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Summary

In-situ analyses of boron using secondary ion mass spectrometry (SIMS) is impeded by
surface contamination of the analysed samples. We analysed 40 different natural and
synthetic silicate materials, including meteoritic and mantle minerals, in order to find a
material with an extremely low boron content that allows us to quantify the level of
contamination. Different cleaning procedures were tested, and it was shown that using
an ultrasonic cleaner with ultrapure water to clean the sample and setting the imaged
field of the ion probe smaller than the primary beam spot reduces the boron
contamination level to <2ng/g at a total analysis time of ~12min (pre-sputtering:
400s).

Herasil 102, a pure synthetic SiO, glass manufactured by Heraeus Quarzglas GmbH,
Germany, was found to contain <1 ng/g boron, and therefore we recommend this glass
as a sample to test the contamination level of boron in SIMS analyses.

Results for lithium show that analysis of this element is also influenced by contamina-
tion, but the contamination levels are much lower than those for boron.

Introduction

Boron has become a useful chemical tracer in both terrestrial and extraterrestrial
materials. Despite its growing importance there is still a very restricted number of
publications concerning boron in the Earth’s mantle or in meteorites. This can be
ascribed to the fact that samples — like polished thin sections — are always con-
taminated with boron on the surface, in cracks and at grain boundaries (Shaw et al.,
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1988a). This was recognised early (Anders and Ebihara, 1982) and an approximate
level of contamination is given in every publication dealing with boron at low
concentrations (<10 pg/g). These levels depend on the techniques of sample pre-
paration and cleaning procedures. Using the SIMS technique, they can vary
between 10-50ng/g (Chaussidon et al., 1997) and 2-5ug/g (Domanik et al.,
1993). Recent studies on meteoritic samples report lower contamination levels of
10ng/g (Kent and Rossman, 2002) or below 10ng/g (Sugiura et al., 2001).
Ottolini (pers. communication, 2003) reported a contamination level of 5ng/g in
peridotite minerals during SIMS analysis. However, a unified method for sample
preparation and analyses of boron at low concentrations is still lacking. This has
serious implications for the quality of the data, because concentrations of boron in
most mantle rocks and meteorites are lower than 1ug/g (Shaw et al., 1988b;
Chaussidon and Libourel, 1993). The scope of this work is to compare different
analytical setups of SIMS, to present a method to reliably suppress boron contam-
ination and analyse boron concentrations down to the ng/g-level. Furthermore, we
wanted to find a silicate material containing ideally no boron at all in order to
check the maximum level of contamination.

Surface contamination and its recognition in SIMS analysis

Dynamic SIMS is a method where material is removed from the sample’s surface
(typical erosion rates: 30 nm/h—10 um/h). With a perfectly homogenous and well-
defined primary beam at an incidence angle of 0° the surface contamination would
not contribute to the analytical result once the contamination layer was removed. In
reality, the beam current density distribution is not homogeneous, the beam is not
perfectly spacially confined, it carries a (hopefully weak) halo of poorly focused
neutrals and the incidence angle is >0°. Therefore the bottom of the sputtered
crater is not flat, its edge is not perfectly steep and the surface contamination at
the crater’s edge continues to contribute to the result of the analysis (see Fig. 1).

A complete analysis with SIMS usually comprises several acquisition cycles. In
each cycle, all unknown isotope(s) (e.g. ''B) and the internal reference isotope
(e.g. 3OSi) are analysed. Concentrations of the unknown element(s) are calculated

To Mass Spectrometer

Field Aperture | |

T | f Primary

lon Beam

Fig. 1. Schematic drawing of the sputtering pro-
cess. The pure sample (white) is covered with a
contamination layer (black). Although most of
the contamination is removed during the analy-
sis, there is always some contamination present
at the rim of the crater, which will be suppressed
by field aperture FA2 (12pm imaged field).
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and that the real layout is more complex
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by averaging the results of all measurement cycles, while the (relative) standard
deviation of the mean is a measure for the precision of the analysis. Measurements
influenced by surface contamination show decreasing unknown-to-reference ratios
(or apparent element concentrations) in the course of the analysis. In case of con-
tamination these ratios can decrease by more than one order of magnitude within
the first 100 s. This has already been recognised by other authors for B, K and Na
(Sugiura et al., 2001; Muller et al., 2003) as an indication of contamination, pro-
hibiting a quantification of these trace elements at low concentration levels.

Quantitative analysis of trace elements with SIMS is usually done with an
electron multiplier detector working in a pulse counting mode. In this mode at
low concentrations (low count rates), where other sources of random error such as
primary beam instability or instability of the magnet of the mass spectrometer are
negligible, the precision of the result will be dominated by the counting statistics of
the trace element.

For the average unknown-to-reference ratio Poisson statistics predict a relative
standard error (1RSDpeqn) of 1/4/N, where N is the total number of trace element
1ons counted. While a stable signal related to the true sample concentration will
give a standard error close to 1/+/N, the decreasing count rates of an element in
case of contamination will give a 1RSDyyean > 1/ v/N. Thus a much higher stan-
dard error than predicted may be used as an indication of surface contamination.

Another method of recognising contamination is by analysing the same sample
with a varying primary beam current /,,. Given the primary beam is always focused,
a lower beam current results in a smaller spot. Moreover, since the contribution of
the contaminated crater’s edge to the total flow of secondary ions increases with a
decreasing spot size, the apparent concentration will rise with a falling primary
current when contamination is predominant. On clean samples (relative to the trace
element concentration), the measured concentration will be independent from 7,,.

The third method of evaluating the contamination level is measuring a sample
containing extremely low concentrations (ideally zero) of the element of interest,
which will be more sensitive towards contamination. The widely used NIST SRM
glasses are not suitable for this purpose, as the concentration of boron in SRM 616,
nominally containing the lowest trace element concentrations (200ng/g) of all
SRM 61x glasses, is still too high.

Reduction of contamination in sample preparation
and of its effect during analysis

Lubricants and cooling liquids ordinarily used in saws and polishing machines for
preparation of thin sections may contain several percent of boric acid. These
liquids were replaced by pure glycol in our preparation lab. Prior to SIMS analyses,
the samples are coated with carbon and investigated by electron microprobe. After
microprobe analyses the carbon coating is removed with «y-alumina powder and
distilled water. In order to remove boron contamination from the surface and
cracks, the samples are first cleaned with acetone, then with distilled water (simple
cleaning) and eventually in an ultrasonic cleaner using ultrapure water from a
Milli-Q water purification system (Millipore). Ultrasonic cleaning with fresh ultra-
pure water is performed twice for ~15 min (ultrapure cleaning).
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In a simplified model, the contaminated sample may be considered a pure
sample covered with a contamination layer. Analysing the pure sample then
requires acquiring a depth profile. In depth-profiling, it is common practice to
mechanically limit the secondary beam in order to overcome the described nega-
tive effects of the crater edge (Benninghoven et al., 1987) as shown schematically
in Fig. 1. Using an imaged field smaller than the spot size, secondary ions com-
ing from the edge of the crater will be suppressed. On Cameca ims 3(4, 5, 6)f
instruments this is accomplished by selecting a field aperture of appropriate size
in combination with the magnification factor of the selected transfer lens. Typi-
cally, depth profiling is performed by scanning the primary beam over an area
much larger than the area covered by the imaged field, but this reduces the
effective count rates and thus rises the detection limit. Therefore we chose a
setup where the imaged field is only slightly smaller (factor ~0.5) than the
primary beam spot, which also allows us to analyse with a lateral resolution
~30 um. While a small field aperture has the advantage of reducing the contam-
ination signal it also has some disadvantages: the count rate will be lower, result-
ing in a higher detection limit and the reproducibility will be worse because the
beam has to be perfectly centred with respect to the field aperture for each
analysis. At low concentration levels both disadvantages are outweighed by the
reduced influence of surface contamination. The field aperture was not found
to influence significantly the relative ion yield (RIY) of boron, which was
0.55+0.01 for ''B/°Si.

Analytical setup

The boron concentrations presented in Table 1 were measured by secondary ion
mass spectrometry (SIMS) with a modified Cameca ims 3f ion microprobe
(equipped with a primary beam mass filter) at Heidelberg. Analyses were
performed using a 14.5keV/20nA %0~ primary ion beam with a diameter of
~30pum. Positive secondary ions were accelerated to a nominal energy of
4.5keV. The energy window of the mass spectrometer was set to 40eV and we
employed the energy filtering technique with an offset of 75 eV at a mass resolution
m/Am (10%) of ~1000 to suppress interfering molecules and to minimise matrix
effects (Ottolini et al., 1993). The ims 3f has three field apertures to limit the field
imaged by the secondary beam. The influence of contamination was reduced by
using the intermediate field aperture FA2 (750 pm) which reduces the imaged field
to ~12 pm in the 25 pum imaged field mode. Secondary ion intensities of ''B were
normalised to the count rate of *°Si and calibrated against the NIST SRM 610
standard reference material (356.4 g /g boron; Pearce et al., 1997) for all silicates.
One analysis comprised 10 cycles with an integration time of 16 s/cycle for boron.
Pre-sputtering on every spot lasted ~6 min and analysis took another 4 min, result-
ing in ~10min total analysis time. The background of the mass spectrometer and
the counting system near mass 11 u was determined in several analyses with an
integration time of 1500 s each (50 cycles; 30s/cycle) at mass 10.8 u with the same
setup and Herasil 102 as sample. The background count rate was 0.021 cps and was
subtracted from the boron count rates for each cycle of an analysis prior to calcu-
lating the mean value and the standard error.
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At 20nA primary current and for the SRM 610, the setup described had an
absolute boron sensitivity of 7.2 cps/(ug/g) and an apparent background concen-
tration of 2.9 ng/g (Note that it does not make sense to define a sensitivity normal-
ized to the primary current, because the secondary intensity does not increase
further with increasing primary beam current once the primary beam spot is larger
than the imaged field). The detection limit for boron is calculated using the “work-
ing”” expressions for radioactivity from Currie (1968). For an integration time of
160 s the average background signal is ug = 160s - 0.021cps = 3.36 counts. Since
the background signal was analysed separately, not in paired observations, the
detection limits are calculated for a ““well-known”” blank. For the setup described,
the critical value of the net signal is Sc = 1.64,/p; = 3.0 counts and the minimum
detectable value is Sp = 2.71 + 3.29,/pu, ~ 8.7 counts, hence for boron concen-
tration the critical value xc is 2.6ng/g and the minimum detectable value xp is
7.6ng/g.

For the data presented in Fig. 3 and Table 2, some of the analyses were done
with the large field aperture FA1 (1.8 mm), resulting in an imaged field of ~32 pum,
and the same primary beam current (20nA). Because of the larger field aperture
this setup has a higher absolute boron sensitivity of 26.7 cps/(11g/g) and while the
background count rate remains unchanged, the boron background concentration is
lowered to 0.8 ng/g. The detection limits for these analyses are presented together
with the data.

Experimental results and discussion

We collected a broad variety of 40 different natural and synthetic silicate materi-
als in order to select a material that could be suitable to test the boron contam-
ination level. All analyses were performed after applying the ultrapure cleaning
procedure and using the field aperture FA2. The results of all samples are listed
in Table 1. In some samples, less than 10ng/g boron was measured and the
lowest concentration obtained was 1.0ng/g in the synthetic SiO, glass Herasil
102, which is well below the critical value xp for the setup used. Uncertainties,
given as relative 2-sigma standard deviation of the mean (standard error), are
dominated by counting statistics. The high relative standard deviations (>100%)
for concentrations <10ng/g are due to the fact that the net boron signal was near
or below the critical value Sc.

The relation between measured boron concentration and the relative standard
error for all samples listed in Table 1 is plotted in Fig. 2. Note that here the data is
not corrected for background, because the poisson statistics are valid for the gross
signal including the background signal. Additionally, in Fig. 2 the predicted stan-
dard error, valid for an absolute boron sensitivity of 7.2 cps/(pg/g) and an integra-
tion time of 160s, is plotted. The predicted and the actual standard errors are in
good agreement, giving no indication of contamination. An example for analyses
of a heavily contaminated sample is also shown in Fig. 2. For the analyses shown,
this sample (Grt SY304) was not prepared using glycol, was not cleaned using the
ultrapure procedure and the field aperture was FA1l. For these analyses the pre-
dicted standard error is plotted as well. The difference between prediction and
reality is obvious and provides a strong indication of contamination.
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Fig. 2. Comparison of the relative standard error 2RSD,.., of real analyses (Contest
Samples, Grt SY304) with the error predicted for the setups used. For the Contest Samples,
predicted and measured error are in good agreement whereas for the contaminated sample
SY304, the real error is much larger than the predicted

To check the efficacy of our analytical method with respect to B contamination,
the sample with the lowest boron concentration (Herasil 102) was used. Analyses
comprising 100 acquisition cycles with an integration time of 30s for ''B and
1's for *°Si per cycle were performed. Prior to each analysis the sample was sput-
tered for a few seconds — long enough to remove most of the gold layer and to
achieve reasonably stable count rates for *°Si. These measurements were per-
formed with field apertures FA1 and FA2 before (simple cleaning) and after the
sample was cleaned with ultrapure water (ultrapure cleaning). The results of these
analyses are presented in Fig. 3, where the ''B / 39Si ratio is plotted against sputter-
ing time. It is evident that both the ultrapure cleaning and the use of field aperture
FA2 make the B count rate decrease more rapidly towards the true value.

By extracting certain acquisition cycles (e.g. cycles No. 11 to 20), virtual
analytical setups were simulated. These virtual analyses with their pre-sputtering
times, integration times and detection limits xc and xp are presented in Table 2.
The detection limits are calculated for the absolute sensitivities (depending on the
field aperture chosen) as given in the analytical setup section and the integration
time of each virtual setup.

Virtual setup 1 serves to demonstrate the initial level of boron contamination.
Although Herasil 102 is a “perfect” sample (e.g., no pores, no cracks, no inclu-
sions, size >1 mm, perfectly polished) the surface contamination leads to an appar-
ent boron concentration of 2.3 pg/g for the simple cleaning procedure and 1.1 pg/g
for the ultrapure cleaning procedure when analysed with field aperture FA1. Even
without any pre-sputtering, the apparent boron concentrations are much lower with
field aperture FA2, which proves the efficacy of our method. It is important to note
that even a ““perfect” sample surface is not safe from contamination.

Virtual setup 2 with a pre-sputtering time of 400s and an integration time of
300 represents a typical setup for routine analysis of low boron concentrations.
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Fig. 3. Comparison of different analytical setups and cleaning procedures. a Imaged field
32 um (FAl) and simple cleaning procedure, b imaged field 12 um (FA2) and simple
cleaning procedure, ¢ imaged field 32 um (FA1) and ultrapure cleaning procedure and
d imaged field 12 pum (FA2) and ultrapure cleaning procedure. All diagrams show the
"B / 30Sj ratio as a function of sputtering time for the sample Herasil 102. The bars denote
the results of the virtual setups described in the text and shown in Table 2

With simple cleaning and field aperture FA1 we get an apparent boron concentra-
tion of 8.6 ng/g, which is reduced to 3.9 ng/g by the ultrapure cleaning procedure
and to 2.4ng/g by applying the field aperture FA2. Combining both methods
results in 1.7ng/g in a total analysis time of ~12min per spot. The boron con-
centration of Herasil 102 is obviously below xc and xp of this virtual setup, which
achieves a contamination level clearly below its detection limits.

Virtual setup 3 is a setup with a presputtering time of 2000s, an integration
time of 1500s and a total analysis time of ~1h, resulting in very low detection
limits. For this virtual setup the size of the field aperture does not make a signifi-
cant difference, because after 2000 s the contaminated rim of the sputtered crater
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has moved outside the imaged field of FA1 (32 um). The ultrapure cleaning pro-
cedure still gives boron concentrations lower by ~0.5ng/g. The measured con-
centration of ~1ng/g is at or above the detection limits. This qualifies Herasil 102
as an excellent sample to test B contamination in SIMS analysis.

Implications for other elements

Our results and the results of other authors show that in-situ analysis of B is
impeded by surface contamination, which makes it obligatory to use very elaborate
cleaning procedures and analytical setups. This may not be restricted to boron, but
is most likely also true for other trace elements. Miiller et al. (2003) observed
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surface contamination of Na, K and Fe during trace element analyses of quartz.
During our study, we also measured Li and Be. Be did not show any sign of
contamination and concentrations in some samples (Grt, Ol, Qtz) were less than
1 ng/g. Lithium, however, was found to be influenced by contamination. This was
demonstrated for garnet and chloritoid in sample SY304, which were analysed with
different primary beam currents, after different cleaning procedures and with field
aperture FA1 as well as with FA2. The diagrams in Fig. 4 show that with field
aperture FA1 and the simple cleaning procedure, the contamination of Li on the
sample results in a contribution of contamination to the analysed value in the range
of 20-200ng/g. Cleaning the thin-section in the ultrasonic cleaner with ultrapure
water reduces contamination level to ~5ng/g. An average Li/B contamination
ratio of ~1/50 can be calculated from both garnet and chloritoid in sample
SY304. Therefore, in our lab, contamination is 50 times more significant for B
than for Li.

Conclusions

Combining an efficient cleaning procedure with a very basic depth-profiling
method enables us to reduce boron contamination to levels close to or even below
the detection limit of ~2ng/g (critical level xc), with a lateral resolution of
~30 pum in a rather short time of ~12 min per spot. Other methods like pre-sputter-
ing or scanning a larger area prior to analysis may reduce contamination to a level
of ~10ng/g (Kent and Rossman, 2002), but require more time and suffer from
poor lateral resolution.

The SiO, glass Herasil 102 from Heraeus Quarzglas GmbH, Germany, is an
appropriate material for checking the level of boron contamination of an in-situ
analytical method like SIMS. Herasil 102 is an ultrapure, homogeneous material
that is available in large quantities. A small sample of Herasil 102 can also be
requested from the authors.

Natural minerals, like olivine, ortho- and clinopyroxene, garnet and quartz are
not viable for testing the contamination level, as boron abundances in these miner-
als vary significantly among different samples and often reach levels of >100ng/g.

Results for Li, B, Na, K and Fe (this study and Miller et al., 2003) suggest that
contamination is a serious problem during in-situ analysis of various trace elements
and must be controlled during analysis of materials showing very low concentra-
tions, such as quartz, mantle rocks and meteorites. Contamination of boron, how-
ever, is much more significant than e.g. Li contamination.
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