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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).
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(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.

8000 YT T T T T T T T T
7000
6000

5000 |
Aligned

(@ 7

Normalized Yeild

Sb signal

N

T T U T T U
800 1000 1200 1400 1600 1800

1A
i S Virgin

: ""’*‘ll-hn-‘g:*_‘

' T T
0 200 400 600

3500 —
3000
2500

2000

1500

Normalized Yeild

1000 - Ef o,

|
Mo\
i = ‘m\,,,,,,\ Virgin Sh signal -
i, .

500
{
et

]
r;
A g i
|

0

i T T L Ty
1] 200 400 600 800 1000 1200 1400 1600 1800

Energy (KeV)

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.

=
e
094 4
I 1
3
o 074 a 4
-4 (a)
T 064 1
[ j
-_'; 0.5 - -
© el
E gl Virgin (i) |
= ----82(Sb)
2 o034 N S1 (Sb‘) 4
0.2 4
0.1 N
0.0 T T T T T T T T T
-1.0 -08 -06 -04 -02 00 02 04 06 08 1.0
1 T T T 7 T T
\ BN
0.9 \ 3 "
- 084 by o~
g 07 ‘
o (b)
® 064 E
N
T 05 :
=
5 044 —— Virgin (Si) 4
- ----83(Sb")
........ sS4 (Sb*)
0.2 i
0.1 J
0.0 T T T T T

T T T T
-1 12 -09 -06 -03 00 03 D06 09 12 {5

Tilt Angle(°)

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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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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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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