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High-temperature annealings of Sb and Sb/B heavily implanted silicon
wafers studied by near grazing incidence fluorescence extended
x-ray absorption fine structure
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The local atomic environment of the Sb dopant in 2 and 531016 ions/cm2 implanted Si samples has
been studied by near grazing incidence fluorescence extended x-ray absorption fine structure at
different stages of the Sb deactivation process. The annealings were performed at high temperature
~900–1000 °C! during various periods: 30 s–4 h. The Sb out-diffusion and the high percentage of
Sb precipitates are put into evidence especially for Sb-only implanted samples. The comparison of
the Sb and B codiffusion data with the corresponding ones obtained by the diffusion of Sb alone
revealed several anomalous effects due to dopant interaction. Moreover, a simulation program
including dopant precipitation and donor–acceptor pairing allows us to foresee most of the
anomalous phenomena occurring in high-concentration codiffusion experiments. ©1996
American Institute of Physics.@S0021-8979~96!00812-2#
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I. INTRODUCTION

The knowledge of the properties of silicon highly im
planted with atoms of the groups III/V is of great interest fo
the microelectronics technology. In the case of Sb, a co
monly used dopant, the maximum equilibrium concentrati
of Sb atoms in substitutional position, and hence electrica
active, is of about 231019 atoms/cm3 at 1000 °C.1,2 Above
this concentration, Larsenet al.suggested the coexistence o
precipitates and vacancy complexes.3 Moreover, it has been
shown from a previous extended x-ray absorption fine stru
ture ~EXAFS! study4 that these vacancy complexes SbV2 ~V:
vacancy! are already present after laser annealing in t
531016 Sb/cm2 case and that the coimplantation with B re
duces the precipitation of Sb particles, by forming Sb–
complexes. In this study, the local environment of the S
dopant in 2 and 531016 ions/cm2 samples has been studie
by near grazing incidence fluorescence EXAFS. Differe
stages of the Sb deactivation have been analyzed in sam
annealed at high temperatures~900–1000 °C! during various
periods: from 30 s to 4 h. Furthermore, the influence of B
the Sb environment has been studied in Sb–B coimplan
samples.

II. EXPERIMENT

A. Samples

The implantation of Sb and the coimplantation of Sb an
B have been investigated in^100& Si monocrystalline wafers.

a!Electronic mail: brizard@cea.fr
b!Also with: University Joseph Fourier, B. P. 53 X, 38041 Grenoble Cede
France.
J. Appl. Phys. 79 (12), 15 June 1996 0021-8979/96/79(12)/90
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Two implantation doses have been studied: 2 and 531016

ions/cm2. In each coimplanted sample, the Sb and B dos
are of the same order of magnitude to maximize the coim
plantation effect.5 The Sb1 and B1 ions have been implanted
at 160 and 30 keV, respectively.

A thermal annealing at high temperature is necessary
recrystallize the implanted material. Thermal annealings
the implanted samples have been performed in a nitrog
atmosphere with 10% oxygen at a temperature of 900
~unless mentioned at 1000 °C! during various periods: from
30 s to 4 h. During this thermal treatment, an amorpho
silicon oxide layer is formed on the Si surface.

B. Ion-beam techniques

The B and Sb concentration profiles were measured
secondary-ion-mass spectroscopy~SIMS! with a CAMECA
IMS-4f spectrometer at the Physics Department of Pado
University ~Italy!. A 5.5 keV O21 beam rastered over a 250
3250 mm2 area was used for sputtering while the positiv
secondary-ion signals were collected from the 60-mm-diam
central area. The erosion time to depth conversion was o
tained with a Tencor Alpha-Step 200 stylus profilomete
which was used to measure the height of the sputtering c
ter. The secondary-ion yields were converted into atom
concentrations by using the Sb and B dose data dedu
from Rutherford backscattering~RBS! and nuclear reaction
analysis~NRA! measurements, respectively. In fact, in a
samples the maximum concentrations are of the order o
at. % and the conversion obtained by conventional low-do
ion-implanted calibration standards is affected by matrix e
fects. The RBS experiments have been performed by usin
2.0 MeV1He beam at grazing emergence detection angles
order to obtain a depth resolution better than 20 nm.

x,
903737/6/$10.00 © 1996 American Institute of Physics

cense or copyright; see http://jap.aip.org/about/rights_and_permissions



9038 J. Appl.
TABLE I. Structural parameters obtained from the EXAFS spectraNSi ~NSb! is the number of Si~Sb! nearest
neighbors~NN!; RSi ~RSb! is the NN Sb–Si~Sb–Sb! distance. The expression 2sSi

2 ~2sSb
2 ! is the Si ~Sb!

Debye–Waller factor. The coordination numbers are given with an accuracy of610%, the distances with an
accuracy of60.02 Å and the Debye–Waller factors with an accuracy of60.001 Å2.

Samples

Si neighbors~first shell! Sb neighbors~first shell!

NSi

RSi

~Å!

2sSi
2

~Å2! NSb

RSb

~Å!

2sSb
2

~Å2!

2Sb/900 °C
15 min 0.4 2.57 0.006 2.8 2.90 0.012

1 h 0 ••• ••• 3 2.90 0.014
4 h 0.2 2.60 0.009 2.7 2.90 0.013

2Sb/900 °C
15 min 1.3 2.58 0.008 2.00 2.88 0.014

1 h 1.7 2.57 0.011 1.7 2.88 0.014
4 h 1.3 2.58 0.006 2.0 2.87 0.012

5Sb/900 °C
15 min 1.4 2.60 0.010 1.9 2.89 0.014

4 h 1.7 2.59 0.006 1.5 2.88 0.012
1000 °C

30 s 1.6 2.56 0.006 1.6 2.86 0.012
10 min 2.0 2.57 0.008 0.9 2.88 0.014
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C. EXAFS

The EXAFS experiments6 have been carried out at th
wiggler station 9.3 of the Daresbury synchrotron~U.K.!.
Near grazing incidence geometry fluorescence EXAFS h
been performed at the SbK edge~30 491 eV!. The incident
angle was approximately twice the Si critical angle~70 mdeg
at this energy!. Hence, the x-ray penetration depth is a
proximately 500 nm, which is larger than the thickness of
Sb and B layers. Therefore, the whole implanted layer
probed during these EXAFS experiments. The high x-
energy used explains that very few similar experiments h
been carried out. To our knowledge, only Van Nette
Stapel, and Niesen7 have performed similar EXAFS exper
ments on a 70 ppm Sb-implanted silicon crystal. The h
monic rejection rate was approximately 50%. The fluor
cence detector used is a Canberra 13 Ge diode detector
an excellent signal-to-noise ratio due to its energy discri
nation~the energy resolution is about 100 eV at 10 keV!. As
the samples are monocrystalline, this device is also usefu
eliminate Bragg peaks present in the EXAFS spectra.
signals from the different detectors are summed all toge
after removal of the spectra with Bragg peaks. Several sc
have been performed for each sample in order to improve
statistics.

For the analysis, the first reference sample used is a
tallic Sb foil for the Sb–Sb backscattering amplitude a
phase data. This reference is appropriate because at hig
nealing temperature, many Sb-implanted atoms are pre
in precipitates having the metallic Sb rhombohedric str
ture. In this structure, each Sb atom has three first nea
neighbors~NNs! at 2.90 Å and three second NNs at 3.36 Å8

The second reference used is a 231016 Sb1 and B1/cm2 laser
annealed sample, for which it is assumed that each Sb a
is surrounded by four Si neighbors. Indeed, after laser
nealing the Sb atoms are in substitutional sites up to a c
centration of approximately 231021 atoms/cm3.9 After ther-
Phys., Vol. 79, No. 12, 15 June 1996
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mal annealing, the concentration of free carriers decreas
and the impurity evolves into a more stable state leading
the formation of precipitates or complexes.3,5,10 Bechstedt
and Harrison11 have estimated theoretically that the Sb–S
distance in the substitutional approximation is 2.52 Å.

The EXAFS spectra have been analyzed using t
spherical wave programEXCURV92.12 Actually, the B atom
looks like a vacancy regarding the EXAFS analysis. This h
been confirmed by comparing the simulated EXAFS spec
using theEXCURV theoretical backscattering amplitudes an
phases of an Sb atom surrounded by either three Si ato
and one B atom or three Si atoms and one vacancy.
difference has been found between the two situations. The
fore, no direct information is obtained for the Sb—B bond.
Anyhow, it is shown that the influence of B can be see
through the number of Sb atoms in precipitates.

The absorption spectra have been analyzed as follo
The spectrum background has been removed by extrapo
ing the pre-edge region by a first-order polynomial. Th
wave-vector origin is taken at the inflexion point of the spe
trum. The Fourier transforms~FTs! have been performed in
the 2.5–10.5 Å21 K range. Theoretical potentials in theXa

model have been used. The total number of independent
rameters from the Nyquist theorem is 9. Hence, both con
butions Sb–Si and Sb–Sb for the NN can be determined

III. RESULTS

A. EXAFS results

The number and coordination distances of the Si and
first neighbors are reported in Table I, together with the co
responding Debye–Waller~DB! factors.

For the 2Sb samples, Sb atoms are surrounded by
proximately three Sb atoms at 2.90 Å, whatever the anne
ing period. This first NN number and distance are in goo
agreement with the Sb–Sb distance in the metallic rhomb
hedral Sb structure. From the corresponding FTs@see Fig.
Revenant-Brizard et al.
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1~a!#, one can remark that there is no pronounced lon
distance order except for the longest~4 h! annealing time.
The DW factor for these specimens is found to be equal
slightly larger than the value of metallic Sb given to be 0.01
Å2. The DW values seem to indicate that the NN shell
better ordered for a short annealing time~15 min!. For the
2SbB samples@FT in Fig. 1~b!#, Sb atoms are surrounded by
both Si and Sb atoms at approximately 2.58 and 2.88
respectively. The experimental Sb–Si distance obtained
the studied samples lies in between the 2.53 Å value fou
by Van Netten and co-workers7 in a 70 ppm Sb-doped Si
sample and the Sb–Si distance in an amorphous sam
~2.60 Å!.4 This may be explained by an incomplete crysta
regrowth. The Sb–Si DW factor for these specimens is fou
to be slightly smaller than the bulk Si one which is 0.01 Å2.
One can realize that an Sb atom in a Si matrix can not mo
a lot because of its large volume and weight: It acts as
defect for phonon propagation and can be a knot for th
wave. The DW factors suggest that the NN shell is mo
ordered for the long annealing time~4 h!. This phenomenon
is in opposition with the one obtained for the 2Sb sample
Moreover, the poor order at longer distance remains globa
the same as the annealing time increases.

Moreover, let us point out a peculiar phenomenon: F
Sb implanted in Si, the dopant has three Si neighbors at 2
Å in the amorphized layer after implantation and four S

FIG. 1. FT of the~a! 2Sb and~b! 2SbB samples annealed at 900 °C.
J. Appl. Phys., Vol. 79, No. 12, 15 June 1996
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neighbors at 2.54 Å in substitutional position. On the co
trary, for As, the NN distance has been observed smaller
the amorphous case~2.38 Å! than for the substitutional one
~2.41 Å!.13 Indeed, it has been found that the As and
substitutional donors occupy nearly the same volume of
Si atom in the lattice.14 Hence, the Sb–Si substitutional dis
tance is proportionally smaller than the As one.

For the 5SbB samples annealed at 900 °C@FT in Fig.
2~a!#, Sb atoms are surrounded by Si and Sb atoms at
proximately 2.60 and 2.88 Å, respectively. The first N
number varies, with the annealing period, between 1.4
1.7 for Si neighbors and between 1.9 and 1.5 for Sb nei
bors. From the DW factors, one can see that the first N
shell is better ordered for the long annealing time~4 h!. As
time increases, the short-range order improves.

For the 5SbB samples annealed at 1000 °C, Sb atoms
surrounded by Si and Sb atoms at approximately 2.56
2.87 Å, respectively. From the DW factors, the NN shell
better ordered for a short annealing period. From the co
sponding FTs@see Fig. 2~b!#, one can see that the long
distance order is better for the 10 min annealing period th
for a shorter one~30 s!.

B. Absorption edge jump at the Sb K edge

The absorption edge jump is proportional to the numb
of probed atoms. For a given annealing temperature the e

FIG. 2. FT of the 5SbB samples annealed at~a! 900 °C and~b! 1000 °C.
9039Revenant-Brizard et al.
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jump varies with the implantation types~Sb or Sb and B! and
with the annealing time. A reduction in the jump ratio i
given by a phenomenon of antimony diffusion. The behavi
of this parameter in the case of annealing at 900 °C is sho
in Fig. 3. For the Sb only implanted samples, the absorpti
edge jump is the smallest one of the studied specimens
remains approximately constant when the annealing per
increases. For the 2SbB samples, the absorption edge jum
twice larger than for the previous case. This is clearly due
the presence of B atoms, which prevents the Sb outdiffusi
Its value remains also approximately constant as the ann
ing period increases. For the 5SbB samples annealed
900 °C, the absorption edge jump is twice larger than for t
previous case~instead of 2.5 times larger according to th
dose values! for a short annealing period~15 min!. The ab-
sorption edge jump drops by a factor of 2.4 as the anneal
time increases by a factor of 16~from 15 min to 4 h!. The
corresponding amounts of outdiffused dopants are in agr
ment with the ones that can be deduced from the direct m
surements of the Sb dose performed by RBS and reported
Table II, together with the corresponding values of the
dose deduced from NRA experiments. This table also sho
that even a more dramatic outdiffusion occurs for the 5Sb
samples, annealed at 1000 °C.

A previous study concerning the Sb diffusion in sample
implanted with 2 and 531016 ions/cm2 and annealed at a

FIG. 3. Evolution of the absorption edge jump obtained from x-ray abso
tion spectra vs annealing time at 900 °C~10% uncertainty!.

TABLE II. B and Sb doses as determined from NRA and RBS, respective
~Accuracy statistic 1% and systematic 6%.!

B dose
~31016 cm22!

Sb dose
~31016 cm22!

2SbB as implanted 1.98 2.28
2SbB 900 °C, 15 min 1.62 2.24
2SbB 900 °C, 1 h 1.80 2.12
2SbB 900 °C, 4h 1.47 2.11
5SbB as implanted 4.80 5.66
5SbB 1000 °C, 30 s 5.04 2.28
5SbB 1000 °C, 10 min 5.15 1.41
5SbB 900 °C, 15 min 3.69 5.30
5SbB 900 °C, 4 h 4.67 1.98
9040 J. Appl. Phys., Vol. 79, No. 12, 15 June 1996

Downloaded 15 Nov 2012 to 155.69.4.4. Redistribution subject to AIP lic
or
wn
on
nd
iod
p is
to
n.
al-
at
e
e

ng

ee-
ea-
in
B
ws
B

s

lower temperature~i.e., 600 °C! put also in evidence a high
Sb outdiffusion.5,15 This effect has been related to a hig
diffusivity close to the surface, due to lattice defects~e.g.,
twins, dislocations, rodlike defects! evidenced by transmis-
sion electron microscopy~TEM! observations.

C. Sb precipitation

The Sb atoms can be located in substitutional sites, co
plexes, and precipitates. The percentage of Sb atoms in p
cipitates can be easily deduced fromNSb–Sbas each Sb atom
in a precipitate has three Sb neighbors. The precipitate p
centages are summarized in Table III.

For the 2Sb samples, nearly all Sb atoms are in preci
tates, even after a short annealing treatment~15 min at
900 °C!. This is in good agreement with a previous work,16

where RBS measurements suggested a significant Sb prec
tation for 131016 Sb/cm2 samples annealed at 850–1000 °
~a substitutional fraction was found to be less than 10%!.

For the 2SbB samples, approximately two-thirds of th
Sb atoms are in precipitates; hence, by comparison with
previous case, the presence of B atoms slows down the
precipitation. This phenomenon occurs at the beginning
the annealing~before 15 min! and remains quite stable over
a long annealing period~at least up to 4 h!.

For the 5SbB samples annealed at 900 °C, the perce
age of Sb precipitates is similar to the previous case~lower
dose! for a short annealing period.

IV. DOPANT PROFILE SIMULATION

The EXAFS results on the Sb precipitation have bee
compared with the ones deduced from a numerical simu
tion. This program describes the evolution of the dopant pr
files during annealing, taking into account the precipitatio
of both Sb and B, as well as the Sb–B pairing, therefore,
enables one to obtain the fraction of Sb atoms in substi
tional sites, complexes, and precipitates. Its ability to mod
the donor and acceptor codiffusion has been checked in p
vious articles.5,17

p-

ly.

TABLE III. Sb percentage in precipitates as determined by EXAFS with a
uncertainty of 10%.

Samples
Sb precipitates

~%!

2Sb/900 °C
15 min 93
1 h 100
4 h 90

2SbB/900 °C
15 min 67
1 h 57
4 h 67

5SbB/900 °C
15 min 63
4 h 50

1000 °C
30 s 53
10 min 30
Revenant-Brizard et al.
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For Sb only implanted samples, we have used the mod
described in Refs. 18 and 19, which solves the diffusio
equations, taking into account the Sb precipitation for co
centrations exceeding the solubility value, according to th
theory of homogeneous nucleation and of the diffusio
limited growth of the particles. In this way, both the total an
the precipitate Sb profiles are obtained, wherefrom the ele
trically active substitutional dopant profile can be compute
The results of the simulation of the 2Sb samples, annealed
900 °C for the different times, are shown in Figs. 4~a!–4~c!.
At this temperature the solubility of Sb in Si is 1.531019

cm23.1 Due to the strong supersaturation, a fraction of th
dopant already precipitates during the fast epitaxial regrow
of the amorphous implanted layer. During this process, t
Sb atoms occupy substitutional sites up to a concentration
about 3.531020 cm23,18 then the precipitation continues with
the annealing time, 95% of Sb atoms being already preci
tated after 15 min at 900 °C, 96% after 1 h and 97% after 4
h. Due to the low Sb diffusivity, the equilibrium is not even
reached after 4 h, as can be deduced from the compari
between the carrier profile and the solubility value in Fig
4~c!. The quality of the simulation is demonstrated by th
good agreement between the carrier profile and the expe
mental data, previously obtained in a similar sample20 and
reported in the same figure. The above-reported fractions

FIG. 4. Simulation of the Sb and carrier concentration profiles of the 2S
samples annealed at 900 °C for~a! 15 min, ~b! 1 h, and~c! 4 h. In the case
of 4 h, the corresponding experimental carrier profile is also reported. T
solubility value is also shown for comparison~Ref. 1!.
J. Appl. Phys., Vol. 79, No. 12, 15 June 1996
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precipitates are in good agreement with the correspondin
ones obtained by the EXAFS measurements~Table III!.

For the 2SbB samples the simulations are performed a
cording to the model which takes into account the pairing
between donors and acceptors.5,17 The chemical reaction

Sb11B2⇔SbB ~1!

which leads to the formation of neutral pairs from isolated
ions is considered.
The reaction is governed by the mass action law

VCBCSb5Cpair, ~2!

whereCB andCSb are the concentration of B and Sb in the
silicon lattice, thus available for the reaction,Cpair the pair
concentration, andV the equilibrium constant of the reac-

FIG. 5. Comparison between SIMS and simulated Sb and B concentratio
profiles of the 2SbB samples annealed at 900 °C for~a! 15 min,~b! 1 h, and
~c! 4 h.
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tion. Three coupled diffusion equations are used to descr
the behavior of Sb, B, and pairs.5,17The precipitation of both
Sb and B is also considered.

The simulation results of the samples 2SbB annealed
900 °C for the same times are shown in Figs. 5~a!–5~c!,
where for comparison the corresponding SIMS profiles a
also reported. The agreement between experimental
simulated profiles is quite satisfactory, if one takes into a
count the very high dopant concentration and the number
competing phenomena, which operate at the same t
~phase transformations, pairing reaction, electrical comp
sation!. For instance, the simulated B profiles show the typ
cal shoulder which is present in the experimental ones,
due to the presence of immobile precipitated dopant. For
longest annealing treatment, this shoulder occurs at a c
centration which corresponds to the equilibrium valu
@6.731019 cm23 at 900 °C ~Ref. 21!#. The fraction of Sb
precipitates is about 60% and keeps constant by increas
the annealing time, in agreement with the results obtained
EXAFS ~Table III!.

V. CONCLUSIONS

The local atomic environment of Sb in 2 and 531016

ions/cm2 implanted Si samples has been studied by ne
grazing incidence fluorescence EXAFS. The most striki
result is the strong Sb out-diffusion in the Sb only implante
samples and annealed at high temperature~900 °C! even for
a small time~15 min!. At this stage, nearly all the Sb atom
are in precipitates. In the Sb–B coimplanted samples, the
out-diffusion decreases by a factor of 2 and the Sb perce
age in precipitates is reduced by approximately one-thi
Also, as the thermal annealing is more complete, the Sb p
centage in precipitates is smaller. Moreover, the Sb and
profiles in the Si matrix have been simulated and excelle
agreement is found between the theoretical percentage o
precipitates and the experimental data.
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