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Leva e cpn 3L O e a8 e a5 Ll A0 ska)) usigd) Aaud s lgle Jeastial

(e LEN) aaa sl
leale Ulians ll Gallay) Jlaaly Gulall (a1 Ja g il aaas Jal (e gyl 138 Ulexind 3

Aesind ) il sheall Ao gane z)aduly olly 5 RBS dgiy

f_ﬂ_ﬁxﬂump
FilefPlot  Window Layout Edit  Yariables Help

RUMP Shell for HT, 0572 & Posix [Rev. 1.02 1228798 {c} CGS]
Executing initialization file: D:‘\Program Files‘\cygs\\RUMP\HT\rump.ini

/

1 RUMFP - RES Analysis and Simmlation Package [v. 4.00{beta)]

1 {Cc) 1988-2002 Michael Thompson, Larry Doolittle

1 {Cc) 1988-2002 Computer Graphic Service, Ltd. All rights reserved
1 Serial Humber:

1 Revrision Level: Version 0.950

1 Revrision Date: Thu Hor 30 14:20:04 2006

1 Compile Date: Hor 30 2006 14:20:04

\ —. — —.

Loading atomic data: D:3\Program Files\cgs\\RUMPiDataiatomd.dat

Loading Ziegler data: D:\Program Files\cgs\\RUMP\Data\pscoef.dat

Loading Kalbitzer data: 8 dEfdx entries: D:\Program Files\cygs\\RUMP\Datal\newstop
.kal

Loading atomic density table: D:%\Program Files\cgs\\RUMP\Dataidensity.tab

Hey, man, what next? f% Rump initial configuration
Your wish? alias t devr -text
Your wish? alias ¢ devy -graph
Your wish?
Igen, uram! f+* Plotting parameters
Igen, uram! SYMBEOLMAP 1 FilledTriangle 1.25 2 FilledSguare 1.25 3 FilledStar 1
e
Symbol # to set {(guit): 4 FilledCircle 1.25 5 DpenTriangle 1 6 OpenSgua
re 1
Symbol # to set {guit): 7 OpenDiamond 1 8 OpenStar 1 9 OpenCirc
le 1
Symbhol # to set {(guit): 10 Asterisk 1 11 Cross 1 12 X
1
Symbol # to set {(guit): 13 FilledLeftTria 1 14 FilledRightT 1
YWhoopee! hcopy on
Hey , man, what next? ltype 1 pen -1
INFO: Macro completed normally
You called? I

. RBS fuiiy lesde Joanall sl 81Slas Lalsll RUMP i dgal 5 1(26)J8
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Identifier: Initialized buffer
LTCT Text:
Date:
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Geometry: Cornell Theta: 7.00 Phi: 9.00 Psi: .on
MCA: Econv: 4.000 0.000 First chan: 0.0 HPT: 1]
Detector: FWHM: 20.0 ke¥ Tau: 5.0 Omega: 4.000
Correction: 1.0000

Hext? |
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Fil=

“lncident o
= ~Other iorn
O H 2 3He Element [H= ]
oD & 4He ==
EoNE ) Other fas=

E nergy [kev] i_m I

[E¥=Talya =11 (1]
c.  Incident Angle [Deg)

B E=it Angle [Deg)

& Scattering Angle [Deg)
~Calibration

Calibration Offzet [ke'f]

E nergy per Channel [kevAch)
Quadratic Term (ke ch*=2]

Particles = sr | 1.000E+12 [
—“Energy rezolution
Detectar Resalution [ke'] |1 5 B
Enerau spread of incident [
B beam [ke"-.-"] L
[ Ok ] [ Cancel ] [ Help ]
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ARTICLE INFO ABSTRACT

Available online 7 October 2009 Monocrystalline silicon targets were submitted to a beam of antimony ions. The Si(111) substrates were

implanted at an energy of 120keV, at room temperature, to a dose varying from 1 x 10" to 5 x 10"

Keywords:
Silicon-Si Sb* cm~2. To recover the radiation defects generated by Sb* ions, a thermal annealing was performed,
Antimony-Sb at 900°C for 30min under very high vacuum. The study of antimony ion implantation in the

monocrystalline silicon targets was performed by means of different experimental techniques: X-ray
diffraction, optical and electrical measurements.

The perturbations enhanced by Sb* ion implantation and the recovery of the damage were
investigated with great interest. Although the selected techniques are not frequently applied to
investigate such phenomena, they have provided important results. In as-implanted specimens, it was
found that the radiation damage increased with the increase of antimony dose. After the annealing
treatment, a good recovery of defects was obtained especially in the samples implanted with the low
dose (i.e. 1 x10"™ Sb* cm~2).

Ion implantation
Characterization of target
Optical measurement
X-ray diffraction

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The most used elements for the doping of semiconductors are
boron for p-type and phosphorus or arsenic for n-type. Concern-
ing the antimony, it is a donor that possesses a low diffusivity in
silicon. Hence, it is suitable for the very shallow electronic
junction technology (i.e. <0.1 um) [1-3]. The technique that is
commonly employed to introduce these elements is ion implanta-
tion [4]. Indeed, the method possesses several qualities such as
high precision in dose, doping over the maximum solid solubility,
reduced contamination especially by oxygen, etc. However, during
the implantation of the dopant, radiation damage is usually
observed in the target. This effect, which is due to the collisions
between the ions and the target atoms, is generally traduced by an
amorphisation in the perturbation region. Hence an annealing
treatment at high temperatures (~900°C) is usually performed
for the restoration of defects.

In general, expensive and sophisticated techniques (Rutherford
backscattering spectroscopy (RBS), secondary ion mass spectro-
scopy (SIMS), transmission electron microscopy (TEM), etc.) are
carried out for the analysis of materials submitted to ion
implantation. In this work, we study the antimony ion implanta-
tion in (111 ) oriented silicon wafers using common, simple and
non-destructive methods (X-ray diffraction, electrical and optical

* Corresponding author. Tel./fax: +21331844322.
E-mail address: reblabbani@scientist.com (R. Labbani).

0168-9002/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.nima.2009.09.089

measurements). Our goal is to apply these techniques, which are
available in almost all laboratories, and to show that interesting
results may be obtained from the samples.

2. Experimental

Monocrystalline Cz Si(111) oriented wafers were used as
targets for antimony ion implantation. The method was per-
formed with an energy of 120 keV, at room temperature, to a dose
varying from 1x10" to 5x10!® Sb*cm~2. Afterwards, many
implanted samples (~1cm x 1cm) were cut up and a thermal
annealing was performed, at 900 °C for 30 min under very high
vacuum (103 Torr), to recover the radiation defects generated by
Sb* ions and to activate the dopant.

The investigation was carried out by means of X-ray diffraction
(XRD), electrical and optical measurements. The analysis by
XRD technique was carried out with a Siemens D8 advance
diffractometer using a Cu anode at 35kV and 20 mA. Standard 0-0
scans were performed from 10 to 100° 20 in steps of 0.02°. Hence,
the total time analysis was estimated to be approximately
60 min for each specimen. The resistivity measurements were
performed in an EPS-08 Alessi apparatus. It was equipped with
four aligned probes of a tungsten alloy. The distance between the
different probes was fixed to 1 mm. the current, between the
exterior probes, was chosen to be 0.3mA. The voltage was
obtained between the interior ones. The optical measurements
were performed by means of transmission experiments in the
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visible and near-infrared range using a 3101 pc-shimadzu
spectrometer.

3. Results and discussion
3.1. XRD characterization

In Fig. 1 several XRD spectra, corresponding to non-annealed
samples, are presented. First of all, we take into account
the reference case (i.e. non-implanted and non-annealed
sample) that is displayed in Fig. 1(a). The spectrum exhibits two
high-intensity Si-peaks at 28.5° and 95.08° approximately,
corresponding to Si(111) and Si(333) reflections, respectively.
We note that the peak intensities are in the maximum allowable
range for safe operation of the detector, which reveals the
good crystallographic quality of the reference specimens. After
antimony ion implantation, the intensities of Si(111) and Si(333)
lines decrease significantly. This decreasing phenomenon
progresses with the rise of antimony dose. For instance, we
report in Fig. 1(b) and (c) the XRD spectra corresponding to
1 x10" and 1.6 x 10" Sb* cm~2, respectively. For the specimen
that is implanted with the higher dose (Fig. 1(c)), the intensity
of the Si(111) line decreases further while the Si(333) line
disappears completely. From that, we can conclude that the

R. Labbani et al. / Nuclear Instruments and Methods in Physics Research A 613 (2010) 415-418

perturbations (radiation damage) of the silicon lattice increase
with increase in the antimony dose. In other words, we attribute
the decrease of the intensities peaks to the amorphisation of
the film.

The amorphous character of the as-implanted samples is
demonstrated by the broadening of the diffraction peaks. In
Fig. 2 we study the shape of (111) peaks for 1 x 10" and 1.6 x 10"
Sb* cm~2 doses. From this figure, it is clear that a broadening of
the peak occurs after antimony ion implantation. Moreover, one
can notice that the broadening effect increases with the increase
in antimony dose.

After the annealing treatment, a good recovery of the radiation
damage is obtained. For illustration, we report in Fig. 3 the case of
1 x 10" Sb* cm~2 dose. If we compare this spectrum with that in
Fig. 1(a) (corresponding to the reference sample), we see that the
two spectra are comparable, i.e. the shape and the intensity of the
(111) and (333) peaks of the implanted and annealed sample
(Fig. 3) are almost identical to those corresponding to the
reference specimen (Fig. 1(a)). This reveals the restoration of the
damaged silicon regions (approaching the state of reference
sample) by the annealing treatment. Concerning the rest of the
specimens, we noticed that the recovery of radiation damage is
better for the low doses of antimony (figures not reported). This is
logical since the radiation damage increased with the increase in
antimony dose.

b
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Fig. 1. XRD spectra corresponding to Si(111) specimens: (a) reference; (b) as-implanted (at 120keV) with 1 x10' Sb* cm~2 dose; (c) as-implanted (at 120keV) with

1.6 x 10" Sb* cm~2 dose.
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Fig. 2. XRD spectra corresponding to as-implanted (at 120keV) Si(111) speci-

mens: (a) 1 x10' Sb* cm~2 dose and (b) 1.6 x 10" Sb* cm~2 dose. Only the (111)
peak is displayed.
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Fig. 3. XRD spectrum corresponding to Si(111) specimen implanted at 120keV,
with 1 x10" Sb* cm~2 dose, and annealed at 900°C for 30 min (under vacuum:
108 torr).
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Fig. 5. Four-probe resistivity measurements obtained from samples implanted
with different antimony doses and annealed at 900 °C for 30 min under very high
vacuum (10~ 8 Torr).

3.2. Electrical characterization

In Fig. 4, we present the values of the resistivity obtained from
as-implanted samples. The first point (dose=0 Sb*cm™2,
p~0.006 Qcm) is reported to indicate the reference case. From
this resistivity value, one can conclude that the Cz wafers used
were not intrinsic (i.e. already doped with a specie). Besides, from
Fig. 4 it is clear that the resistivity is an increasing function of
the Sb dose. We note that, at this stage, the samples are un-
annealed and the antimony ions are not active. Hence, we
attribute the elevation of the resistivity to the amorphisation
phenomenon, which increases with the elevation of antimony
fluency (this has been revealed by XRD measurements). In other
words, we can say that the conductivity in the reference specimen
(having monocrystalline structure) is better with regard to the
implanted samples (having amorphous structure).

After the annealing treatment, the resistivity measurements
indicate a significant decrease with respect to that shown in Fig. 4.
Indeed, in Fig. 5. we notice that all the values are lower than that
related to the reference sample. We attribute this result to the
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Fig. 6. vis—NIR transmission spectra obtained from Si(111) samples. (—) Virgin;
(---) as-implanted with 1x10'> Sb*cm~2 dose; (...) implanted with 1x10'"
Sb* cm~? dose and annealed at 900 °C, 30 min under vacuum (10~ 8 Torr).

restoration of the radiation damage. Furthermore, we notice that
the resistivity decreases with the increase in antimony dose,
which reveals the electrical activation of antimony ions.

3.3. Optical characterization

The transmittance measurements, in the visible and near-
infrared range, have provided coherent and complementary
results with respect to previous analysis. For instance, in Fig. 6
we report the values of the transmittance obtained from different
samples. If we compare the spectrum corresponding to the
reference (solid line) with that obtained from the as-implanted
(1x10' Sb* cm~2) specimen (dashed line), we show that the
transmittance decreases with the introduction of the ions. This
may be attributed to the amorphisation phenomenon at the
surface, which reduces the transmission of light. Our assumption
is justified by the fact that defects in amorphous silicon are
generally characterized by an absorption in the band tail states.
Hence, the decrease of the transmission in the as-implanted
samples is probably due to the appearance of these states. After
the annealing treatment (dotted line), the transmission is
improved approaching the state of the reference. This is related
to the restoration of defects at the surface of the targets.

To compute the energy (Eg) of the bandgap, we evaluated the
absorption coefficient (o) using the formulas of Beer Lambert [5].
Later, we transformed the transmission spectra and obtained new
plots where (hv)®? is displayed on the y-axis and the energy (hv)
is reported on the x-axis. For illustration, we report in Fig. 7 the
case corresponding to the virgin specimen. From this figure, it is
clear that the value of the bandgap energy is obtained in the linear
part of the curve. The computation of the bandgap energies for all
the samples has shown that the quantity increases with rise of
antimony dose which is in agreement with literature [6,7].
We also see that, after the annealing treatment, the energies
decrease and become comparable to that relative to the reference
sample. We attribute that to the recovery of radiation damage
by the heating of the specimens. For example, the following
values were obtained: e,=1.11eV (for virgin sample), e,=1.13 eV

21 Reference sample
| Eg=1.11eV ]

18

15

(o hv)172

12

T T T T T T T T T T T T T T T
08 09 10 11 12 13 14 15
hv (eV)

Fig. 7. Energy bandgap (Eg) of the virgin Si(111) sample determined in the linear
part of the curve.

(for 5x10" Sb*cm~2? as-implanted sample) and E;=1.112eV
(for 5 x 10" Sb* cm~2 implanted and annealed sample).

4. Conclusions

Antimony ion implantation in Si(111) was studied by means of
different techniques. These common methods were selected to
analyze the samples with regard to the different parameters:
antimony dose and annealing treatment. The implantations were
performed at an energy of 120keV, with a dose varying from
1x10"” to 5x10" Sb*cm™2 An annealing treatment was
applied, at 900 °C for 30 min under very high vacuum to recover
the radiation damage generated by Sb* ions and to activate the
dopant. X-ray diffraction, optical and electrical measurements
were carried out for the analysis of the different specimens. These
simple and non-destructive methods were able to provide
important results. It was shown that the radiation damage
increased with increase in antimony dose, which is in agreement
with our previous work [8]. After the annealing treatment, a good
recovery (approaching the state of the reference sample) of the
damage was obtained. In addition, the electrical activation of
antimony ions was also revealed.
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In this work, we study the effect of annealing and ageing treatments on the behavior of antimony
atoms implanted in Si(111) targets. The ion implantation was performed at 120 keV energy to a
dose of 2.3 x 10'® Sb*™ cm~2. Concerning the annealing treatment, it has been carried out at 900 °C
during 30 minutes (under vacuum). The samples have been analyzed in two steps: immediately
after their elaboration and after an ageing period of 4 years and 4 months. Several techniques have
been applied for samples analysis: Rutherford backscattering spectroscopy (RBS), X-ray diffraction
(XRD) and electrical measurements. Before the ageing period, a good recovery of radiation dam-
age has been obtained and ~50% of the dopant was redistributed into substitutional silicon sites.
However, ~22% of antimony has been lost from the Si substrates. After the ageing period, the
fraction of substituted atoms remained unchanged but a quantity of ~20% has again been lost from
the specimens. This quantity provided from antimony atoms which remained into irregular positions
of Si lattice.

Keywords: lon Implantation, Antimony, Silicon.

1. INTRODUCTION the use of Sb implants in tensile strained silicon because
they demonstrate high electrical activation and nanometer
range profiles.%°

In general, the analysis of samples is carried out imme-
diately after their elaboration. However, we assume that
the study of the same samples may give different results
if the specimens are aged along some years. Taking into
account that ion implantation is used for very shallow elec-

Ion implantation is a powerful method used, particularly,
for the technology of semiconductor devices. It is attrac-
tive because of its numerous advantages such as: accurate
knowledge of the ions concentration/depth; abrupt dop-
ing profiles; etc.!'? In the past, for silicon n-type doping,
phosphorus and arsenic were the most used elements. Con-

cerping antirpony, it presented an .unwgnte3d phenomenop tronic junction technology, it is important to study the age-
which was its remarkable exo-diffusion,” from the Si  jpo effect on the samples. Indeed, it is crucial to know

wafers, during annealing treatments at high temperatures  jf the device keeps its characteristics along a large period
(2900 °C). Actually, the researchers are motivated to find  (j e some years). In this work, we study antimony ion
optimized conditions in order to integrate this element  jmplantation into monocrystalline silicon targets after an
for Si doping. Their motivation is justified by the fact  soeing of 4 years and 4 months. Obviously, a comparison
that antimony is a good candidate for the fabrication of ]| be made between the results obtained just after the

very shallow junctions (i.e., < 0.1 um).>* Indeed, it is an samples preparation and those provided after the ageing
element possessing a low diffusivity in silicon. Interest- period.

ing results are reported in literature. For instance, if one
uses an Sb-B co-implantation®® or Si(100) targets,” the
Sbt exo-diffusion is limited. Moreover, in recent years,
an increasing level of research interest has concentrated on

2. EXPERIMENTAL DETAILS

Monocrystalline Cz Si(111) wafers were implanted with
antimony ions at room temperature. The energy and
*Author to whom correspondence should be addressed. dose were fixed to 120 keV and 2.3 x 10" Sb* cm™>
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respectively. Afterwards, many implanted samples
(~1 ecm x 1 cm) were cut up. Then, to recover the radi-
ation defects generated by Sb* ions and to activate the
dopant, a thermal annealing was performed at 900 °C,
30 minutes under very high vacuum (103 Torr).

The specimens were divided into two parts. The part 1
(P,) was analyzed by RBS technique in random and chan-
neling modes, directly after the specimens preparation (i.e.,
the samples implantation, then annealing treatment). After-
wards, the samples P, were aged for a period of 4 years
and 4 months. These aged specimens were consequently
called samples P,. For these last specimens, the RBS,
the XRD and the electrical measurements were applied.
In this paper, we will display the figures related to samples
(P,) only. Obviously, all the results will be discussed with
respect to samples (P,) analysis.

The analysis by XRD was performed in a Siemens D8
Advance diffractometer using a Cu anode at 35 kV and
20 mA. Standard 6—6 scans were used from 10 to 100° 20
in steps of 0.02°. We note that the total time analysis was
estimated to approximately 60 minutes for each specimen.
The resistivity measurements were performed in EPS-08
Alessi apparatus which was equipped with four aligned
probes of a tungsten alloy. The distance between the dif-
ferent probes was fixed to 1 mm. The current, between
the exterior probes, was chosen to be 0.3 mA. Concerning
the voltage, it was obtained between the interior ones. The
precision for determination of resistivity values was less
than 1% relative. For the RBS analysis, it was carried out
in random and channeling modes. We used a beam of He™
particles at 2 MeV energy and a current of 100 nA. During
the experience, the Het ions backscattered at 165° with
respect to the incident direction. The backscattered ions
were detected with a surface barrier solid state detector
FWHM ~20 keV. The random RBS spectra were simu-
lated using the software RUMP.!® The precision of this
technique for determination of number of atoms was 1%
relative.

3. RESULTS AND DISCUSSION
3.1. XRD Characterization

In Figure 1, several XRD spectra are reported. The XRD
spectrum corresponding to reference sample (i.e., non
implanted, non annealed and aged sample) is displayed in
Figure 1(a). It is clear that two high intensity Si-peaks
are present at 28.5° and 95.08° approximately. The two
peaks, corresponding to Si(111) and Si(333) reflections
respectively, are in the maximum allowable range for safe
operation of the detector which reveals the good crystal-
lographic quality of the reference specimens. After, anti-
mony ion implantation in the Si(111) targets, an important
radiation damage is observed. This effect is revealed by
the significant decrease of Si(111) and Si(333) intensities
(Fig. 1(b)). From that, we conclude that the introduction of

J. Nanosci. Nanotechnol. 12, 6864—6868, 2012

antimony ions enhances significant perturbations (radiation
damage) in the silicon lattice which is in agreement with
literature.!:> Moreover, from Figure 1(c), where only the
(111) peak is showed, it is clear that an important broaden-
ing of this diffraction peak is obtained. This fact, confirms
the presence of radiation damage in the as implanted sam-
ple. Besides, if we take into account the principal peak
(i.e., the (111) reflection), we fount that it is located at
20 ~ 28.58° in the case of reference sample (Fig. 1(a)).
After the antimony implantation, this reflection is divided
into two small peaks which are located at 20 ~ 28.76° and
26 ~ 28.84°, (Fig. 1(c)). In other words, the (111) reflec-
tion is shifted towards the higher 26 value, in relation to
reference case, showing that antimony ions induce a ten-
sile stress in the silicon lattice.

After the annealing treatment, a good restoration of the
damaged silicon regions (approaching the state of refer-
ence sample) is obtained. Indeed, if we compare the spec-
trum of Figure 1(d) (corresponding to an implanted and
annealed sample) with the spectrum of Figure 1(a) (cor-
responding to reference sample), we remark that the two
spectra are comparable in term of intensity. The recovery
of radiation damage is also revealed by the (111) reflec-
tion (Fig. 1(d)). Indeed, it is located at 26 ~ 28.53° which
corresponds to the position of the reference peak.

3.2. Electrical Characterization

On Figure 2, we report the values of the four probe resis-
tivity measurements obtained from different aged sam-
ples. The point 1, related to the reference case (non
implanted and non annealed), corresponds to a resistivity
of ~0.00360 Q) cm. From this value, one can conclude
that the used Cz wafers were not intrinsic (i.e., already
doped with species). Concerning the point 2, it is related
to an as implanted sample. It exhibits a higher value with
respect to the reference (point 1) which is attributed to
the non activation of antimony ions and to the radiation
damage. This has been revealed by XRD measurements
(see Figs. 1 (b and c)). After the annealing treatment, the
resistivity measurements (point 3) indicate a significant
decrease with respect to point 2. We notice that the value
is lower than that related to the reference sample (point 1)
what can be attributed to the restoration of the radiation
damage and to the electrical activation of antimony atoms
after annealing of the sample.

3.3. RBS Characterization

In Figure 3(a), several RBS spectra are reported for the
case of aged Si(111) samples. The spectrum in dotted
line (Fig. 3(a)) corresponds to the reference specimen in
channeling mode, whereas the second (solid line) and the
third (dashed line) are related to as implanted sample in
channeling and random modes respectively. It is clear that
the reference spectrum exhibits a very small yield which
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Fig. 1. XRD spectra corresponding to different aged Si(111) specimens: (a) reference (i.e., non implanted and non annealed); (b) as implanted;

(c) extension of the region corresponding to (111) reflection of Figure 1(b); implanted and annealed under vacuum (10~* Torr).

reveals the good crystallographic state of the used wafers.
After the antimony ion implantation, a significant dam-
age is enhanced in the silicon substrates. Indeed, the yield
of the channeling spectrum (solid line) is very high with
respect to that corresponding to the reference spectrum
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Fig. 2. Four probes resistivity measurements obtained from different
aged Si(111) samples.
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(dotted line). Besides, if we take into account the surface
peak, we note that it does not reach the level of the ran-
dom spectrum (dashed line). From that we conclude that
antimony ions introduce significant radiation damage in Si
targets but not an amorphisation. We note that this effect
is in agreement with XRD results.

After the annealing treatment, a good recovery of the
radiation damage is obtained. This is revealed by the chan-
neling spectrum (solid line) of Figure 3(b) which becomes
comparable to the reference spectrum (dotted line). This
restoration has also been obtained by XRD measurements.

To understand the behavior of the antimony atoms,
we will study the antimony RBS peaks only. First of all, in
Table I, we report the results (obtained by using the RUMP
program simulation) concerning the number of atoms, the
projected range (R,,) and the standard deviation (AR,) for
P, and P, samples. Concerning the projected range (R,)
and the standard deviation (AR,), no ageing effect has
been noticed because the values are the same for both
P, and P, samples. Besides, we note that these values
are in agreement with R, and AR, of 603 and 168 A

J. Nanosci. Nanotechnol. 12, 6864—-6868, 2012
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Fig. 3. RBS spectra of 2 MeV He ions scattered on different aged Si(111) specimens: (a) before annealing; (b) after annealing. Preparation conditions:
dose = 2.3 x 10" Sb*™ cm~2; energy = 120 keV; vacuum annealing (900 °C, 30 min, 10~* Torr).

Table I Values of the number of atoms, the projected range (R,) and the standard deviation (AR,) obtained by simulation (using the program RUMP)
of RBS spectra corresponding to samples P, (i.e., non aged) and P, (i.e., aged).

Sample P, Sample P,
Sample P, (i.e., non aged) Sample P, (i.e., aged)
(i.e., non aged) implanted and (i.e., aged) implanted and
as implanted annealed as implanted annealed
Projected range, R, A) 570 570 570 570
Standard deviation, AR, (A) 170 170 170 170
Number of atoms (x 10" Sb cm~2) 2.28 1.75 2.28 1.39

respectively, found by the program SRIM2000'! in our
previous work.!?

Concerning the number of atoms, for as implanted sam-
ples, this quantity is found to be ~2.28 x 10'> Sb cm~2 for
non aged and aged samples which signifies that no loss of
antimony has occurred after the ageing period. Moreover,
we note that this experimental value is in agreement with
the nominal value (i.e., 2.3 x 10'5 Sb cm™2).

However, the situation was different for the annealed
specimens. For samples P, it has been noticed (in our
previous RBS measurements) that approximately 22% =+
1% of antimony atoms has been lost from the speci-
mens and approximately 50% £+ 1% (i.e., (1.17 £0.01) x
10" Sb cm~2) of this dopant was found to be incorporated
into silicon substitutional sites or shadowed by Si atoms.
We note that the loss of antimony has been reported in
our previous work under different conditions.!? For sam-
ples P,, approximately (1.39£0.01) x 10" Sb cm™2 (see
Table I) of antimony is found to be in the aged speci-
mens. This signifies that ~20% 4 1% of the remaining
dose (in the annealed P, samples) has been lost from the
samples after the ageing period. In Figure 4, we report the
RBS spectra corresponding to annealed and aged samples
in random (solid line) and channeling (dotted line) modes.

From the comparison of the areas of the peaks, it is
clear that approximately (67 £1)% (i.e., (1.17+£0.01) x
10" Sb cm™2) of antimony is located into substitutional
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silicon sites or shadowed. From that, we notice that the
quantity of antimony ions which was redistributed into
substitutional silicon sites in P, samples remains constant
after the ageing period. Hence, we conclude that the loss of
antimony after the ageing period resulted from the fraction
which was located into irregular sites of Si lattice.

T T T T
32 Sb signals from annealed sample

28 (——) random mode 4

[P ) channeling mode
24

20

Normalized Yield
>
1

12 4
84 4
44 -
0 P g geaa . : )'ltdnrwlm JAAL A
1500 1600 1700 1800 1800 2000
Energy (keV)

Fig. 4. RBS spectra of 2 MeV ions scattered on one implanted (2.3 x
10" Sb* cm™2, 120 keV), under vacuum annealed (900 °C, 30 min,
10~® Torr) and aged Si(111) specimen. Selected energy region corre-
sponds to the Sb peak from Figure 3(b).
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4. CONCLUSION

In this work, we have studied the effects of annealing and
ageing on the behavior of antimony atoms implanted in
Si(111) targets. The samples were implanted by antimony
ions (2.3 x 10" Sb* cm™2, 120 keV), and then a thermal
annealing (900 °C, 30 minutes) was applied for antimony
activation and radiation damage recovery.

The specimens were divided into two parts. The part
1 (P,) was analyzed directly after the specimens prepara-
tion. Afterwards, the samples P, were aged for a period of
4 years and 4 months. These aged specimens were conse-
quently called samples P,.

Before ageing, for as implanted samples, the antimony
atoms were randomly localized in the surface of sili-
con targets. After the ageing period, no loss of the anti-
mony has been noticed. For the samples P,, which were
annealed, a good recovery of radiation damage has been
obtained and ~50% of the dopant was redistributed into
substitutional silicon sites. However, ~22% of antimony
has been lost from the Si substrates.

Concerning the annealed and aged specimens, a quantity
(~20%) of antimony has also been lost from the speci-
mens. This behavior was not annoying because it affected
antimony atoms which remained into irregular positions

6868

of Si lattice and not those which have been electrically
activated (i.e., substituted in the Si lattice).
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Ton implantation is a method largely used to fabricate shallow junctions in the surface target. However, the ions
are randomly redistributed and a huge damage is generated in the sample. Annealing treatments are thus necessary
to restore defects and to activate the dopant. Among several elements, antimony is particularly attractive since it
has low diffusivity in silicon which means that is suitable to obtain ultra shallow junctions. Moreover, antimony
is attractive in many applications such as the fabrication of transistors and infrared detectors. In this work, the
electrical activation of antimony is studied in case of silicon target.
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1. Introduction

Ton implantation is a doping method widely employed
in semiconductor technology for the fabrication of several
bipolar devices in silicon substrates particularly. This
technique enables to inject a controllable quantity of any
element into the near-surface region of any substrate
with a good accuracy [1]. Antimony is a dopant suit-
able for the fabrication of n-type ultrashallow junctions
(i.e. thickness < 0.1 pm). This is due to its high mass and
low diffusivity in silicon [2-4]. However, it is reported
that antimony atoms are generally out-diffused from sil-
icon substrates at high temperature annealing [5, 6].
The phenomenon of out-diffusion which is obviously ac-
companied by a loss in dopant dose, has been noticed for
both (100) and (111) oriented silicon substrates. In an-
other study, it was found that the maximum electrical
activity and considerable decrease in the concentration of
defects were achieved at a temperature around 620°C [7].

In this work, the Rutherford backscattering spec-
troscopy (RBS) technique was mainly carried out to
study the behaviour of antimony atoms implanted in sili-
con targets. Moreover, the method has been employed
to investigate the re-growth of silicon damaged layers
which were generated by antimony implantation. By us-
ing RBS in channelling mode, we were able to compute
the quantity of antimony atoms which were redistributed,
in substitutional silicon lattice, by annealing treatment.
This quantity is called Fy and it is computed via the
formula (1) [8, 9]:

11—
F, = —Xmin, (1)
1 ~ Xmin
where x5° — minimum yield for impurity (Sb),

x>l — minimum yield for crystal (Si).

*corresponding author; e-mail: labbanire@gmail.com

(51)

To study and simulate RBS data, we have used the
RBX code [10] which is a program allowing us to com-
pute ion implantation parameters (projected range R,
standard deviation AR,, etc.). The code was particu-
larly interesting since it was able to simulate RBS spectra
in channelling mode and to obtain the profile of defects
which were generated by ion implantation in the target.
For comparison reason, the stopping and range of ions
in matter (SRIM) software [11, 12] has also been used
to estimate the ion implantation parameters. Finally,
electrical measurements have been carried out to study
the electrical behaviour of antimony atoms in the silicon
substrates.

2. Experimental

In this work, Si (111) substrates were implanted with
Sb™ ions, at room temperature, with energy of 120 keV
at different doses (Table I). Afterwards, annealing treat-
ment was performed at 900 °C during 30 min under vac-
uum (P = 1075 Torr).

TABLE I

Illustration of experimental conditions performed for
each sample.

Samples | Dose [10'® Sb™ /cm?] | Thermal annealing
virgin /
S1 1 annealed
S2 1 non-annealed
S3 1.6 non-annealed
S4 1.6 annealed

The analysing of samples was performed by RBS
technique, using a Van de Graaf accelerator producing
Het particles with energy of 2 MeV. The technique was
carried out in random and channelling modes. For chan-
nelling measurements, Het beam was parallel to the
crystallographic axis of Si(111) sample. Concerning the
angular scan, it was performed in an interval of +1°.
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The electrical analysis was based on resistivity measure-
ments. It was carried out in an apparatus of “EPS-08
Alessi” type. This device was equipped with four points
(of tungsten alloy) which were aligned and equidistant
(S =1 mm). The current used between the outer probes
was 0.3 mA.

3. Results and discussion

In Fig. 1, we display RBS spectra (antimony signals
only) in random mode for S1-S4 samples. It is clear
that the signals (corresponding to non-annealed sam-
ples) possess areas significantly greater than that re-
lated to annealed specimens. This means that a huge
loss of antimony has occurred by exo-diffusion, from sil-

icon substrates, after annealing treatment. This phe-
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Fig. 1. RBS spectra for annealed (S1, S4) and non-
annealed (S2, S3) samples in random mode. Only anti-
mony signals are displayed.

nomenon is in agreement with our previous work which
was performed in other conditions but with the same
species (i.e. antimony) [6, 13]. Using RBX code, the
simulation of antimony signal of sample S2 has shown
that the maximum of antimony concentration was situ-
ated at 613 A below the surface compared with the pro-
jected range (R,) of 641 A (found by SRIM program).

We also found a dose of 0.85 x 10'® Sb* em™2 com-
pared with the nominal dose of 1 x 10'® Sb™ ecm~2 and
a concentration of 7.59 x 10'® Sb* cm™2 which is su-
perior with respect to maximum solid solubility of Sb
in silicon (i.e. 7 x 10'® Sb* cm™2) reported in litera-
ture [14, 15]. For Fig. 1b similar results have been ob-
tained. The experimental dose of Sb atoms was approx-
imately equal to 1.18 x 10'® Sb*™ cm~2 and the concen-
tration was ~ 1.24 x 10%° Sb* cm~3 which was higher
than the reported maximum solid solubility of Sb in Si.
For the projected range, we obtained a value of 583 A
that was in good agreement with that provided by SRIM
code.
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Fig. 2. RBS spectra for annealed (S1, S4) and non-
annealed (S2, S3) samples in channeling mode.

In Fig. 2a and b the analysis by RBS in channelling
mode of as-implanted samples (S2, S3) exhibited very
high surface peaks (with respect to virgin sample (- - --)).
This is related to significant radiation damage generated
by ion implantation in the targets. After the anneal-
ing treatment, a good recovery of radiation damage has
been obtained. This is revealed by the channelling spec-
trum of Fig. 2a (- - -+) which became comparable to that
related to virgin sample (i.e. reference spectrum). Con-
cerning the case of Fig. 2b, corresponding to the higher
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dose, the restoration of radiation damage was not com-
pleted. Indeed, the surface peak of annealed sample re-
ally decreased but was not superposed with the chan-
nelling spectrum of virgin specimen. The simulation of
aligned spectra (by RBX code) has been performed for all
samples. For illustration, in Fig. 2a and b the simulated
spectra are displayed for non-annealed samples. Accord-
ing to these simulated spectra (which are well superposed
with the experimental) one can conclude the accuracy of
the program.

The restoration of radiation damage is better revealed
by the defects profiles which were deduced by RBX
code from Fig. 2. Indeed, in Fig. 3, the obtained pro-
files for non-annealed samples (S2, S3) exhibited signif-
icantly higher concentrations than those related to an-
nealed specimens (S1, S4).
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Fig. 3. Defects profiles deduced by RBX code from
channeling RBS spectra of Fig. 2.

To study the redistribution of antimony atoms in
Si(111) substrates, we have used the channeling wells
obtained by RBS, in channeling mode, following (111)
main axis (Fig. 4). For as-implanted samples (S2, S3),
the angular distribution was almost linear which means
that antimony atoms were randomly localized in the tar-
get. After the annealing treatment, the wells formation
became deeper and more narrowed which is attributed to
the migration of antimony atoms to substitutional posi-
tions in silicon target.
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Fig. 4. Channeling angular distribution for Si and
Sb around (111) axis for annealed (S1, S4) and non-
annealed (S2, S3) samples.

To study the electrical activation of antimony atoms
in the targets, we plot in Fig. 5 the resistivity of sam-
ples with respect to the quantity Fs computed via for-
mula (1). The resistivity was found to be inversely pro-
portional to Fy which is logical since the resistivity is
known to be inversely proportional to the number of ac-
tive careers. According to Fig. 5, one can also conclude
that the majority of Sb atoms have been redistributed
to substitutional positions in Si targets where they be-
came electrically active. This result is in agreement with
literature [16].
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Fig. 5. Resistivity of the different samples with respect

to Fs parameter.
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In Fig. 6, we display the variations of resistivity as a
function of each specimen. The resistivity obtained from
the virgin is approximately equal to 6.456 x 10~2 Q cm.
This low value indicates that the material was not very
resistive which was due to the intrinsic properties of the
used semiconductor material. After ion implantation
of Sb* ions in Si(111) targets (Fig. 6a), the resistivity
jumped until 16.284 x 1072  cm and 26.21 x 1072 Q cm
for S2 and S3 samples respectively. This was probably
due to the amorphisation of samples, by Sb™ ions im-
plantation, which was more significant for the high dose.
After the annealing treatment (Fig. 6b), the resistivity
decreased significantly and achieved ~ 2.497x 1072 Q cm
and ~ 0.637 x 1073 Q cm for S1 and S4 samples respec-
tively. The decrease is logically attributed to the electri-
cal activation of antimony dopant by heat treatment [17]
which is a satisfactory result.
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Fig. 6. Variations of resistivity with respect to differ-

ent samples.

4. Conclusion

In the present paper, we have studied the behavior of
antimony atoms implanted in silicon targets. The com-
bination of electrical measurements and the Rutherford
backscattering analysis has allowed important informa-
tion concerning the position and the electrical activa-
tion of the dopant. The main results of our study were
in agreement with literature and can be summarized
as follows.

e In non annealed samples, no electrical activation
has been noticed.

e The antimony migration to substitutional silicon
lattice was observed for annealed specimens only.

e The fraction of substituted antimony atoms (Fy)
was computed with a good accuracy.

e The fraction Fy increased while the resistivity of
samples decreased.
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Optimization of antimony or arsenic ion implantation in silicon

Abstract :

In this work, several parameters related to the ion implantation of antimony or
arsenic, in silicon substrates have been studied. This study was realized experimentally and by
simulation using suitable programs.

Theoretically, we have used SRIM and C-TRIM programs to simulate and predict the
physical phenomena resulting from ion collisions with target atoms. We have also obtained
the different distributions (vacancies, ions,....) in depth of the target and estimated several
parameters related to the implantation (Rp, DRp, ....). In addition, we have studied the
channeling phenomenon resulting from the impact of the ions beam orientation of the ions
with respect to the sample surface.

Experimentally, the samples have been prepared by ion implantation of Sb* (dose =1x10%
Sb*/em?, 1.6x10" Sb*/cm?, energy = 120 keV, in Si (111) substrates) or As' (dose =1.5x10™
As'/cm?, energy = 100 keV, in Si (100) substrates). Afterwards, thermal annealing (900 ° C,
30min) have been performed under vacuum. We adopted RUMP, RBX and SIMNRA
programs to analyze RBS spectra in random mode. We were able to estimate different
parameters of ion implantation which were in agreement with simulation. Concerning the
experimental spectra in channeling mode, we have used the suitable RBX program. This
program allowed us to estimate the thickness of the damaged layer of the target and to plot the
curves of defects. Concerning the heat treatments, by these annealings, a good restoration of
radiation has been achieved. Moreover, the impurities (As or Sb) have been electricaly
activated.

The samples have also been analyzed by other techniques such as X-Ray Diffraction (XRD),
Infra Red spectroscopy by Fourier Transform (FTIR), Photoluminescence spectroscopy (PL)
and four points resistivity.

Key words: ion-matter interactions, silicon, antimony, Arsenic, Rutherford backscattering

spectroscopy (RBS).



Optimisation de I’implantation ionique de I’antimoine ou de I’Ar senic dans
lesilicium

Résumeé:

Dans ce travail, plusieurs paramétres liés a I’ implantation ionique, de I’antimoine ou
de I’arsenic dans un substrat de silicium, ont été étudiés. Cette investigation a été réalisée
expérimentalement et par |'utilisation de programmes de simulation appropriés.

Dans le cas théorique, nous avons utilisé deux programmes SRIM et C-TRIM pour simuler et
prévoir tous les phénomeénes physiques résultant des collisions des ions avec les atomes
cibles. Nous avons également obtenus les différentes distributions (lacunes, ions, ....) en
profondeur de la cible, avec I’estimation de plusieurs paramétres d’implantation (Rp, DRp,
....). En outre, nous avons étudié le phénoméne de canalisation résultant de I'impact de
I'orientation des faisceaux desions par rapport a la surface de |'échantillon.
Expérimentalement, les échantillons ont été & aborés par implantation ionique de Sb* (dose =
1x10™ Sb*/cm?, 1.6x10™ Sb*/cm?, énergie = 120 keV, dans des substrats de Si(111)) ou As"
(dose = 1.5x10" As'/cm?, énergie = 100 keV, dans des substrats de Si(100)). Par la suite, un
recuit thermique (900 ° C, 30min) sous vide pousse a été utilisé. Nous avons adopté les
programmes RUMP, RBX et SIMNRA pour analyser les spectres expérimentaux en mode
random de la technique RBS. Nous avons pu, a travers ces programmes, estimer les différents
parametres de |'implantation et ils ont été en accord avec les prévisions de la simulation.
Concernant les spectres expérimentaux en mode canalisé, nous avons utilisé le programme
RBX parce quil a éé congu spécialement pour cette fin. Ce programme nous a permis
d'estimer |'épaisseur de la couche endommageée de la cible et de tracer |les courbes des défauts
générés dans le substrat. Concernant les traitements thermiques, nous avons obtenus une
bonne réparation des défauts d’irradiation et une activation électrique des dopants dans les
échantillons.

D’autres techniques de caractérisation ont également été mises en cauvre a savoir la
diffraction des Rayons X (DRX), la spectroscopie Infrarouge par transformée de Fourier

(FTIR), la photoluminescence (PL) et larésistivité par quatre pointes.

Mots clés: interactions ion-matiere, Silicium, Antimoine, Arsenic, Spectroscopie de
Rétrodiffusion Rutherford (RBS).
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