propose a model in
which, for the 3X10'® As/cm? implanted dose and for
annealing temperatures below 750 °C, the electrical deac-
tivation is due to the agglomeration of 7t4 As atoms
around one vacancy, leading to the formation of inactive
clusters As, V and to a local structure resembling the
crystalline SiAs one. At higher annealing temperatures,
above 750°C, these clusters could act as embryos for the
formation of SiAs precipitates with the sphalerite struc-
ture, previously observed by electron microscopy.
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