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Secondary ion mass spectrometry techniques are used to study trace elements in organic samples where matrix
compositions vary spatially. This study was conducted to develop calibrations for lithium content and lithium isotope
measurements in kerogen. Known concentrations of Li ions (6Li and 7Li) were implanted into organic polymers, with a
range of H/C and O/C ratios similar to kerogen, along with glassy carbon (SPI Glas‐22) and silicate glass (NIST SRM
612). Results show that Li content calibration factors (K*) are similar for carbonaceous samples when analysed using a 5
kV secondary ion accelerating voltage. Using a 9 kV secondary ion accelerating voltage, K* factors are negatively
correlated with the sample O content, changing ~ 30% between 0 and 15 oxygen atomic %. Thus, to avoid the matrix
effect related to O content, using a 5 kV secondary ion accelerating voltage is best for quantification of Li contents based
on 7Li+/12C+ ratios. Under these analytical conditions, Li ppm (atomic)= (132 (� 8)× 7Li+/12C+)× 12C atom fraction of
the sample measured. Lithium isotope ratio measurements of SPI Glas‐22 and NIST SRM 612 are within uncertainty;
however, the organic polymer samples as a group show a 10‰ higher δ7Li than NIST SRM 612.
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Lithium matrix effects, defined as the variable instrumen-
tal sensitivity due to differences in matrix chemistry, have
been identified in several secondary ion mass spectrometry
(SIMS) studies of silicate mineral and glass matrices (e.g.,
Wilson and Long 1982, Hervig et al. 2004, Kasemann et al.
2005, Jeffcoate et al. 2007, Bell et al. 2009); however, no
previous SIMS studies have attempted to quantify Li content
and Li isotopic ratios in carbonaceous matrices. Lithium
derived from organic sources has been largely overlooked in
the Li geochemical cycle until recently (Lemarchand et al.
2010, Williams et al. 2013, 2015). Teichert et al. (2020)
reported that Li isotopic ratios (7Li+/6Li+) in kerogen from
coal increased linearly with thermal maturity. That study
prompted this research to develop appropriate SIMS
reference materials for the determination of Li content in
organic matrices and to evaluate potential matrix effects on
Li isotope ratio measurements.

Isolating kerogen from mineral matter in coal and other
hydrocarbon source rocks using acids alters the Li content

and isotopic composition (Williams and Bose 2018).
Therefore, we used dynamic SIMS for an in situ study of Li
in kerogen. SIMS generally requires matrix‐matched refer-
ence materials for interpreting ion ratios. Consequently, the
objective of this study was to quantitatively implant Li into a
suite of organic polymers with different C‐H‐O contents,
allowing their use as SIMS reference materials for Li content
and Li isotopic composition in organic matrices.

SIMS matrix effects and ion‐implant reference
materials

In SIMS analyses, secondary ions undergo instrumental
mass fractionation (IMF) during sputtering, ionisation and
transmission through the instrument (Wilson et al. 1989).
Sputtering and ionisation are the only sample dependent
fractionation processes, and measuring different matrices can
result in a deviation of ion yields by more than two orders of
magnitude in synthetic materials (Andersen and Hinthorne
1972, Deline et al. 1978a, Williams 1979a). While the
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physics of sputtering and ionisation processes has been
evaluated (e.g., Williams 1979b), an all‐encompassing
sputtering/ionisation theory that can correct for matrix effects
is unavailable. Therefore, to quantify elemental abundances
of materials via SIMS, matrix‐matched reference materials are
best. Similarly, for isotopic measurement, matrix‐matched
reference materials should be used to avoid misinterpretation
of measured ion ratios (e.g., Isa et al. 2017).

Because of the difficulty of preparing homogenous solid‐
phase samples, the use of quantitative ion implantation into
a matrix similar to the unknown was developed as a means
of preparing reference materials in the 1970s. Researchers
studying solar wind implantation used artificial ion implan-
tation to quantify surface concentrations of solar wind
implanted elements in a lunar sample (Zinner and Walker
1975, Zinner et al. 1976). Deline et al. (1978a) investigated
the ion yields of five materials (C, Si, Ge, GaAs, Sn) implanted
with B, C, O, F, P, As and Sb. They found the ion yields of a
given species changed by up to three orders of magnitude
depending on the substrate into which the ions were
implanted, demonstrating the need for matrix‐matched
reference materials for quantification of SIMS measurements.
For geological samples, implant reference materials have
been used to quantify hydrogen, carbon and oxygen in
trapped glass inclusions in volcanic rocks (Hervig et al. 2003,
Regier et al. 2016), hydrogen in terrestrial diamonds
(Kaminsky et al. 2020), nitrogen in upper mantle minerals
(Li et al. 2013) and chromium in carbonates (Steele et al.
2017). Burnett et al. (2015) recently reviewed the key
parameters for preparation of implant reference materials
and methods for implant calibration of geological samples.
They demonstrated how to quantify the trace Li content in
melilite samples by implanting the minor isotope 6Li directly
into the mineral at a known concentration and then
measuring both 7Li and 6Li. The terrestrial abundance ratio
of 7Li/6Li then allowed the calculation of the 7Li abundance
from the known 6Li implant fluence. Williams et al. (1983) first
demonstrated this technique by implanting deuterium into
hydrogenated amorphous silicon films to determine their
H content. Franzreb et al. (2004) later demonstrated the use
of 18O implants to quantify major levels of oxygen in silicon
sputtered by 16O- primary ions while backfilling the analysis
chamber with various amounts of O2.

The creation of an implant reference material is achieved
by using an ion implanter to generate a high‐energy (10–
200 keV) ion beam (beam diameter = 0.3 to 0.6 cm) of an
isotope of interest and rastering that beam over the surface of
the sample to implant a user‐defined and uniform areal
density (atoms cm-2) and depth of the implant species. The
implant results in an approximately Gaussian, subsurface

distribution, which allows it to be clearly distinguished fromany
intrinsic (uniform) level of the same species. Following ion
implantation, the depth profiling capabilities of SIMS instru-
ments allow the shape of the implant profile to be determined.
The implant profile, together with a measurement of the
analysis crater depth using a profilometer, is used to determine
the concentration (atoms cm-3) integrated over the implant
depth. This procedure will only work well if the sample being
implanted is relatively homogenous. The atomic density of the
implanted species can be related to the ion intensity by
calculating a content calibration factor (see section Content
calibration data reduction), which can be used to quantify the
mass fractions of elements in an unknown sample.

The use of ion implantation to create an isotopic
calibration to detect isotope matrix effects is much less
mature. Williams et al. (1983) used ion implantation to
create an isotopic reference material by implanting a silicon
wafer with HD+ ions to produce identical doses of H and D
(2H) to determine the isotope fractionation between H- and
D- secondary ions. Results showed that the fractionation
factor for low energy H-/D- secondary ions was 1.32� 0.01;
for high‐energy H-/D- and for 30SiH-/30SiD- the fractionation
was much smaller: undetectable for H-/D- and 0.95 for
SiH-/SiD-, both with an uncertainty of 3%. More recently,
Burnett et al. (2015) separately implanted two isotopes of
the same element, 25Mg and 26Mg in order to quantify
isotopic compositions.

Matrix effects due to the presence of H and O

Perhaps the most important analytical advancement for
the study of biological and other organic materials by SIMS
techniques was the development of the NanoSIMS 50L
(Cameca‐Ametek), which has been used widely in the
measurement of biomaterials and other organics (Nuñez
et al. 2017). The NanoSIMS is particularly suited to the
measurement of biological samples at the cellular level due to
its small primary beam size (down to ~ 50 nm), its multi‐
collector detection and chemical imaging capabilities.
Despite the growing body of literature containing SIMS data
from organic materials, absolute quantification of chemical
abundances and the determination of matrix effects related to
variable concentrations of H or O in carbonaceous materials
remain scarce in comparison with studies of inorganic
materials. Researchers studying Archaean and Proterozoic
organic matter with a primary focus on identifying bio‐
signatures using carbon isotopes have led the way in
quantifying matrix effects in organic matter. SIMS reference
materials of graphite (Mojzsis et al. 1996, Farquhar et al.
1999), diamond (KaufmanandXiao2003) andpyrobitumen
(Fletcher et al. 2008) have been used in these studies. For
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carbon isotopes, House et al. (2000) suspected amatrix effect
in an algal coal that showed a 10‰ different δ13C IMF than
graphite compared with bulk measurements. Orphan et al.
(2001) found more than a +10‰ δ13C matrix effect
between microbial cell biomass and graphite. House et al.
(2000) reported a < 1‰ variation in δ13C among kerogen
matriceswith a rangeof H/Catomic ratios (0.12 to0.79)while
Sangély et al. (2005) detected up to a 5‰ matrix effect
associated with a larger H/C range (0.04 and 1.74), with
higher H contents resulting in lower δ13C values.

The presence of H and O in inorganic materials has also
been found to cause matrix effects, e.g., Hauri et al. (2002,
2006) discovered that as the H2O content of high‐silica
glasses increased, the D-/H- ion ratio decreased (after
correction for absolute D/H content). The same effect was
reproduced recently (Befus et al. 2020), confirming the non‐
linear influence of increasing H2O on the D-/H- ion ratio. In
another study (Othmane et al. 2015), variable H2O content
of turquoise minerals was shown to be partially responsible
for a variation of up to 20‰ in δD and 7‰ in δ65Cu. These
effects are important because H and O are abundant in
most carbonaceous compounds and their contents vary
widely. Our goal in this study is to evaluate how the
presence of H and O atoms present in organic matrices
affect the sputtering and ionisation of Li.

Experimental

Ion implantation

Figure 1 shows a VanKrevelen plot for organic source rock
types (Van Krevelen 1950, 1961) indicating the range of H/C
and O/C compositions of the organic polymers studied
relative to the range of different kerogen types and macerals
(Van Krevelen 1950, 1961, Van Krevelen and Schuyer 1957).

A variety of chemically homogenous organic polymers
were obtained from industrial suppliers (Table 1) for com-
parison with a pure glassy carbon (SPI Glas‐22) and a
silicate glass reference material (NIST SRM 612). The
elemental abundances of C and H in the polymers were
verified using a Perkin Elmer 2400 Series 2 CHNS/O
analyser at the Intertek Group PLC (https://www.intertek.
com/). The O content was calculated by difference as it was
assumed to be the remaining major element in each
polymer apart from araldite, which also has ~ 0.06 g g-1 Cl
(https://www.tedpella.com).

The materials (Table 1) were implanted with Li, (among
other elements of interest) by Leonard Kroko Inc. (Tustin, CA;
krokoimplants.com) in two separate sessions. The first implant

session was designed to generate reference materials for the
determination of the Li content in kerogen (see section
Content calibration), while the second session was intended
to produce Li isotope implant reference materials for
kerogen (see Isotope calibration, below). Only 7Li was
implanted for the content calibration while both 7Li and 6Li
isotopes were implanted for Li isotope calibration. Separate
samples of the same materials implanted for Li content
calibration (Table 1) were implanted for Li isotope calibra-
tion, in addition to NIST SRM 612. In both sessions, all
materials were implanted simultaneously. Implant fluences
can be inaccurate by more than 10% (Heber et al. 2014)
and, as such, must be absolutely calibrated by implanting a
sample that has a known concentration. We used the NIST
SRM 612 glass to calibrate the implant fluence of the
isotope implant sample batch and used an intercalibration
technique (Burnett et al. 2015) to determine the fluence of
the content calibration implant. The uncertainty in the
implantation fluences was within 1.0% of the nominal
fluences (i.e., fluences specified to the implanter; see
Appendix S1 for details on fluence calibration). The Li
concentrations of the un‐implanted carbonaceous matrices
were near the limits of detection for the SIMS measurement
settings described below. A software package for calculating
the transport of ions in matter (TRIM; Ziegler et al. 2010) was
used to determine the implant energy (Table 2) required for
the peak concentration at a specified depth.

Each implant species was implanted to generate peak
signals near 200 nm depth for polymer samples, such that
the entire implant profile could be captured by SIMS depth
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profiling. Assuming a Gaussian implant profile, which is
reasonable for low energy ion implants (tens of keV; Hofker
1975), the implant fluence can be used to estimate the
concentration of the implant species at the peak following
Leta and Morrison (1980) as shown in Equation (1):

Cp ¼ 0:4ϕ
ΔRp

(1)

where Cp is the peak concentration of the implant species
(atoms cm-3), ø is the fluence of implant species (atoms cm-2)
and ΔRp is the longitudinal straggle or standard deviation of
the Gaussian implant profile width (cm).

TRIM can be used to calculate the value of ΔRp, which is
the standard deviation of the Gaussian implant profile width,
for each material to obtain a desirable implant fluence (�
0.5%) with a known peak concentration. We selected a
mass fraction of 1000 µg g-1 Li (~ 1.3 × 1020 atoms cm-3) at
the implant peak, which corresponds to a fluence of 1.56 ×
1015 atoms cm-2 in these materials.

The secondary ion yield is affected by sample flatness
(Deng andWilliams 1989); so, it is essential that the analysed
area has a height variation< 1 µm. Thus, prior to implantation,
PET, araldite and NIST SRM 612 samples were polished with
a final grit size of< 1 μm colloidal silica, while PC, PMMA and
glassy carbon samples were delivered with mirror finishes. All
samples (cut to 2.54 or 1 cm diameters) were sonified in
1.82%mannitol (a polyhydric alcohol; Tonarini et al. 1997) to
remove surface adsorbed Li (Williams et al. 2012).

Content calibration

The polymer samples (Table 1) along with glassy carbon
(SPI Glas‐22) were implanted with the major isotope 7Li
(92.4%) for Li content calibration. Additional ions were
implanted for other investigations (Table 2), but their low

abundance is inconsequential to the 7Li sputter yield. SIMS
depth profiles were obtained with the Cameca (Ametek)
secondary ion mass spectrometer (IMS‐6f) using three
different analytical setups including different primary ion
beams (O2

- and O-), impact energies and secondary ion
accelerating voltages (Table 3).

The same primary ion accelerating voltage (-12.6� 0.01
kV) was used for all analytical setups. To avoid repetition,
further discussion will refer to the analytical setup by number
(1–3). The change in impact energy and accelerating voltage
causes differences in sputter yields and useful secondary ion
yields (mass selected ions of a given species detected per
atom of that species sputtered; Hervig et al. 2006) that are
evaluated below (see Appendix S2 for calculations of sputter
yield and useful secondary ion yields).

For each analytical setup, a focused primary beam with
a diameter of 10–30 μm was rastered across a 125 × 125
µm2 area using primary ion currents of 30 nA of O2

- or 60
nA of O-. A field aperture was used to ensure that only ions
coming from a circular area 30 µm in diameter in the middle
of the rastered area were counted, eliminating ions from the
crater walls. Depth profiling measurements of 7Li+ and 12C+

were performed at a mass resolving power (MRP=mass/

Table 1.
Implant reference materials H-C-O content and density

Reference material Chemical
formula

H (g g-1) C (g g-1) O (g g-1) Density
(g cm-3)

Supplier

Araldite 502 epoxya Proprietary 0.0834 0.714 0.1416 1.1 Luft (1961)
Lexan Polycarbonate (PC) (C16H14O3)n 0.0521 0.753 0.1944 1.2 Sabic Innovative Plastics US LLC
Polyethylene terephthalate (PET) (C10H8O4)n 0.0467 0.626 0.3278 1.44 Professional Plastics, Inc.
Polymethyl methacrylate (PMMA) (C5H8O2)n 0.0776 0.595 0.3249 1.18 SourceOne Displays LLC
SPI-GLASTM 22 NA < 0.0001 ~ 1 < 0.0001 1.5 Structure Probe, Inc.
NIST SRM 612b NA NA NA 0.464 2.3 National Institute of Standards and

Technology

a Araldite contains 0.06 g g-1 Cl, in addition to C, H and O.
b The reported O content for NIST SRM 612 glass is from Hollocher and Ruiz (1995).

Table 2.
Implant session 1

Ion Fluence
(atoms cm-2)

Implant energy
(keV)

7Li 1.56 × 1015 17
11B 1.28 × 1015 40
14N 1.31 × 1015 52
32S 1.31 × 1015 110

List of ion implants into araldite, PC, PET, PMMA and glassy carbon (SPI
Glas-22) used for this study.
NIST SRM 612 was not included in Session 1.
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Δmass) of ~ 1000, which is sufficient to resolve 11BH+ (~ 12
amu) from interfering with the 12C+ peak. Energy filtering
(Shimizu 1979) of secondary ions was applied by reducing
the sample voltage by 75 V, so that only ions with excess
energies of 75� 20 eV could be detected, which can
reduce molecular interferences. We used energy filtering
because it is important for the ion energies detected to be
the same for the reference material and unknowns. Energy
filtering also reduces the secondary ion signal allowing all
ions to be detected using the electron multiplier detector.
Sample charging was controlled at each cycle of the
analyses using a routine, which scans the sample voltage
while monitoring the 7Li+ ion signal and returns the voltage
to the value that gives the maximum 7Li+ signal before
applying the offset voltage. The efficiency of the electron
multiplier detector was maximised for each measurement
session using a reference material of known isotopic
composition and adjusting the EM gain to get the same
ratio (within uncertainty) obtained for each measurement
session.

Crater depths were determined by taking the mean of
three to four measurements of rastered craters in the x, y and
diagonal directions using a KLA TencorTM Alpha-Step® 200
stylus profilometer. The crater depth measurements had a
�2sx precision < 5%.

Content calibration data reduction: The SIMS relative
sensitivity factor (Wilson et al. 1989) is frequently used for
determining the content of elements in matrix‐matched mate-
rials. However, because the C concentrations in the carbona-
ceous implant reference materials measured here, and
kerogen unknowns vary widely, we define a content calibration
factor that takes variations in matrix composition into account.

Dividing the integrated 7Li+ counts in an implant depth
profile by the total measurement time spent on 7Li+ (not the
total time for the profile) gives a mean count rate for 7Li+ (c/s).
Dividing the 7Li implant dose (7Li atoms cm-2) by the total
crater depth (in cm) gives a mean Li atomic concentration
over that profile (7Li atoms cm-3). A factor that converts count
rates to concentration can then be defined as follows:

K ¼ ð7Li atoms=cm3Þ=ð7Liþc=sÞ (2)

This K value is specific to the particular matrix and to the
analytical conditions used, that is primary ion current, both
primary and secondary ion accelerating voltages, primary ion
species, mass resolving power and secondary ion energy band
pass. Tobeable toapply a conversion factor toother samples of
the samematrix possibly analysed using a different primary ion
current value, the 7Li+ count rate in the implant reference
material and 7Li concentration must be normalised to the count
rate and concentration for a matrix signal from the target, and
12C was chosen. Because the carbon content varies among
different polymers, the 12C concentration must be defined in
units of atoms cm-3, which can be calculated as follows:

NC ¼ w f mρð Þ
um NA

� �
� am (3)

where NC is the atom density of the reference isotope (C
atoms cm-3), wƒm is the mass fraction of the reference matrix
atom in the implant reference material (g g-1; Table 1), ρ is
the material density (g cm-3; Table 1), um is the mean molar
mass of reference matrix atom (g mol-1; 12.011 g mol-1 for
all C), NA is Avogadro’s number (6.023 × 1023 atoms
mol-1) and am is the isotopic abundance fraction of
reference matrix isotope (0.9893 for 12C).

Using the 12C count rate and concentration, we define a
normalised calibration factor K*:

K � ¼ ðatoms cm�3Þ�=ðc=sÞ� (4)

where now both the 7Li concentration and count rate are
normalised to the corresponding values for 12C in the
implant sample. The 7Li concentrations in other samples may
then be calculated as a fraction of the concentration of 12C
by multiplying the 7Li+/12C+ count rate ratio in the unknown
sample by the factor K*. It is possible that K* may be affected
by some or all of the analytical conditions listed above, as
discussed below. Lower K* values indicate higher sensitivity
of the implant ion (7Li+) relative to the reference ion (12C+).

Isotope calibration

In a previous study of Li in kerogen (Teichert et al. 2020),
NIST SRM 612 was used as a reference material for δ7Li
measurements in coal because there were no known
reference materials for Li in a carbonaceous matrix. There-
fore, in addition to comparing carbonaceous samples with
varying H/C and O/C ratios, another goal of this calibration
study was to determine the magnitude of possible matrix

Table 3.
Setup conditions used for depth profiles

Analytical
setup

Primary
ion

Secondary ion
accelerating
voltage (kV)

Impact energy
per primary
atom (kV)

1 O- 9 21.6
2 O2- 9 10.8
3 O2- 5 8.8
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effects on Li isotopes among silicate glass and carbon
matrices. The materials listed in Table 1 were implanted with
both 7Li and 6Li ions at fluences of 1.0 × 1015 and 1.0 ×
1014 atoms cm-2, respectively. The implant energy used was
calculated based on the highest density material to be
implanted, which was the NIST SRM glass reference material
(NIST SRM 612; 2.3 g cm-3; Hervig et al. 2006); therefore, a
21 keV implant energy was used for all materials.

SIMS depth profiles of 7Li and 6Li were obtained using
the same primary beam types, primary and secondary ion
accelerating voltages, raster size and field aperture settings
as those described above (Content calibration), except that
depth profile measurements for the O2

- primary beam
coupled with a 9 kV secondary ion accelerating voltage
(Setup 2; Table 3) were not performed. Additionally, no
energy filtering was used for isotope ratio measurements,

therefore, to avoid oversaturating the electron multiplier
detector, entrance and exit slit widths were adjusted to a
MRP of ~ 1800 and lower primary beam currents were used
(5 nA for Setup 3, 10 nA for Setup 1). Spot measurements
were made on an un‐implanted NIST SRM 612 reference
material using ’standard‐sample bracketing’ to monitor the
IMF during the measurement sessions.

Isotope calibration data reduction: The integrated
signals for 7Li and 6Li were used to obtain δ7Li values (in ‰)
as follows:

δ7Li ¼ RSample

RRM
‒1

� �
(5)

where RSample is the 7Li/6Li signal ratio and RRM is equal to
12.0192� 0.0002 (Flesch et al. 1973).
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Figure 2. Depth profile measurements into (a) araldite, (b) glassy carbon, (c) PC and (d) PET materials, showing the

implant ion (7Li+) and reference ion (12C+) intensities using Setup 2 (O2
-, 9 kV secondary ion accelerating voltage).

Note that 12C+ signals were subjected to transient effects near the surface and therefore the first several cycles were

not used to determine the mean 12C+ count rate. In some materials, 12C+ signals would continue to decrease

throughout the profile and were the main source of uncertainty in the K* factor calculations. For consistency, the 12C+

signal was averaged from where transient effects ended where the 7Li+ signal reached 5% of its peak value for all

depth profiles.
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section Content calibration for additional setup parameters. �2sx of individual analyses is plotted and is the result of

uncertainty in the 12C+ count rate and profilometer depth measurements.

Table 4.
Mean calculated data and associated uncertainties

Sputter yield 7Li+ useful
secondary
ion yield

�2sx
12C+ useful
secondary
ion yield

�2sx K* �2sx n

Setup 1
O-/9 kV/21.6 kV

Araldite 3.78 0.28 1.21 × 10-3 3.6 × 10-5 1.43 × 10-7 1.7 × 10-8 1.20 × 10-4 1.1 × 10-5 2
Glassy C 2.03 0.01 1.25 × 10-3 2.4 × 10-5 1.40 × 10-7 8 × 10-9 1.14 × 10-4 5 × 10-6 2
PET 6.61 0.06 1.02 × 10-3 1.2 × 10-5 8.6 × 10-8 2 × 10-9 8.6 × 10-5 2 × 10-6 2
PC 4.66 0.11 1.23 × 10-3 3.3 × 10-5 1.08 × 10-7 7 × 10-10 9.0 × 10-5 2 × 10-6 2
Setup 2
O2

-/9 kV/10.8 kV

Araldite 4.02 0.2 8.8 × 10-4 3 × 10-6 1.14 × 10-7 4 × 10-9 1.33 × 10-4 5 × 10-6 2
Glassy C 2.05 0.01 1.05 × 10-3 2 × 10-6 1.44 × 10-7 1 × 10-9 1.39 × 10-4 8 × 10-7 2
PET 6.64 0.08 8.2 × 10-4 6.8 × 10-5 8.3 × 10-8 2 × 10-9 1.03 × 10-4 6 × 10-6 4
PC 4.95 0.11 9.9 × 10-4 3.1 × 10-5 1.03 × 10-7 8 × 10-10 1.06 × 10-4 3 × 10-6 3
Setup 3
O2

-/5 kV/8.8 kV

Araldite 4.68 0.05 6.0 × 10-4 3 × 10-6 7.9 × 10-8 3 × 10-9 1.35 × 10-4 5 × 10-6 2
Glassy C 2.2 0.05 7.6 × 10-4 7 × 10-6 1.03 × 10-7 3 × 10-9 1.38 × 10-4 2 × 10-6 2
PET 7.06 0.08 5.6 × 10-4 4.1 × 10-5 7.4 × 10-8 4 × 10-9 1.35 × 10-4 6 × 10-6 4
PC 5.37 0.05 7.0 × 10-4 1 × 10-6 8.3 × 10-8 1 × 10-10 1.21 × 10-4 4 × 10-7 2

The mean values of sputter yields, useful secondary ion yields and K* factors grouped by material and analytical setup.
The uncertainties are 2sx determined from the mean values of the number of analyses (n).
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For the NIST SRM 612 glass, the background Li count
rate was subtracted from the integrated Li profile. For
polymer and glassy carbon samples, there was no significant
Li background (< 100 cps). The δ7Li‰ deviations of each
implanted carbonaceous sample from the NIST SRM 612 Li
isotope implant reference material (δ7Li612) were deter-
mined with the following expression

δ7Li612 ¼ δ7Li612 implant RM‒δ7Lii implant reference material (6)

where δ7Li612 implant RM is the δ7Li value for the NIST SRM
612 implant reference material, and δ7Lii implant RM is δ7Li for
each of the carbonaceous implant reference materials.

A minor correction for differences in backscattering
between the NIST SRM 612 glass and the carbonaceous
samples was also applied. According to TRIM simulations,
during the ion implant process, the NIST SRM 612 glass
backscattered approximately 1.4% of the 7Li+ ions and 1.6%
of the 6Li+ ions. The carbonaceousmaterials backscattered less
< 0.2% of both Li implant species. Accordingly, we calculated

that the implant ratio of theNIST SRM612 is 1.5‰ larger than
for the carbonaceous samples and applied this correction.

Potential problems related to the instantaneous count
rate loss when using a secondary ion aperture over a
rastered beam (Simons et al. 2005) may be approximated
by multiplying the mean count rate by the ratio of the rastered
area to the apertured area, but this method will overestimate
the instantaneous count rate if the beam diameter is larger
than the analysed diameter. Another method to calculate the
instantaneous count rate loss is to use the dynamic transfer
operating system (DTOS) and to calculate the intensity ratio of
Li ions at 100% DTOS (where all counts from the raster are
focused to a spot) and the 0% DTOS (no electronic gating) as
the factor by which to multiply the mean count rate. It is
necessary that the diameter of the 100% DTOS beam be
roughly equal to the diameter of the primary beam for this
correction to be accurate. The second procedure was
applied by measuring 7Li+ on the un‐implanted NIST SRM
612 RM using both 100% DTOS and 0% DTOS to calculate
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Figure 4. Comparison of analytical craters in different matrices; (a) NIST SRM 612 glass, (b) polycarbonate (PC), (c)

polymethacrylate (PMMA). The spots shown in C appear to be bubbles related to melting. The effect of this melting

on the 7Li+ implant profile is shown in the PMMA depth profile.
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the factor needed to obtain the instantaneous count rate loss.
Once the instantaneous count rate was calculated for each
cycle in a given measurement, a correction was made for
both Li isotopes by adding count losses to those integrated
signals. The count loss correction changed the δ7Li612 by a
range of +1 to +18‰ and was applied to all the Li isotope
implant reference material measurements but was not
necessary for the content calibration because the instanta-
neous count rate correction was not significant (< 1.5%).
Ideally, both isotopes are implanted with the same fluence, so
that the instantaneous count losses are the same, and
correction is not necessary.

Results and discussion

Lithium content calibration

The secondary ion intensities of 7Li+ and 12C+ are
plotted against depth in Figure 2 for several depth profile
measurements into ion implant reference materials. The K*
calibration factors (Equation 4) for each material are plotted
against the atomic abundances of H and O for the different
analytical setup conditions (Figure 3). Multiple depth profiles
were taken for each material. Table 4 shows the mean K*

factors, sputter yields (atoms sputtered per impinging atom)
and 7Li+ and 12C+ useful secondary ion yields for each
material.

The polymethyl methacrylate (PMMA or Plexiglas),
which has the lowest melting point (160 °C) showed
evidence of melting (Figure 4) during ion bombardment
resulting in unstable secondary ion signals, and therefore,
the results from those analyses are not included or
discussed further.

For analytical setups 1 and 2, using the 9 kV secondary
ion accelerating voltage, the araldite and Glassy C have
higher K* factors than PC and PET resulting in a negative
trend between K* factors and the atomic abundance of O
(Figure 3). Despite having a similar trend for the materials,
the K* factors are shifted higher in Setup 2 compared with
Setup 1. Even though the same primary and secondary ion
accelerating voltages were used in both Setup 1 and 2,
the impact energies of the impinging atoms are different
because O2

- ions break into two O atoms when they strike
the sample surface, which halves the impact energy of
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each O atom. The lower impact energy of Setup 2 (10.8
keV) compared with Setup 1 (21.6 keV) decreases the
depth range of the primary ions and thus sets more surface
atoms in motion, resulting in higher sputter yields (Table 4;
Figure 5; Sigmund 1969). Conversely, the lower impact

energies decrease the surface concentration of the primary
ion species (oxygen) implanted into the sample, which is
approximately equivalent to the reciprocal of the sputter
yield (Liebl 1975, Deline et al. 1978b, Williams 1979a).
Williams (1979a) found that secondary ion yields are
negatively correlated with the sputter yield as demonstrated
in this study (Figure 5) because primary oxygen accumu-
lates in the craters, enhancing ionisation due to its high
electronegativity.

The K* calibration factor can also be expressed as the
implant ion useful secondary ion yield (7Li+) relative to the
reference ion useful secondary ion yield (12C+) (see section
Content calibration data reduction):

K* ¼ Useful 12C ion yield
Useful 7Li ion yield

� �
(7)

Therefore, increasing the surface concentration of O by
primary beam implantation evidently enhances the 7Li+ ion
yields by a greater factor than the 12C+ ion yields, and this
can be seen in Figure 6 and Table 4 by comparing how 7Li+

and 12C+ secondary ion useful yields change from Setup 2
to Setup 1 for each material. The trends in Figure 6 suggest
that samples with higher O content will have lower K* factors
(i.e., greater sensitivity to 7Li+ relative to 12C+) as is observed
in Figure 3 for Setups 1 and 2.

Using Setup 3, the mean values for the K* factors of each
material, apart from PC, are within statistical uncertainty. The
PC K* factor is 13% lower than Glassy C with Setup 3, 24%
lower with Setup 2 and 21% lower with Setup 1. Therefore,
by measuring the carbonaceous samples using a 5 kV
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secondary ion, accelerating voltage one can effectively
eliminate matrix effects related to the O contents.

Hervig et al. (2006) observed that useful secondary ion
yields increased proportionally with secondary ion acceler-
ating voltage in NIST SRM 610 glass. In addition to the
lower secondary ion accelerating voltage, Setup 3 also has
a lower impact energy (8.8 keV) than the other setups, which
also decreases ion yields. Figure 7 shows the per cent
change in the useful secondary ion yields as the secondary
voltage is increased from 9 to 5 kV secondary ion acceler-
ating voltage. The useful secondary ion yields of 7Li+

decrease by ~ 30% for all samples. The 12C+ useful
secondary ion yields, however, decrease as a function of
the O content of the sample, with the samples with higher
O content having a smaller decrease when changing from
Setup 2 to Setup 3. At a 9 kV secondary ion accelerating
voltage (Setups 1 and 2), it was observed that the materials
with higher O contents had lower K* factors (i.e., Equation 7).
That is not observed at a 5 kV secondary ion accelerating

voltage (Setup 3), because the useful secondary ion yields of
12C+ decrease the least in the materials with high
O contents (Figure 7); thus, equalising the Useful 12C ion
yield/Useful 7Li ion yield ratio (i.e., K* factors) for all materials.
It is unclear why the secondary ion accelerating voltage
affects the useful ion yields of 12C+ so significantly, and this
question requires further study.

Electron multiplier effects on the Li content calibration
factor (K*): Several instrumental parameters including the
primary ion current (5–50 nA), sample height (� 15 µm)
and immersion lens voltage were tested to determine how
each might affect the K* factors, and those parameters
were determined to have a negligible effect. The electron
multiplier gain has a considerable influence on the K*
factors because of the higher detection efficiency of 12C+

relative to 7Li+ secondary ions (Zinner et al. 1986). It is
common for the electron multiplier gain to be adjusted with
aging of the detector because the sensitivity of ion
conversion to electrons degrades with use (Frank et al.
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1969); therefore, it is important to maximise the EM
response. Figure 8a demonstrates the magnitude of the
effect of EM gain on K* factors, showing a systematic
decrease as the EM gain is increased. The K* factor
changes because 7Li+ counts increase relative to 12C+ as
the detector sensitivity is increased. The K* factor is linearly
correlated with the mean 12C+/7Li+ peak intensity (Figure
8b); thus, maximising the ratio can be used to set the EM
gain.

Application of content calibration: Figure 9 shows
calibration curves for the conversion of 7Li+/12C+ count
ratios to the 7Li atom/12C atom fraction in organic matrices
for each of the analytical setups described here. Because Li is
typically a trace element in organic materials the atom
fraction ratio is multiplied by 1 × 106 to express the 7Li
concentration, in ppm atomic (ppma), in terms of the 12C
concentration. Once this value (y‐axis) is obtained from a
given 7Li+/12C+ count ratio, it can be multiplied by the 12C
atom fraction of the unknown to convert to 7Li ppma for the
entire sample, which can then be converted to μg g-1

convenient to geochemical studies.

For Setup 1 and 2, the calibration is a function of
sample O content (atom fraction; Oaf) as well as the
7Li+/12C+ intensity ratios, whereas the calibration for Setup

3 (using a 5 kV secondary ion accelerating voltage) is a
single curve independent of sample O content. It is key to
note that these trend lines are accurate only if the electron
multiplier detection efficiency is maximised, the MRP is
approximately 1000 and ions with 75� 20 eV initial
kinetic energy are detected. Content calibrations deter-
mined here with an IMS‐6f may not be directly transferable
to different instruments (e.g., NanoSIMS) where secondary
ion optics and detection systems differ significantly. Ideally,
calibration curves should be determined for different types
of SIMS instruments.

Li isotopic calibration

The δ7Li‰ deviations of each implanted carbona-
ceous sample from the NIST SRM 612 Li isotope implant
reference material (δ7Li612) are plotted against their
atomic abundances of H and O (Figure 10) for analytical
setups 1 and 3. Using either analytical setup, the Li
isotope calibration in glassy carbon (SPI Glas‐22) is within
uncertainty of the NIST SRM 612 glass. The carbonaceous
matrices are on average +10‰ higher than the NIST
SRM 612 silicate glass reference material using both
analytical setups. In each case, PC has the largest
deviation from the NIST SRM 612 glass reference
material. There is no apparent relationship between
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sample H and O contents and the measured Li isotope
ratio.

Conclusions

Organic polymer samples were implanted with Li ions to
serve as reference materials for SIMS measurements of Li
content and isotope ratios in kerogen. SIMS depth profile
measurements through Li ion implants were used to
calculate a Li content calibration factor (K*). The results show
no matrix effects related to variable H and O contents of the
carbonaceous materials using an O2

- primary ion beam
and 5 kV secondary ion accelerating voltage. However, a
matrix effect related to sample O content was observed
when using an O- or O2

- primary beam with a 9 kV
secondary ion accelerating voltage. Therefore, at a MRP of
~ 1000, we recommend the use of a 5 kV secondary ion
accelerating voltage when measuring Li in organic matrices,
to avoid a matrix effect related to sample O content and to
improve depth resolution.

For Li isotope calibration reference materials, there is a
matrix effect with organic polymer samples having a +10‰
greater δ7Li‰ than silicate glass (NIST SRM 612) on
average; however, glassy C (SPI Glas‐22) is within uncer-
tainty of NIST SRM 612 glass. Preparation of implant
reference materials as described in this study can provide
matrix‐matched calibrations for both Li content and Li
isotopes in similar organic matrices.
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Supporting information

The following supporting information may be found in
the online version of this article:

Appendix S1. Absolute calibrations of implant fluences.

Appendix S2. Calculation of sputter yield and useful
secondary ion yield.

This material is available in http://onlinelibrary.wiley.com/
doi/10.1111/ggr.12415/abstract (This link will take you to
the article abstract).
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