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ABSTRACT

Rutherford back-scattering (RBS) and Medium Energy Ion Scattering (MEIS) have
been used to determine the lattice site occupancy of antimony (Sb) implanted into silicon
(Si) and strained silicon (sSi) for ion energies of 2keV to 40keV. After annealing in the
range 600-1100oC for various times, Hall eect measurements were used to provide a
measure of the percentage electrical activity. A comparison of the lattice site occupancy
with the percentage electrical activity was used to con®rm whether the assumption that
the Hall scattering factor is equal to unity is valid. Our results demonstrate that for
40keV implants the electrical activation is about 90%. In the case of 2keV implants the
electrical activation is lower and in the range 10-80%, depending on the ion ¯uence and
annealing conditions. This reduction in activation for lower energy implants is a result of
inactive Sb close to the semiconductor/native-oxide interface, or above concentrations of
4.5x1020cm-3. Tensile strain facilitates the lattice site occupancy and electrical activation
of Sb in Si by raising the doping ceiling. For both 40keV and 2keV implants, we have
carried out a comparison of RBS/MEIS and Hall eect data to show that for Sb
implants into both bulk Si and strained Si the Hall scattering factor is equal to unity
within experimental error.
Keywords: Rutherford backscattering; Medium Energy Ion Scattering; Hall

scattering factor; Hall eect; rapid thermal annealing; antimony;
bulk silicon; strained silicon.
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INTRODUCTION
We have been studying Sb implants into Si for some time to ascertain if such
implants might be used to replace arsenic (As) as the main n-type dopant in the
production of integrated circuits, particularly those based on CMOS devices.
We have published many of our ®ndings (Alzanki et al.,2004; Sealy et al.,2006;
Alzanki et al., 2006; Bennett et al., 2006; Bennett et al., 2008(A); Bennett et al.,
2008(B); O'Reilly et al., 2008; Bennett et al., 2008(C); Alzanki et al., 2009; Lai et
al., 2009) on implants with ion energies ranging from 2keV up to 40keV and
¯uences between 1014 cm-2 and 1015 cm-2, typical of implants used in the
manufacture of modern CMOS devices. In this paper we will summarise our
results of Rutherford back-scattering (RBS) analyses of these materials, and
also present Medium Energy Ion Scattering (MEIS) data which demonstrate a
much improved sensitivity to depth than RBS does. We will relate the structural
data such as lattice site location to electrical data from Hall eect and sheet
resistance measurements in order to quantify the magnitude of the Hall
scattering factor, a necessary consideration when making Hall measurements.
The essential presence of a magnetic ®eld in order to make a Hall measurement
can provoke varying degrees of carrier scattering that distort the measured
carrier concentration and Hall mobility, requiring a correction factor. The Hall
scattering factor (r) aects the sheet carrier density (Ns) and conductivity
mobility (C) according to
r
e:RHs
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where RHs is the sheet Hall coecient, S is sheet resistivity, H is Hall mobility
and e is the charge of an electron (or a hole) [Hall et al.,1925]. While r is
mathematically simple to apply, it is however dicult to attain analytically
because of the complicated scattering mechanisms involved and dierences
depending on dopant species (Norton et al., 1973). An added complication
becomes apparent when we compare Hall measurements on doped Si substrates
with those on doped strained silicon, where the Hall scattering factor might be
aected by strain Romano et al. (2003).
EXPERIMENTAL METHOD
Implants into bulk (100) p-type silicon wafers and commercially available
strained silicon wafers, 17.5nm thick grown on Si0.83Ge0.17 relaxed buer layers,
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were carried out at room temperature with a 7o tilt and 22o rotation. Defect-free
growth on relaxed buer layers containing 17% Ge in the SiGe creates a strain
of ~ 0.7% in the overlying silicon layer. Strained layers were grown below critical
thickness (Matthews et al., 1974) to ensure that the layers did not relax upon
thermal treatment. This was con®rmed by post-annealing X-ray diraction
measurements (Bennett et al., 2008(C)).The antimony was implanted at 2keV,
5keV and 40keV to ¯uences in the range 1x1014 to 1x1015 cm-2. After
implantation the wafers were cut into small pieces and activated using a Process
Products Corporation RTP system in the temperature range from 600oC to
1100ëC for times between 5 seconds and 3600 seconds in ¯owing nitrogen gas.
However, the majority of samples were annealed for 10s as longer annealing
times produced little dierence in electrical activity or sheet resistance.
Annealing above 800oC allowed the antimony to in-diuse.
Samples were analysed both before and after annealing using Rutherford
backscattering (RBS) and Medium Energy Ion Scattering (MEIS). The RBS and
channelling measurements employed a 1.56 MeV 4He+ beam with a detector at
a scattering angle of 147o. Depth pro®les were extracted from non-aligned
spectra with the DataFurnace ®tting code (Jeynes et al.,2003). MEIS was
performed at the Daresbury Laboratory using the double alignment mode with
the [IÃIÃIÃ] as the channeling direction, the incident angle was 54.7o [111] and the
scattering angle was 70.5o. The analyzing beam was 100keV He+ ions and the
blocking direction was [111] which formed the best compromise between high
depth resolution and sucient mass separation. The former requires maximizing
the path lengths of the He+ ions in the sample so that inelastic energy loss per
unit depth inside the silicon is as great as possible, whilst the latter demands
maintaining a sucient energy dierence between the Si and O and Si and Sb
peaks in the spectra, respectively, such that the overlap between deeper lying Si
damage peaks and the O peak or deeper Sb and Si is avoided, as reported
previously (Collart et al., 2002). RBS and MEIS in conjunction with channeling
have been used to determine the substitutional fraction of the antimony implant
after annealing, to measure the retained ¯uence and to monitor gross diusion
during annealing.Sheet Hall eect measurements were performed on Van der
Pauw cloverleaf-shaped samples to determine the active carrier density.
Cloverleaf patterns were fabricated using lithographic patterning and mesa etch
using a hydro¯uoric/nitric acid. Secondary Ion Mass Spectroscopy (SIMS) was
used to determine antimony atomic pro®les both before and after annealing.
The measurements were carried out using a CAMECA IMS 6F with a primary
beam energy of 750eV O2+ for 5 - 40keV antimony, whilst for the 2keV
antimony a 500eV Cs+ beam was used for the analysis. The lower primary beam
energy was chosen to ensure that SIMS gives reliable pro®le shape and dose in
the near-surface regions (Mount et al., 1998). The work of (Nylandsted-Larsen
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et al.,1986)has

shown that RBS measurements can give an over-estimated
substitutional Sb fraction for doping pro®les with Sb concentrations in excess of
4.5x1020cm-3, since above this threshold Sb tends to cluster with vacancies, or
form precipitates at elevated temperatures. Sb contained in Sb-vacancy
complexes occupies near-substitutional lattice sites and appears as substitutional
Sb in channelling experiments. However, the Sb atoms do not contribute
electrically. In order to identify the eects of Sb complexes, these experiments
were designed with a range of maximum Sb concentrations that were
determined by SIMS (Figure 1).

15

-2

14

-2

14

-2

1x10 cm

-3

Sb peak concentration (cm )

2keV 5keV

21

10

4x10 cm

2x10 cm

40keV

15

-2

14

-2

14

-2

14

-2

1x10 cm

4x10 cm
14

1x10 cm

-2

2x10 cm
1x10 cm

20

10

0

5

10

15

14

4x10 cm

20

25

30

-2

35

Depth (nm)

Fig. 1. Sb peak concentration as a function of peak depth for the full range of Sb implants used in

this study. Arrows at the top indicate ion energy. Sb ¯uence is marked next to each point. Data
points are extracted from SIMS measurements.

RESULTS
Figure 1 summrises the SIMS data for ion energies of 2 keV, 5 keV and 40 keV.
Subsequently we chose samples implanted at 2 keV and 40 keV to perform a
detailed study, assuming the results for 5 keV would be somewhere between
these two extremes of ion energy.Thus, in this section the results for 40 keV
implants are presented ®rst, followed by a more detailed analysis of 2 keV
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implants. Table I shows that for 40keVSb implants in bulk Si, the substitutional
fraction measured by RBS is higher (nearly 100%) for annealing temperatures
at and below 900oC but decreases with increasing annealing temperature. The
counting statistics uncertainty of the substitutional fraction is about 2% and
there is no signi®cant dierence in the substitutional fraction for annealing
temperatures below 900oC. A similar trend is seen for the electrical fraction
measured using the Hall eect, where the error in the Hall activation is
approximately 3%. Consequently the electrical activation and the substitutional
fraction are equal within experimental error for annealing temperatures of
10000C and below.
The substitutional fraction is higher than the electrical activation after
annealing at 11000C which suggests that some antimony atoms are on lattice
sites but not electrically active. Most probably they are in the form of complexes
with neighbouring vacancies (Nylandsted-Larsen et al.,1986). The fact that the
substitutional fraction and the electrical activity are equal in the case of interest
- where we have the highest electrical activation - is in accord with our
assumption that the Hall scattering factor is unity, at least for this concentration
of antimony atoms implanted into (100) silicon at room temperature.
Table I. Average values over wafer of Electrical activation (Hall) and substitutional
fraction (RBS) for 40 keV Sb in silicon as a function of annealing temperature for 30s
anneals and for a nominal ¯uence* of 4x1014cm-2.
Annealing temperature (C)

700
800
900
1000
1100

Substitutional fraction Sb
(%)(2%)

94
95
90
85
72

Electrical activation
(%)(3%)

90
88
88
83
62

*Note ¯uence from RBS for as implanted and all annealed samples is 3.9 +/-0.3x1014 cm-2.

Next we turn our attention to the (2keV) implants for which all results are
givenin Table II. However we did carry out some preliminary measurements at a
¯uence of 1x1015 cm-2 before studying the lower ¯unces in detail. For a nominal
¯uence of 1015 cm-2, the retained ¯uence for samples annealed at 600-800oC,
using both SIMS and RBS, were found to be 8.2 x1014 cm-2 and 8.1x1014 cm-2
respectively. This result demonstrates that it is important to check the retained
¯uence in all implants in order to generate an accurate value for the electrical
activation. For this high ¯uence, the sheet carrier concentration showed that
only 12% of the retained ¯uence was electrically activated in bulk Si. Because
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RBS becomes insensitive much below a ¯uence of 1x1015Sbcm-2, we performed
SIMS analysis and found that for ¯uences of 1x1014cm-2, 2x1014cm-2 and
4x1014cm-2, the retained ¯uence was again about 80% of the nominal implanted
¯uence. The dose loss is suspected to result from the proximity of the Sb implant
to the Si surface. RBS of 40keV implants at a ¯uence of 4x1014cm-2 showed
much less evidence of segregation towards the surface and a build up of Sb in
interstitial positions following annealing at 1000 oC and 1100 oC for 10s
(Alzanki et al., 2004). The active fraction for 2keV implants at ion ¯uence of
1x10 14 cm -2 and 2x10 14 cm -2 is around 80% for both MEIS and Hall
measurements and for annealing at temperatures of 600, 700 or 800oC for 10s.
This is true for implants in both bulk Si and sSi. At the higher annealing
temperature of 900oC Sb deactivation occurs corresponing to a lower
temperature than was evident for 40keV Sb implants comparing Table I and
Table II. This dierence is probably related to having a higher peak Sb
concentration in the 2keV experiments (see Figure 1). Work by (Takamura et
al., 2004) illustrates this concentration-temperature dependent deactivation
particularly well, whereby deactivation occurs at lower temperatures when the
Sb maximum concentration is increased (Takamura et al. 2004).
Table II. Substitutional fraction (MEIS) and Electrical activation (Hall) as a function of

annealing temperature, ¯uence and substrate for 2keV Sb implants annealed for 10s.

Substrate

Bulk
Bulk
Bulk
Bulk
Bulk
Bulk
Bulk
Bulk
Bulk
Bulk
sSi
sSi

Fluence
(cm-2)

1x1014
1x1014
1x1014
1x1014
2x1014
4x1014
4x1014
4x1014
4x1014
4x1014
1x1014
2x1014

Anneal temperature
(0C)

600
700
800
900
700
As-implanted
600
700
800
1100
700
700

Substitutional
fraction Sb
(%)(2%)

79
82
77
66
64
8
36
67
70
52
77
80

Electrical activation
(%)(3%)

80
78
75
62
65
33
30
19
78
84

Figure 2 shows MEIS (a) random and (b) channeled spectra of 2keV
antimony as a function of annealing temperature. In Figure 2(a), for a ¯uence of
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4x1014 cm-2, there is some small movement of the antimony towards the surface
even at 700oC but no in-diusion. The behaviour is similar at 800oC and as the
temperature is increased the eect becomes more pronounced, which suggests
that the antimony segregates towards the surface, perhaps as a result of
oxidation or from a 'snow-plough' eect during solid-phase epitaxial regrowth.
Comparing aligned spectra (a), with channeled spectra (b), shows that at
temperatures of 700oC and above there is a peak in the non-substitutional
fraction close to the surface. Thus, antimony moves towards the surface where it
probably forms precipitates and becomes electrically inactive. The substitutional
fraction shown in Table II is a maximum of about 70% at 7000C and 8000C,
although the electrical activation is much lower at these two temperatures. Only
at 6000C does the substitutional fraction equate to the electrical activation. For
this higher ¯uence it seems that the MEIS over-estimates the substitutional
fraction. It is likely this occurs because the majority of the implanted Sb is
contained in concentrations in excess of 4.5x1020cm-3 in the form of clusters and
precipitates. Sb contained in these complexes occupies near-substitutional lattice
sites and appears as substitutional Sb in channelling experiments even though it
does not contribute electrically (Nylandsted-Larsen et al.,1986).
(b) MEIS Channeled Spectra of Sb-2keV, RTA-10s

(a) MEIS Random Spectra of Sb-2keV, RTA-10s
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Fig. 2. MEIS (a) random and (b) channeled spectra of 2keV antimony as a function of annealing

temperature for bulk si and a ¯uence of 4x1014cm-2.

In Figure 3 MEIS data is presented for 2keV, 2x1014cm-2 Sb implants in Si
and sSi, respectively. In these plots approximately 20% of the implanted Sb is
located in non-substitutional, electrically inactive sites, near the sample surface.
Substitutional and electrical fractions from these spectra are also presented in
Table II. In this case the substitutional fraction measured by MEIS is in good
agreement with the electrical fraction measured using the Hall eect. For this
¯uence, the Sb peak is at ~5x1020cm-3, i.e. the MEIS result is not signi®cantly
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distorted by Sb complexes. The good agreement between MEIS and Hall
measurements for both Sb-implanted Si and sSi suggests that the Hall scattering
factor is close to unity in both substrates. One point of note is that for this Sb
¯uence the substitutional and electrical Sb fraction for Si and sSi become less
similar. For a ¯uence of 1x1014cm-2 the Sb fractions were ~80% in both Si and
sSi. For a ¯uence of 2x1014cm-2 the electrical and substitutional fraction remains
at ~80% in strained Si, but is reduced to ~65% in bulk Si. This supports our
previous electrical data suggesting Sb has a higher active solubility in sSi than in
Si (Bennett et al., 2008(C)). As well as the near surface inactive Sb in both
samples, which accounts for ~20% of the ¯uence, more Sb is inactive at or
around the peak of the pro®le in the Si sample, suggesting the solubility limit is
lower in the bulk Si case. This ®nding is explained by a strain-compensation
argument whereby tensile lattice strain encourages the incorporation of large Sb
atoms in the host lattice (Ahn et al., 2009).
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Fig. 3a. Random and aligned MEIS spectra for Sb in (2keV, 2x1014cm-2) bulk silicon sample,

annealed at 700oC for 10s.
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Fig. 3b. Random and aligned MEIS spectra for Sb in (2keV, 2x1014cm-2) strained silicon sample,

annealed at 700oC for 10s.

CONCLUSIONS

Rutherford back-scattering and Medium Energy Ion Scattering have been used
to determine the lattice site occupancy of antimony implanted into silicon and
strained silicon for ion energies of 2keV and 40keV. After annealing in the range
600-11000C for various times, Hall eect measurements were used to provide a
measure of the percentage electrical activity. A comparison of the lattice site
occupancy with the percentage electrical activity was used to con®rm the
assumption that the Hall scattering factor is equal to unity. Our results
demonstrate that for 40keV implants the electrical activation is about 90%. In
the case of 2keV implants the electrical activation is lower and in the range 1080%, depending on the ¯uence and annealing conditions. This reduction in
activation for lower energy implants is a result of inactive Sb close to the
semiconductor/native-oxide interface, or above a concentration of 4.5x1020cm-3.
Tensile strain facilitates the lattice site occupancy and electrical activation of Sb
in Si by raising the doping upper limit. For doping pro®les with peak
concentrations in excess of the doping ceiling one should exercise caution when
using channeling to look at substitutional Sb. Sb appearing on substitutional
sites in channeling experiments might not contribute electrically. For 2keV
implants, we have carried out a comparison of MEIS and Hall eect data to
show that for Sb implants into both bulk Si and strained Si layers the Hall
scattering factor is equal to unity within experimental error.
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