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solid sample homogeneity
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Nanosecond scanning laser ablation MC-ICP-MS (213 nm) was applied to the measurement of the intensity

ratios of ultrapure single crystalline silicon (WASOO04), which is used in the XRCD-method and general

silicon isotope ratio measurements as a well characterized reference material. Parallel measurements in
the same sequence with WASO04 samples (w(Si) = 4 ng g3 dissolved in TMAH (W(TMAH) = 0.0006 g
g~ 1) were conducted for the comparison of matrix and experimental related impact parameters of the

derived calibration factors (K) for the correction of intensity ratios. Uncertainties associated with K factors

determined via solid laser ablation multicollector-inductively coupled plasma mass spectrometry (LA-
MC-ICP-MS) were in the range of U« (K(°Si/28Si)) = 0.58%, Uye(K(3°Si/28Si)) = 0.60%, and u,a(KCGOSi/2°Si)
= 0.47%, and exhibit a scattering contribution of up to 50%, whereas K factors derived by Si samples in
solution under the same conditions show a more stable course. Main influences on isotope fractionation

were derived from the applied laser parameters. Matrix influences due to the kind of sample (solid or

dissolved) are negligible. A "quasi-homogeneity” investigation of the local distributions of amount-of

substance fractions x('Si) in the solid sample shows a uniform distribution within the limits of
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uncertainties. A measurement protocol of isotope ratios of natural silicon was developed using scanning

LA-MC-ICP-MS, applying 10 Q resistors for Faraday detector readings of highest sensitivity, t-
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1. Introduction

The production and application of silicon crystals in semi-
conductors and micro-electronics materials are increasing not
only in industry and economics, but also in analytical sciences,
ensuring the purity and quality of the respective materials.»* In
basic metrology, single crystalline silicon has become a material
of major interest in the last decades since it was used as the key
material in the redetermination of the Avogadro constant N,
and later on for the redefinition of the SI units, the mole and the
kilogram, when applying the X-ray crystal density (XRCD)
method acting as the underlying primary method.* Prior to the
use of silicon highly enriched in the >®Si isotope, high purity
single crystalline silicon with approximately natural isotopic
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correction, measurements of interference free (high resolution) Si signals, and strong depletion of the
NO* interference near the *°Si* signal.

U

composition with amount-of-substance fractions x(**Si)
0.922 mol mol ™, x(*°si) = 0.047 mol mol™", and x(*°si) =
0.031 mol mol " has been used for the XRCD experiments.® The
two main Si crystal materials with this background used were
the so-called NRLM4 crystal (name defined by the former
National Research Laboratory of Metrology, Japan) from the
National Metrology Institute of Japan (NMIJ) and the WASO04
crystal (name defined by the “Wacker-Siltronic” company, Ger-
many) from the Physikalisch-Technische Bundesanstalt (PTB)
in Germany.*® These crystals have been completely character-
ized at that time for a first attempt of an estimate of N, with the
lowest associated uncertainty. Although the use of natural-like
Si crystal yields a lower limit of u.(Na) = 3.1 x 1077, which
was at least one order of magnitude too high to become
a candidate material for a redetermination, the WASOO04 crystal
material today still plays a prominent role in the determination
of the molar mass and isotopic composition of the new silicon
crystals highly enriched in *®Si, which enables the determina-
tion of u.(Na) <1 x 10~% - a prerequisite for the revision of the
kilogram and mole in 2019 and further dissemination of these
SI units today and in the future.>'® The respective molar mass
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determinations were performed by isotope ratio mass spec-
trometry using the virtual-element isotope dilution mass spec-
trometry method.™ This method requires for the correction of
isotope ratios in the sample and blends a material with known
isotope ratios.”> For this purpose, WASO04 was isotopically
characterized using an FGIM approach."** This way it became
the necessary material with known absolute isotope ratios and
is still used as a reference material in case of silicon isotope
ratio measurements and molar mass determinations of Si
highly enriched in 2%Si or for calibration in Instrumental
Neutron Activation Analysis (INAA).° In 2019, PTB reported on
the use of three classes of silicon sphere standards (“artefacts”)
for the realization and distribution of the kilogram, which can
be used for different levels of uncertainty in the dissemination
chain: from metrology to industrial application.™ The three Si
sphere types are: “*®Si-primary” (Si crystal highly enriched in
%88, with ue(m) = 2 x 10~%); “"¥'Si-quasi primary” (Si crystal
with natural isotopic composition, with u.(m) = 3 x 107%) and
“ntgisecondary” (industrially manufactured Si crystal with
natural isotopic composition, with u.(m) = 3 x 107%). To
consider both availability and production costs, the two latter
sphere materials are machined from natural silicon. This
material can even be calibrated and characterized according to
its isotopic composition with the reference material WASO04 in
the future.

Si isotope ratio measurements with the lowest associated
uncertainties are best carried out by isotope ratio mass spec-
trometry using inductively coupled plasma source (ICP-MS)
instruments.” However, solutions are usually necessary for
ICP-MS measurements, which is connected to a time-
consuming and complex sample preparation procedure, and
with the advantage of achieving intensity ratios with relative
uncertainties in the 10> range. An alternative sample intro-
duction is laser ablation ICP-MS (LA-ICP-MS), a versatile
analytical tool established in recent decades.'®'” Since the pio-
neering work of Gray in 1985, numerous applications and
publications have been developed and published, so LA-ICP-MS
is now a common tool in geosciences, forensics, biology, related
interdisciplinary fields, and analytical chemistry.*® Its main
advantages are saving time in sample preparation and the
ability to scan local variations of sample contents or isotope
ratios in a highly spatially resolved mode down to a few
micrometer, as well as depth profiling. Therefore, mapping
structures and compositions of tiny samples is possible, and
furthermore, LA-ICP-MS enables a somewhat non-destructive or
“minimally invasive” analysis of rare samples.

In the current study, we applied for the first time LA-MC-ICP-
MS isotope ratio measurements on an ultrapure single crystal-
line silicon material used in the XRCD method as a reference
material for K factor determinations in the context of the
measurement of the isotopic composition and molar mass of
silicon highly enriched in *®Si. The isotope ratios of this Si
material (WASO04) have been well characterized and deter-
mined using a gravimetric mixture approach.'®" This study's
main objective is to compare the K factors determined using
a pure solid crystal sample via LA-MC-ICP-MS with the respec-
tive K factors obtained by measuring a Si sample in the solution
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under the same conditions.'**® The range of isotope fraction-
ation and underlying matrix effects were probed. In this context,
a stable protocol for scanning LA-MC-ICP-MS was developed
using high ohmic 10" Q resistors in the feedback loop of the
Faraday cups for the highest sensitivity which enables
measurements of small ion beams (U = 5 mV corresponding to
3 x 10° s7* (counts per second)), e.g., in the case of Si highly
enriched in *®Si.>"?* Influences of crucial parameters such as
scanning speed, spot size, laser energy, and laser frequency
were investigated. Additionally, a rough “quasi-homogeneity”
investigation of the solid sample used was performed,
comparing the amount-of-substance fractions x('Si) of all three
Si isotopes (i) averaged from the respective line scan areas. Data
evaluation and uncertainty calculations were carried out using
the rules of the “Guide to the Expression of Uncertainty in
Measurement” (GUM).>

2. Experimental
2.1 Materials and reagents

The basic sample material is single crystalline silicon
(WASO04), highly purified and produced by float zone melting
by the company Wacker-Siltronic, Germany, in collaboration
with PTB about 20 years ago in the context of the redetermi-
nation of the Avogadro-constant.®® This material is well char-
acterized and was used in the XRCD method to measure the
isotopic composition and molar mass of silicon crystals highly
enriched in ?%Si.’® Various mass spectrometric measurements
applied during the last years used the WASO04 Si with an
almost natural isotopic composition for the fractionation
correction (mass bias), especially for the correction of the
intensity ratios r(U(*°Si)/U(*°Si)) in the respective samples.**
Detailed descriptions of the sample preparation and related
procedures can be found elsewhere. The respective bottles and
vials are made of PFA (perfluoroalkoxy alkane) and were cleaned
according to a special protocol.’® In brief, for the solution
measurements, approximately 50 mg of the WASOO04 crystal
material (cleaned and surface-etched) have been dissolved in
aqueous tetramethylammonium hydroxide (TMAH, w = 0.25 g
¢!, Alfa Aesar, Thermo Fisher GmbH, Kandel, Germany with
electronic grade purity 99.9999%).

After further dilution using purified water (Merck Milli-
pore™ water purification system yielding 18 MQ cm resistivity),
measurement solutions with w(Si) = 4 ug ¢~ in aqueous TMAH
with w(TMAH) = 0.0006 g g~ " have been prepared. The liquid
blank also consists of TMAH,, with w(TMAH) = 0.0006 g g .
For laser ablation measurements, a solid single crystal sam-
ple (WASO04) of quadratic shape (edge length = 15 mm,
thickness = 3 mm) with a polished and cleaned surface was
used (see Fig. 1).

2.2 Mass spectrometry

The mass spectrometric measurements were carried out at PTB
using a high-resolution multicollector-inductively coupled
plasma mass spectrometer (MC-ICP-MS) Neptune™ XT
(Thermo Fisher Scientific GmbH, Bremen, Germany).?>** All

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Photograph of a WASO04 Si sample (natural isotopic compo-
sition) after laser ablation scans using 2 = 213 nm. The rectangular
sample consists of a purified single crystal with approximately 15 mm
x 15 mm. Lengths of ablation scan lines were approximately 5000 pm.
Numbers indicate the line scans and corresponding sequences used
for isotope ratio measurements.

measurements were performed using a combination of 10'* Q
amplifiers (Faraday cup L3, >®Si") and 10" Q amplifiers (Faraday
cups C (*°si*) and H3 (*°Si*)). High-ohmic resistors applied for
the detection of the two lower abundant Si isotopes were tested
in combination with LA signal accumulation and sensitivity
increase.

An additional contribution to biased isotope ratios can occur
due to signal detection of Faraday collectors, especially in the
case of transient laser signals when using high ohmic resistors
in the feedback loop of the respective amplifiers. Different
signal decay times correspond to so-called “first-order-tau-
constants” of the respective resistor.>»**?** To minimize influ-
ences inducing a related bias in isotope ratios, the generated
data were corrected by the tau constants () of the respective
amplifiers implemented in the Neptune XT software. The
potential effect of <t-corrections has been investigated
elsewhere.”

Table 1 summarizes the applied experimental parameters
and operation conditions.

The sample introduction consists of a home-built Y-piece
made of PTFE for mixing the laser ablation and dissolved
sample aerosols and a cyclonic spray chamber made of PEEK
(solution sample arm).”” The ICP torch is made mainly of
sapphire parts. In the case of the dissolved sample, tentative
contaminations were corrected by subtracting the blank signals
measured prior to the sample from the latter, whereas, in the
case of the laser ablation, a gas blank was subtracted from the
sample signals. The plasma generated by the laser ablation was
transferred via pure He (5.0, Linde, Germany) through a tube
(“SQUID”, made of PEEK and nylon tubing, Laurin Technic,
Australia) intended as a signal smoothing device. During the LA
measurements, DI water aerosol was transferred through the

This journal is © The Royal Society of Chemistry 2025
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Table 1 Neptune XT™ MC-ICP-MS operation parameters

Vacuum

Sample introduction
system

Flow rates

(Argon 5.0)

Machine settings
Autosampler
Sequence settings
Blank measurement

Faraday detectors,

Scroll pump, turbo pumps,
OnToolBooster pump

PFA nebulizer (50 pL min~'), cyclonic
spray chamber (PEEK) and Y-piece (PTFE),
sapphire torch and injector, BN bonnet,
X-skimmer and sampler cone (both Ni)
Cool gas: 16 L min ™', auxiliary gas:

0.8 L min’

Sample gas: 0.8-1.0 L min~
Pseudo high resolution HR
(M/AM = 8000)

Plasma power P(RF) = 1200 W
CETAC ASX 110 FR

Wash time: 60 s

Take-up time: 30 s

LA: gas blank, dissolved sample:
TMAH blank

L3: *%si* (10M Q); C: *%si* (10" Q),

1

resistors H3: *°si* (10" Q)
Integration time/s 2.1

Idle time/s 3

Number of integrations 1

Number of cycles/block 60

Number of blocks 1

solution arm of the Y-piece to reduce any nitrogen addition
(reduction of NO" interferences on mass m/z = 30) to the
plasma.?®

Laser ablation was carried out using a commercially avail-
able ESI 213 NWR (Elemental Scientific Lasers, USA) system
with a pulsed 213 nm Nd:YAG laser; see Table 2. The laser was
used to trigger the MS-experiment (sequence). In this study, line
scans were performed to guarantee proper timing of the laser
pattern connected to a sequence, including measurements of
a dissolved sample. Additionally, the scanning mode enables
signal stabilization after an appropriate choice of parameters
(scan speed and spot size). Line scans also have the advantage of
yielding an average composition of the sample used (larger

Table 2 Typical laser parameters

Type ESI NWR 213, solid state Nd:YAG
Wavelength/nm 213

Output energy/% 50

Pulse duration/ns 4

Sampling mode Line scan (5000 pm)

Repetition rate/Hz 20

Spot size (diam.)/pm 20

Scan speed/um s ! 35

He gas flow rate/mL min " 450

Aerosol transport
Ablation chamber

SQUID-tubing

Two-volume chamber with
reduced outer volume

Output energy: 10%; spot size:
40 pm; scan speed: 55 um s *,
rep. rate: 20 Hz

Sync out

(trigger for MC-ICP-MS sequence)

Preablation

Signal trigger

J. Anal. At. Spectrom., 2025, 40, 1323-1334 | 1325
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area) if an average value of the measured parameters (e.g.,

single samples.” In this study, we compared the averaged
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results of different line scans on different sample locations,
intensity ratios of a reference material) will be used for related which is addressed as “quasi-homogeneity” due to the larger
area instead of spot measurements, which were used for more
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Fig.2 Signalintensity ratios r = U('Si)/USi) of the sample in solution compared with the solid sample (LA). Displayed is one run of each sample in
a representative sequence (no. 6), demonstrating offsets between blank corrected and not blank corrected signals.
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Fig. 3 Schematic of the timing of the combination of the laser pattern and the MC-ICP-MS sequence. Prior to the ablation, the laser triggers the

data collection (measurement) of the MC-ICP-MS (see text).

locally focused homogeneity studies in the range of 10-100 pm
diameters.

Typical signal intensities were as follows: dissolved sample:
U(%%si) = 4.8V, U(**Si) = 260 mV, U(*°Si) = 180 mV; LA: U(*®Si)
= 5.5V, U*°Si) = 290 mv, U(*’Si) = 200 mV.

A sequence consists of 14 runs (methods): one gas-blank, six
LA solid Si sample measurements, six solution Si sample
measurements, and one final (TMAH) blank measurement for
solution correction. Fig. 2 displays the courses of measured
intensity ratios r of sequence 6 exemplified: in the WASO04
solutions and in the LA process, a drastically different scattering
of the ratios can be observed. Each plot displays one cycle of
a sequence. The respective plots of solutions show that blank
correction is necessary: see U(*°Si)/U(*®si) and U(*°Si)/U(**Si).

The observation of increased scattering of the course of
intensity ratios when applying laser ablation can be also
explained by a kind of a “melting effect” due to the use of a ns
systems which releases the heat of the laser spot on the surface
within a longer time period compared to a femtosecond abla-
tion system.*®

To avoid any carry-over effects and contamination, a suffi-
cient wash time was applied. For solution measurements and
LA the same method (and cup configuration) was used. Fig. 3
schematically displays the time scale (time intervals At) and
respective — coincident - actions from the laser and the MC-ICP-
MS. According to the applied parameters (e.g. wash time, laser
parameters e.g. scan speed etc.), the time settings between the
laser and the MC-ICP-MS sequence have to be aligned. The
optimized protocol, including LA line scans and solution
sample measurements, is based on the trigger signal (sync out)
initiated by the laser system. In Fig. 3 the upper (orange-
coloured) time scale shows the laser actions (preablation,
washout delay, He gas ramp up delays, sample ablation...)
connected with the actions of the MC-ICP-MS (sequence) shown
in the lower (blue-coloured) time scale. It is important that, e.g.,
the washout delay and ramp up time of the laser pattern
includes the next wash time, take up time, and baseline
measurement of the sequence; then data sampling in the

This journal is © The Royal Society of Chemistry 2025

sequence starts after the next trigger signal of the laser. During
the measurements of the dissolved sample and the blanks, the
laser output energy was set to 0%.

All data generated were further evaluated independently of
any instrumental software. Due to signal delay and strong
scattering, the data of the first ten cycles of each block were
rejected.

3. Results and discussion

3.1 Optimization of measurement protocol combining
dissolved and solid samples

One task of this study was the development of an improved
measurement protocol for the measurement of solvated and
solid samples in a combined single sequence. In the case of the
blank and sample in solution, standard optimization of the MC-
ICP-MS parameters is sufficient, yielding high signal stability
throughout all measurements. However, laser ablation
measurements have to be optimized with respect to a number of
parameters to match signal intensities and signal
fluctuations.**

In the current measurements, the high mass resolution (HR)
mode was applied to be as sure as possible to be free of any
mass interferences near the Si isotope under investigation. After
warming up, mass scans around the respective Si isotopes were
performed prior to the measurements for both dissolved and
solid samples. Respective mass scans are given in the ESI 1f
(tuning). There, the traces of mass scans of WASO04 are plotted
together on the axis of the m/z = 29 range.

No interferences were observed at the desired mass in static
measurements. Using natural Si samples, especially the *Si'H
interference is not present (only when using enriched Si
samples - which was not performed here). For the >°Si trace, the
1N,'H interference, and for *°Si the **N*°0 interference can be
observed. The strong scattered signals of the LA traces
compared to scans in the liquid resulted from intensity fluctu-
ation and limited point resolution of scan steps. During a mul-
ticollector measurement however, a certain fixed mass is

J. Anal. At. Spectrom., 2025, 40, 1323-1334 | 1327
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measured yielding accumulated signals (and ratios) of a longer
time period of comparable quality as in the liquid samples.

The application of 10" Q resistors for the detection of the
lower abundant >°Si and °Si signals in this study was chosen to
enable a general detection of smaller intensities. This will allow
a reduction of laser energy and still sufficient intensity of the
latter isotopes. The main intention however, is a tentative
capability of the detection of strongly depleted *°Si and *°Si
signals, when measuring Si samples highly enriched in *%si.
This has been conducted and discussed in a previous study
using dissolved highly enriched samples.”® A quantitative
comparison of the influence of using mixed (10" Q and 10" Q)
resistors (this study) and only 10'" Q resistors (preliminary
tests) indicates that: u.(signal ratio) is independent of the kind
of the used resistor combination. Generally, the relative
uncertainties of the signal ratios are smaller for the dissolved
crystals (superposition of the laser ablation scattering effect).
Blank correction has no significant influence and for the ratios
398i/*°Si u,; decreases by one order of magnitude. An overview
of relative uncertainties associated with the signal intensity
ratios 2°Si/?®si, 2°Si/*®si and 3°Si/*Si for laser ablation and
dissolved samples (table and graphs) is given in the ESI 2}
(resistor comparison).

As mentioned in Section 2.2, t-corrections were applied
throughout the measurements using the respective t-constants
of the 10" Q resistors. To compare influences, sequence 7 of the
isotope ratio measurements was measured without the use of -
correction. No significant change in any final data/results was
observed when omitting t-correction. The direct influence of -
correction should be observable in the LA measurements:
average relative uncertainties of measured intensity ratios (ESI
21): sequence 7 (without t-correction): u.i(*°Si/*®Si) = 0.18%,
Ure1(*?Si/7%81) = 0.16%, 11(*°Si/*°Si) = 0.023%. When using 1-
correction (e.g. sequence 2: uye)(>°Si/*®Si) = 0.26%, u.i(*°Si/**Si)
= 0.25%, ua(*°Si/*°Si) = 0.024%) no significant and/or
systematic impact/difference can be observed. The domi-
nating impact on the respective uncertainties results from
scattering effects of the laser ablation itself: in the current
protocol line scans were used which might filter differences in
uncertainties of signal ratios. Another explanation of the similar
impact of applying/or not t-correction might be the use of a ns-
laser as in our case which favours melting and scattering.

For signal intensity smoothing during LA of WASO04, it was
tested first whether a standard polyethylene PE tube (“short”
single tube, length 2 m) or better a signal smoothing device
(“SQUID”) yields a reduced scattering of the data. Fig. 4 displays
the raw signals U(**Si) of 50 cycles/block on a WASO04 sample
of three runs, each comparing the scattering behaviour of
a short single tube and a “SQUID”.

While the relative standard deviations of the mean in the
case of the short single tube range from 1.8% to 2.3%, in the
case of the “SQUID”, they range only from 1.2% to 1.3%.

For the ratios U(*°Si)/U(**Si) (Fig. 5), the relative standard
deviations of the mean in the case of the short single tube range
from 0.27% to 0.40%, and when using the “SQUID” from 0.41%
to 0.45%. The courses of the signals U(>*°Si) and U(*°Si) and the
ratios yielded similar statistical behaviour with respect to the
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Fig. 4 Upper diagram: 28Si laser ablation signals during 50 cycles of
one block (1! run: black squares, 2" run: red circles, 3 run: blue
triangles) using a common “short” single tube (PE). The lower diagram
shows the same for the "SQUID". Laser parameters: rep. rate: 20 Hz,
output energy: 50%, scan speed: 6 pm s™%, spot size 40 pm, He flow:
450 mL min~™,

tubing and are not shown here. All corresponding (raw) data
and measurements can be found in ESI 1.}

In this study it was decided to use the “SQUID” tube for the
laser ablation measurements. The “SQUID” smoothens the
original signals by spreading the pulse of the transported
ablation aerosol (particle size equilibration).

Another technical problem was observed when using the
standard sample positioning device made of plastic inside the
two-volume chamber. A larger background (interferences) in the
high-mass vicinity of each Si isotope always occurred due to
outgassing. After removing most plastic devices from the inner
region of the two-volume cell, no relevant background was
observed any longer. For a proper positioning of the sample,
a home-built aluminum plate covering the total x-y area,
adjustable in the z-direction (towards the lens system of the
laser) was inserted in the larger area of the two-volume cell (see

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Upper diagram: laser ablation ratios U(2°Si)/U(?8Si) — not blank
corrected — during 50 cycles of one block (1% run: black squares, 2™
run: red circles, 3 run: blue triangles) using a common “short” single
tube (PE). The lower diagram shows the same for the "SQUID". Laser
parameters: rep. rate: 20 Hz, output energy: 50%, scan speed: 6 um
s~ spot size 40 um, He flow: 450 mL min~t

“two vol cell” in ESI 1f). This induces background reduction
and smoothening of the gas flow due to a highly reduced
volume of the incoming He gas flow. A deeper discussion of the
sophisticated arrangement of rapid response cells can be found
in the literature.®* Additionally, the He gas flow rate, the laser
spot size, and the scan speed were investigated in more detail
similarly. The data can be found in the ESI 1.} Finally, the
parameters given in Table 2 were applied for the best balance
between signal intensity, stability and scattering.

3.2 Calibration factor dependence of dissolved and solid
(LA) samples

The determination of isotope ratios using ICP-MS is always
accompanied by processes called isotopic fractionation or
simply “mass bias”. The measured intensity ratios of isotopes
differ from the “real” isotope ratios by up to several percent.
This has to be corrected by using correction or K factors and has

This journal is © The Royal Society of Chemistry 2025
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been a topic of intense research over the past decades.**** Often,
certified reference materials - if available - are used to correct
for the fractionation effect. When combining solution MC-ICP-
MS and laser ablation, mass fractionation is even more
complex: the laser ablation process depends on numerous
parameters (e.g., kind of transport gas, mass flow, wavelength,
frequency, pulse duration and more) as well as on the kind of
matrix, the solid sample consists of."?° This will often lead to
a large spread of the generated particle sizes transported to the
plasma torch. In parallel, the ICP-process itself (plasma condi-
tions) will cause fractionation, too. Often, it is not possible to
distinguish between the sources of fractionation due to complex
physical processes. The main origins of fractionation of LA-MC-
ICP-MS are matrix effects, inhomogeneous particle size distri-
bution (non-uniform aerosol formation), interferences,
temperature effects due to laser impact on the sample (different
vaporization and condensation, etc.).'*2%%%¢

Isotope ratios traceable to the international system of units
(SI) can be obtained applying an absolute method: the measure-
ment of isotope ratios in gravimetric isotope mixtures completely
traceable to the SI."™* The prototype of this procedure has been
developed and applied in the context of the XRCD method for the
absolute determination of the molar mass of silicon, which is
described in detail elsewhere.">*” During the measurements, the
isotope ratios of a kind of “reference” material have been deter-
mined absolutely with associated uncertainties. In the Si case,
this material is the WASOO04 single crystal with an almost natural
isotopic composition.*® When measuring intensity ratios of an
unknown Si sample and of the WASO04 material together, a K
factor of a certain ratio can be derived as the “true” ratio divided
by the measured ratio. The characterization of the “true” isotope
ratios of the WASO04 material was applied to the solution (based
on TMAH,q as a solvent).*’

In the near future, WASOO04 crystal samples can be used as
a solid reference material to analyze Si samples using LA-MC-
ICP-MS. Here, it was investigated if and how the K factors
derived from the dissolved and the solid material (WASO04)
differ and which processes might have an influence. Fig. 6
displays K factors for the correction of the measured intensity
ratios (a) U(>°Si)/U(*®si), (b) U(*°Si)/U(*®*si), and (c) U(*°Si)/U(>*Si)
after the measurement of 10 sequences described in Section 2.2.

The underlying raw data and calculations, as well as the
reference data of the WASO04 crystal material, are given in the
ESI 2.7 Two main outcomes are evident: first, the distribution of
K factors of the sample in solution (sln) is more unique with
lower relative standard deviations of the mean s, compared to
the distribution of K factors determined via LA of the solid:
Srel(Ksin,20/28) = 0.0088%, Siei(Ksinzo/28) = 0.016%, and Syel(-
Kqin,3020) = 0.0093% in contrast to the solid: syei(Kiaz0/28) =
0.087%, Srei(Kiaz0/28) = 0.097%, and s;ei(Kpaso20) = 0.012%.
Second, both K factors determined via dissolved and solid
samples agree well within the limits of uncertainties. The latter
clearly approves the application of solid WASO04 material for K
factor determination using LA. The larger scattering of single
data in the case of LA was caused by a larger distribution of
particle sizes as a result of the wavelength (213 nm), which
might generate a less complete vaporization than smaller
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Fig.6 K factors determined from the dissolved (sln, black squares) and
the solid samples (red circles) of WASOOQ4 for the correction of the
measured intensity ratios: (a) U(°Si)/U(*8Si), (b) UC®Si)/UE8S), and (c)
UGOSi/U(®Si). Error bars denote combined uncertainties (k = 1).

wavelengths.®**° The same reason can be found in the pulse
length (ns), which initiates a prolonged melting after the laser
pulse impact compared to state-of-the art fs laser systems.”®
Moreover, the inherent homogeneity of a dissolved sample is
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much better than in a solid (surface condition). The applied line
scan itself averaging multiple ablation spots, however, will yield
a comparable result for the distribution and uncertainties
associated with the K factors. Table 3 shows three typical
uncertainty budgets of the K factors Ko/, Kz0/28, and Kzoyz20,
with the respective impact quantities derived from dissolved
and solid samples. Uncertainty budgets were calculated
applying the GUM Workbench Pro™ software (version
2.4.1.392; Metrodata GmbH, Germany) according to the rules of
the GUM using the reference values R(**Si/**Si), R(*°Si/*®Si), and
R(*°si/*°si) and the respective amount-of-substance fractions
x('81).%%* For K,o»s (Table 3a) the uncertainty of x(*°Si) domi-
nates the uncertainty contributions of the sample in solution by
99.2%. In contrast, the main contributions in the case of the
solid sample are the measured intensity ratio r,9/,5 (58.2%) and
x(*°si) with 41.5%. A similar distribution of uncertainty
components can be observed for Kzops (Table 3b) with
a contribution of 99.4% of x(*°Si) (dissolved sample) and 73¢/25
(36%) and x(*°Si) with 63.7% (solid sample). The uncertainty
components of Kzo/,9 (Table 3¢) show very similar distributions
between the dissolved and solid samples.

Due to the large uncertainty contributions of x(*°Si) and
x(*°Si) in case of the ratios x(*°Si)/x(*®si) and x(*°Si)/x(*®Si) it
might be reasonable to characterize the amount-of-substance
fractions in a future study again. However, for regular molar
mass investigations of enriched silicon, they are fit-for-purpose
to end up in a lower 10™° range of e (M).

3.3 Homogeneity of the solid sample probed by scanning LA

The application of spatially (x- and y-direction) resolved LA
enables the investigation of the distribution of sample proper-
ties, e.g., chemical purity, surface conditions, isotopic compo-
sition, etc. In the case of Si samples used for the XRCD method,
in the past, homogeneity studies have been carried out using
large cubes (each with a nominal mass of approximately
500 mg) throughout a large single crystal ingot (=50 cm length,
=10 cm diameter) which have been investigated via MC-ICP-MS
of dissolved samples. Compared to these relatively large
samples and, therefore, somewhat rough studies concerning
local distributions of amount-of-substance fractions x('Si) of the
various isotopes, an LA study yields, in either case, more locally
selected results. Since in the current study, scanning LA inves-
tigations were executed, we determined the local variations of
x(‘si) on a - for LA — comparable larger area (“quasi-homoge-
neity”) with Ax = 5000 um x Ay = 1000 pm. Fig. 1 shows the
ten scanning traces (areas) on the sample surface. The total
sample has an area of =225 mm?®. For each scanning trace,
averaged x('Si) were evaluated, using the K factors determined
from the dissolved reference sample of the respective sequence
combining the solid and dissolved sample (using blank cor-
rected intensity ratios of the solid). The raw data and calcula-
tions are given in the ESI 2.1 Fig. 7 displays the distribution of
the x('Si) over the ten scanning areas (sequences).

For all three isotopes, the x('Si) agree very well within the
limits of uncertainty showing at a first glance, that within the
averaged scanning areas 1-10, the isotopic distribution is

This journal is © The Royal Society of Chemistry 2025
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Table 3 Uncertainty budgets of K factors (solution (dissolved) vs. solid)
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(a) K factor (x(*°Si)/x(**Si): solution vs. solid (LA))

Quantity Unit Best estimate (value) ~ Standard uncertainty Sensitivity coefficient  Index, siln  Index, solid
X; [X,] X; u(x,-) Ci % %
R(*°Si/*®si)  mol mol™*  0.050700 152 x 107°

Solution x(>°si) mol mol™"  0.046760 140 x 10°° 20 99.2

Solid 41.5

Solution x(*%si) mol mol™"  0.922280 230 x 10°° -1.0 0.7

Solid 0.3

Solution T20/28 vv? 0.05354000 5.20 x 10°° ~18 0.1

Solid 0.053600 190 x 10°° 58.2
¥ [¥] y )

Solution Kaops mol mol™*  0.94696 2.85 x 10°

Solid 0.94590 4.40 x 107°

(b) K factor (x(*°Si)/x(*®si): solution vs. solid (LA))
Quantity Unit Best estimate (value)  Standard uncertainty Sensitivity coefficient  Index, siln  Index, solid
X; [X i] Xi u(x ,’) Ci % %
R(°si/*®si)  molmol™*  0.033569 120 x 10°°

Solution x(*°si) mol mol™"  0.030960 110 x 107° 29 99.4

Solid 63.7

Solution x(*8si) mol mol™"  0.922280 230 x 107 —0.97 0.5

Solid 0.3

Solution T30/28 vv! 0.03738000 3.60 x 107° —24 0.0

Solid 0.037440 100 x 10°° 36.0
¥ [¥] y u(y)

Solution K008 mol mol™*  0.89805 3.20 x 10?

Solid 0.89661 3.99 x 107°

(¢) K factor (x(*°Si)/x(*>*Si): solution vs. solid (LA))
Quantity Unit Best estimate (value) ~ Standard uncertainty Sensitivity coefficient  Index, sin  Index, solid
X; [x:] X; u(x;) ¢ % %
R(*°Si/**Si)  mol mol™*  0.66210 3.08 x 107

Solution x(*°si) mol mol™"  0.030960 110 x 10°° 31 58.5

Solid 56.0

Solution x(>°si) mol mol™"  0.046760 140 x 10°° —-20 41.5

Solid 39.8

Solution T30/20 vv? 0.6983000 30.0 x 10°° —1.4 0.0

Solid 0.698500 683 x 10°° 4.2 4.2
Y [¥] y uy)

Solution K30/20 mol mol™*  0.94817 4.41 x 1073

Solid 0.94789 4.50 x 107°

homogeneous. This behaviour is proven, when calculating the U(d;) = 2 x /u?(x:(35S1)) + 122 (xay (BSI))

respective degrees-of-equivalence (d;) for each sequence (scan-

. . N
ning area) according to S w2 (x,(3S1))

d; = x,(**Si) — x,y(**Si)

(1)

Eqn (1) was also applied for *°Si and *°Si (see Fig. 8). The
uncertainties U(d,) (k = 2) associated with d; (here shown for
%85i) are given by

This journal is © The Royal Society of Chemistry 2025
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u?(x;(8S1)) +
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Fig. 7 Amount-of-substance fractions x(Si) of the respective Si
isotopes ((a) 2Si, (b) 2°Si, (c) 3°Si) of the solid sample determined during
ten sequences (1-10), each representing the scanning areas (1-10) of
the WASOO04 crystal sample shown in Fig. 1. Error bars denote asso-
ciated uncertainties (k = 1). The solid line shows the arithmetic mean
Xau('Si); dashed lines display upper and lower uncertainties associated
with xa,('Si) with k = 1.
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Fig. 8 Degrees of equivalence d; of amount-of-substance fractions
x('Si) of the respective Si isotopes ((a) 28Si, (b) 2°Si, (c) 3°Si) of the solid
sample determined during ten sequences (1-10), each representing
the scanning areas (1-10) of the WASOOQ04 crystal sample shown in
Fig. 1. The expanded uncertainties U(d,) associated with d; are displayed
as error bars.
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This analysis shows clearly that the data sets are consistent
(the individual d; are smaller than their uncertainties) and the
error bars encompass the zero line.

This result again proves the ability of the WASO04 crystal
material to be a kind of reference material for the in situ deter-
mination of K factors in the case of pure silicon measurements.

4. Conclusions

Isotope ratio determinations via the measurements of intensity
ratios can be executed by the combination of dissolved (typical
ICP-MS) and solid samples using LA in single measurement
sequences. The main challenges in LA are the finding of
balanced parameters between signal intensity and fluctuation.
Even when operating in the scanning mode (this work),
parameters like, e.g., spot size, scan speed, and He gas flow are
crucial. An improved protocol for this kind of experiment has
been developed and applied for the measurement of isotope
ratios of silicon with almost natural isotopic composition
(WASO04), which is used as a reference material for the deter-
mination of K factors for Si isotope ratios intended for the
correction of isotope fractionation (mass bias) via the applica-
tion of gravimetric mixtures. One aim of this study was to
compare these K factors determined from the classical sample
solution and from laser ablation using the same sample mate-
rial. In the case of solution measurements, the typical K factors
(deviation by a few percent from unity) show relative uncer-
tainties in the range 0.30%-0.46%: Kg,(x(*°Si)/x(*%si)) =
0.94734(28) mol mol™*; Ky,(x(*°Si)/x(*®Si)) = 0.8981(32) mol
mol ™Y Kyn(x(?°Si)/x(>°Si)) = 0.9480(44) mol mol *. K factors
derived from LA are in the same range with enlarged relative
uncertainties  (0.47%-0.60%):  Kpa(x(>°Si)/x(*®si)) =
0.9477(50) mol mol™%; Kya(x(*°Si)/x(*%Si)) = 0.8983(50) mol
mol™"; Kya(x(3°Si)/x(*°Si)) = 0.9479(44) mol mol™'. Summa-
rized, both K factors derived from the solution as well as from
LA measurements agree very well within the limits of uncer-
tainties and show no noticeable matrix dependence. Thus, this
very Si sample material (ultrapure single crystalline Si) can be
used as a reference material for mass bias correction (K factor
determination) in LA studies, yielding the same level of uncer-
tainties as in the case of dissolved samples. The K factor
measurements using the solid Si crystal via LA serves in parallel
as a screening of the homogeneity of the isotopic composition
expressed in amount-of-substance fractions x('Si) of the
respective isotope ‘Si. Ten distinct scanning areas (=5 mm?)
over the Si crystal sample used (total area = 225 mm?) ensure
a representative result. The normalized error E, for each series
(x(*®si), x(*°si), x(*°Si)) is <1, which states that the data are
metrologically compatible or equivalent, indicating that the
x('si) are chemically/physically homogeneous. In the near
future, the improved protocol of this work might be applied to
studies concerning isotopic distributions and molar masses as
well as respective homogeneity investigations in silicon crystals.
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