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We demonstrate very accurate ion implant dose measurements using Rutherford backscattering
spectrometry (RBS) traceable to a certified reference material from IRMM, Geel and the Bundesanstalt für
Materialforschung (BAM), Berlin. The measurements have an absolute accuracy of better than 1.4% and
a precision of better than 1.25%. The certified standard sample is compared directly with recent absolute
determinations of the energy loss of He in Si, and also with a sample calibrated against the Harwell Bi
standard. We determine the dose in a series of three In implants and six As implants of various doses
and energies. Some of the samples were amorphized to eliminate channelling effects. A double detector
geometry was used, giving pairs of spectra with a common incident charge but where the solid angle and
the electronic gain were determined for each detector channel independently. The statistical uncertainty
is reduced to <1%. The non-linear pile-up background is determined carefully. The errors are determined
critically. The experiments were carried out at different dates and different places, so time and space
reproducibility of the results is confirmed. The IBA DataFurnace is used for analysis of the certified
standard reference material and compared with a transparent manual data reduction method: the use of
this code for routine data analysis at the highest accuracy is validated. Copyright  2002 John Wiley &
Sons, Ltd.

KEYWORDS: Rutherford backscattering spectrometry; ion implantation; dosimetry; standards; silicon energy loss

INTRODUCTION

Ion implantation processes are universally used in semi-
conductor processing, and especially in the fabrication of
integrated circuits on silicon. Rutherford backscattering
spectrometry (RBS) is an important technique for charac-
terizing the absolute implant dose because it is based on
analytical cross-sections and because it does not have matrix-
dependent sensitivity factors. Its disadvantage is that it is
relatively insensitive because the cross-sections are quite low,
and also it is only for heavy implants in a light substrate that
the signal from the implant is relatively background-free. The
technique is only one of a cluster of related ion beam analysis
(IBA) techniques—these include non-Rutherford scattering,
forward recoil spectrometry, nuclear reaction analysis and
particle-induced x-ray emission—but of these only RBS has
(nearly) analytical (i.e. Rutherford) cross-sections, and it is
therefore RBS that we use for this standards work.

In this work we are aiming to establish the instrumen-
tation for dosimetry on our ion implanters at the 1% level
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for high-dose heavy implants. This is expected to be a worst
case for the implanter instrumentation because secondary
electron generation is reduced for light ions and low beam
currents.

Rutherford backscattering spectrometry is often cited as
a technique with 1% accuracy: however, this depends on the
accuracy of the knowledge of the product of the detector
solid angle and the collected charge, i.e. the number of ions
incident on the sample. We are aware of no critical reports
of RBS systems with charge collection better than 1%, and
measurements of solid angle at this accuracy are notoriously
difficult. Therefore, accurate work must be validated by stan-
dards for the charge ð solid angle product. The Harwell Bi
implant standard has been determined absolutely and was
quoted at 2% accuracy,1 but the remaining samples from this
standard should soon be re-released with individual certifi-
cates based on high-precision RBS measurements relative to
weighed evaporated films.2 The same method together with
two completely independent methods, namely instrumental
neutron activation analysis (INAA) and inductively-coupled
plasma isotope-dilution mass spectrometry (ICP-IDMS), are
used to certify new Sb implants into Si substrates at about
¾0.6%,3 – 5 and we use one of these reference samples (now
designated IRMM-302/BAM-L001) in this work.

The only critical RBS that we are aware of near
1% accuracy, apart from that by Wätjen & Bax,2 is the
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determination of the stoichiometry of InGaAs samples by
Jeynes et al.:6 in this case, normalization errors were excluded
by the analytical procedure employed, but even in this
favorable case the authors concluded that the number of
other errors at the 0.25% level would make accuracies much
better than 1% hard to achieve.

Recently, new data have become available permitting a
different approach to normalization in RBS. The backscat-
tered ion yield of a thick target in a particular energy window
is determined by the number of target atoms required to give
that energy loss. Thus, if the energy loss of the beam in a
particular material is known precisely, then that material can
be used as a calibration standard. Konac et al.7 have deter-
mined the energy loss of He in amorphized Si: these data
are consistent with the measurements of Lennard et al.,8 and
these, together with the measurements of Bianconi et al.9 and
Lulli et al.,10 show that the new values are correct at ¾2%.
Some of Bianconi et al.’s data is absolutely calibrated with a
claimed accuracy of 1%. Amorphized Si is easy to prepare
in an implantation laboratory and very reproducible: we use
this material as a standard and compare it with the certified
Sb reference material. This comparison is based on the pre-
cisely known values for energy loss of He in Si (see above).
The method we use has been used before in standards work
in the validation of the Ta2O5 electron spectroscopy standard
by IBA methods.11 This did not achieve an accuracy of better
than 2% and the accuracy of the RBS part of this work was
limited by the quoted 2.2% accuracy of the value of energy
loss of He in Ta that was used.

Some of the most accurate data of Bianconi et al. for Si
energy loss have been re-analysed by Barradas et al.12 with
a sophisticated Bayesian method. Where Bianconi et al. used
only the surface Si yield of the spectrum for each energy,
Barradas et al. used the spectrum from a significant depth of
the amorphized Si sample. The method therefore uses more
information from the collected data and, moreover, the data
analysis handles it all in a self-consistent way and finds the
best parameters of the energy loss function consistent with
the data. The Bayesian treatment yields error bars naturally.
In this way the reliability of the new parameters can be
demonstrated. We have used this new parameterization of
the Si stopping.

Also recently, a new approach to the analysis of IBA data
has been presented. There are many types of sample that give
complex RBS spectra: these spectra have traditionally been
solved by manual trial- and error-use of spectral simulation
programs. The IBA DataFurnace13 is an automatic fitting
code, so called because it is based on the simulated annealing
algorithm14 that we wish to be able to use in work where
the highest accuracy is required. The RBS spectra described
in this paper are simple and are possibly solvable by other
automatic codes that work in special cases, but we wish to
validate DataFurnace as a general code that can be used on
spectra from any sample.

METHODOLOGY

The governing equation for normal beam incidence is given
in the IBA Handbook1

Y0,A D QfA� 0
A�E0, ���/[ε0]AB

A �1�

where Y0,A is the surface yield (in counts per channel) for
element A, which is a fraction fA of the matrix with elements A
and B; Q is the number of beam nuclei incident on the sample,
called the charge because it is directly measured in µC.

The differential cross-section � 0
A is a function of the beam

energy E0 and the scattering angle �, and is proportional to
the probability of scattering into a solid angle � determined
originally in 1911 by Rutherford to interpret the Geiger and
Marsden experiment that underpinned the Bohr theory of
the atom—hence the name ‘Rutherford backscattering’

� 0�E, �� D [e2Z1Z2/�4E sin2 �/2�]2 �2�

where � 0 � d�/d� is calculated in the centre of the mass
system and Z1 and Z2 are the atomic numbers of the beam
and target nuclei, respectively. This analytical relation is
modified by the so-called F-factor1 for low-velocity ions due
to electronic screening of the target nuclear charge. Difficulty
in the calculation of this correction means that the error in
the absolute value of the cross-section for Bi nuclei may be
as much as 0.5%.15 The F-factor gives a 2.4% correction for
Bi but only a 1.2% correction for Sb. For a much smaller
atom, the screening effect is negligible and no correction is
needed, which means a zero error in the absolute value of
the cross-section because it is analytical. Assuming a linear
relationship between the screening effect correction and the
error on the absolute value of the cross-section, we therefore
estimate that the cross-section value for Sb, relevant to the
IRMM/BAM certified standard, is accurate at ¾0.25%.

The electronics calibration  is in keV per channel. The
energy loss factor [ε0]AB

A for signal A in matrix AB is in
keV 10�15 atoms cm�2, is also a function of E0 and � and
is calculated correctly (i.e. without approximation) from
the so-called ‘surface energy approximation’ (see the IBA
Handbook1) because we are working here with surface yields

[ε0] D kε�E0�/ cos ˛ C ε�kE0�/ cos ˇ �3�

where k��� � E/E0 is the kinematic factor (and the scattering
energy E is Ea for scattering off Si and E1 for scattering off
the implanted ions: see Fig. 1) and ˛ and ˇ are the angles
the beam makes with the surface normal on the inward and
outward paths, respectively. In this case of normal beam
incidence, ˛ D 0° and ˇ D � is just the scattering angle.

The energy loss function ε (E) has been determined for all
elemental projectile–target combinations in a semi-empirical
compilation16 and is fairly well known in general, at least at
the 10% level. We will use the recent accurate measurements
of He in Si cited above. For a pure material we can define the
‘magic number’ M�E0, ��, which links the surface yield Y0 of
the material and the energy loss

M�E0, �� � Y0/�Q�� D � 0�E0, ��/[ε0] �4�

Bianconi et al.9 determined M�E0, 170°� (and therefore deter-
mined ε0�E�) for E0 D 1.0, 1.5, 2.0 and 2.5 MeV 4HeC in
amorphized Si, and showed excellent correlation with Konac
et al.’s7 values of ε at the specified points. Lennard et al.8

demonstrated that simulations of RBS spectra using Konac’s
data were in excellent agreement with real spectra, showing
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Figure 1. Manual data reduction method. (Top) Energy
parameters along the backscattering process from Si substrate
and implanted ions, which are required for the analysis leading
to the ion-implanted dose determination (see text). (Bottom)
Corresponding RBS spectrum.

that the form of Konac et al.’s parameterization of ε�E� was
correct. Bianconi et al.’s values are reproduced when Konac
et al.’s parameterization is increased slightly by 2%. This
value of 2% was also observed by Lulli et al.10 In the Data-
Furnace analysis we have used the new parameterization
by Barradas et al.12 of some of Bianconi et al.’s most accurate
data: this parameterization has been demonstrated to have
2% precision with Bayesian methods. A manual treatment of
the data has also been made in parallel, but in this case we
have used the Bianconi values directly.

It is worth making a comment on the nominal 2% accu-
racy of the energy loss data summarized above. Konac et al.7

do not explicitly estimate the total error of their measure-
ments, but they do summarize a number of contributions
at the 1% level. In particular, their measurement precision
(given mostly by counting statistics) is ‘well below 1–2%’
and they estimate the target areal density calibration error
at ‘0.8–2%’ and a detector energy calibration error up to
0.5%; therefore their absolute accuracy cannot be quoted as
significantly better than ¾2%. A 2% discrepancy is consistent
with the accuracy of these measurements.

The pile-up is calculated by a simple binary convolution
of the spectrum with itself, assuming that all pile-up
pulses have an energy that is the sum of the two piled-
up pulses. This is clearly an oversimplification: moreover,
the calculated pile-up spectrum shape is affected by the
lower-level discrimination setting of the analogue-to-digital
converter. These issues are discussed more fully in Jeynes
et al.17 Notice that any signal where the pile-up background
is significant will also itself be reduced by pile-up. Therefore,
any such signal must have a non-linear pile-up background.

A proper treatment of pile-up is essential for accurate
dose determination by RBS, because not only can the
backgrounds be relatively large but also they are non-linear.
Figure 2 shows RBS spectra for count rates of 4 kHz (Fig. 2(a))
compared with an extreme case of 12 kHz (Fig. 2(b)) for
sample As10 (100 keV, 53 ð 1014As cm�2; see Table 1). In the
latter, the pile-up background is ¾15% of the As signal and
the non-linear distortion is ¾10% of the pile-up; for this
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Figure 2. Sample As10 RBS spectra for count rates of 4 kHz
(a) and 12 kHz (b), together with the As profile calculated from
the two detectors (both results are shown) by DataFurnace for
the 4 kHz spectra (c).

case, subtracting the background from the As signal using a
simple straight line introduces directly an error of 1.5%! In
both cases two spectra were taken simultaneously (detectors
A and B). To validate our simplified pile-up calculation
we have determined that the difference between the doses
determined for this sample at these two count rates is <1%.
(Figure 2(c) shows the As profile calculated from the two
detectors by DataFurnace for the 4 kHz spectra.) Therefore,
we do really determine pile-up background to better than
10% with this simple model, as estimated in Jeynes et al.17

EXPERIMENTAL DETAILS

Table 1 lists some of the samples that were measured on
five separate occasions in two laboratories. An In-implanted
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Table 1. Selection of data for six samples measured at five different times in two laboratories

Average dose (ð1015 atoms cm�2)
Nominal

dose Exp. i Exp. ii Exp. iii Exp. iv Exp. v
Energy (ð1015 atoms (Surrey, (Surrey, (Surrey, (Surrey, (Jena,

Sample Comment (keV) cm�2) Oct.99) Nov.99) Jun.00) Aug.00) Oct.00)

In03 One of 3 In 160 1 1.08 — 1.06b — 1.11
implants (0.995)a (1.019)

As06 One of 6 As 70 4 — 3.64 3.62 — —
implants (0.989) (1.014)

As07 One of 6 As 4 3 — 2.83 2.74 — —
implants (0.989) (1.000)

As10 One of 6 As 100 5 — — 5.16b 5.29b 5.28b

implants (1.019) (0.990)
Bi11 UWO Bi 40 4.72(10)c — — 4.67b 4.60b 4.67b

implant (1.015) (1.003)
Sb12 IRMM/BAM 400 48.1(3)c — — 48.3 48.2 49.0

Sb implant (1.021) (0.984)

a Values in parentheses represent the average ratio A/B of the two detectors. Note that for Exp. v there was only one detector.
b Measurements on amorphized samples.
c Number in parentheses represent the uncertainties in the last figures.

sample and an As-implanted sample were each measured
at least twice, both before and after amorphization. Amor-
phization was achieved by a cooled Si implant at 200 keV and
5 ð 1015 cm�2. These implantations were done at Surrey. A
Harwell standard (see IBA Handbook, Section 12.4.31) 40 keV
Bi implant (4.72 ð 1015 cm�2, 4 Dec 96) from the Univer-
sity of Western Ontario was certified at 2% (W. N. Lennard,
personal communication, November 1999). The new certi-
fied standard from IRMM and BAM was an Sb implant at
400 keV with a certified dose of 4.81�3� ð 1016 cm�2 into an
Si wafer with a 100 nm surface oxide (sample ref. no. 16.5),
where ‘3’ is the combined standard uncertainty uc according
to GUM18. Measurements in all cases were made with an
4HeC beam at ¾1.5 MeV.

The experiments were carried out in Surrey and Jena
on five different dates. The initial measurements of the
In and As implant series were relative only, because reli-
able standards for the charge ð solid angle product were
not included. The measurements in Jena were on a sys-
tem with demonstrably good charge collection, because
the absolute results reported from this laboratory9 were
very accurate: however, in this work we make no abso-
lute measurement of detector solid angle at either Jena or
Surrey. Thus, multiple independent measurements on sev-
eral samples are included and the reproducibility of the
method can be assessed. Detector solid angles of ¾5 msr
are used.

The accelerator in Jena is a 1997 HVEE 3 MV Tandetron.
The energy calibration was via 3.032 MeV He elastic
scattering resonance on oxygen, which confirmed the
previous machine calibration carried out in February 1998
using Al p gamma resonances at 991.9 and 632.0 keV. The
Surrey accelerator is a 1953 High Voltage 2 MV Van de
Graaff. This instrument had a maximum terminal voltage
degraded to 1.5 MeV at this time and therefore the calibration

used the 19F(p,˛�)16O resonance at 872.1 keV on a fluorided
Al target 2 keV thick, and 27Al(p,�)28Si resonances at 632.0
and 991.9 keV. Both accelerators control the energy from
a generating voltmeter. The estimated calibration error for
both machines is <0.2%.

The electronics calibration was carried out using thin-
film samples of Au/Ni/SiO2/Si. The usual linear regression
on the edge positions can be followed by a best fit to the data
using the local minimization function of the DataFurnace.19

This yields a precision of the gain determination (in keV per
channel) of ¾0.5%, consistent with the estimate of the error
in this parameter in Jeynes et al.17

The scattering angle was measured with an accuracy
of ¾0.2° using a laser and the high-precision channelling
goniometers in both Surrey and Jena. In Surrey the beam
path is not closely controlled and this degrades the effective
scattering angle accuracy to ¾0.5°. The scattering angles
were 166.9° and 133.1° for the two-detector Surrey system
(detectors A and B, respectively) and 170.0° for the Jena
system (single detector).

All the experiments were carried out at normal incidence.
Using channelling techniques together with crystalline sil-
icon samples, the normal position of the goniometer was
determined within 0.5°. In this range of errors in tilt
angle, errors introduced in the dose measurement are not
significant.

The electronics dead time for each spectrum was the
average value taken from the analogue-to-digital converters.
This measurement depends on the beam current being
reasonably constant, which it is on our instrument. It
would be more accurate to use the electronics logic busy
signals to gate the charge collection counter. However,
for the main part of this work we do not depend on
accurate charge collection because we perform an internal
normalization.
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ANALYTICAL PROCEDURE

We used two methods of data reduction. The first ‘manual
method’ uses well-defined approximations and simple data
manipulations to obtain a result transparently. The second
‘machine method’ uses the fitting code DataFurnace,13 which
requires the user to believe that the internal calculations of
the code are valid. Of course, we wish to use a convenient
code, but for critical work we need to be able to justify the
results simply. The agreement of the machine and manual
methods is a validation of the DataFurnace code.

First we describe the manual method. The purpose is to
determine accurately the surface yield from the subsurface
yield so as to use the ‘magic number’ of Eqn. (4) to obtain
the charge ð solid angle product for that spectrum. The
determination of the implant dose is then trivial. To measure
the surface yield of amorphized Si, we use the integrated
yield from a thin layer just below the surface. Note that the
implantation profile is near, but not at, the surface. At these
depths the beam has lost a small amount of energy and
therefore both ��E� and ε�E� are modified. This situation is
pictured in Fig. 1. Note that the presence of the implant will
cause a dip in the Si signal for that depth: the energy of this Si
signal is marked ‘too close’. For this analysis Yb is measured
at an energy Ec suitably far from Etoo close.

We therefore derive the true surface yield Y0 from the
measured yield Yb below the surface using relations given
by Chu et al.21

Y0 D Yb�Eb/E0�2[ε�Eb�/ε�E0�][ε�Ec�/ε�kEb�] �5�

where Ec is the detected energy of the scattered nucleus and
Eb is the energy at scattering (see Fig. 1: note that Ea � kSiE0);
Eb can be determined using the energy loss ratio method as
described by Chu et al.: the ratio ˛ of the energy lost along
the outward track to that lost along the inward track is a
constant (in the surface energy approximation) given by

Eb � �Ec � ˛E0/�k � ˛� �6�

where

˛ � ε�kE0�/[ε�E0� cos�	 � ��] �7�

The error in Y0 when using this approximation for ˛ is <0.25%
provided that the scattering layer is <250 ð 1016Si cm�2

from the surface. The value of ˛ for the Si signal when
E0 D 1.5 MeV is 1.22 for � D 160° and 1.66 for � D 135°.

The implanted dose is then given by

D D I/�Q��� �8�

where I is the area under the peak corrected for pile-up
(in counts), Q is the number of incident particles, � is the
solid angle determined as an average of a related set of
measurements from the magic number formula and � is the
cross-section corrected for the screening factor and evaluated
at the appropriate depth under the surface (the energy Em,
as shown in Fig. 1).

We now contrast the machine method with the manual
method. In the latter, the implant dose is determined from

the area of the corresponding signal (in counts), with a
sensitivity (in atoms cm�2 per count) determined at the mean
depth of the implant (Em in Fig. 1). The sensitivity varies
significantly with depth, on account of the 1/E2 dependence
of the Rutherford cross-section Eqn. (2), and therefore this is
an approximation that a proper numerical integration would
avoid. With the machine method this integration is carried
out by the DataFurnace code (and, of course, any other code
that could be used for this purpose).

An important aim of this work is indeed to validate
the use of the DataFurnace code, so that RBS dosimetry
work can be carried out routinely and rapidly at the
highest achievable accuracy. The simple samples that we
have analysed are amenable to the manual method, with
errors that we determine below. Therefore, DataFurnace is
validated if it gives the same results. Our manual method
may not be valid for the crucial IRMM/BAM certified sample
because the Sb profile extends over such a large energy
range, the Sb peak concentration is so high and the spectrum
is further complicated by the presence of the SiO2 layer (see
Fig. 3). For this spectrum, DataFurnace is very convenient
(although other codes can be used: for example, Børgesen
et al.’s21 code SQUEAKIE would work if the oxygen signal
was separated).

The DataFurnace has to be used in a special way to obtain
traceable accuracy. Figure 3(a) shows a spectrum from the
IRMM/BAM certified standard together with a calculated
spectrum from a depth profile obtained from a DataFurnace
fit. This fit does not give us the Sb dose accurately; it gives
the accurate (non-linear) depth scale, i.e. the variation of
the energy loss function with depth. The Si signal of the
substrate fits rather well: this is because we have used the
correct Si stopping power, as described above. The Sb signal
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Figure 3. (a) Spectrum from the IRMM certified standard.
(b) The Sb profile from the two detectors.
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is not fitted very well in the tails of the distribution but
this will not give much error because the energy loss due
to the discrepancy in the number of atoms is not significant.
The Si signal in the oxide is not well fitted due to error in
the oxygen energy loss functional shape in the energy loss
database. If the fit is close to the spectrum then the depth scale
will be reasonably accurate. The depth scale is non-linear,
due both to the energy loss being a function of E and also to
the varying composition with depth. The Sb profile is then
calculated channel by channel directly from the (pile-up-
corrected) data using the (non-linear) energy loss from the
(varying) composition that is determined by the DataFurnace
fit. Figure 3(b) shows the Sb depth profiles for each detector.
In fact, the bulk of the Sb implant is in the Si substrate; this
implant amorphizes the Si crystal but also causes a large dip
in the Si signal.

Note that DataFurnace does not use signal areas as a
fitting parameter, and therefore accurate dose measurements
always have to use this type of data reduction where the
dose is essentially derived from a (corrected) spectral area.
Figures 2(c) and 3(b) both show profiles in this form. Of
course, these profiles are not the real ones: they are broadened
due to detector resolution and energy straggling.

RESULTS

Table 2 shows derived Y0 values (see Eqn. (5)) together with
the solid angles for one of the data sets, calculated from the
appropriate ‘magic number’ by assuming that the collected
charge is accurate. This is equivalent to normalizing the
charge ð solid angle product to the amorphous Si yield
using the absolutely determined Si energy loss values as
a standard. Because the solid angle is a constant of the
apparatus and the charge ð solid angle product is what is
actually being determined, the apparent variation in the
solid angle in Table 2 is really a variation in the collected
charge. Therefore, Table 2 represents measurement of the

charge collection reproducibility, which is apparently ¾1.3%.
However, the data are collected with 0.6% counting statistics
and therefore the charge collection precision is ¾1.1%.

The last two columns in Table 2 measure, respectively,
the solid angle ratio of the two detectors (note that this ratio is
known to better accuracy than the absolute solid angles) and
the ratio of the doses measured from the two detectors (which
should, of course, be unity). This data set has the worst A/B
dose ratio result, with ¾2% discrepancy. This discrepancy is
the same for both manual and DataFurnace analysis. Note
that anti-correlated errors in the energy calibration of the two
detectors (keV per channel) can give apparently significant
non-unity values for the A/B dose ratio. The final results
for all the data (34 pairs of spectra) together include the
Table 2 data set and yield an A/B dose ratio of 1.003 with
¾2% variation. The precision of this ratio measurement is a
consequence of the statistics collected and the fluctuations in
the pile-up correction, and it is consistent with an estimated
1.3% uncertainty (on each individual dose) given by these
two effects.

Table 3 shows a comparison of the results obtained using
the DataFurnace with those using the manual method for a
different subset of the data. This highlights (again) the value
of using double detector data collection: internal consistency
of data does increase confidence in the results. This data set
for both the manual method and the DataFurnace shows
an A/B dose ratio very close to unity, with a coefficient
of variation ¾2%, consistent with the statistics and pile-up
influences.

In principle, with these data we should be able to
get effectively identical results both manually and with
the DataFurnace. The only differences ought to be that
DataFurnace replaces the surface energy approximation
(and the energy loss ratio method) with a proper integral
approach and the edges of the implant signal properly
identified. The difference between manual and DataFurnace
results should then be well below the 0.5% level. This is

Table 2. Measured surface yields normalized to 50 µC and converted to solid angle (Surrey June 2000 data):
calibrations are 3.741 and 4.386 keV per channel and magic numbers (counts µC�1 msr�1 keV�1) are 29.22 and
31.28, respectively, for detectors A and B

Detector A Detector B A/B ratios

Y0 (counts solid angle Y0 (counts Solid angle Solid angle DataFurnace
Spectrum per channel) (msr) per channel) (msr) ratio dose ratio

In03y01 28571 5.228 31016 4.522 1.156 1.010
In04y01 28438 5.204 30675 4.472 1.164 1.029
As10y01 28878 5.284 30359 4.426 1.194 1.028
As10y02 28032 5.129 30680 4.473 1.147 1.023
As10y03 28102 5.142 30614 4.463 1.152 1.027
As10y04 28193 5.159 30059 4.382 1.177 0.994
As10y05 28581 5.230 30248 4.410 1.186 1.023
Bi11y01 28451 5.206 30585 4.459 1.168 1.011
Bi11y02 28554 5.225 29991 4.372 1.195 1.013
Bi11y03 28032 5.129 29968 4.369 1.174 1.020
Bi11y04 27559 5.043 29598 4.315 1.169 1.022

Mean 28308 5.180 30345 4.424 1.171 1.018
SD (365) (67) (414) (60) (16) (10)
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Table 3. Data validation (August 2000 data)

Detector A Detector B A/B ratio

Dose Dose Dose Dose
(manual) (DataFurnace) (manual) DataFurnace

(ð1015 atoms (ð1015 atoms Ratio (ð1015 atoms (ð1015 atoms Ratio Manual DataFurnace
Spectrum cm�2) cm�2) cm�2) cm�2)

As10L01 5.30 5.31 0.997 5.21 5.21 1.001 1.016 1.019
As10L02 5.34 5.34 1.000 5.35 5.35 1.000 0.999 0.998
As10L03 5.31 5.33 0.996 5.33 5.34 0.998 0.997 0.998
As10L04 5.23 5.23 1.001 5.39 5.39 0.999 0.972 0.970
As10L05 5.10 5.09 1.001 5.28 5.29 0.999 0.964 0.962
Bi11L01 4.61 4.62 0.999 4.52 4.52 1.000 1.021 1.022
Bi11L02 4.57 4.57 1.001 4.61 4.61 1.001 0.991 0.991
Bi11L03 4.64 4.64 0.999 4.65 4.65 1.001 0.996 0.998
Sb12L01 47.7 47.7 0.999 48.5 48.7 0.996 0.982 0.979

Mean 0.999 0.999 0.993 0.993
Coefficient
of variation (%) 0.18 0.17 1.87 2.04

Table 4. Time and space reproducibility together with discrepancy from nominal dose

Time Space
Average Dimp Average Average Nominal Discrepancy

ratio (i, ii)/iii, iii/iv Dimp ratio Dimp dose from nominal
Sample (Surrey) (Surrey/Jena) (ð1015 atoms cm�2) (ð1015 atoms cm�2) dose (%)

In03 1.019 0.964 1.08 — —
(2.45)a

As06 1.006 — 3.63 — —
(0.82)

As07 1.033 — 2.78 — —
(1.82)

As10 0.975 0.991 5.23 — —
(1.86)

Bi11 1.015 0.994 4.64 4.72 (10)b �1.72
(1.15)

Sb12 1.002 0.984 48.5 48.1 (3)b 0.83
(1.61)

Mean 1.008 0.983
Coefficient 0.020 0.014
of variation (1.95%) (1.37%)

a Values in parentheses represent the precision of the measurement (in %).
b Numbers in parentheses are the uncertainties in the last figures.

what can be seen from the data set presented in Table 3:
the manual/Datafurnace ratio of 0.999, with a variation of
<0.2%. For the whole data set, we get a ratio of 1.000 with
a variation of 0.41%. This identity therefore validates the
correctness of the DataFurnace code. But it must be pointed
out that this measurement is quite sensitive to the pile-
up correction, so the consistency greatly depends upon the
correctness of the determination of the background.

We have already referred to Table 1, which shows the
overall results of this analysis for selected samples. Table 4
summarizes these, showing the variation with time and
space and the average of the analysis for the whole data set.

The first result is that the data are consistent: the time and
space ratios are, respectively, 1.008 š 0.020 and 0.983 š 0.014,
with standard deviations of <2%. Moreover, the ratio of
the results obtained independently from the two detectors,
which should of course be unity, turns out to be 1.002 š 0.013,
taking the average of the A/B ratios listed in Table 1 under
every value of dose. This is consistent with the value for A/B
of 1.003 for the whole data set mentioned above.

The second result (in Table 4) is that the measured doses
of the standard samples are consistent with the certified
values, so that the measured Sb implant dose is only
0.83% different from the certified value. This shows that
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Table 5. Uncertainty analysis

Now Future

Uncertainty Possible
Effect (%) Comments (%) How?

Charge ð solid angle
product

0.4 Internal
normalization

0.35 Improve counting
statistics

Rutherford cross-section
screening correction

0.25 For Sb-implanted
certified sample

0.25

Beam energy 0.12 0.06% error from
calibration and E2

dependence of �

0.12

Scattering angle 0.3 0.5% error and
¾�sin �/2�4

dependence of �

0.3

Electronics calibration 0.5 0.5
Counting statistics 0.7 Sum of two detectors

at 1% each
0.35 Longer acquisition time

Pile-up background 0.7 Estimated at 10% of
pile-up for As signal
and 4 kHz counting
rate

0.35 Better time resolution
and lower counting rate

Total 1.25 0.89

parameterization of the Si energy loss function is correct to
within our errors.

UNCERTAINTIES

For clarity we have collected the estimated uncertainties
in Table 5. The total estimated precision is 1.25% (relative
combined standard uncertainty of measurements). If, with
a longer analysis and more accurate pile-up correction, the
uncertainties due to the pile-up and the counting statistics can
be reduced, then the precision available could be improved
to ¾0.9%. If the electronics calibration can be improved
to 0.25% (not shown in the table), the available precision is
reduced to just under 0.8%. The estimate of 1.25% precision is
validated by the spatial and temporal total variation of <2.0%
shown in Table 4 (ratio uncertainties have to be summed in
quadrature).

The absolute accuracy is determined from the certification
uncertainty of the reference material Sb in Si, which is
0.6% (relative combined standard uncertainty). Then, adding
uncertainties in quadrature (measurement and certification
uncertainty), the accuracy currently is 1.4% and we could
expect a possible improvement to 1.1%.

CONCLUSIONS

We have demonstrated precision in the determination
of implantation doses by RBS at ¾1.4% by a series of
measurements over 1 year and in two different laborato-
ries. This is consistent with the expected 1.25% precision
estimated from a careful consideration of the instrumental
behaviour. Some samples led to a dose determination pre-
cision slightly above 2% (see Table 4, sample In03), but this
discrepancy may be due to implant non-uniformity. We have

also, inter alia, validated the DataFurnace code by compar-
ison of its results with results calculated by hand using a
transparent algorithm.

We have measured the certified Sb dose on an implanted
standard sample relative to the Si stopping powers parame-
terized by Barradas et al.12 This parameterization is consistent
with the recent measurements of energy loss in silicon.
The dose we measure on the certified standard relative to
the Si yield is consistent with the certified value, which
demonstrates the reliability of the stopping power parame-
terization at ¾1.4% (given by the total combined uncertainty,
i.e. including both measurement and certification uncertain-
ties). The determination of the energy loss values themselves
has an accuracy cited at no better than 2%, so this work
has significantly improved the accuracy of these important
values.

However, we have only used an incident beam of
1.5 MeV He. To obtain values for the whole stopping power
function we should analyse spectra from the standard sample
for a range of incident beam energies, and repeat the method
of Barradas et al.12 Currently, the problem with this is that
the stopping powers for oxygen are demonstrably poor and
the spectrum for the Sb standard sample cannot be fitted
accurately. When the oxygen stopping powers have been
determined more accurately, it will be worth repeating the
measurements for the Si stopping.

A careful uncertainty analysis shows that this method
cannot readily yield an accuracy significantly better than
¾1% with the present instrumentation.

Finally, we have demonstrated that dose measurements
can be made routinely and rapidly, relative to an amorphous
Si substrate, at state-of-the-art accuracy. We have shown a
transparent calculation method valid for simple samples that
can be implemented in a spreadsheet23 and we have shown
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that DataFurnace gives correct answers that are also valid
for complex samples.
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