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The demand for high-resolution imaging, and high sample throughputs in LA-ICP-MS experiments has led
to developing rapid-response ablation cells with low dispersion. These cells can achieve short transient
signals called single pulse responses (SPRs), whose width is in the single-digit millisecond range at 1% of
the maximum. However, coupled with ICP-Q-MS, recording those short signals poses a problem due to
the sequential measurement of selected m/z ratios. If more than one m/z ratio is targeted, the time
resolution of quadrupole detection systems is insufficient for accurately determining short SPRs. This
work focuses on utilizing rapid response ablation cells for the analysis of multiple elements with
quadrupole-based detection systems in the SPR mode. To achieve this, an ArF-excimer laser equipped
with a rapid-response ablation chamber is coupled to an ICP-MS with a short settling time of 0.2 ms and
below. The two naturally occurring Ag-isotopes were analyzed in the NIST SRM 612 to optimize the
dwell times for ideal data acquisition. The data shows that the ratio of the dwell time and the settling
time, plays a crucial role. With the optimized parameters, the natural ratio of 1°’Ag and °°Ag within a 10
ms FWO0.01M transient signal could be determined. This concept of LA-ICP-MS was then applied for
depth profiling analysis of Al-doped SiC, a wide bandgap semiconductor. This procedure acquired depth
profiles on 30 different sample locations in approximately 2 minutes with an exceptional depth

rsc.li/jaas resolution of 55 nm.

1 Introduction

LA-ICP-MS has gained popularity in many different fields, like
biology,"” geology,** and material science,>® for the analysis of
solid samples, due to its high dynamic range, low limits of
detections, and high sample throughput.”® Moreover, LA-ICP-
MS is commonly used for imaging and depth profiling
experiments.”** Nonetheless, this technique's sensitivity and
maximum scan speed are primarily limited by the washout time
of the ablated material. As a result, rapid response ablation cells
with low dispersion have been developed to attain short tran-
sient signals, known as single pulse responses (SPR), whose
widths are in the single-digit millisecond range at FW0.01M.">"**
The aerosol transport systems have also been updated to keep
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up with the fast washout behavior of rapid response ablation
cells. This was achieved by using tubing with a smaller inner
diameter and eliminating dead volumes in the injector of the
ICP torch. As demonstrated by previous studies, these
enhancements result in higher sensitivity, better resolution,
and higher sample throughput for LA-ICP-MS experiments.*
To fully utilize the advantage of rapid response ablation cells
for multielement analysis, they are coupled to ICP-ToF-MS since
their fast acquisition rate of a whole m/z-spectra allows the
recording of short SPRs with the required time resolution.™® In
contrast, the more frequently applied quadrupole-based ICP-MS
systems (single-quadrupole and triple quadrupole instrumen-
tation) offer enhanced sensitivity, with the drawback of
measuring the m/z ratios of interest sequentially. Thus, for
multi-element analysis switching between the respective
isotopes is necessary. Therefore, a time interval is needed to
adjust and stabilize the voltages in the quadrupole, which is
called settling time, a factor usually predefined by the instru-
ment manufacturer.”” Therefore, each measurement cycle, or
duty cycle, consists of the sum of the settling time and the dwell
time multiplied by the number of measured m/z ratios.'®* While
the dwell time of most ICP-MS can be reduced to 0.1 ms and
below, the settling time of most commercially available
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instruments is usually in the range of 1-2 ms. This demon-
strates the quadrupole-based mass analyzer's limitation in
handling SPR signals of rapid response ablation cells. Consid-
ering the measurement of two isotopes with a dwell time of 0.5
ms and a settling time of 2.0 ms, the duty cycle of the experi-
ment would be 5 ms, resulting in three data points per isotope
for a 15 ms SPR. Moreover, the ratio of the dwell time and the
settling time needs to be considered, known as the integration
ratio. High integration ratios are favored since no data
recording occurs during the settling time, leading to a huge loss
of information. The example also represents this since only 20%
of the SPR duration would be used for analysis of the selected
isotopes.

Thus, different measurement strategies are required to
employ these rapid response ablation cells with low aerosol
dispersion when coupled to quadrupole instruments. For this
purpose, the concept of overlapping laser shots, or dosage, has
been introduced by Sala et al.*® to improve the image quality of
quadrupole-based multi-element experiments. The concept of
dosage has further been used by Willner et al® for depth
profiling to achieve sufficient sensitivity for the analysis of S in
polymers. However, compared to methods based on SPR anal-
ysis, longer measurement times are required for the same
sample area and transport efficiency, or plasma load could also
be affected by the increased amount of ablated sample material.
Moreover, especially for depth profiling, the concept of dosage
results in a decreased depth resolution.

To utilize rapid response ablation cells at their full potential
when coupled to ICP-QMS, the problem of handling short SPR in
LA-ICP-QMS experiments is tackled in this work. For this
purpose, the “NexION5000” ICP-MS is utilized, providing
a settling time of 0.2 ms coupled to the “imageGEO193” an ArF-
excimer laser equipped with a rapid response ablation chamber.
The goal of this work was to achieve the required time resolution
with a quadrupole detection system for the measurement of short
SPRs for multiple elements. The applicability was further
demonstrated for depth profile analysis in Al-doped SiC, and the
results are compared to time of flight-secondary ion mass spec-
trometry (ToF-SIMS), which belongs together with glow
discharge-optical emission spectroscopy or mass spectrometry
(GD-OES/MS) and X-ray photoelectron spectroscopy (XPS) to the
commonly applied techniques for depth profile analysis.*

2 Experimental
2.1 Samples

All measurements were conducted on NIST SRM 612 (National
Institute of Standards and Technology, USA) and four different
SiC samples locally implanted with Al. The samples have
a constant Al implantation for the upper 250 nm with different
Al concentrations: 3 x 10*°ecm ™, 1 x 10*°ecm ™, 3 x 10"’ em 3,

and 1 x 10*° em™°.

2.2 Instrumentation

2.2.1 LA ICP MS. For the LA-ICP-MS measurements, the
ImageGEO193 (Elemental Scientific Laser, USA), an ArF excimer
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laser with a wavelength of 193 nm, a pulse width of 7 ns and
a flat-top beam profile, was used. The laser is equipped with the
“TwoVol3”, a rapid-response ablation cell. A PEEK capillary (ID:
1.0 mm) and a dual concentric injector (DCI) have been used as
an aerosol transport system. A NexION5000 ICP-MS (Perki-
nElmer, USA) was used as a detection system in standard mode.
Before all experiments, the ICP-MS was tuned for maximum
intensity of the 115In signal and ThO+/Th+ ratio below 3% with
the NIST SRM 612. The data was recorded using the instrument
software SyngistixTM (Version: 3.5), and iolite v4 (Version:
v4.8.9) was used for the evaluation. The ICP-MS and laser
parameters can be seen in Table 1.

2.2.2 ToF-SIMS. ToF-SIMS depth profiles were performed
on a TOF.SIMS5 (ION-TOF, Germany) instrument as a reference
measurement. For the analysis, 25 keV Bi" primary ions were
used in the high mass resolution operational mode “high
current bunched”. An area of 100 pm x 100 pm was investigated
using a raster of 128 x 128 pixels. In this experiment, positive
ions were analyzed; therefore, the depth profiles were con-
ducted using 2 keV O," ions (300 pm x 300 pm). To compensate
for surface charges, a low-energy electron flood gun (20 V) was
used.

3 Results and discussion

3.1 Dwell time optimization for handling short SPRs with
quadrupole detection systems

Accurately measuring short transient signals with ICP-MS
requires recording sufficient data points for each isotope of
interest within the washout time of the ablated material. Thus,
when using ICP-MS instrumentation based on quadrupole
detectors, the optimization of the duty cycle is crucial for

Table 1 ICP-MS and
measurement

laser parameters for the LA-ICP-MS

ICP-MS detection system

RF power 1600 W
Nebulizer gas flow 0.98 1 min ™"
Cool gas flow 16 1 min~*
Auxiliary gas flow 1.2 1 min !

Experiment NIST SRM 612 Al-doped SiC
Measured isotopes 107pg, 1°Ag 27Al, 2°si
Dwell time 0.1 ms, 0.3 ms, 0.5 ms, 0.7 0.3 ms

ms, 0.9 ms, 1.1 ms, 1.3 ms,

1.5 ms, 2.0 ms
Settling time 0.2 ms 0.2 ms
ImageGEO'?
Laser fluence 3.5] cm >
Spot size 20 x 20 pm
Scan speed 0.5mms "
Repetition rate 20 Hz
Chamber He flow 450 ml min™*
Sniffer He flow 500 ml min "

This journal is © The Royal Society of Chemistry 2024
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reliable data recording. Therefore, a systematic investigation of
the effect of the duty cycle on data acquisition was performed.
For this purpose, the NIST SRM 612 was used, particularly the
two naturally occurring Ag isotopes (‘°’Ag and '°°Ag). The
analysis of the Ag-isotopes was chosen since both isotopes have
an almost 50:50 natural abundance. Therefore, an almost
identical signal sequence should be achieved if the optimiza-
tion of the dwell time is successful.

To establish a defined washout time of the ablated NIST SRM
612, the He carrier flow of the chamber and the sniffer gas flow
were adjusted (see Chapter 2.2.1), resulting in a reproducible
washout time of 10 ms at FW0.01M for both Ag isotopes. To
evaluate the impact of the dwell time's length on the quality of
the data recording, nine different dwell times ranging from 0.1
ms to 2.0 ms were investigated. Considering a constant settling
time of 0.2 ms, this results in duty cycles between 0.6 ms and 4.4
ms for the measurement of the two Ag isotopes. For each duty
cycle, the NIST SRM 612 was ablated using line scans with 30
not overlapping ablation areas, resulting in 30 baseline sepa-
rated SPRs per measurement. Exemplarily, the '°’Ag and '*°Ag
SPRs can be seen in Fig. 1 for two different measurements using
a duty cycle of 1.0 ms (a) and 3.4 ms (b).

In Fig. 1, one can see that (subjective) a good accordance of
the signals recorded for the two Ag isotopes was achieved using
a 1.0 ms duty cycle for the analysis. On the other hand, for the
measurement with a 3.4 ms duty cycle (subjective) a visible
difference between the '°’Ag and the '°Ag signal becomes
noticeable. Moreover, due to the prolonged dwell time, fewer
data points are recorded, resulting in the smoothening of the
signal. As a result, the time resolution for longer duty cycles is
insufficient for accurately determining the exact peak maxima
of both isotopes. For a more detailed discussion, the average
signal intensity of the peak maxima for each duty cycle is
examined in Fig. 3 to get an overview of the whole measurement
series. For this comparison, the counts per second signals were
used to compensate for the variation in signal intensity due to
the different recording times per duty cycle.

As expected, the mean I, is decreasing with increasing
dwell times and, thus, duty cycle times. This can be attributed to
the simultaneous recording of the peak maxima and the
declining and rising parts of the SPR within one data point.
Looking at the relative standard deviation of the mean I,,,y,
a variation between 20% and 30% can be seen; considering that

60
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only one data point of the short signal is used, this result
already demonstrates the reproducibility of this approach. One
thing worth mentioning is that the shortest duty cycle of 0.6 ms
shows the highest relative standard deviation, while a duty cycle
of 1.0 ms exhibits the smallest. The low integration ratio is ex-
pected to be responsible for that result.

To overcome the problems associated with adequate detec-
tion of the peak maxima, in the next step, background corrected
peak areas have been determined and are compared for the
different duty cycles (see Fig. 3).

In contrast to the averaged peak maxima, the peak area
analysis of the averaged signal does not show significant
changes with increasing dwell times. Moreover, the overall RSD
of the peak area is lower and ranges between 12% and 20%,
with rising deviations for higher duty cycles. However, to
determine the impact of the length of the duty cycle on an
individual SPR, which is a prerequisite for spatially resolved
analysis, looking at the maximum peak intensity and the peak
area is not sufficient. Therefore, the '°’Ag/**°Ag ratio is exam-
ined for each individual SPR, and the 30 ratios are averaged for
each investigated duty cycle. The result can be seen in Fig. 4 for
the different duty cycles.

Like the comparison of the peak area, the averaged
7Ag/'%°Ag ratio shows no significant variation. However,
analyzing the relative standard deviation indicates a minimum
of 13% for a duty cycle of 1.0 ms, which constantly increases to
37% for the most extended duty cycle. In this case, the relative
standard deviation reflects the discrepancy of the individual
single pulse response.

To conclude, although the higher duty cycles have the best
integration ratio, their time resolution is insufficient to describe
the short transient signals for multiple isotopes adequately.
This is in accordance with the initial observation of the raw data
(¢f Fig. 2). On the other hand, the lowest duty cycle of 0.6 ms
holds an integration ratio below 50%. Therefore, a duty cycle of
1.0 ms represents an ideal compromise of maximizing time
resolution while reducing information loss, reflected by the
lowest standard deviation of the isotope ratios.

3.2 Multi-element depth profiles of Al-doped SiC using SPRs
with a quadrupole detection system

The proposed concept of LA-ICP-MS utilizing SPRs in combi-
nation with a quadrupole-based mass analyzer was applied for

300"
250 |
9,200
150
100 19%Ag_3.4ms
50 / 197Ag_3.4ms
0+ T T T T 1
0.00 0.05 0.10 0.15 0.20 0.25
time [s]

Fig. 1 Comparison of the SPRs of the Ag isotopes recorded with duty cycles of 1.0 ms (a) and 3.4 ms (b).

This journal is © The Royal Society of Chemistry 2024
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Fig.2 Averaged maximal intensity value of the *°’Ag and '°°Ag SPRs (n
= 30) for different duty cycles. The depicted error bars represent the
standard deviation of the 30 measured peak maxima.
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Fig. 3 Mean background corrected peak area of the recorded SPRs (n

= 30) of 1°7Ag and 1°°Ag with different duty cycles. Depicted error bars
correspond to the standard deviation of the 30 measured peak areas.

depth profile measurements in the wide band gap material SiC,
which is decisive for more efficient power devices.>** One
crucial factor for the functionality of semiconductor devices is
the distribution and concentration of dopants*?** within the
sample. Therefore, analytical methods, which offer high sensi-
tivity, lateral resolution, and high sample throughput, are
mandatory to optimize manufacturing and implantation
processes. To demonstrate the applicability and advantages of
the developed procedure, the depth distribution of Al, a p-type
dopant,* in SiC is analyzed.

For this purpose, the instrumental parameters obtained in
the previously mentioned NIST SRM 612 experiments have been
applied. In these measurements, a duty cycle of 1.0 ms was still
used, resulting from the analysis of the two elements of interest
with dwell times of 0.3 ms and a settling of 0.2 ms. In the first
experiment, single-shot measurements were performed at
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different locations on the SiC sample with an Al dopant level of
3 x 10" em™? (~420 pg g~ "). The individually resolved SPRs of
>’Al and *°Si can be seen in Fig. 5. Compared to the results of
the NIST SRM 612, a longer washout time of 18 ms at FW0.01M
was observed for SiC. This outcome could either reflect varia-
tions in the ablation behavior or differences in the overall
analyte concentrations, resulting in changing peak widths.

The total crater depths were determined by profilometer
measurements with a “DektakXT” (Bruker, MA, USA) as 2.2 um
(n = 40 shots). In an additional experiment, 5, 10, 20, 30, and 40
laser shots per position were fired onto the same samples,
derived crater depth measurements showed a linear relation-
ship between ablation depth and the applied number of laser
shots, resulting in a mean ablation rate of 55 nm per shot,
which is comparable to literature for ArF excimer-based lasers.
The resulting ablation craters and a detailed graph of the
ablation rate determination are shown in Fig. S1 and S2,
respectively, in ESI 1.12¢

A depth profile analysis of four Al-doped SiC samples was
conducted using those parameters. The analysis of each sample
included 30 different locations, with a gap of 5 um between
them. The depth profiles were conducted layer by layer, and
a total of 40 layers were ablated in the process. In this way,
depth profiles at thirty different locations on the sample could
be recorded in ca. 120 s when using a frequency of 20 Hz. This
time includes time for sample ablation and for transit of the
laser between individual sample positions. The depth profiles of
the analyzed samples can be seen in Fig. 6. For each ablation
layer the thirty integrated peak areas were averaged to achieve
a more representative measurement, represented by the stan-
dard deviation. The signal sequence of the LA-ICP-MS depth
profiles correlates with the expected implantation profiles, as
the upper 250 nm shows a roughly constant Al level, which
decreases afterward. Moreover, it should be mentioned, that
even lower implantation levels would be determinable, due to
the enhanced signal-to-noise ratio of the short SPRs.

For a better assessment of the new LA-ICP-MS method for
multi-element depth profiling, ToF-SIMS, a commonly used
solid sampling technique for spatially resolved analysis, was
used as a comparison.”® Depth profiles of the same samples
were conducted. In Fig. 6b, one can see the >’Al signal
normalized to *°Si. The depth of the craters was measured using
a stylus profilometer, “DektakXT” (Bruker, USA).

Upon initial observation, it is evident that the two techniques
exhibit a strong level of agreement. However, for a more
comprehensive comparison, a conversion of the normalized
signal intensities into quantitative data is required. For this
purpose, bulk online-LASIL measurements, as stated by Pod-
sednik et al.,”” were conducted. The online-LASIL measurement
aimed to ablate the whole Al-doped region with a single ablation
layer and to quantify the Al content of the ablated layer. A
detailed description of the online-LASIL measurements is given
in ESI 27 and a detailed description of the measurement
parameters can be seen in Table S1.7

Obtained information about the total Al content (¢f. ESI 2
Table S27) allowed to calculate quantitative LA-ICP-MS and
SIMS depth profiles through the alignment of ablation depths.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 SPRs of 2’Al and 2°Sj using a duty cycle of 1.0 ms.

The calculated quantitative depth profiles for LA-ICP-MS and
ToF-SIMS are illustrated in Fig. 7.

The quantitative depth profiles obtained from LA-ICP-MS
and ToF-SIMS within the upper 250 nm constant doped
region show excellent conformity with the targeted Al-atom
density ranging from 1 x 10" to 3 x 10*° atoms cm >, This
indicates the success of the online-LASIL quantification
approach and the accurate recording of the SPRs, since *’Al is
normalized to *°Si for each signal.

When comparing the two techniques, it is crucial to
emphasize the fast sampling speed of the proposed LA-ICP-MS

This journal is © The Royal Society of Chemistry 2024

approach. An area of 12000 pm® is characterized in just 2
minutes, in stark contrast to the 30 minutes analysis period
required by ToF-SIMS for a slightly smaller area of 10 000 um?.
This enables the analysis of larger sample areas in the same or
even lower times with LA-ICP-MS, a prerequisite for gaining
more representative results. Thus, demonstrating the analytical
power of utilizing SPRs for high-throughput applications. While
ToF-SIMS provides for this sample material a better depth
resolution of 6 nm compared to the 55 nm achieved with LA-
ICP-MS, LA-ICP-MS can analyze deeper regions of the sample
in a reasonable amount of time.

J. Anal. At. Spectrom., 2024, 39, 1903-1909 | 1907
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Fig.6 (a): Qualitative depth profiles of different Al-doped SiC samples acquired with LA-ICP-MS using SPR, 2’Al-signal is normalized to 2°Si. The
error bars represent the standard deviation of the 30 averaged peak areas of each ablation layer. (b): Qualitative depth profiles of Al-doped SiC
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represent the fitting of multiple (n = 5) online-LASIL measurements into the qualitative depth profiles.

Examining the doped regions between 250 nm and 600 nm,
the Al atom density in ToF-SIMS profiles declines more rapidly.
This observation might be due to the difference in depth reso-
lution and operating conditions between LA-ICP-MS and ToF-
SIMS. However, considering the significant reduction in
measurement time by a factor of fifteen and enhanced signal-to-
noise ratios, LA-ICP-MS using short SPRs can still deliver
competitive and more representative results.

1908 | J Anal. At. Spectrom., 2024, 39, 1903-1909

4 Conclusion

This work introduces the implementation of short SPRs for the
analysis of multiple elements in quadrupole detection systems.
The optimization of the dwell time on the NIST SRM 612
demonstrated that besides the overall length of the dwell time,
the integration ratio also impacts the deviation of the analysis
of short SPRs. With the optimized duty cycle, the measured ratio

This journal is © The Royal Society of Chemistry 2024
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of 'Ag and '°°Ag within a 10 ms FW0.01M SPR, with a devia-
tion of 10%, was in good agreement with their natural abun-
dance. This demonstrates that the speed of the data acquisition
of the ICP-Q-MS is sufficient to use the data of each SPR.

To demonstrate the applicability of this method for novel
high-performance materials, Al-doped SiC, a wide bandgap
semiconductor heavily used for high-power applications, was
analyzed. The LA-ICP-MS depth profile analysis demonstrates
the improved signal-to-noise ratio of SPR, as even lower
implantation levels would be determinable. Considering the
obtained depth resolution of 55 nm, which is a remarkable
result for LA-ICP-MS analysis, combined with high sampling
speeds, the improvements of this approach become evident.
Moreover, the comparison with ToF-SIMS showed good
conformity with the LA-ICP-MS depth profiles. Those results
demonstrate that using a quadrupole detection system, the
measurement of SPRs with an 18 ms FW0.01M can be reliably
recorded for two isotopes.

This work lays the foundation for multi-element analysis
using a single pulse response with a quadrupole detector.
Future work will focus on reducing settling times to enable the
measurement of even more elements. In addition, this study
has shown improvements in depth profiling, which could also
lead to increased speed and depth resolution in imaging
experiments.
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