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Abstract

Abstract

In resent, a power semiconductor device using silicon carbide (SiC) materials was
developed, and elemental analysis of these samples was needed for control for
semiconductor manufacturing. Although silicon carbide (SiC) are difficult to be
decomposed by acid digestion, Laser ablation—inductively coupled plasma mass
spectrometry (LA-ICPMYS) is able to determine trace elements in hard-to-digest samples
such as SiC without any sample preparation. However, LA-ICPMS suffers from
elemental fractionation, a phenomenon in which the elements in a sample are enriched
(or depleted) during LA and in the ICP, depending on the elemental properties. In order
to obtain more-accurate data, certified reference materials (CRMs) which have a similar
matrix to the sample have to be prepared for calibration.

In this study, we focused on the reason why elemental fractionation occurs during
LA and in the ICP separately. Furthermore, we developed laser ablation in liquid (LAL)-
ICPMS as a new quantification technique for the determination of trace elements in
hard-to-digest ceramics.

A fractionation index (FI) is a good indicator of elemental fractionation because it
indicates a transition of elemental ratio during LA-ICPMS. When laser ablation was
performed under defocus conditions, FI peak was observed at 2-3 min after the start of
ablation and then, most of elements which have this peak were volatile elements. We
considered that this phenomenon was very useful to understand elemental fractionation

by LA-ICPMS.
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The results of SEM observation and size distributions of ablated particles were
clarified that larger ablated particles were introduced into the ICP at 2-3 min. When
larger ablated particles introduced into the ICP, the ablated particles larger than critical
size could not be decomposed completely in the ICP.

On the other hand, the analytical result of chemical composition of ablated
particles collected before introduced into the ICP indicates that volatile elements were
enriched in the ablated particles smaller than sub-micrometer and were depleted in the
ablated particles larger than sub-micrometer during LA process. As another fact, the
both magnitudes of enrichment and depletion were constant during LA process. In
summary, the volatile elements in larger particles were depleted during LA process but
were enriched when the particles were introduced into the ICP. We confirmed that
elemental fractionation was caused by temporal changes of size distribution of ablated
particles.

For the development of LAL-ICPMS, LAL sampling was used to generate micro-
to nanosized particles from a sample. LAL sampling generates particles smaller than
several micrometers, and it transforms hard-to-digest crystals to soluble spherical
particles. This allows LAL-sampled micro- to nanoparticles to easily decompose by acid
digestion. The digested sample was measured by solution calibration ICPMS with high
reliability. Here, we demonstrated for the first time that LAL sampling can be used to
determine trace elements in hard-to-digest samples; sintered SiC and single-crystal SiC.
Results obtained by LA-ICPMS and LAL-ICPMS were compared in terms of accuracy

and limits of quantification.
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Chapter 1 General introduction

1.1. Laser ablation-inductively coupled plasma mass spectrometry (LA-ICPMS)
1.1.1. Introduction

The laser (light amplification by stimulated emission of radiation) was invented first by
Maiman in 1960. It was soon realized that high powered laser could be used for various
fields. Various laser sources have been developed such as solid-state laser, gas laser, and
semiconductor laser at present. A lot of lasers are used for heat treatment, generating fine
particles, laser cutting, and laser marking, and so on.

On the other hand, Houk et al. reported that the ICP was used for the first time as an
ion source for the analysis of elements in 1980.2 The ICP is at a temperature between
6,000 and 10,000 K, depending on the region in the plasma. Elements in aerosol were
melted, vaporized and then ionized in the ICP. ICPMS is generally used to measure
samples that are solution with several percent acid. The sample solution was sprayed and
introduced into the ICP with a nebulizer. The hyphenated technique LA-ICPMS was
developed as a powerful tool for direct solid analysis by Alan Gray in 1985, just five
years after the ICP was first used for analysis.

LA-ICPMS permits multielement analysis with minimal sample preparation and is
widely used for direct analysis of solid samples. A laser beam from the laser system is
focused on the sample surface. The laser beam has a high peak power pulse, and then, a
laser induced plasma and a shockwave are generated by interaction between the laser and
the sample surface. The ablated particles are generated and introduced into the ICP by an
inert gas stream. The LA has a minimum spatial resolution of 10 um and a minimum
depth resolution of 100 nm. LA-ICPMS is carried out under atmospheric pressure without

sample pretreatment. The overall precision of LA-ICPMS has been reported to be better
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than 5 %RSD for all samples, and the detection limits of trace elements were in a range
from ng g to pg g.*° Recently, D. Tabersky et al. reported that no ablation cell

technique for a large stalagmite sample was developed by using a gas exchange device.®

1.1.2. Elemental analysis by LA-ICPMS

For elemental analysis with LA-ICPMS, geochemistry community continued to lead LA-
ICPMS developments. In the geochemical field, geochemical age dating has been studied
for a long time because isotopic ratio analysis was able to be performed without certified
reference materials and inhomogeneous geological samples need the spatial resolution.”
12 Recently, LA system was improved to achieve higher special resolution. The spot size
of laser beam was focused narrowly until several micrometer, and a laser ablation cell
was structurally-engineered to reduce wash-out time. The large format cell is shown in
Fig. 1-1. The small volume of a quartz ring (such as 0.8 cm®) was mounted just above the
sample that was set in the large format cell (15 cm by 15 cm). In addition, the shorter
integration time improved to achieve higher time resolution when signal intensity was
obtained by ICPMS.2 These improved techniques are able to perform elemental imaging
for the samples of biological, environmental, and semiconductor materials which need
high special resolution. The purpose of these studies was to visualize the element the
sample surface by using the signal intensities of sample surface. Conversion of the

visualized signal intensity distribution to quantitative data is required in the future.*
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Fig. 1-1 The photograph of large format cell with quartz ring

When trace elements were quantified by means of LA-ICPMS, the precision and the
accuracy of the data are worse than those obtained by solution nebulization ICPMS. To
improve the precision of LA-ICPMS signal, it was required that a signal intensity was
normalized by signals emitted from laser-induced plasma or signal intensity observed by
ICPMS (Fig. 1-2).1517 Generally, internal standard was used as a main matrix element or
a minor element that contained enough to detect. Certified reference material (CRMs) are
required for calibration which has a similar matrix to the sample. Nevertheless,
preparation of matrix matched CRMs is difficult and laborious. Therefore, some
quantitative strategies were developed for LA-ICPMS; commercially available NIST
reference glasses (SRM 610-617) were widely used for non-matrix matched calibration,
and laboratory made disk-shaped pellet standards could be prepared by pressed powder
sample after addition of standard solution. Schematic diagram of LA-ICPMS

combination with an ultra-sonic nebulizer (USN) is shown in Fig. 1-3. If on-line solution-
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based calibration procedure was used, relative sensitivity factor should be used for
correction for signal intensities.!® 1° It should be noted that the sensitivity (cps over ppm)
of different matrix sample was related to ablated amount by LA and ionization efficiency

in the ICP (Fig. 1-4).
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Fig. 1-3 Schematic diagram of LA-ICPMS combination with USN
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Fig. 1-4 Response curve obtained by LA-ICPMS combination with USN

1.1.3. Elemental fractionation

Elemental fractionation is a phenomenon that elements in a sample are enriched or
depleted depending on the properties of the elements. In the quantification of the
elements, LA-ICPMS is obstructed by the elemental fractionation because the elemental
fractionation occurred during the laser ablation, transport process, and in the ICP. For
the LA part, the sample surface was heated by laser energy. This heating can cause the
preferential vaporization for volatile elements. It has been reported that the volatile
elements such as As were enriched in smaller particles.

Ablated particles are not transported completely into the ICP?, a part of ablated
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particles adhere to the inner wall and are piled up around the crater. A transport
efficiency of ablated particles corresponding to the tube length is listed in Table 1-1.
The transport efficiency of ablated particles was reduced with increasing the tube
length. The photograph of the crater after laser ablation during 10 min (Fig. 1-5a) and
mapping data of the signal intensity of As and Zr are shown in Fig. 1-5b and Fig. 1-5c,
respectively. The enrichment factor of As and Zr normalized by Ca are shown in Fig. 1-
5d and Fig. 1-5e. These data indicate that the enrichment of volatile elements such as As
was observed in the debris that were piled up around the crater. The enrichment of non-
volatile elements such as Zr was not observed.

A lot of researches in recent years have focused on that how the wavelength and the
pulse width of the laser affect the elemental fractionation.® ?* These studies have
suggested that a short wavelength (such as the 193 nm wavelength of an excimer laser)
can decrease the magnitude of elemental fractionation, and short pulse widths (such as
femtosecond laser) also can decrease the magnitude of elemental fractionation.?2-

Fundamental mechanisms of laser ablation, such as vaporization, ionization and
generation of particles, have been studied in efforts to achieve stoichiometric ablation,
and ionization mechanisms in ICP also have been investigated.?>-% It has been reported
that when particles generated by LA were introduced into the ICP, mass-load-dependent

matrix effects were caused in LA-ICPMS.3!

Table 1-1 Transport efficiency corresponding to tube length

Tube length (m) Transport efficiency (%)
1.8 35
3.2 31
6 25
10 21
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Fig. 1-5 (a) Photograph of ablate crater after laser ablation during 10 min,
(b) mapping data of signal intensity of As, (c) mapping data of signal
intensity of Zr, (d) mapping data of enrichment factor of As, and (e)
mapping data of enrichment factor of Sr.

1.1.4. Comparison with secondary ionization mass spectrometry (SIMS), and

glow discharge mass spectrometry (GD-MS)
LA-ICPMS, SIMS, and GD-MS is able to measure solid materials both in bulk and in

spatially resolved analysis. These characteristics are summarized in Table 1-2.° LA-
ICPMS is used for a high lateral resolution less than pm order. GD-MS is used for
qualification and semi-quantification for bulk analysis. However, the detection limit of
GD-MS is influenced by the matrix and conductivity of the sample. The detection limits

of trace elements in semi-conductivity samples were reported as 1 to 100 pg g*.%2 GD-
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MS provides a poor lateral resolution but an excellent depth resolution (nm order).
SIMS is the most powerful method for micro region analysis compared with LA-
ICPMS and GD-MS. The lateral resolution and depth resolution is nm-um order and nm
order, respectively. That is useful to obtain depth profile of ion-impurity (donner and
accepter) for semiconductor. For the SIMS analysis, oblique impact angle and primary
ion energy have to be optimized for each element.® 3* Therefore, SIMS is not suitable
for quantitative analysis for trace elements. The precision and accuracy of trace element
determination by inorganic mass spectrometry should be improved by direct solid
analytical techniques. For quantitative analysis, CRMs are required to determination of
elements for solid state analysis in almost case. It is necessary that interaction between
ion source and sample should be corrected for by CRMs. From the point of the
precision and accuracy, solution nebulization ICPMS is an excellent analytical
technique because determination of ultratrace elements are performed by standard

solution calibration without CRMs.*
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1.2. Laser ablation in liquid (LAL)

1.2.1. Generation of nano-particles by LAL

Laser ablation in liquid (LAL) was first reported as a technique for the generation of
nanomaterials in 2003, and ablation mechanisms have been widely studied.® 3¢ The
sample is set in an open-top chamber. Then, the sample surface was irradiated with the
laser through the water. The laser pulse must pass through a layer of liquid before reaching
the target. Laser energy should be delivered to the target only. In general, nano-particles
were generated by thermodynamic mechanism under short pulse laser conditions such as
hundreds of nanosecond laser. In contrast, ultra-short pulse laser such as femtosecond
provide non-thermal ablation. In this case, the ablation mechanism is generically defined
as fragmentation.

Amendola et al. and Itina et al. reported basic mechanism of LAL and generation of
nano-particles.>” Temporal sequence of the ablation stages is shown in Fig. 1-6. The
lattice of sample surface was heated by the laser energy in a timescale of several
picosecond. The nucleation for nano-materials formation occurred at that same time.
Thermal processes of vaporization and boiling may lead to material detachment from
sample surface. Shockwave propagation may promote the detachment of materials from
the crater at the same time. The plasma plume is generated onto the crater area at 1071°-
1077 sec. The evolution kinetic of the plasma plume is very fast, and then, solid fragments
are able to be generated by the plasma plume. The plasma plume vanished at 108-107
sec, and then, cavitation babble generates in a timescale of 107-10° sec. The nano-
particles in liquid is transferred by expanding of cavitation bubbles. Cavitation bubble’s
temperature decreases and bubble’s internal pressure decreases to a value lower than that

in the surrounding liquid. Shockwave by the bubble collapses is happened at 10 sec. The

11
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nano-particle growth and agglomeration subsequently proceed.
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Fig. 1-6 Schematic images of LAL process corresponding to time scale.
Data are sited from Amendola et al.%’

1.2.2. LAL sampling for ICPMS measurements

Recently, LAL sampled particles was analyzed by ICPMS for determination of trace
elements and isotope ratio analysis.'® LAL was applied as a new sampling technique for
ICPMS measurement. The SEM images of LAL samples under laser fluence of

10 J cm?, repetition ratio was 20 Hz, scan speed of 10 pm sec™, and line scanning mode
are shown in Fig.1-7. Spherical, agglomerated, and edge-shaped particles were observed
in ablated particles. The size of LAL sampled particles were 0.01-5 um. Although
quantitative analysis by means of LAL sampling slurry nebulization ICPMS has been

reported, determination data of volatile elements such as As has not been reported.® It

12



1. General introduction

might be considered that volatile elements were difficult to measure by means of slurry
nebulization ICPMS. Because elemental fractionation occurred when the large size of
LAL sampled particles were introduced into the ICP. Therefore, further investigation of
LAL sampling was necessary for ICPMS measurements.

In addition, LAL sampling has some advantages for determination of elements in
hard-to-digest samples. The ability of microparticulation is expected that hard-to-digest
sample becomes decompose easily. That results in, solution nebulization ICPMS after
acid digestion is able to determine trace elements with high reliability compared with

LA-ICPMS. This technique is good at for analysis of semiconductor materials.

WDIE3 S 9mmEll05 0V X850k 5um

Fig. 1-7 SEM images of LAL sampled particles (NIST 610 glass).
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1.3. Silicon carbide (SiC) for semiconductor manufacturing

1.3.1. Power semiconductor device

Power device has been used for multi-stage of power conversion such as rail-way
system, industrial motor, uninterruptible power systems, and green vehicle. The inverter
which provides optimal electric power is a typical example of a power converter. In
general, power device is required higher dielectric withstanding voltage under the off
state, small power loss during operation, stability during high-temperature operation,
wide safe operating area and high breakdown field, and long-term reliability.

Various Power electronics have been developed such as the metal-oxide-
semiconductor field effect transistor (MOSFET), gate turn-off thyristor (GTO), and
insulated gate bipolar transistor (IGBT). The existing power devices were almost
manufactured on the silicon substrate, silicon power device technology has matured,

and those essential limit due to the physical properties of the silicon was worried.
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Fig. 1-8 Various application areas of power electronics, where high-efficiency

switching devices are used. Data were sited from Okumura et al.®

14



1. General introduction

1.3.2. Silicon carbide

Silicon carbide is composed of silicon and carbon. Silicon and carbon are present a lot
on the earth, however, crystal of silicon carbide does not exist in the nature. In 19th
century, industrial synthesis method of silicon carbide called Acheson method was
developed.®® It was applied to a lot of fields such as abrasive and refractory parts
because SiC has properties of hardness (next to diamond), refractoriness and chemical
stabilities. A sublimation technique was developed in 1955 as the breakthrough of
crystallizing SiC. Since then, application to semiconductor was researched and
developed.

The physical properties of SiC, GaN, Si, and GaAs are listed in Table 1-3.
Especially, remarkable physical characteristics for power device were the band gap and
the breakdown field. ** The band gap of SiC was about three times higher than that of Si.
These excellent properties of SiC are very attractive as power semiconductor. Selective
doping of both donor and acceptor impurities can be achieved by ion implantation into
SiC. From chemical point of view, SiC is difficult to decompose by acid digestion.*?
Therefore, evaluation for SiC quality has been performed by direct solid analysis and
slurry nebulization ICPMS.43-46

Table 1-3 Physical properties of SiC, GaN, Si, and GaAs
Data were sited from Matunami et al.**

SiC4H) GaN Si GaAs
Band gap (eV) 3.26 3.39 1.12 1.43
Electron mobility (cm?/V-s) 1000 1000 1350 8000
Breakdown field (MV /cm) 3.0 3.0 0.3 0.4
Saturation drift velocity (cm/s) 2 x 107 2x 107 1x 107 1x 107
Thermal conductivity (W/K-cm) 49 1.3 1.5 0.5

15
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1.3.3. Social needs for SiC semiconductor manufacturing

The development of industry and growing world population have proceed with
increasing speed since late 20th century. The problem of energy supply has been
highlighted in the world. At the same time, there is a need to develop of clean energy
and converting technique of power efficiently. Therefore, power device produced by
SiC has been expected as a new solution for energy problem.

For development of SiC power divide, crystal growth has been strongly researched
for a long time.*% 4147 In the results, micro-pipe free SiC substrate has become
commercially available. In the next stage of SiC device development, semiconductor
function is made on the surface of SiC substrate. For the semiconductor manufacturing,
the surface layer purity was required for reliable semiconductor function. *° In the case
of silicon semiconductor manufacturing, surface layer analysis is performed by means
of acid digestion ICPMS. However, it is impossible that the surface layer of SiC
materials is analyzed by means of acid digestion ICPMS because SiC is hard-to-digest
depending on the crystal types. Surface analysis with high reliability was required for

the SiC power device manufacturing.

1.4. Objectives of the doctoral studies

One of the purpose in this study is explanation of how to elemental fractionation occurs
in LA-ICPMS. And the other is development of quantitative analysis for hard-to-digest
ceramics such as silicon carbide with high reliability. We observed elemental
fractionation under defocus conditions, so that we tried to explain the reason why this
phenomenon occurred. Ablated particles larger than 2 um were discussed in Chapter 2.

In the next, four fractions of size-classified ablated particles (Dp values of <0.06, 0.06—

16
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0.22, 0.22-2.2, and >2.2 um) were collected on filters. Collected particles were
analyzed and those chemical composition and size distribution were discussed in
Chapter 3.

LAL sampling technique was developed in Chapter 4. This technique was also used
to evaluate elemental fractionation observed during the LAL and in the ICP separately.
To understand the phenomenon that occurs in the LA process, the LAL-sampled
particles suspended in the water were divided into two size classes by filtration. The
size related fractionation was discussed. LAL-sampled particles were measured by
means of slurry nebulization ICPMS for understanding elemental behavior in the ICP.

In the end, sintered SiC and single-crystal SiC were measured by means of both
LA-ICPMS and LAL sampling ICPMS in Chapter 5. Single-crystal SiC was analyzed at

the first time by using LAL sampling ICPMS.

17
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Chapter 2 Temporal changes of fractionation index explained

by changes in the large size of ablated particles

2.1. Introduction

Laser ablation-inductively coupled plasma mass spectrometry (LA-ICPMS) is an
effective sample introduction technique that has been applied to multi-elemental analysis
in solids. However, LA-ICPMS suffers from elemental fractionation,*® 4° a phenomenon
in which the elements in a sample are enriched (or depleted) by LA and ICP, depending
on the elemental properties. Although interactions between the laser and the sample
surface have gradually come to be understood,*® the underlying causes of elemental
fractionation have not been elucidated clearly.

Elemental fractionation can be quantitatively evaluated in terms of the fractionation
index (FI). The FI shows how the intensity ratios of elements change in particles
generated by the LA; for example, Ca intensity is often used as an internal standard in the
case of measuring NIST glasses.3! °* 51 Research in recent years has focused on how the
wavelength, repetition rate and the pulse width of the laser affect the FI.% # These studies
have suggested that a short wavelength, such as the 193 nm wavelength of an excimer
laser, can decrease the amount of elemental fractionation. Short (femtosecond) pulse
widths also have been reported to enable stoichiometric, non-thermal ablation and to yield
smaller particles than those generated by lasers with longer pulse widths.?224

Fundamental mechanisms of laser ablation, such as vaporization, ionization, and
generation of particles, have been studied in efforts to achieve stoichiometric ablation,
and ionization mechanisms in ICP also have been investigated.?>-3% 52 It has been reported

that when particles generated by LA were introduced into the ICP, mass-load-dependent
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2. Temporal changes of fractionation index

matrix effects were caused in LA-ICPMS.3! Therefore, various quantitative strategies
using LA-ICPMS have been developed.!8 1> 535 To better understand the relationship
between the elements in ICP, and the number and the size of particles observed in LA-
ICPMS, researchers have suggested that internal-standard elements should be chosen
with the selection criterion that the LA-ICPMS behavior of these elements be the same
as that of the target elements. This information will be useful for quantitative analysis
with high accuracy.

In this study, in order to achieve an understanding of the relationship between FI and
elemental properties, temporal changes in the Fls of ablated particles were monitored.
First, temporal changes in the Fls were studied for a wide range of elements monitored
during 10 min of laser ablation using single-site or line-scan mode and under in-focus,
0.5 mm defocus, or 1.0 mm defocus conditions. Second, to measure changes of ablated
particles, the ablated particles were collected on a membrane filter, and the number of
particles larger than 2 um as well as the largest particle size for each sample was measured

by means of scanning electron microscopy (SEM).

2.2. Experimental

2.2.1. Instrumentation

A laser ablation system (UP213, ESI, Portland, OR) in combination with ICPMS (Agilent
7500ce, Agilent Technologies, Tokyo, Japan) was used in this study. NIST 610 (National
Institute of Standards and Technology, Gaithersburg, MD) glass standard material was
used to generate samples. NIST 610 contains 61 trace elements each at a concentration of
approximately 500 mg kg, and its matrix composition is 72% SiO,, 12% CaO, 14%

Na20, and 2% Al>Os. A large format cell with 6-sg.-in. was used for a laser ablation cell.
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2. Temporal changes of fractionation index

To reduce wash-out time, a quartz ring with a volume of approximately 0.8 cm® was
mounted just above the sample. High purity He gas was flowed into the inlet of the large
format cell at 1.0 L min. Ablated particles were produced under He atmosphere. Ar gas
was admixed with He at a flow rate of 0.8 L min after the ablation cell via a Y-shape gas

line. Ablated particles were carried by He and Ar gas mixtures into the ICP.

2.2.2. LA-ICPMS measurement

The LA-ICPMS measurement conditions used in this study are summarized in Table 2-1.
The LA-ICPMS was tuned so as to provide the highest sensitivity for isotopes of *°Co,
139 a, and #2Th by using NIST612 glass standard. The repetition rate (20 Hz) and the
diameter crater (100, 60, and 200 um) were used in this study because these conditions
enable large enough signal to detect by LA-ICPMS. The isotopes 2*Mg, 2’Al, 2°Si, %*Ca,
455, 49Ti, 52Cr, S5MIn, 59C0, 6°Ni, 63Cu’ 66Zn’ 696a’ 5As, 8289’ 885r’ 89Y1 9°Zr, 107Ag, gy,
12°Sn, 121Sb, 125-|-e1 137Ba, l“OCe, 157Gd, 173Yb, 178Hf, 184W’ 185Re1 208pb, zogBL 232Th, and
238 were measured using single-site mode and under in-focus, 0.5 mm defocus, and 1.0
mm defocus conditions (Fig. 2-1). In the case of 0.5 mm defocus and 1.0 mm defocus
conditions, the laser was defocused by focusing it 0.5 or 1.0 mm beneath the sample
surface based on the CCD image. Under 1.5 mm defocus conditions, no signal was
observed by LA-ICPMS. So in-focus, 0.5 mm defocus, and 1.0 mm defocus conditions
were adopted for understanding trends of defocus conditions. As 34 isotopes were
measured with an integration time of 0.05 s, each isotope was measured with an interval
of 2 sec. When the focus was changed from in-focus, 0.5 mm defocus, and 1.0 mm
defocus, the crater size was changed to 100, 60, and 200 um, respectively. Therefore, the

fluence was also changed to 16, 46, and 4 J cm™2 depending on the crater size. In the next,
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2. Temporal changes of fractionation index

SAs, 8r, 907y, and “?Ca (as an internal standard) were measured using line-scan mode

and under in-focus and 1.0 mm defocus conditions.

Table 2-1 Operating conditions used for laser ablation and ICPMS measurements

Laser model UP213
Laser type Nd:YAG
Wavelength 213 nm
Pulse width 4 ns
Ablation mode Single-site, Line-scan
Repetition rate 20 Hz
Carrier gas Helium
Carrier gas flow (He) 1.0 L mint

Laser energy and fluence

Laser energy  Diameter of crater Fluence
(mJ) (um) (Jcm?)
Single-site mode
in-focus 1.3 100 16"
0.5 mm defocus 1.3 60 46"
1.0 mm defocus 1.3 200 4"
Line-scan mode
in-focus 1.3 100 16
1.0 mm defocus 1.3 200 4

* Asterisk indicates an initial value of fluence. The actual fluence was changed with time.

ICPMS model Agilent 7500ce
RF power 1600 W
Integration time 0.05 sec
Additional gas flow (Ar) 0.8 Lmin?
Collision gas (He) 2 mL min'?

Isotopes measured

24Mg 27A| 298i 4ZCa 4SSC 49Ti 52Cr 55Mn
59C0 60Ni 63Cu 66Zn 69Ga 75AS SZSe SSSr
89Y QOZr 107Ag 1llcd 1ZOSn 121Sb 125-|-e

137Ba 140C€ 157Gd 173Yb 178Hf 184W 185Re

208Pb ZOQBi 232Th 238U
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Ablation crater

Fig. 2-1 Schematic diagram of the flat-top laser and ablation craters formed under

different focus conditions: (a) in-focus, (b) 0.5 mm defocus, and (c) 1.0 mm defocus.
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2.2.3. Particle sampling and SEM observation

A schematic diagram of experimental setup for collecting ablated particles is shown in
Fig. 2-2. Ablated particles were directly collected on a nitrocellulose membrane filter
(pore size: 0.45 um, diameter: 13 mm, Waters, Milford, MA). The filter was mounted on
a syringe filter holder (Millipore, Darmstadt, Germany). The ablated particles in He and
Ar gas mixture were sacked from the large format cell at 1.8 L min* by means of a
diaphragm pump (FTP-10B, KNF, Tokyo, Japan) equipped with a mass flow controller
(Azbil Co., Tokyo, Japan). An NIST 610 glass was ablated using either single-site mode
or line-scan mode during 10 min. In order to collect the ablated particles every minute, T-
shape valves were used to switch two filter holders every minute. The filter was replaced
every minute.

A scanning electron microscope (SEM; S-4300, Hitachi High Technologies, Tokyo,
Japan) was performed to observe the number and the size of ablated particles. The filter
surface was coated with a Pt/Pd alloy by ion sputtering (E-1045, Hitachi High
Technologies, Tokyo, Japan). The largest three ablated particles were searched from all
over the filter surface and SEM images of a rectangular area of 500 um by 380 um were
obtained around the largest particle with a magnification of 250.

The number and the size of ablated particles were measured by counting the particles
with diameters of larger than 2 pm and also by noting the largest-size particle observed
in the rectangular area of 500 um by 380 um. Ablated particles with diameters larger than
2 um were counted as a particle clearly. Spherical, agglomerated, and edge-shaped
particles were observed in ablated particles less than 2 um. Edge-shaped particles were

mainly observed in ablated particles larger than 2 pm.
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Nd:YAG
Laser

P Diaphragm
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He ——— 4 Filter Mass flow
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0.8 L mint 11

Ablation cell

Fig. 2-2 Schematic diagram of experimental setup to collect ablated particles at 1-min

intervals on two filters alternatively.

2.2.4. Crater shape monitoring

Detailed examination of the crater size and depth has been carried out using an optical
microscope (VHX-2000, Keyence, Osaka, Japan). Crater size and depth were measured
by observation of sample surface and side, respectively, after laser irradiation. The drilling
rate of laser ablation was determined by measuring the depths of craters created by laser

ablation every minute.

2.3. Results and discussion
2.3.1. Single-site mode
Using single-site mode and under in-focus, 0.5 mm defocus, and 1.0 mm defocus

conditions, the elemental intensities of As, Ca, Sr, and Zn were measured by means of
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time-resolved analysis. Under in-focus, 0.5 mm defocus, and 1.0 mm defocus conditions,
the fluences were 16, 46, and 4 J cm™, respectively, depending on the crater size (Fig. 2-
1), while the laser energy was fixed at 1.3 mJ. The signal intensities of As, Sr, and Zr as
a function of ablation time are shown in Fig. 2-3a. For this set of experiments, As, Sr, and
Zr were selected as typical elements, in accordance with the classification of elements
described in the later chapter of “2.2.3.Classification of elements”.

For laser ablation using single-site mode under 16, 46, and 4 J cm fluences, the
signal intensities of all measured elements decreased with time because increasing the
depth of the crater pit made it difficult for the ablated particles to fly out from the crater
pit, and the drilling amount decreased with an increase in the depth of the pit. From Fig.

2-3a, the FI was calculated from the following Eqg. (2-1):

2 cps (M a1 min)/ Z ¢ps (Ca a1 min)
> cps (M o-1 min)/ Z cps (Ca 0-1 min)

Fl =

(2-1)

where cps (M a1 min) and cps (Ca a1 min) are the signal intensities of an element and Ca,
respectively, observed every minute during the 10-min ablation period; and cps (M o-1 min)
and cps (Ca o-1 min) are the signal intensities of the element and Ca, respectively, observed
during only the first minute of ablation. The FIs of As, Sr, and Zr as a function of ablation
time are shown in Fig. 2-3b. LA-ICPMS measurements and calculation of the FIs were

repeated three times and an error bar of Fls is shown in Fig. 2-3 b.
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Fig. 2-3 (a) Signal intensities for As, Sr, and Zr obtained by LA-ICPMS. Laser ablation
was performed using single-site ablation mode and under different focus conditions. =
in-focus with 16 J cm™?, == 0.5 mm defocus with 46 J cm, — 1.0 mm defocus with 4 J
cm?, (b) The Fls of As, Sr, and Zr during ablation for 10 min. - A- in-focus with 16 J cm’
2, -0- 0.5 mm defocus with 8 J cm™, -O- 1.0 mm defocus with 4 J cm™. The temperature

in parentheses indicates the melting point of each element’s corresponding metal oxide.
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In the case of in-focus conditions, for As, the FIs decreased to 0.7 at 10 min. In
contrast, the FIs for Sr and Zr remained mostly constant during the 10-min ablation
process. The Fls of As increased to 2.4 at 3 min under 0.5 mm defocus conditions and
increased to 1.8 at 3 min under 1.0 mm defocus conditions; the Fls then decreased under
both defocus conditions. For Sr, the Fls under defocus conditions exhibited the same
trends as those observed under in-focus conditions. The Fls of Zr increased slightly to 1.1
under 0.5 mm defocus and 1.0 mm defocus conditions.

We concluded that the differences in Fl observed for these three elements were likely
related to differences in their elemental properties, including melting point and boiling
point. For example, As is more volatile than the reference Ca, whereas the elemental
properties of Sr are similar to those of Ca, which probably explains why the Fls for Sr
remained mostly constant during ablation. Elements with high melting and boiling points,
such as Zr, probably were difficult to vaporize in the ICP during the first minute of
ablation before becoming more efficiently vaporized with increasing time, thus
explaining the observed Fls behavior for Zr.

Guillong et al.” and Guillong and Giinther?® reported that the excitation process
within the ICP, such as vaporization, atomization, and ionization, was influenced by the
size of ablated particles. Therefore, we assumed that the temporal changes of Fls observed
in this study were related to the size of ablated particles. In order to investigate the
possible effect of temporal changes in particle size on the observed Fls, we acquired SEM
images of the particles generated by laser ablation. The particles generated by laser
ablation were collected on a filter every minute. SEM images of the laser ablated particles
under in-focus conditions (each image is a rectangular area of 500 um by 380 pm) are

shown on the left side of Fig. 2-4. Regions of interest in these images (red boxes in Fig.
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2-4, left) were magnified 10x to acquire additional SEM images (Fig. 2-4, right). These
images clearly show that the number of particles collected on the filter decreased and that

the particle size also decreased with increasing ablation time.

Fig. 2-4 SEM images of particles collected at 1-min intervals during laser ablation using

single-site mode and under in-focus conditions with 16 J cm™,
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2. Temporal changes of fractionation index

The number of particles larger than 2 um, as well as the largest particle observed,
were recorded for each SEM-imaged rectangular area. The number of particles and the
diameter of the largest particle are shown in Figs. 2-5a- 2-5¢. SEM image measurements
at 5-6, 7-8, and 9-10 min did not show any remarkable change.

Under in-focus conditions, we observed an average of 184 + 5 particles larger than
2 um at 0-1 min. The diameter of the largest particle observed in this set of images was
14.0 £ 10.2 pm. The number of particles larger than 2 um and the diameter of the largest
particle observed decreased with increasing ablation time. After 8-9 min, only 3 + 3
particles larger than 2 pm were observed, and the diameter of the largest particle was 3.9
+ 0.7 pm.

To explain these observed decreases in particle size, we again considered differences
in elemental properties among the elements. Arsenic was ionized more easily than Ca,
because As oxide has a much lower melting point (274°C) than Ca oxide (2570°C). The
generation of smaller particles increased after 1 min ablation, and then the Ca in these
particles was easily ionized in the ICP. As the size of the ablated particles decreased, the
rate of ionization of Ca increased relative to that of As. In contrast, the Fls of Sr remained
constant with time, because Sr, an alkaline earth metal like Ca, has an oxide melting point
(2531°C) similar to that of Ca oxide. The melting point of Zr oxide (2709°C) is higher
than that of Ca oxide (2570°C), and therefore Zr was more difficult to vaporize in the ICP
than Ca. This difference between melting points of Zr oxide and Ca oxide exerted the
largest influence on particles larger than 2 um. With increasing ablation time, the diameter
of the ablated particles became smaller, and that induced that vaporization efficiency of
refractory elements was improved more than that of Ca. Therefore, the Fls of Zr slightly

increased with ablation time.
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\olatile elements in the particles were easily vaporized in the ICP regardless of
particle size. Refractory elements such as Zr in particles were difficult to vaporize in the
ICP, however these elements became easy to vaporize with decreasing particle size. We
concluded that this particle-size-dependent vaporization was one of the mechanisms that
contributed to the observed differences in elemental fractionation.

In the case of 1.0 mm defocus conditions with 4 J cm, as shown in Fig. 2-5¢, the
largest particle observed on filters collected at 1-2, 2-3, 3-4, and 4-5 min were larger than
those collected at 0-1 min, in contrast to the particle-size trend observed for particles
collected under in-focus conditions (Fig. 2-5a). The diameter of the largest particles
collected at 1-2, 2-3, and 3-4 min under 0.5 mm defocus conditions were also larger than
those collected at 0-1 min (Fig. 2-5b).

The signal intensity and the Fls of As (shown in Fig. 2-3) as a function of crater
depth is shown in Fig. 2-6a. The crater depth observed every minute and a microscope
image of the crater after 10 min ablation under 1.0 mm defocus conditions are shown in
Figs. 2-6b and 2-6c¢, respectively. In the case of defocus conditions, actual laser fluence
increased due to crater size decrease as the ablation process progressed. The higher
fluence can induce larger shockwave, and then produced large edge-shaped particles at
the depth of 410-520 pum. As the result, the maximum value of the FI was observed at 2-
3 min (Fig. 2-3). The aspect ratio of 2-2.6 was calculated from the crater size and the
depth created during 2-3 min ablation process.

For explanation of the observed increase in the Fls for As, we presumed that Ca
became difficult to ionize as the diameter of particles increased with increasing ablation
time up to 5 min. The FlIs of As decreased below 1.0 after 5 min because the particles

collected after 5 min were smaller than the particles collected at 0-1 min under both 0.5
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and 1.0 mm defocus conditions. In this study, particles more than 2 um were counted by
using SEM, however there was a possibility that the relative number of particles less than
2 um might increase as the ablation process progressed. Koch et al.*® indicated that using
femtosecond LA at fluence of <5 J cm and generating ultra-fine aerosols (mean diameter
~ 10 nm) led to decrease of elemental fractionation. The volume of particles with diameter
of 2 um (4 x 102 ¢cm®) is 8 x 10° times larger than that of 10 nm (5 x 107 cmd).
Consequently, the signal intensity within the ICP was affected by the large ablated
particles. Therefore, the temporal changes in the number and the large ablated particles
were one of reasons of elemental fractionation. The Fls of Sr remained constant regardless
of the ablated particles’ number and the largest size of them. The FIs of Zr slightly
increased as the number of particles larger than 2 pm decreased. As mentioned above,
there might be the relative number of particles less than 2 um increase as the ablation

process progressed.
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Fig. 2-5 The number of particles larger than 2 um and the diameter of the largest particle
observed in SEM images of laser-ablated particles obtained under single-site mode and
in-focus, 0.5 mm defocus, and 1.0 mm defocus conditions. M ; Number of particles, <>;

Diameter of the largest particle. Error bars indicate standard deviation (n=3).

33



2. Temporal changes of fractionation index

(a)
o 2.5
‘éi 3
S As 120 .§
X2 15 E
z 2
Z 110 E
5 S
= 105 &
= £
_@ 0 e [ (1Y 0
IZE] 500 1000 1500 2000
Depth [um]
0 0
2
500 |--- 13
—_ 4 —~
g g
£,1000 |--- 158
= 6 o
& -1, E
3 73
8
1500 |--- o
10
1687um
2000 .

Fig. 2-6 (a) Signal intensities and FlIs of As obtained by LA-ICPMS. Laser ablation was
performed using single-site ablation mode and under 1 mm defocus conditions.
— signal intensities, - O- Fls. (b) The crater depth observed every minute. (c) A

microscope image of crater after 10 min ablation under 1.0 mm defocus conditions.
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2.2.2. Line-scan mode

Using line-scan mode and under in-focus and 1.0 mm defocus conditions, the elemental
intensities of As, Sr, and Zr were measured. The signal intensities of As, Sr, and Zr as a
function of ablation time are shown in Fig. 2-7a. The Fls were calculated from the
intensity data and plotted in Fig. 2-7b. When the line-scan mode was employed, the Fls
of all elements was constant under both in-focus and 1.0 mm defocus conditions. SEM
images of particles ablated using line-scan mode and under in-focus conditions at 0-1 and
4-5 min are shown in Fig. 2-8a. These particle sizes observed in these SEM images are
similar to those observed at 0-1 min using single-site mode (Fig. 2-4).

The number of particles larger than 2 pm and the diameter of the largest particle
observed within a rectangular area of 500 um by 380 um are shown in Fig. 2-8b. The
diameter of the largest particle observed using line-scan mode was larger than that
observed at 0-1 min using single-site mode, and the aspect ratio using line-scan mode was
smaller than that of using single-site mode. These effects helped that the signal intensity
was larger using line-scan mode. The number of particles and the diameter of the largest
particle did not change during the ablation process. This result most likely occurred
because the interaction between the laser and the sample surface would have remained
nearly constant throughout the line-scan mode ablation, because the laser would have
been continually scanning over unablated areas of the sample; in contrast, in single-site
mode ablation the same point on the sample surface is ablated continuously, which caused

the laser-sample interactions to fluctuate during ablation.
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Fig. 2-7 (a) Signal intensities of As, Sr, and Zr obtained by ICPMS. Laser ablation was
performed using line-scan mode and under in-focus and 1.0 mm defocus conditions. ==
in-focus with 16 J cm2, — 1.0 mm defocus with 4 J cm (b) Fls of As, Sr, and Zr during
ablation for 10 min. The temperature in parentheses indicates each element’s
corresponding metal oxide. - A - in-focus with 16 J cm, -O- 1.0 mm defocus with 4 J

cm™.
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Fig. 2-8 SEM images of particles (a) and the number of particles larger than 2 um and the
diameter of the largest particle (b) collected at 1-min intervals during laser ablation using
line-scan mode and under in-focus conditions with 16 J cm™. M; Number of particles,

<>; Diameter of the largest particle. Error bars indicate standard deviation (n=3).
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2.2.3. Classification of elements

The Fls behavior of 34 elements in NIST 610 (which contains 65 elements total, including
its matrix components) was measured using single-site mode and under 1.0 mm defocus
conditions (Figs. 2-9 and 2-10). Each of the elements was classified into two groups in
accordance with their observed temporal changes in Fls. The classification of the
elements, values of FI (during 2-3 min), along with the melting, boiling points of metal
oxides, bond dissociation energy (BDE), and boiling point of atomic elements25 are listed
in Table 2-2. The elements Ag, As, Se, Sh, Ga, Te, Bi, Pb, Cd, Re, Sn, Cu, W, and Zn
were classified in Group 1, because FI values (2-3 min) of these were larger than over
1.20. The elements Si, Co, Mn, Ti, Ni, Ba, Al, Ce, Cr, Gd, Yb, Y, Sc, Sr, Ca, Zr, Hf, Mg,
U, and Th were classified in Group 2 because FI values (2-3 min) of these were within 1
+0.15.

As shown in Fig. 2-9, the Fls of Ag, As, Se, Sb, Ga, Te, Bi, Pb, Cd, Re, Sn, Cu, W,
and Zn showed an increasing trend until 3 min of laser ablation, at which point the Fls
decreased for each of these elements, in a similar manner to that observed for As (Fig. 2-
3). The Fls of these elements exceeded 1 when particles larger than those observed at 0-
1 min of ablation were introduced into the ICP, and fell below 1 when particles smaller
than those observed at 0-1 min of ablation were introduced into the ICP. The melting
points of all metal oxides in Group 1 are lower than that of Ca oxide (Table 2-2). Of all
the Group 1 elements, Zn oxide has the highest melting point, but because this boiling
point of Zn atom is lower than that of elements classed in Group 2. Zinc exhibited Fls
trends similar to those of the other elements in Group 1.

As shown in Fig. 2-10, the FlIs of Si, Co, Mn, Ti, Ni, Ba, Al, Ce, Cr, Gd, Yb, Y, Sc,

Sr, Ca, Zr, Hf, Mg, U, and Th remained nearly constant throughout the 10-min ablation
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process, similar to the behavior observed for Sr and Zr (Fig. 2-3). The FlIs of these
elements were constant regardless of changes in the large ablated particles, because these
elements behaved similarly to Ca in the ICP. Therefore, these elements were classified
into Group 2. Most of the oxides in Group 2 have higher melting points than those in
Group 1.

In summary, classification of these elements from temporal changes in their Fls
during laser ablation using single-site mode under 1.0 mm defocus conditions enabled us
to identify trends in the behavior of the elements in the ICP. Elemental fractionation was
caused by large particles introduced into the ICP when fluence increased using single-site
ablation mode. Under 1.0 mm defocus conditions, this phenomenon occurred when
fluence increased at the depth of 410-520 um. It is noticed that an appropriate selection
of internal-standard element and control of laser fluence are necessary depending on the

sample.

39



2. Temporal changes of fractionation index

o o =) o
=1 — — —
o Jo ] o ] o
5} = =
@ {0 { o © { o o { o
d~ 4~ 4~ 4~
—_
{e© {© { o .6.m
BT 4w {1 w 4w =
(3]
i< i< {1« 1< E
T
J J ™ 4™ 4™
Je BN BN 4~
4 B 4« 4 -
o =} : + o (=}
n o nw o o 0w Qo 1w o o n e wnw o wo n e n o wo
N R =] &N & - - o N & d dH o N o d - o
X3pul uoljeuonoel4 Xapul uoieuonoel Xapul uofreuonoel X3pul uoijeuonel
o =} o o
- - - i
1o 1o 1o 1o 4
8 & & N
Hoo H 4 1 1
M~ 4™~ a4~ 4~ 4
qw© H© Hw© 4 © E
w0 1w 1w 1w 4
q< 4 < 4 < 4 < 4
H 1o 1™ 1™ 1
qeN LY LY 4~ E
4 4 4 41— 1
o . . o . . o o .
n o mn o o w o wmwaowmo n o 1w o wno n o nw o wo n o n o wo
NN d Ao N &+ - o NN d - o NN d - o O I <)
X8pul uolyeuonoely Xapul uoeuonodel Xapul uoreuondelq Xapul uoeuonoel Xapul uoieuonoel
=} o o o
=1 =1 =1 =1
o 1o 1o 1o E
2 & z
Hoo 1 1 1 o 1
I~ 1~ 1~ 4~ 4
—q© 1© 1© 1 © 4
1w 1w 1w 1w 1
< 4 < 4 < 4 < m
Hn 1 1o 1o 1
ELY EGY 1o 1o 4
! 1< 1< 1< 1
+ + o =} o o

n O 1w o wo
N N +H +dH O

Xapul uoljeuooRl

w o nw o wmo
N H - o

Xapul uoeuonoel

w o w o wo
STV I =)

Xapul uoieuonoel

w o nw o wo
SV I B =)

Xapul uoleuooRI

n O 1w o wo
N N 4 + O

Xapul uoljeuoIoRl

0123456728910

0123456738910

Time [min]

Time [min]

Fig. 2-9 Temporal changes in Fls of Ag, As, Se, Sb, Ga, Te, Bi, Pb, Cd, Re, Sn, Cu, W,

and Zn during laser ablation using single-site mode and under 1.0 mm defocus conditions

with 4 J cm™. These elements were classified into Group 1.
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Fig. 2-10 Temporal changes in Fls of Si

Sr, Ca, Zr, Hf, Mg, U, and Th during laser ablation using single-site mode and under 1.0

mm defocus conditions with 4 J cm. These elements were classified into Group 2.
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2. Temporal changes of fractionation index

Table 2-2 Classification of 34 elements depending on their observed temporal changes
in FIs along with their melting point (mp), boiling point (bp), and bond dissociation
energy (BDE).>’

Fl Oxide Atom
Element Group 9.3 min

compound m.p. [°C] b.p. [°C] BDE [kJ/mol] b.p. [°C]

Ag 1 1.58 Ag,0 200 — 221 2162
As 1 1.76 As,0, 274 460 484 603
Se 1 1.38 SeO, 340 — 469 685
Sh 1 1.73 Sbh,0; 570 1425 434 1587
Ga 1 1.54 Ga,0 660 800 374 2204
Te 1 2.14 TeO, 733 1245 377 988
Bi 1 2.03 Bi,O; 817 1990 337 1564
Pb 1 1.64 PbO 897 - 238 1749
Re 1 1.52 ReO, 900 — 627 5596
Sn 1 141 SnO 1080 - 528 2602
Cu 1 1.20 Cu,O 1235 1800 281 2562
W 1 1.23 WO, 1500 — 832 5555
Cd 1 1.54 Cdo >1500 1559 236 767
Zn 1 1.49 Zn0O 1974 — 226 907
Si 2 1.01 SiO, 1722 2950 800 3265
Co 2 1.04 CoO 1830 — 385 2927
Mn 2 0.96 MnO 1839 - 362 2061
Ti 2 1.03 TiO, 1843 2900 668 3287
Ni 2 1.07 NiO 1955 - 366 2913
Ba 2 0.99 BaO 1972 - 562 1897
Al 2 1.04 Al,O, 2053 3000 502 2519
Ce 2 0.98 Ce,0; 2210 3730 790 3443
Cr 2 0.92 Cr,04 2329 3000 461 2671
Gd 2 1.06 Gd,0, 2339 3900 715 3273
Yb 2 1.10 Yb,0,4 2355 4070 401 1196
Y 2 1.14 Y,0; 2438 — 698 3345
Sc 2 1.06 Sc,0; 2485 — 671 2836
Sr 2 1.00 SrO 2531 - 426 1382
Ca 2 1.00 Ca0o 2570 2850 383 1484
Zr 2 1.13 Zr0, 2709 4300 766 4409
Hf 2 1.14 HfO, 2774 — 801 4603
Mg 2 0.94 MgO 2825 3600 358 1090
U 2 0.99 uo, 2827 — 755 4131
Th 2 1.15 ThO, 3390 4400 877 4788
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2. Temporal changes of fractionation index

2.4. Summary

In this study, we measured temporal changes in the Fls of ablated particles during 10 min
of laser ablation under in-focus, 0.5 mm defocus, and 1.0 mm defocus conditions. In the
case of volatile elements (Group 1), a remarkable peak of FI was observed at 2-3 min
under 0.5 and 1.0 mm defocus conditions. The particles that were produced at 2-3 min
were observed by SEM. The large particles more than 2 pm were monitored by SEM. It
was considered that the large edge-shaped particles were produced by shockwave which
was induced by an increase of fluence as the ablation process progressed. We assumed
that the temporal changes of FIs were caused by the large particles more than 2 um which
were related to an increase of fluence. Although, there is a possibility that the FlIs were
affected by particles less than 2 um. For further investigations, we need to focus on
particle size distribution and chemical composition of fine particles.

We are now proceeding with these experiments. Temporal changes in Fls were
explained by elemental behavior due to changes in the large size of ablated particles
introduced into the ICP. The Fls indicated how the signal ratio of a given pair of elements
(i.e., a sample element and a Ca standard) in the particles generated by laser ablation
changed upon introduction to the ICP. In addition, comprehensive evaluation of the
particle number and the size by SEM observation and of temporal changes in the Fls
helped to further elucidate elemental behavior in the ICP. The results of these experiments
were used to classify the elements into two groups. The elements that were classified
according to temporal changes in their Fls behaved differently from one another
according to changes in the large ablated particles. Therefore, we concluded that changes
in the large size of ablated particles are one of the main causes for elemental fractionation.

To control the influence of ablated-particle size on LA-ICPMS analysis, a certified
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2. Temporal changes of fractionation index

reference material with a matrix similar to that of the sample should be used for
calibration. However, such certified reference materials are not always available. In the
case of glass sample analysis, the results of this work should be helpful.

Selection of an appropriate internal-standard element is important to obtain accurate
LA-ICPMS measurements. On the basis of our findings in this study, we recommend that
an internal standard element be chosen from the same group in Table 2-2 as the target
element because the relative signal intensities of these elements in LA-ICPMS should
remain similar even if the number and the size of particles change over time. We also
found that laser ablation using line-scan mode provided a means to stabilize the number

and the size of ablated particles and minimize changes therein.
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Chapter 3

Temporal changes of size distribution of mass and

relative intensity

3.1. Introduction
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a low-pressure impactor
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Chapter 3 Temporal changes of size distribution of mass and

relative intensity

3.1. Introduction

Laser ablation—inductively coupled plasma mass spectrometry (LA-ICPMS) is an
effective technique for multielemental analysis of solid samples. However, LA-ICPMS
suffers from elemental fractionation, whereby elements in a sample are enriched (or
depleted) during the laser ablation process and in the plasma, to an extent that depends
on the elemental properties.®® ° The fractionation mechanism has not been definitively
elucidated.?>?* Elemental fractionation can be quantified in terms of the fractionation
index (FI).3% 51 8 Temporal changes of Fls were investigated under laser defocus
conditions. When laser ablation was performed under defocus conditions, a large
variation of the diameter of ablated particles was observed. It was a useful technique for
understanding relationship between temporal changes of Fls and the size of ablated
particles. We previously reported that temporal changes in Fls are caused by changes in
elemental behavior resulting from changes in ablated particles with aerodynamic
diameters (Dp) larger than 2.0 um introduced into the ICP, which could not be
decomposed completely in the ICP.>® However, the variation of Fls for smaller ablated
particles and the chemical composition of fine particles have not been sufficiently
investigated. Koch et al. studied the particle size distributions and composition of a brass
sample.®® In the current study, we used NIST 610 glass standard material as a sample.
Four fractions of size-classified ablated particles (Dp values of <0.06, 0.06-0.22, 0.22—
2.2, and >2.2 um) were collected on filters and digested with HNOz and HF, and then the

elements in the particles were determined by ICPMS. Elemental fractionation is discussed
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3. Temporal changes of size distribution

on the basis of the size distribution of mass and the relative intensity of metal and

ytterbium.

3.2. Experimental
3.2.1. Instrumentation
A laser ablation system (UP-213, ESI, Portland, OR, USA) combined with an ICPMS
instrument (Agilent 7500ce, Agilent Technologies, Tokyo, Japan) was used to analyze a
NIST 610 (National Institute of Standards and Technology, Maryland, USA) glass
standard sample. The beam the laser system was a flat top shape under in focus conditions.
A commercially available large-format (15 sg. cm) laser ablation cell (ESI, Portland, OR,
USA) was used. To reduce wash-out time, a quartz ring with a volume of approximately
0.8 cm® was put inside the large-format cell. Laser ablation was carried out in a He
atmosphere, and the ablated particles were introduced into a cascade impactor (inline type
with NL-1-1A (<1.0 um), Tokyo Dylec, Tokyo, Japan), which removes ablated particles
larger than 1.0 um. Ar gas was introduced between the large-format cell and the cascade
impactor. The LA-ICPMS measurement conditions used in this study are summarized in
Table 3-1. In focus, 0.5 mm defocus, and 1.0 mm defocus conditions were used to
evaluate the effects of defocus conditions. These three focus conditions were selected as
typical trends of temporal changes of FIs. Under -1.0 mm defocus and 1.5 mm defocus
conditions, no signal was observed by LA-ICPMS. Temporal changes of FIs under -0.5
mm defocus conditions showed the same trend as those under in focus conditions.

An optical microscope (VHX-2000, Keyence, Osaka, Japan) was used for detailed
observation of the crater. Crater diameters and depths were measured by observing the

sample from top and from side, respectively, after laser irradiation under in focus, 0.5 mm
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3. Temporal changes of size distribution

defocus, and 1.0 mm defocus conditions. When laser ablation was performed during 10
min, 12000 shots (20 Hz x 600 s) of laser pulse were irradiated on the sample surface.
The crater diameters were 100, 60, and 200 um, respectively, and the crater depths were
380, 1500, and 1600 um, respectively. The craters were a top hat shape under in focus

conditions and a reverse circular cone shape under defocus conditions.
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Table 3-1 Operating conditions used for laser ablation and ICPMS measurements

Laser Ablation

Laser model
Laser type
Wavelength
Pulse width
Ablation mode
Repetition rate
Carrier gas (He) flow rate
Laser energy on sample surface
Initial laser fluence*

In focus

0.5 mm defocus

1.0 mm defocus
Crater diameter

In focus

0.5 mm defocus

1.0 mm defocus
Crater depth

In focus

0.5 mm defocus

1.0 mm defocus

UP213
Nd:YAG
213 nm

4 ns
Single site
20 Hz

1.0 L min?
0.9mJ

11Jcm™
30Jcm?
3.0Jcm?

100 5 pm
60 + 4 pum
200 + 10 pum

380 + 30 um
1500 + 150 pum
1600 + 150 pum

ICPMS Measurements

ICPMS model

RF power

Integration time

Collision gas (He) flow rate

Carrier gas (Ar) flow rate
Sample uptake rate
Isotopes measured

Agilent 7500cc

1600 W

0.05s

2.0 mL min*

for laser ablation for solution nebulization

0.8 L mint 1.2 L min?

- 0.1 mL min*

42Ca, 5Ag 75AS, 85Rb’ 103Rh, 139|_a,
157Gd, 173Yb, 182W,185Re,
232Th

* Actual fluence changed with time.
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3.2.2. Reagents

Hydrofluoric acid (25 M, Daikin Industries, Osaka, Japan) and HNO3 (ultrapure, 11 M,
Kanto Chemical, Tokyo, Japan) were used for acid digestion. Calibration standard
solutions were prepared from the following SPEX CertiPrep (Metuchen, NJ, USA)
multielement standards for ICPMS: XSTC-1, XSTC-8, and XSTC-13. The standards
were diluted with 0.1 M HNOa. Calibration curves were prepared by the measurement of

standard solutions at concentrations of 0, 10, 100, 500, and 5000 pg mL™.

3.2.3. Collection of size-classified ablated particles with a low-pressure impactor

Four fractions of size-classified ablated particles (Dp values of <0.06, 0.06-0.22, 0.22—
2.2, and >2.2 um) were collected by means of a low-pressure impactor (LP-20; Tokyo
Dylec Co., Tokyo, Japan), which was placed in an 1SO class 4 clean bench equipped with
HEPA filters (Fig. 3-1). Particle fractions were collected on PTFE filters (TO10A080C,
80 mm diameter, Advantec Toyo Kaisya, Tokyo, Japan), except for the finest fraction
(<0.06 pm), which was collected on a quartz fiber filter (2500 QAT-UP; 80 mm diam.,

Pall Corporation, Port Washington, NY, USA).
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3. Temporal changes of size distribution

3.2.4. Acid digestion
The collected particles were decomposed with a mixture of 25 M HF (0.3 mL) and 11 M

HNOs3 (0.6 mL) at 180 °C on a hotplate until the HF had evaporated completely. Heating
continued until the digested solution became one droplet. Then, the digested solution was
diluted to 2 mL with 0.1 M HNOas. As an internal standard, 20 ng of Rh was added into

the samples.

3.3. Results and discussion
3.3.1. Fractionation index obtained by means of LA-ICPMS with

a cascade impactor
Using the single-site mode under in focus, 0.5 mm defocus, and 1.0 mm defocus
conditions, we measured the elemental intensities of As and Ca by means of time-resolved
analysis. In the previous paper,”® 34 elements were classified into two groups in
accordance with their observed temporal changes of Fls. Elements in the first group
(Group 1) showed the FI peak at 2-3 min after the start of laser ablation under defocus
conditions. Volatile elements such as As are included in the first group. Elements in the
second group (Group 2) did not show the FI peak as laser ablation progressed. Non-
volatile elements such as Ca are included in the second group. For this set of experiments,
As was selected as a typical element of the first group of elements. The signal intensities
and Fls for As as a function of ablation time are shown in Fig. 3-2.

Under the in focus conditions, the plot of FIs for As did not show a peak at an
ablation time of 2-3 min, whereas a peak in Fls was observed at 2-3 min under the 0.5
mm defocus and 1.0 mm defocus conditions (Fig. 3-2d-f). The magnitudes of the FI peaks

were 2.3 without the 1.0 pm impactor and 1.9 with the impactor under the 0.5 mm defocus
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conditions. Under the 1.0 mm defocus conditions, the corresponding magnitudes were 1.9
and 1.4, respectively. That is, although the FI peak was suppressed by the use of the

impactor, the peak did not disappear completely.
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Fig. 3-2 Signal intensities of As obtained by LA-ICPMS. Laser ablation was performed

under (a) in-focus, (b) 0.5 mm defocus, and (c) 1.0 mm defocus conditions without (black)

and with (gray) a 1.0 um impactor. Fractionation indexes of As during laser ablation under

(d) in-focus, (e) 0.5 mm defocus, and (f) 1.0 mm defocus conditions without (triangles)

and with (circles) a 1.0 um impactor. Error bars indicate standard deviations (n = 3).
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3.2.2. Mass of size-classified ablated particles collected with
a low-pressure impactor

The size-classified ablated particles were collected on different filters by means of the
low-pressure impactor sampler. The particle fractions were decomposed with acid, and
ICPMS was used to determine Yb, which was suitable for estimation of the mass of
ablated particles because the background was low and the sensitivity was high for ICPMS
measurement. Moreover, Yb is typical of the elements classified as Group 2 in our
previous study.®® The mass of ablated particles was calculated from the mass of Yb by
dividing by the certified value for Yb (473 pg g) in the NIST 610 glass standard. A mass
fraction was calculated by dividing the mass of ablated particles at 1-5 min to the mass
of ablated particles at 0-1 min.

The masses of ablated particles and the mass fractions of the size-classified ablated
particles are shown in Fig. 3-3. The total masses of ablated particles collected at 0-1 min
of ablation under in focus, 0.5 mm defocus, and 1.0 mm defocus conditions were 15.2,
10.2, and 8.8 pg, respectively, and the total masses of ablated particles collected at 1-5
min under in focus, 0.5 mm defocus, and 1.0 mm defocus conditions were 5.1, 3.6, and
3.2 pg, respectively. The ratios of the total masses collected at 1-5 min to the total masses
collected at 0-1 min of ablation were 34%, 35%, and 36% under in focus, 0.5 mm defocus,
and 1.0 mm defocus conditions, respectively. Under the defocus conditions, the mass
fractions of particles larger than 0.22 um were high: specifically, 57% (0.22-2.2 um) and
59% (>2.2 um) under the 0.5 mm defocus conditions and 54% (0.22-2.2 um) and 51%
(>2.2 um) under the 1.0 mm defocus conditions. These results confirm that the mass of
particles larger than 0.22 um was higher at 1-5 min than at 0—1 min when laser ablation

was performed under defocus conditions.

54



3. Temporal changes of size distribution

Smaller particles (<0.06 um) were produced in greater amounts than larger particles.
However, under all three focus conditions, the mass fractions of these smaller particles
were the same as the ratios of the total masses collected at 1-5 min to the total masses
collected at 0-1 min of ablation. The mass fractions of the larger particles increased under
defocus conditions. Therefore, we concluded that the FI peak at 2-3 min was caused by

changes in ablated particles larger than 0.22 um.
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Fig. 3-3 Masses of ablated particles (bars) and mass fractions of size-classified ablated
particles obtained under (a) in focus, (b) 0.5 mm defocus, and (c) 1.0 mm defocus
conditions at 0-1 min of ablation (black bars) and at 1-5 min of ablation (gray bars).
Dashed lines indicate the ratios of the total masses collected at 1-5 min to the total masses

collected at 0-1 min. Error bars indicate standard deviations (n = 3).
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3.2.3. Chemical composition of size-classified ablated particles
The amounts of As, Rb, Re, W, La, Gd, Th, and Yb in the size-classified ablated particles

were determined by means of ICPMS, and temporal FIs were calculated from Eqg. (3-1):

_ (M / Yb) 1-5min _
temporalFl = [(M/Yb) O_mm} (3-1)

where (M/Yb)1.s min is the relative intensity of element M normalized by the signal
intensity of Yb at 1-5 min of ablation, and (M/YDb)o-1 min is the relative intensity of element
M normalized by the signal intensity of Yb at 0-1 min of ablation. The relative intensities
and temporal Fls of all the elements, along with the melting points (mp) of their oxides,
are listed in Table 3-2. The temporal FlIs of the first group of elements (Group 1) were
between 0.8 and 1.2 and those of the second group of elements (Group 2) were between
0.9 and 1.1. All the FIs were approximately 1 and did not depend on the size of the ablated
particles, indicating that the magnitude of the enrichment did not change as laser ablation
progressed.

The crater aspect ratios under in focus (11 J cm2), 0.5 mm defocus (30 J cm™), and
1.0 mm defocus (3.0 J cm) conditions were 3.8, 25, and 8.0, respectively. The fluence
was calculated from the diameter of the crater produced on the sample surface. The actual
fluence increased as laser ablation progressed. For the elemental composition, the relative
intensities of As in the particles smaller than 0.06 um at 0-1 min of ablation under in
focus, 0.5 mm defocus, and 1.0 mm defocus conditions were 0.08, 0.20, and 0.13,
respectively. The corresponding values for Rb were 1.53, 2.73, and 1.81. The relative
intensities of the volatile elements under 0.5 mm defocus conditions were larger than
those of the ones under in focus and 1.0 mm defocus conditions. However, the relative

intensities of the elements in Group 2 were constant regardless of the focus conditions.
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The relative intensities of volatile elements increased as the aspect ratio of the crater
increased. The relative intensities of As at 0-1 min of ablation under 0.5 mm defocus
conditions were 0.20, 0.17, 0.09, and 0.11 for particles with sizes of <0.06, 0.06-0.22,
0.22-2.2, and >2.2 um, respectively. The relative intensities of As in particles smaller
than 0.22 um were larger than those of As in particles larger than 0.22 pum. The same
trend was observed for Rb. We confirmed that during laser ablation, the magnitude of the
enrichment varied with the aspect ratio.®* Volatile elements were enriched in smaller
particles because smaller particles were generated by hydrodynamic sputtering in the
heat-effective zone on the sample surface. The size dependence of the chemical
composition of the particles was caused by noncongruent evaporation.5-64

However, the relative intensities of elements in Group 1 at 1-5 min of ablation were
the same as those observed at 0-1 min of ablation. That is, the magnitude of the
enrichment of the elements in Group 1 at 0-1 min of ablation was the same as that at 1-5
min of ablation. This result indicates that the FI peak observed for elements in Group 1
at 2-3 min after the start of laser ablation was not caused by smaller particles but by
particles larger than 0.22 pum. Particles larger than 0.22 um could not be decomposed
completely in the ICP and elements in Group 1 were more easily vaporized and ionized

than Ca.
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3. Temporal changes of size distribution

3.4. Summary

In this study, ablated particles were classified by the size, and the chemical composition
of the particles was investigated. The FI peak observed for elements in Group 1 under
defocus conditions at 2—3 min after the start of laser ablation was suppressed by the use
of a 1.0 um impactor, but the peak did not disappear completely. Under the in focus
conditions, the mass fraction of ablated particles did not change. In contrast, under 0.5
mm defocus and 1.0 mm defocus conditions, the mass fraction of ablated particles
increased for ablated particles larger than 0.22 um.

\olatile elements were enriched in small particles produced during laser ablation
regardless of the focus conditions. The magnitude of the enrichment increased as the
aspect ratio of the crater increased. However, the magnitude of the enrichment at 0-1 min
of ablation was the same as that at 1-5 min of ablation. These experimental results indicate
that the FI peak observed for Group 1 elements under defocus conditions at 2-3 min after
the start of ablation was not caused by smaller particles but by particles larger than 0.22
um. Particles larger than 0.22 um could not be decomposed completely in the ICP and

elements in Group 1 were more easily vaporized and ionized than Ca.
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Chapter 4 Particle size-related elemental fractionation

in laser ablation in liquid (LAL)

4.1. Introduction

Laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS) is a technique
for direct analysis of solid samples without the need for sample preparation procedures;
ablated particles are generated by the interaction between laser light and the sample
surface. LA-ICPMS has been used for various purposes, such as isotope-ratio analysis in
the field of earth science and qualitative analysis of biological tissues and other
materials.!> 53 8 86 \arious quantitative strategies that use LA-ICPMS have been
investigated, such as a correction method involving the use of a relative sensitivity factor
and a standard addition method.'® ¢7-% However, LA-ICPMS suffers from elemental
fractionation, whereby elements in a sample are enriched or depleted during the LA
process and in the ICPMS, depending on the properties of the elements. Although the
problem of elemental fractionation has not yet been solved. During laser ablation process,
elemental fractionation depends on the laser type, operating conditions, and aspect ratio
(depth/diameter) of a crater. Larger elemental fractionation occurs when aspect ratios of
crater incresase.’”” On the other hand in the ICP, elemental fractionation occurs when
particles larger than a critical size are introduced into the ICP. For example, one hundred
fifty nanometer (150 nm) is a critical size for silicates.?® Shorter laser-pulse durations
(e.g., on the order of femtoseconds) and the use of ultraviolet radiation (193 nm) have
been investigated for the smaller heat effective zone and the generation of smaller
particles. 3% 51 56, 60

Laser ablation in liquid (LAL) was first reported as a technique for the generation of
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nanomaterials in 2003, and ablation mechanisms have been widely studied.®>=3" In this
technique, the sample surface is irradiated by a laser beam through a liquid medium.
Interest in LAL has been increasing recently owing to its versatility. For instance, LAL
has been used for surface-enhanced Raman scattering labeling, production of
nanomaterial coatings, photonic materials, and catalysis.”"* LAL-sampled particles can
be analyzed by ICPMS. Although quantitative analysis by means of slurry nebulization
and isotope-ratio analysis have been reported,'® ® quantification of volatile elements such
as As has not been reported. The contributions of particle size-related elemental
fractionation during LA and in the ICP have not been clarified. Although slurry
nebulization is useful for quantitative analysis,”>"" the analysis is carried out on the
assumption that the particles decompose completely in the ICP. However, large particles
do not in fact decompose completely, and the extent of vaporization and atomization of
the elements in the particles depends on the elemental properties.’® " If these effects
could be elucidated, ICPMS analysis with LAL sampling could be an effective tool for
the determination of trace elements in hard-to-digest materials, such as glass and fine
ceramics.

In this study, elemental fractionation during LAL sampling was investigated
separately from elemental fractionation in the ICP. Particle size-related elemental
fractionation during LAL sampling was evaluated by comparison between LAL-sampled
particles larger than 0.4 um and those smaller than 0.4 um, and elemental fractionation
in the ICP was evaluated by comparison between the results obtained by slurry

nebulization and those obtained by acid digestion.
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4.2. Experimental

4.2.1. Instrumentation

A laser ablation system (UP-213, ESI, Portland, OR, USA) was used for LAL sampling.
A microwave acid digestion system (ETHOS One, Milestone Sorisole, Italy) was used for
decomposition of samples collected on a polycarbonate filter. ICPMS was conducted with
an Agilent 7500ce instrument (Agilent Technologies, Tokyo, Japan) at settings optimized
to provide the highest sensitivity for “Li, &Y, and 2Tl and to keep the 4°Ce'®0/*4°Ce
ratio below 3% (Table 4-1). A scanning electron microscope (S-4300, Hitachi High
Technologies, Tokyo, Japan) was used to observe the LAL-sampled particles. The
particles were collected on a 0.4 um polycarbonate filter, the surface of which was coated
with a Pt/Pd alloy with an ion-beam sputter coater (E-1045, Hitachi High Technologies,

Tokyo, Japan) prior to measurement.
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Table 4-1 Operating conditions used for laser ablation in liquid inductively coupled

plasma mass spectrometry (ICPMS)

Laser model UP213

Laser type Nd:YAG

Wavelength 213 nm

Pulse width 4 ns

Ablation mode Single-site or line-scanning
Repetition rate 20 Hz

Diameter of crater 100 pm

Laser fluence 6Jcm™

Scanning speed 10 um s

Sampling medium

Ultrapure water (1130 pL)

ICPMS model Agilent 7500ce
RF power 1400 W
Integration time 0.1s

Carrier gas (Ar) flow rate 1.2 L min!
Collision gas (He) flow rate 3.0 mL min™t

Isotopes measured

2TAl, 42Ca, 52Cr, 5°Min, N,
63Cu, 87n, 89Ga, "°As,
85Rb, 88Sr, 89Y, 907y, 107Ag,
Gy 121gh 1229y 137B4
157Gq, 173yh, 178Hf, 184y
185Rg 205T| 206pp 209Bj
232 238
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4.2.2. Reagents

Hydrofluoric acid (25 M, Daikin Industries, Osaka, Japan) and HNO3z (Ultrapur, 11 M,
Kanto Chemical, Tokyo, Japan) were used in this study. Calibration standard solutions
were prepared from the following SPEX multielement standards for ICPMS: XSTC-1,
XSTC-7, XSTC-8, and XSTC-13 (SPEX CertiPrep, Metuchen, NJ, USA). The
multielement standards were diluted with 0.1 M HNOz. Calibration curves were prepared
by measuring standard solutions at concentrations of 0, 10, 100, 500, 5000, and 10,000

pg mLL,

4.2.3. LAL sampling

NIST 610 (National Institute of Standards and Technology, Gaithersburg, MD, USA) was
used as a reference sample. NIST 610 contains 61 trace elements, and its matrix
composition is 72% SiO», 12% CaO, 14% Na20, and 2% Al>0Os. An open-top chamber
made of PFA (tetrafluoroethylene—perfluoroalkyl vinyl ether copolymer) was used for
LAL sampling. The outer diameter, inner diameter, and height of the chamber were 27,
18, and 10 mm, respectively. The NIST 610 sample was placed in the chamber, and then
1130 pL of ultrapure water (>18.2 MQ cm, Milli-Q, Merck Millipore, Darmstadt,
Germany) was added; as a result, the surface of the sample was 3 mm below the surface
of the water. The sample surface was irradiated with the laser through the water (Fig. 4-
1). In the case of single-site mode, laser irradiation was performed for 10 min and laser
frequency was 20 Hz. The number of laser pulses were 12000 shots for a single position.
In the case of line-scanning mode, laser lines were five with 5 mm length at 200 um
intervals. The line width was 100 um, laser frequency was 20 Hz, and scanning speed

was 10 um s, That is, the number of laser pulses were 200 shots a single spot of 100 um.
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The LAL-sampled particles suspended in the water were divided into two size classes by
filtration: particles larger than 0.4 um were collected on the polycarbonate filter, and
particles smaller than 0.4 um passed into the filtrate. The amount of ablated particles

larger than 0.4 um and smaller than 0.4 um were 0.057 mg and 0.15 mg, respectively.

LA

Open-top
chamber

/

Fig. 4-1 Schematic diagram of laser ablation in liquid set-up. Red line indicates scanning

direction of laser beam.
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4.2.4. Acid digestion

NIST 610 was crushed and ground to a powder in an agate mortar. Two milligrams of the
powder was weighed into a PFA vial and decomposed with a mixture of 0.3 mL of 25 M
HF and 0.6 mL of 11 M HNOs at 180 °C on a hotplate. Heating was continued until the
HF had evaporated completely, and then the digested solution was diluted to 100 mL with
0.1 M HNOs. LAL-sampled particles were decomposed by means of the same procedure,
except that a microwave digestion system was used for particles larger than 0.4 pm (that
is, the particles that were collected on the polycarbonate filter). In the case of LAL-
sampled particles, the final volume was adjusted to 10 mL with 0.1 M HNO3 for particles
larger than 0.4 pum and smaller than 0.4 um. When microwave digestion was performed,

a mixture of 3.0 mL of 25 M HF and 6.0 mL of 11 M HNO3 was used.

4.3. Results and discussion
4.3.1. Optimization of the LAL sampling procedure
The laser focus and the distance from the water surface to the sample surface were
optimized carefully for LAL sampling. A focus of a CCD camera became longer with
increasing the distance from the water surface to the sample surface. Actual focus position
of a laser beam was above the focus position of a CCD camera. The defocus adjustment,
Z, can be estimated from Eq. (4-1):

Z =h-a (4-1)
where h is the distance between the water surface and the sample surface, and a is the
apparent depth. a can be estimated from Eq. (4-2):

h

a= 4-2)

68



4. Particle size-related elemental fractionation in LAL

where n is the refractive index of water (n = 1.333). The following Eq. (4-3) is derivable

from Eq. (4-1) and Eq. (4-2):

z :h[1—1j (4-3)

n

When h is 3 mm, the defocus adjustment is calculated to be 0.75 mm, indicating that the
objective lens has to be moved down 0.75 mm. The optimized value of the defocus was
experimentally confirmed. Images of the ablation track after LAL sampling in line-
scanning mode are shown in Fig. 4-2. The focus was adjusted while the surface was
monitored with a CCD camera. Under the in-focus conditions, the width of the ablation
track was 60 um (Fig. 4-2a), which was narrower than the nominal value (controlled by
the software at 100 um). Under -0.50 mm defocus and -1.00 defocus conditions, the
ablation tracks (200 and 120 pum, respectively; Fig. 4-2b and 4-2d) were wider than the
nominal value. In contrast, under the -0.75 mm defocus conditions, the width of the

ablation track was equal to the nominal value (Fig. 4-2c).
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Fig. 4-2 CCD images of tracks of line scans: (a) in-focus with a CCD camera, (b) —0.50

mm defocus, (¢) —0.75 mm defocus, and (d) —1.00 mm defocus.
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4.3.2. Line-scanning mode and single-site mode
In both the line-scanning mode and the single-site mode, all of the LAL-sampled particles
were decomposed, and the elemental intensities of Ca, As, Sr, Zr, Cd, Sb, Sn, Pb, Th, and

U were measured by ICPMS. Enrichment factors (EFs) were calculated from Eq. (4-4):

(M cps /Ca cps )LAL-sampIe 1
(M cps / Ca cps ) reference

where (Mcps/Cacps)LAL-sample IS the ratio of the signal intensity of element M to that of “’Ca

EF = x100 (4-4)

for the sample solution obtained by LAL sampling, and (Mcps/Cacps)reference IS the same
ratio for the sample solution obtained by decomposition of the NIST 610 powder. The
EFs of these elements are shown in Fig. 4-3.

When the measurement was conducted in line-scanning mode, the EFs of all the
elements were 0% * 5%. In contrast, in single-site mode, the EFs of As, Cd, Sh, Sn, and
Pb were —25%, —30%, —13%, —12%, and —14%, respectively; whereas the EFs of Sr, Zr,
Th, and U were 0% = 5%. In addition the aspect ratio of the crater was 0.5 when laser
ablation was performed under line-scanning mode, and the aspect ratio of the crater was
4.8 when laser ablation was performed under single-site mode. More heating effect
(preferential evaporation of volatile elements) occurs under higher aspect ratios.”
Elemental fractionation was also observed in the heat effective zone under LAL.
Cavitation bubbles were generated at microsecond to sub-millisecond after laser
irradiation,® and then, nano particles were formed inside the cavitation bubbles.® In the
case of single-site mode, laser irradiation heated a single spot on the sample surface, and
larger cavitation bubbles were generated. Both larger aspect ratio and larger cavitation
bubbles under single-site mode caused the loss of volatile elements into the gas phase via

cavitation bubbles. This phenomenon was much clearer in single-site mode than in line-
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scanning mode because in the former mode, large size of cavitation bubbles was
generated at a single position. Our results indicate that for quantitative analysis of
elements in solid samples, LAL sampling in line-scanning mode provides more-accurate
results without elemental loss. To obtain reliable data, all of the ablated particles must be

collected in the liquid medium.

Enrichment factor (%)

As Sr Zr Cd Sb Sn Pb Th U

Fig. 4-3 Enrichment factors (%) for laser ablation in liquid sampling: (L) line-scan
mode and (M) single-site mode. Error bars indicate standard deviations (n = 3).
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4.3.3. Dependence of elemental fractionation on the size of particles generated
by LAL in line-scanning mode

LAL-sampled particles obtained in line-scanning mode were divided into two size classes
by filtration: particles larger than 0.4 um (collected on the polycarbonate filter) and
particles smaller than 0.4 pum (collected in the filtrate). Scanning electron microscopy
images of the two sizes of particles are shown in Fig. 4-4. Spherical, agglomerated, and
edge-shaped particles were observed in the image of the particles on the polycarbonate
filter (Fig. 4-4a), whereas spherical particles were the main type of particles in the filtrate
(Fig. 4-4b). Ablated particles are generated in the heat effective zone resulting from
interaction between the sample surface and the laser beam. Larger particles are generated
when hydromechanical sputtering dominates and smaller particles are generated by
hydrodynamic sputtering when the heat effective zone is thin and the laser fluence is high
enough for laser ablation.%?

The elemental intensities of Ca, As, Sr, Zr, Cd, Sb, Sn, Pb, Th, and U were measured
by ICPMS, and the EFs of these elements are shown in Fig. 4-5. In the case of the particles
smaller than 0.4 um, the EFs of As and Sb were 14% and 9%, respectively; these volatile
elements were enriched by the melting-congelation process in the heat effective zone. In
contrast, in the case of particles larger than 0.4 um, the EFs of As, Cd, Sh, Sn, and Pb
were —42%, —20%, —30%, —9%, and —14%, respectively. That is, the volatile elements
were enriched in the LAL-sampled smaller particles, and depletion of the volatile
elements was observed in the larger particles. These results imply that the degree of
elemental fractionation during LAL sampling was related to the size of the ablated
particles. Note that the EFs of As, Cd, Sh, Sn, and Pb were negative for particles larger

than 0.4 um, which means that these elements were depleted in these particles.
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Analytical data for both sizes of LAL-sampled particles, along with the acid digestion
data for the NIST 610 powder, are summarized in Table 4-2. The intensity values for the
elements were normalized by the intensity of Ca, and the recovery percentage for each
element was calculated by dividing the elemental intensity for the LAL-sampled particles
by the corresponding elemental intensity for NIST 610. The recovery of all elements was
100% =+ 10%. Enrichment of As, Cd, Sb, Sn, and Pb in the particles smaller than 0.4 pm
and depletion of As, Cd, Sb, Sn, and Pb in the particles larger than 0.4 um were almost
balanced, within the margin of error.

Our results indicate that ICPMS analysis of LAL-sampled particles is suitable for
separate study of elemental fractionation effects during LAL sampling and in the ICP.
Many studies of elemental fractionation effects in LA-ICPMS have been reported,* but
the number of papers, which described the effects that occurred during LAL sampling,

during transport, and in the ICP separately, was small.? 8!
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D

™ g() ~N
DGR e L 0.5 pm

Fig. 4-4 Scanning electron microscopy images of the particles obtained by laser ablation

in liquid sampling: (a) particles on the polycarbonate filter and (b) particles in the

filtrate.

Enrichment factor (%)

As Sr Zr Cd Sbh Sn Pb Th U

Fig. 4-5 Enrichment factors (%) for laser ablation in liquid sampling: (L) particles <0.4

um and (g) particles >0.4 um. Error bars indicate standard deviations (n = 3).
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Table 4-2 Intensity data obtained for LAL-sampled particles and NIST 610 powder

LAL-sampled particles <0.4 um

Elements Intensity Intensity ratio Enrichment Enrichment
(cps) M/ Ca Factor (%) (cps)
Ca 19817 1.0 — —
As 2732 0.14 139+ 66 378 + 180
Cd 2294 0.12 35+ 24 80 + 53
Sh 8364 0.42 94+ 09 788 £ 75
Sn 1785 0.090 31+ 26 55 + 45
Pb 5335 0.27 51+ 09 271 + 49
LAL-sampled particles >0.4 pm
Intensity Intensity ratio Enrichment Depletion
Elements (cps) M/ Ca Factor (%) (cps)
Ca 7541 1.0 — —
As 509 0.067 418 + 89 -212 + 45
Cd 723 0.096 -204 £ 3.7 -147 + 26
Sh 2060 0.27 -205+ 76 -608 + 155
Sn 598 0.079 93+ 36 55 + 21
Pb 1673 0.22 141+ 74 -236 + 124
Addition ofdata_for Acid digestion data
LAL-sampled particles for NIST 610 powder
<0.4 umand >0.4 um
Elements Intensity Intensity ratio Intensity Intensity ratio Recovery
(cps) M/ Ca (cps) M/ Ca (%)
Ca 27358 1.0 27843 1.0 100
As 3241 0.12 3514 0.13 94
Cd 3017 0.11 3038 0.11 101
Sh 10424 0.38 10734 0.39 99
Sn 2383 0.087 2428 0.087 100
Pb 7008 0.26 7253 0.26 98
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4.3.4. Quantification of NIST 610 using LAL-ICPMS

The LAL-sampled particles obtained in line-scanning mode were decomposed by acid
digestion, and Ag, As, Rb, Sb, Ga, TI, Bi, Pb, Cd, Re, Sn, Cu, W, Mn, Ni, Ba, Zn, Al, Cr,
Gd, Yb, Y, Sr, Zr, Hf, U, and Th were measured by ICPMS. In addition, a sample that was
not subjected to acid digestion was also measured by ICPMS (by means of slurry
nebulization) to investigate the effect of the particles introduced into the ICP. From The
concentration of Ca, total mass of ablated particles were estimated and all the elements
other than Ca were determined. The recovery percentage for each element was calculated
by dividing the concentration for the elements by the certified value of NIST 610. The
analytical results and the elemental recoveries, along with the certified values, are
summarized in Table 4-3, in which the elements are arranged in order by the melting
points of their oxides. In the case of quantification by means of LAL sampling with acid
digestion, the measured data were in good agreement with the certified values, and the
analytical precision was <9%. These results indicate that this method is appropriate for
elemental quantification in analyses involving LAL sampling.

In the case of slurry nebulization, analytical precision for the volatile elements (such
as Ag, As, Rb, Ga, Tl, Cd, and Sn) was >10%. This spike noise was caused by
vaporization of the volatile elements from the larger particles. The analytical precision
for the other elements was <10%, except in the cases of U and Th. The reason that the
analytical precision for these two refractory elements was slightly worse may have been
the higher melting points of their oxides. The recoveries of Ag, As, Sh, Ga, Pb, Cd, Re,
W, and Zn were >120%. These elements are vaporized more easily than Ca (the reference)
because their oxides melt at much lower temperatures than does Ca oxide (2570 °C). The

recovery of elements whose oxides have melting points of >1500 °C was 100% + 20%.
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Elemental fractionation of these elements was small. Note that the recoveries of Cd and
Zn greatly exceeded 100% in the case of slurry nebulization. The enhanced recovery of
these two elements cannot be explained in terms of the melting points of their oxides, but
perhaps it was due to the fact that Cd and Zn have lower boiling points (767 and 907 °C,
respectively) than Ca (1484 °C). These elements were probably ionized more readily than

Cain the ICP.
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Table 4-3 Comparison of LAL analytical data of NIST 610 glass standard obtained by
slurry nebulization and acid digestion

Slurry nebulization Acid digestion
Element Certified mp of oxide ~Concentration Recovery Concentration Recovery
(g) (O (lgg")  (%RSD) (%) (lgg")  (%RSD) (%)
Ag 254 200 390+ 73 (18) 153+ 19 267+ 21 (7.8) 105+ 81
As 350 274 460 = 56 (12) 131+ 12 346+ 20 (5.7 98+ 59
Rb 425 412 474 + 54 (11) 111+ 11 439+ 25 (5.6) 103+ 5.7
Sh 426 570 557 + 50 (8.9) 130+ 9.0 416+ 21 (5.0) 97+ 52
Ga 431 660 610 + 82 (13) 141 + 13 462 £ 12 (2.5) 107+ 27
Tl 61 717 73+ 9.0 (12) 118+ 12 65+ 4.0 (6.1) 106 + 7.3
Bi 369 817 440 + 28 (6.3 119+ 6.4 39%6 + 10 (2.5) 107+ 25
Pb 426 897 530+ 15 (2.8 124+ 28 434+ 12 2.7 102+ 29
Cd 296 900 494 + 59 (11) 166 + 12 298+ 21 (7.0) 100+ 7.3
Re 49 900 68+ 3.6 (5.2 138+ 5.3 54+ 17 (3.1 108 + 3.1
Sn 443 1080 516 + 87 (16) 116 + 17 471+ 17 (3.6) 106 + 3.8
Cu 444 1235 486 + 14 (2.8 109+ 29 426 + 19 (4.4 9% + 45
w 446 1500 550 + 10 (18 123+ 1.8 458 + 12 (2.6) 102+ 2.6
Mn 485 1839 502 + 4.7 0.9 103+ 0.9 462 + 8.8 (1.9) 9%+ 19
Ni 458 1955 476 + 21 (4.4 103+ 44 446 + 12 (2.6) 97+ 27
Ba 458 1972 521 + 46 (8.8 113+ 88 481+ 13 2.7) 105+ 27
Zn 433 1974 731+ 47 6.4 168 + 6.4 470 = 39 (8.2 108 + 83
Al 11000 2053 10532 £ 759 (7.2 %+ 72 11050 + 281 (2.5 100+ 25
Cr 411 2329 49+ 75 (1.6) 109+ 1.7 435+ 7.1 (1.6) 105+ 1.6
Gd 461 2339 472 + 44 (9.3) 102+ 9.3 488 + 14 (2.8) 105+ 3.0
Yb 473 2355 464+ 20 4.3 98+ 43 478 + 14 (2.9) 101+ 29
Y 479 2438 447+ 34 (7.6) 9B+ 76 479+ 17 (3.5 9+ 36
Sr 515 2531 541+ 21 (38 104+ 3.9 542 + 11 (2.0 105+ 22
Zr 473 2709 444 + 38 (8.5) 93+ 86 482 + 18 3.7 101+ 37
Hf 437 2774 413+ 15 (3.6) 9+ 36 439+ 14 3.1 100 + 3.3
U 461 2827 523+ 54 (10) 113+ 10 469 + 15 (3.1) 101+ 33
Th 457 3390 473+ 51 (10) 103+ 11 442+ 14 (3.1 %+ 32
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4.3.5. Comparison of elemental fractionation in the ICP with that during LAL
sampling
LAL-sampled particles were decomposed by acid and analyzed by ICPMS. The EFs
obtained by means of this procedure reflect elemental fractionation during LAL sampling.
In contrast, slurry nebulization was carried out after the LAL-sampled particles were
already present in the sample, and therefore the EFs obtained under these conditions
reflect the elemental fractionation both during LAL sampling and in the ICP. The EFs
obtained for the two sizes of LAL-sampled particles and by means of the two different
analytical methods are compared in Table 4-4.

For volatile elements such as As, Sb, Pb, Cd, and Sn, the EFs for particles larger than
0.4 pm were negative: —41.8%, —29.5%, —14.1%, —20.4%, and —9.3%, respectively. In
contrast, the EFs obtained for the samples subjected to slurry nebulization were positive:
39.3%, 26.6%, 20.2%, 58.3%, and 14.0%, respectively. In contrast, the EFs obtained for
the samples subjected to slurry nebulization were positive: 39.3%, 26.6%, 20.2%, 58.3%,
and 14.0%, respectively. The data of Ca intensities in Table 4-2 shows the mass of
particles corresponding to different sampling by means of LAL. The intensity data of Ca
in particles smaller than 0.4 um (19817) was 2.6 times larger than that in particles larger
than 0.4 pum (7541). That is, the mass of particles smaller than 0.4 pm was 2.6 times
greater than that of particles larger than 0.4 um. The EFs of volatile elements obtained by
means of slurry nebulization were larger than addition of 2.6 times positive EFs for the
LAL-sampled particles smaller than 0.4 um plus the negative EFs for the LAL-sampled
particles larger than 0.4 um. Therefore, it was concluded that positive EFs obtained by

means of slurry nebulization was caused by changes of EFs for larger particles from
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negative to positive values. These results indicate that the volatile elements in larger
particles were depleted during LAL sampling but enriched when the particles were
introduced into the ICP. Note that the magnitude of enrichment was larger than the
magnitude of depletion. Therefore, we conclude that the elemental fractionation observed
in the ICP was larger than that observed during LAL sampling. The EFs for Sr, Zr, U, and
Th were 0% = 7%, which suggests that these elements can be quantified without the need
to consider particle size—related elemental fractionation.

The elements in Table 4-4 were classified into two groups on the basis of the
magnitude of the EF obtained for slurry nebulization. As, Sb, Pb, Cd, and Sn were
classified into group 1 because their EFs were >14%, and Sr, Zr, U, and Th were classified
into group 2 because their EFs were 0% + 7%. The classification of the elements on the
basis of their EFs showed good agreement with the previously reported classification

based on fractionation index.%?

Table 4-4 Comparison of enrichment factors obtained for different size of LAL-sampled

particles and different analytical methods

LAL-sampled particles

. Differenet analytical methods
separated by size

Element Group*

Particles Particles Slurry Acid

<0.4pm (%) >0.4um (%) nebulization (%) digestion (%)
As 1 139 £+ 6.6 -418 + 89 393 + 171 -6.6 + 38
Sh 1 94 + 09 -205 + 76 266 + 19.7 -89 + 18
Pb 1 51 + 09 -141 + 74 202 + 144 43 + 21
Cd 1 35 + 24 -204 + 3.7 583 + 119 -25 + 58
Sn 1 31 + 26 -93 + 36 140 + 136 -6.8 + 44
Sr 2 03 + 11 69 + 32 6.6 + 3.8 45 + 13
Zr 2 30 £ 12 28 + 39 -52 + 39 21 + 20
U 2 -23 + 07 -55 + 3.0 41 + 41 63 + 17
Th 2 48 + 17 -36 + 34 -2.7 + 80 -6.2 + 17
* Table 2-2
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4.4, Summary
In this study, we investigated elemental fractionation in LAL-ICPMS by separately
determining the magnitude of fractionation during LAL sampling and in the ICP. The
LAL-ablated particles were completely collected in water. LAL-ablated particles
exhibited elemental fractionation that was related to particle size. Volatile elements were
enriched in particles smaller than 0.4 pum and depleted in particles larger than 0.4 pm.
Our results indicate that both positive and negative fractionations occurred during LAL
sampling. Scanning electron microscopy indicated that the smaller particles were
spherical. These particles were produced through melting and congelation in the heat
effective zone on the sample surface. The larger particles were spherical, agglomerated,
and edge shaped. Our results indicate that the volatile elements were depleted in the larger
particles and enriched in the smaller particles.

When all of the LAL-sampled particles were collected and analyzed by ICPMS after
acid digestion, accurate and precise data were obtained, indicating that LAL sampling is

a useful technique for quantitative analysis.
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Chapter 5 Determination of trace elements in

silicon carbide (SiC)

5.1. Introduction
Laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS) permits
multielement analysis with minimal sample preparation and is widely used for direct
analysis of solid samples. However, it requires calibration with a CRMs that has a matrix
similar to that of the sample to minimize the effects of elemental fractionation related to
matrix effects.*® 53 %8 Because the preparation of matrix-matched CRMs is difficult and
laborious, many alternative calibration strategies have been proposed for quantitative
analysis by LA-ICPMS. For example, commercially available NIST reference glasses
(SRM 610-617) have been widely used for LA-ICPMS applications with non-matrix-
matched calibration;®" 8 8% and standard solution calib-ration,'® 1° external calibration,®
and online isotope dilution methods have also been reported.®’ & 8

Silicon carbide (SiC) is used in various products in single-crystal, powder, and
sintered forms.*® Owing to its superior hardness, heat resistance, and chemical stability,
sintered SiC has recently been used for semiconductor manufacturing equipment.
Moreover, the use of single-crystal SiC for semiconductor power devices has been
investigated because the bandgap and electric breakdown field strength of SiC are higher
than those of silicon.®® 4

If SiC is to be used in such devices, the concentrations of dopants in the p—n junction
formed on the surface layer must be controlled. Techniques for implanting dopants have
been evaluated by means of secondary ion mass spectrometry (SIMS).*¢-8" This technique

can be used to determine the depth profile of the dopants, but the oblique impact angle
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and the primary ion energy have to be optimized for each element. SIMS is also useful
for obtaining the depth profile of ion impurities (donors and acceptors),® but it is not
appropriate for quantitative analysis, because matrix effects and variations of the accuracy
and precision values are larger than those of LA-ICPMS and glow discharge mass
spectrometry (GD-MS).* > 8 Bulk analysis is generally performed by means of GD-
MS,%-% which has detection limits ranging from 0.0005-0.1 pg g1.%* However, the
detection limit is influenced by the sample matrix and the sample conductivity, and the
detection limits of trace elements in SiC have been reported to range from 1-100 pg g1.*
GD-MS is useful for qualitative analysis of bulk samples. SiC powder has been analyzed
by means of LA-ICPMS with non-matrix-matched calibration,®® and the measured
concentrations of B, Ti, Cr, Mn, Fe, Ni, and Cu in a reference material (BAM-S003) were
found to be in good agreement with the certified values. Slurry nebulization ICPMS has
also been used for analysis of SiC powder.%

When SiC is used as a semiconductor substrate, the purity of the surface layer
(several micrometers in depth) is important for the performance of wiring patterns formed
on the substrate. Semiconductor failures such as reversal of the p—n junction can occur if
metal impurities are present in the surface layer. Highly sensitive and accurate
quantification is required to control contamination of the surface layer of the SiC substrate.
In silicon semiconductor manufacturing, surface layer analysis can be performed by
means of acid digestion ICPMS. However, this technique cannot be used for analysis of
SiC surfaces, because some SiC crystal types are hard to digest, and therefore quantitative
analysis of the surface layer of single-crystal SiC by means of acid digestion ICPMS has
not been reported.

Recently, laser ablation in liquid (LAL) sampling was reported to produce
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nanoparticles.'® 3 ¢ The sample is set in ultrapure water, the sample surface is laser
ablated through the water, and the ablated particles are collected in the water and then
analyzed by ICPMS with acid digestion. The micro- to nanosized particles produced by
LAL sampling are more easily decomposed than the particles produced by sample
cracking. In addition, LAL-ICPMS can be expected to provide reliable data because
solution calibration can be used. In this study, impurities in SiC powder CRMs, sintered
SiC, and single-crystal SiC were quantified by means of LA-ICPMS and LAL-ICPMS.
The accuracies and limits of quantification (LOQs) of the two analytical techniques were

compared.

5.2. Experimental
5.2.1. Instrumentation
A LA system (UP213, ESI, Portland, OR, USA) combined with an ICPMS instrument
(Agilent 7500ce, Agilent Technologies, Tokyo, Japan) was used in this study. We used
NMIJ 8001a and NMIJ 8002a from the National Metrology Institute of Japan (Ibaraki,
Japan) and JCRM R021, JCRM R022, and JCRM R023 from the Ceramic Society of
Japan (Tokyo, Japan) as CRMs. The certified values of the CRMs are summarized in
Table 5-1. He gas was used to introduce ablated particles into a cascade impactor (inline
type with NL-1-1A (<1.0 um), Tokyo Dylec, Tokyo, Japan). Ar gas was added between
the laser cell and the impactor. The operating conditions for the LA system and the ICPMS
instrument are summarized in Table 5-2.

Using the NIST612 glass standard, we tuned the LA-ICPMS system to provide the
highest sensitivity for °Co, 1%La, and 2%?Th. For the determination of elements, LA was

carried out in line-scanning mode under in-focus conditions. The diameter of crater and
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the line width were 100 um, the repetition rate was 20 Hz, the scanning speed was 10 um
s'1, and the scanning time was 30 s, resulting in a single laser line with a length of 0.3
mm. The concentrations of 2’Al, 4’Ti, %2Cr, *Mn, %¢Fe, **Co ®°Ni, %3Cu, #sr, #Y, *zr, and
184w were measured by LA-ICPMS with #Si as an internal standard. To obtain the depth
profiles of elements in sintered SiC, LA was carried out in single site mode under in-focus
conditions. The diameter of crater was 100 um and repetition rate was 5 Hz. The depth
profiles of 2’Al, Y and %Zr were measured by LA-ICPMS with ?°Si as an internal
standard.

Two plasma conditions were used for quantitative analysis by solution nebulization
ICPMS: hot plasma in a helium collision mode was used for determination of 2’Al, 4'Ti,
52Cr, ¥°Co, ®°Ni, 8Cu, 88sr, 8Y, 9zr, and ‘W, and a cool plasma mode was used for
determination of **Mn and *°Fe. 1®Rh was measured as an internal standard under both
plasma conditions.

An optical microscope (VHX-2000, Keyence, Osaka, Japan) was used for detailed
observation of the ablated track of the single-crystal SiC. SiC particles were observed by
scanning electron microscopy (SEM; S-4300, Hitachi High Technologies, Tokyo, Japan).
All the sample surfaces were coated with a Pt/Pd alloy by ion sputtering (E-1045, Hitachi

High Technologies, Tokyo, Japan) for SEM measurements.
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Table 5-2 Operating conditions used for laser ablation and ICPMS measurements

Laser model UP213
Laser type Nd:YAG
Wavelength 213 nm
Pulse width 4 ns
Laser energy 0.9mJ
Fluence 11J cm™
Laser frequency 20 Hz
Ablation mode Line scanning
Scanning speed 10 um sec™t
Diameter of crater 100 pm
Carrier gas flow (He) 1.0 L min™

ICPMS model

Agilent 7500ce

Plasma condition
RF power
Integration time

Carrier gas flow (Ar)
Auxiliary gas flow (Ar)
Collision gas (He)
Internal standard
Isotopes measured

Solution nebulization

Laser ablation

Hot plasma Cool plasma Hot plasma
1500 W 700 W 1500 W

0.1 sec 0.1 sec 0.05 sec

0.8 L min™ 0.8 L min™ 0.9 L min™

0.3 L min" 0.7 L min™ -

3.0 mL min™ - 2.0 mL min™
103Rh 103Rh 298i

AL TTE °%Cr, %M, *°Fe 2TAl 4T, %2,

59CO, GONi, 63Cu’
888r, 89Y, 9°Zr,
184\

>Mn, *°Fe, *°Co,
SoNji 3cy, B,
89Y, 9OZr, 184W

89



5. Determination of trace elements in SiC

5.2.2. Calculation of ablated amounts and sampled amounts

Ablated amounts were calculated from the size of the ablation track form and the signal
intensity of 2°Si. The ablated area and the ablated depth of the single-crystal SiC were 3.0
x 104 cm? and 1.6 x 1073 cm, respectively. The ablated amount of the single-crystal SiC
was 0.0015 mg, which was calculated by multiplying the density of SiC (3.21 g cm~3) by
the track volume of the single-crystal SiC. The depth of pressed powder samples and
sintered SiC could not be measured accurately, because the sample surface was too rough.
The signal intensity of 2°Si is related to the ablated amount of a sample. Ablated amounts
of pressed powder samples and sintered SiC were calculated from Eq (1) under the
assumption that the transportation efficiency of ablated particles was constant regardless

of the ablated amount:

a x Ylsiinsp

Ablated amount,= ST 1
11n crysta

Eq (1)
where a is the ablated amount of the single-crystal SiC, Zlsiin sp IS the integrated signal
intensity of 2°Si in a sample, and Zlsi in crystal IS the integrated signal intensity of 2°Si in
single-crystal SiC. The ablated amounts of NMIJ 8001a, NMIJ 8002a, and sintered SiC
were 0.011, 0.0061, and 0.0023 mg, respectively.

For LAL-ICPMS, the sampled amounts of the sintered SiC and the single-crystal
SiC were measured with a microbalance (MT5, Mettler Toledo, Zurich, Switzerland). The
amounts of ablated particles were calculated from the difference between the weights of
the sample before and after LAL sampling. The sampled amounts of the sintered SiC and

single-crystal SiC were 0.23 and 0.19 mg, respectively.

5.2.3. Reagents

Hydrofluoric acid (25 M, Daikin Industries, Osaka, Japan), HNOs (ultrapure, 11 M, Kanto
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Chemical, Tokyo, Japan), and H2SO4 (ultrapure, 18 M, Kanto Chemical, Tokyo, Japan)
were used for acid digestion. Calibration standard solutions were prepared from the
following SPEX CertiPrep (Metuchen, NJ, USA) multielement standards for ICPMS:
XSTC-7, XSTC-8, and XSTC-13. The standards were diluted with 0.1 M HNO:s.
Calibration curves were prepared by measuring standard solutions at concentrations of 0,

5, 10, 100, 500, and 5000 pg mL™,

5.2.4. Sample preparation

For LA-ICPMS, disk-shaped pellets were prepared by pressing 300 mg of each of the
following SiC powder CRMs under a pressure of 10 MPa for 60 s: NMIJ 8001a, NMIJ
8002a, JCRM RO021, JCRM R022, and JCRM R023. The diameter and height of the
resulting pellets were 10 and 2 mm, respectively. Photographs of the sintered SiC and the
single-crystal SiC samples are shown in Fig. 5-1a and 5-1b, respectively.

Two open-top chambers made of a tetrafluoroethylene—perfluoroalkyl vinyl ether
copolymer (PFA) were used for LAL sampling. The outer diameter, inner diameter, and
height of the chamber used for the sintered SiC were 32, 36, and 10 mm, respectively.
The outer diameter, inner diameter, and height of the chamber used for the single-crystal
SiC were 52, 60, and 7 mm, respectively. Each sample was placed in the specified
chamber, and then 5.6 mL (for the sintered SiC) or 6.4 mL (for the single-crystal SiC) of
ultrapure water (>18.2 MQ cm, Milli-Q, Merck Millipore, Darmstadt, Germany) was
added; as a result, the surface of the sample was 3 mm below the surface of the water.
The sample surface was irradiated through the water. Forty laser lines, each 2 mm long,
were cut at 100-pum intervals. The line width was 100 um, the laser energy on the sample

surface was 0.9 mJ, the laser frequency was 20 Hz, and the scanning speedwas10 pm s2.
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After the ablation, the LAL-sampled particles suspended in the water were transferred to
a polytetrafluoroethylene (PTFE) pressure vial by micropipette. In order to collect the
ablated particles completely, 1 mL of ultrapure water was added in the chamber
additionally, and then it was transferred to the PTFE pressure vial.

The LAL-sampled particles of the sintered SiC and the single-crystal SiC were
submitted to high-pressure-acid digestion with a mixture of 2 mL of HF, 4 mL of HNOs3,
and 1 mL of H2SOq4 in the pressure vial, which was placed in a stainless steel jacket (HU-
50, San-ai Kagaku, Aichi, Japan) and the stainless steel jacket was heated for 24 h in an
oven at 210 °C. After high-pressure acid digestion, the digested solution was evaporated
on a hot plate; heating was continued until the digested solution was reduced to a single
droplet, which was diluted to 2 mL with 0.1 M HNOz. The concentration of H.SO4 had
to be adjusted to less than 1% for analysis by ICPMS because elemental interference by
S cannot be corrected accurately when the H>SO4 concentration is above 1%.

Approximately 1 mg of the SiC powders (NMIJ 8001a and NMIJ 8002a) was
weighed out and subjected to high-pressure acid digestion with same procedures as LAL-
sampled particles. Sintered SiC was cracked with a hammer, and about 10 mg of the
sample was weighed and then also subjected to high-pressure acid digestion except

conducted for 96 h in an oven at 210 °C.
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5.3. Results and discussion

5.3.1. SEM observation of LAL-sampled particles

SiC powder (NMIJ 8002a) and LAL-sampled particles were put on a silicon wafer for
SEM observation at a magnification of 5000x (Fig. 5-2). SEM indicated that the
diameters of the NMIJ 8002a particles ranged from 0.1 to 2.0 um (Fig. 5-2a). Sintered
SiC particles sampled by LAL gave spherical and edge-shaped particles were observed
among the LAL-sampled particles obtained from sintered SiC (Fig. 5-2b), whereas single-
crystal SiC particles sampled by LAL gave mainly spherical particles (Fig. 5-2c). The
diameters of the LAL-sampled particles of the sintered SiC and single-crystal SiC ranged
from 0.1 to 5.0 um. The spherical particles were likely generated in the heat effective
zone resulting from the interaction between the sample surface and the laser beam, and
the edge-shaped particles were generated mechanically by the laser-induced plasma shock
wave.

LAL sampling has two advantages: it creates particles with dimensions smaller than
several micrometers, and it changes the particle characteristics as a result of the melting—
congelation process that occurs in the heat effective zone on the sample surface. The
particles are transformed from hard-to-digest crystals to a soluble, spherical form.
Therefore, sintered SiC and single-crystal SiC particles collected by LAL sampling can

easily be decomposed by high-pressure acid digestion.
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5.3.2. Analysis of NMI1J 8001a and NMIJ 8002a CRMs
The NM1J 8001a and NMIJ 8002a CRMs were analyzed by means of LA-ICPMS and
ICPMS with acid digestion. For LA-ICPMS, the integrated signal intensities of the
elements were normalized by the integrated signal intensity of 2°Si, because the amounts
ablated from different samples depended on the interaction between the laser light and
the sample surface. LA was carried out for 30 s in line-scanning mode. LA-ICPMS was
performed in time-resolved analysis mode, and element concentrations were calculated
with Eq (2):

_ B/ BIs)-b

S

[M] Eq(2)

where [M] is the concentration of an element in the sample, Xlv is the integrated signal
intensity of the element during laser ablation, ls; is the integrated signal intensity of 2°Si
during laser ablation, s is the sensitivity for element M, and b is an intercept of the
calibration curve.

For ICPMS with acid digestion, a standard solution was used for calibration. ICPMS
was performed in spectrum analysis mode. Measured concentrations and recoveries of
the elements are listed in Table 5-3. In the case of LA-ICPMS, the elements Co, Cu, Sr,
Y, and W could not be quantified by LA-ICPMS, because their concentrations in the
JCRM CRMs were not certified (Table 5-1). The measured concentrations of Al, Ti, Cr,
Fe, and Ni in NMIJ 8001a and NMIJ 8002a were in good agreement with the certified
values. The recoveries of these elements were 100% + 20%. The recoveries of Mn for
NMIJ 8001a and NMIJ 8002a were 74% and 69%, respectively. The concentration of Mn
was quantified by means of a one-point calibration curve using JCRM R022, because the

concentrations of Mn in JCRM R021 and JCRM R023 were not certified (Table 5-1).

Therefore, the calibration curve of Mn has less reliability compared with other elements.
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In the case of ICPMS with acid digestion, the recoveries of all measured elements were
100% =+ 20%. The measured concentrations of Mn and Cu in NMIJ 8002a varied by 2%
and 5%, respectively. However, the recoveries of Mn and Cu were 81% and 88%,
respectively. These recoveries were worse than those of other elements. In contrast, the
certified values of Mn and Cu in NMI1J8002a varied by 21% and 22%, respectively. We
suggest that the worse recoveries for Mn and Cu were related to the variation of the
concentrations in different sample lots. The recoveries of Ti, Mn, Fe, and Ni from NMIJ
8001a obtained by means of ICPMS with acid digestion were 100%, which was better
than the recoveries obtained by means of LA-ICPMS. These results indicate that LA-
ICPMS analysis is a useful technique for quantitative analysis of SiC powder without
sample pretreatment. However, this technique is not appropriate when the concentration

of an element is not certified in the CRMs.
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5.3.3. Analysis of sintered SiC and single-crystal SiC

The surface layer of the sintered SiC was analyzed by means of LA-ICPMS and LAL-
ICPMS. The NMIJ CRMs were used as standard reference materials for LA-ICPMS.
Because the certified values for the NMIJ CRMs may have varied with the sample lot,
we used the concentrations of elements in the NMIJ CRMs obtained by acid digestion
ICPMS in this study (Table 5-3) for calibration. For comparison with the surface layer
analyses, the sintered SiC was cracked into fine bulk particles (<1.0 mm) with a hammer,
and the bulk particles were analyzed by means of acid digestion ICPMS.

Quantitative data for the elements in the sintered SiC determined by means of the
three analytical methods are summarized in Table 5-4. The concentrations of Al, Ti, and
Cr determined by surface layer analysis were in good agreement (within 25%) for LA-
ICPMS and LAL-ICPMS.

The concentrations of Fe and Ni obtained by LA-ICPMS were higher than those
obtained by LAL-ICPMS, and those of Y and Zr obtained by LA-ICPMS were lower than
those obtained by LAL-ICPMS. However, the concentrations of these four elements
determined by these two techniques were on the same order of magnitude. The amounts
ablated from the NMIJ CRMs were 5 times the amount ablated from sintered SiC. When
the ablated amount was taken into account, the signal intensities of the elements decreased
with increasing ablated amount owing to the mass loading effect in the ICP.3! The signal
intensities of Fe and Ni were reduced to a greater extent than the signal intensity of Si.
Therefore, the intensities of Fe and Ni normalized by the internal standard element (Si)
were smaller than the true normalized intensities. The normalized intensities of Fe and Ni
in the NMIJ CRMs were reduced to a greater extent than were the normalized intensities

of Fe and Ni in the sintered SiC. The concentrations of Fe and Ni in the sintered SiC were
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overestimated.

The data for bulk cracked SiC can be taken as the average concentrations of
impurities in sintered SiC. Comparison of the impurities in the surface layer as measured
by LAL-ICPMS and the impurities in the bulk cracked SiC indicated that the data
obtained by LAL-ICPMS were not as precise as than those obtained by acid digestion
ICPMS. This difference was due to the fact that the sampled amount obtained by LAL-
ICPMS was smaller than that obtained by acid digestion ICPMS. The concentrations of
Al, Ti, Cr, and Fe could be higher than those of other elements. Al, Ti, Cr, and Fe are
known to be present in the raw materials used to prepare the SiC powder. It is believed
that many of the elements were present as a result of contamination from graphite
susceptors and thermal insulation materials used to a growth furnace for sintering SiC
powders. 3%

The surface layer and bulk data for Ti, Cr, Fe, Co, Ni, Sr and W were in good
agreement, indicating that these elements were homogeneously distributed in the sintered
SiC. In contrast, the concentrations of Al, Mn, Cu, Y, and Zr in the surface layer were
higher than the concentrations in the bulk. Depth profiles of Al, Y, and Zr in sintered SiC
are shown in Fig. 5-3. The depth profiles were obtained by LA-ICPMS under single-site
mode. Aluminum was enriched in the range of about 30 um depth from the sample surface.
Y and Zr were enriched in the range of about 5 pum depth from the sample surface. The
trend of elemental enrichment was the same as that of elemental concentrations shown in
Table 5-4. Depth profiles of Mn and Cu could not be obtained by LA-ICPMS because the

concentrations of these elements were too low to detect.
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Fig. 3 Depth profiles of Al(a), Y(b), and Zr(c) in sintered SiC were obtained by LA-
ICPMS under single-site mode. LA-ICPMS measurements were repeated three times.
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Element concentrations and corresponding LOQs in the single-crystal SiC for LA-
and LAL-ICPMS are summarized in Table 5-5. The LOQ was calculated as 10 times the
standard deviation of repeated measurements of an operation blank (n = 5). The
concentrations of all the measured elements in the single-crystal SiC were lower than the
measured concentrations in the sintered SiC (Table 5-4). Semiconductor-grade single-
crystal SiC is made by means of chemical vapor deposition epitaxy, which allows the
synthesis of high-purity SiC substrates because pure gases are available to use. Using LA-
ICPMS analysis, we were able to determine the Al and Ti concentrations in the single-
crystal SiC, but the concentrations of the other elements were below the LOQ.

The Al concentration obtained by LA-ICPMS was lower than that obtained by LAL-
ICPMS. The accuracy may have been reduced because the measured value was much
lower than the calibration range. In contrast, the Ti concentrations obtained by LA- and
LAL-ICPMS were in good agreement, and the determined Ti concentration was within
the calibration range. Using LAL-ICPMS analysis, the LOQs of the elements ranged from
0.1to 1.0 pug g 1. We were able to determine the concentrations of Al, Ti, Cr, Mn, Fe, Ni,
Cu, and Zr in the single-crystal SiC. To quantify Co, Sr, Y, and W, we will need to increase
the sampled amount by using a longer laser ablation time to improve the LOQ.

The purity of the surface layer of sintered SiC and single-crystal SiC is very
important for semiconductor power device manufacturing. Our results demonstrate that
LA-ICPMS is a useful technique for quantification of elements present at concentrations
high enough to be determined. Moreover, LAL-ICPMS is an appropriate analytical

technique for evaluation of surface purity.
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5. Determination of trace elements in SiC

5.4. Summary

In this study, we evaluated the use of LA-ICPMS and LAL-ICPMS for the determination
of trace elements in SiC powders (NMIJ CRMs), sintered SiC, and single-crystal SiC.
LA-ICPMS was found to be useful for quantitative analysis without sample pretreatment.
The reliability of the data obtained by LA-ICPMS was reduced when the concentration
of an element in a sample was outside the range of the calibration curve prepared by
analysis of the CRMs. If the concentration of an element was not certified in the CRMs,
the elements in the CRMs had to be determined by a reliable analytical method such as
ICPMS with acid digestion.

It is impossible to locally decompose the surface layer of hard-to-digest samples
such as sintered SiC and single-crystal SiC. We found that LAL sampling is a useful
technique for microparticulation of samples, and this technique allowed us to arbitrarily
change the sampling area (2 mm by 4 mm) in accordance with the purpose of the analysis.
On the basis of our analysis of the impurities in the surface layer of sintered SiC and bulk
cracked SiC, we suggest that possible sources of contamination include raw materials,
graphite susceptors, thermal insulation materials, surface polishing materials, and cutting
blades.

For the analysis of single-crystal SiC, a highly sensitive method is required. The
LOQs of LA-ICPMS and LAL-ICPMS were 0.5-18 ug g*and 0.1-1.0 pg g2, respectively.
We demonstrated that LAL-ICPMS could be used for evaluation of sintered SiC and
semiconductor-grade single-crystal SiC. Moreover, increasing the sampled amount by
increasing the LAL-sampling time can be expected to improve the LOQs.

Although LAL-ICPMS must be investigated further for use in situations in which

high sensitivity and throughput are required, this technique should become a powerful
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tool for semiconductor power device manufacturing. LAL-ICPMS can be used to

determine trace elements without CRMs.
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Chapter 6 Concluding remarks and future prospects

In this study, we succeeded to explain elemental fractionation by temporal changes of size
distribution and elemental properties. The elements Ag, As, Se, Sb, Ga, Te, Bi, Pb, Cd,
Re, Sn, Cu, W, and Zn were classified in Group 1. A remarkable peak of FI was observed
at 2-3 min after the start of ablation under 0.5 mm defocus and 1.0 mm defocus conditions.
Ablated particles larger than 0.22 um could not be decomposed completely when the
ablated particles were introduced into the ICP. Whereas the elements in Group 1 were
more easily vaporized and ionized than Ca. On the other hand, volatile elements were
enriched in ablated particles smaller than 0.22 um during laser ablation regardless of the
focus conditions. The magnitude of the enrichment increased as the aspect ratio of the
crater increased. However, the magnitude of the enrichment at 0-1 min after the start of
ablation was the same as that at 1-5 min after the start of ablation. For non-volatile
elements (Group 2), temporal changes of Fls were constant when laser ablation
progressed regardless of the size of ablated particles.

In the case of LAL sampling, both positive and negative elemental fractionation
occurred. The volatile elements were depleted in the larger particles and enriched in the
smaller particles. If all of the LAL-sampled particles were collected in the liquid and
analyzed by ICPMS with acid digestion, the elements in samples were able to be
determined with high reliability. It was indicated that LAL sampling was a useful
technique for quantitative analysis.

A sintered SiC and a single-crystal SiC were analyzed by LA-ICPMS and LAL-
ICPMS. LA-ICPMS analysis was a useful analytical technique without sample
pretreatment. In order to perform accurate analysis, CRMs that have a similar matrix to

the sample have to be prepared for calibration. In addition, target elements in CRMs need
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to be certified, and signal intensities of elements should be corrected for by an internal
standard. LAL-ICPMS was able to quantify trace elements in surface layer of sintered
SiC and single-crystal SiC. Although LAL-ICPMS needs further investigation for high
sensitivity and throughput, this technique should become a powerful tool for
semiconductor power device manufacturing. The quantitative analysis with high accuracy
and high precision by using the solution calibration is the greatest characteristic of LAL-
ICPMS. It could be able to determine certified values for laboratory-made CRMs.

LA has been studied as a hyphenated technique for trace element analysis for solid
samples, but we are considering that the LA is the sampling process, not the analysis. We
believe that LA will be widely used to any other fields as a new sampling technique for

spatial analysis.
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