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Abstract: Microwave-assisted laser-induced breakdown spectroscopy (MA-LIBS) was demonstrated
to be an effective method for the quantitative detection of silicon in the aqua phase. Microwave
radiation was transmitted into plasma using a near-field applicator device under ambient pressure
and temperature conditions. Silicon detection was performed directly on the surface of a water jet.
Two Si emission lines, 251.6 nm and 288.16 nm, were selected to evaluate the MA-LIBS enhancement
and determine the limit of detection for silicon. The signal-to-noise ratio of the MA-LIBS spectra
was investigated as a function of laser energy and microwave power. The calibration curve was
established for Si quantitative analysis using 8 mJ of laser energy and 900 W of microwave power. The
MA-LIBS recorded a 51-fold and 77-fold enhancement for Si I 251.6 nm and 288.16 nm, respectively.
Reducing liquid splashes after laser ablation is essential to improving the quantitative analysis. Using
MA-LIBS reduced the liquid splashes due to MA-LIBS using 8 mJ. The detection limit achieved was
1.25, a 16-fold improvement over traditional LIBS.

Keywords: laser-induced breakdown spectroscopy; LIBS; microwave-assisted laser-induced
breakdown spectroscopy; MA-LIBS; signal enhancement; liquid plasma; detection limit

1. Introduction

Laser-induced breakdown spectroscopy (LIBS) is a spectrochemical analytical tech-
nique that provides qualitative and quantitative information about an analyte using an
emission emitted from a plasma created by a short laser pulse [1]. Compared to a con-
ventional analytical technique, such as inductively coupled plasma mass spectroscopy
(ICP-MS), LIBS requires minimal to no sample pretreatment, while the sample requires
dilution before the ICP-MS measurement. MS spectrometers work under vacuum condi-
tions, while LIBS works in open air under ambient pressure [2]. LIBS is a mobile and in
situ analysis technique, while ICP-MS is the opposite [3]. The time measurement in LIBS is
instant, while it is seconds in ICP-MS. LIBS suffers from low sensitivity, which causes a high
detection limit (LoD), where the LIBS LoD is a few hundred ppm [4], while that of ICP-MS
is a few ppb [5]. Therefore, approaches have been invented to cope with LIBS’s drawbacks,
including double-pulse LIBS (DP-LIBS), LIBS assisted by laser-induced fluorescence and
microwave-assisted LIBS (MA-LIBS) [6–10].

Silicon, in the form of silica dissolved in water, is used in desalination and power
plants to purify water by removing suspended particles. The addition of sodium oxide to
low concentrations of dissolved silica in water results in the formation of sodium silicate,
which inhibits corrosion inside steam turbines and water systems [11,12]. However, a
high silica concentration has a negative impact because it forms a glassy layer on the
internal surfaces of turbine boilers, pipes and blades, which causes thermal and steam-
flow deficiencies when temperatures and pressures are high inside the system [13,14].
In addition, at high concentrations and ambient temperatures, sodium silicate ceases to
inhibit corrosion and instead creates corrosion [12,15]. Therefore, techniques employed to
monitor silica concentrations include atomic absorption spectroscopy [16], colourimetric
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methods (yellow and blue silicomolybdic acid procedures) [17], inductively coupled plasma
optical emission spectroscopy, inductively coupled plasma mass spectroscopy [18], flow
injection [19,20] and laser-induced breakdown spectroscopy (LIBS) [21].

Sabsabi and Cielo calibrated the Si 251.6 nm emission line in an aluminium alloy using
LIBS. The calculated limit of detection (LoD) was 14 ppm [22]. Zheng et al. demonstrated
LIBS for the defence waste vitrification process. The established calibration curve was
obtained by recording Si 288 nm emission line intensities at different Si concentrations in
the CeO2 matrix after ablation, and the calculated LoD was 40 ppm [23]. De Souza et al.
calculated the LoD of Si in a matrix of sugar cane leaves using LIBS. The study objectified
two Si emission lines: 212.4 nm and 288.16 nm. The resulting LoDs were 160 and 20 ppm
using the Si 212.4 nm and 288.16 nm emission lines, respectively. The difference in LoDs due
to the Si 288.16 nm emission line was more intense than that due to the 212.4 nm emission
line [24]. Skrzeczanowski et al. improved LIBS’s analytical performance by applying a
liquid-to-solid conversion process to a Si solution, particularly the substrate absorption
method. The calculated LoD was 5.2 ppm [25]. Yaroshchyk et al. used the substrate
absorption method as a sample pretreatment. In addition, they used a secondary source of
energy to prolong the LIBS plasma’s life in a so-called double-pulse LIBS (DP-LIBS). The
calculated LoDs were 19 and 11 in engine oil using LIBS and DP-LIBS [26].

Steel alloy is a popular host matrix for Si LIBS analysis. For example, Zhang et al.
used steel alloy to perform Si analysis using two techniques: LIBS and LIBS assisted with
laser-induced molecular fluorescence (LIBS-LIMF). In the LIBS analysis, the Si 288.16 nm
emission line intensities were recorded at different concentrations of Si in a steel alloy to
establish the calibration curve. In LIBS-LIMF, however, the SiO molecular emission line
intensities were the target. The LoDs were 2014 ppm and 187 ppm for LIBS and LIBS-LIMF,
respectively [27]. Moreover, Abdulmadjid et al. conducted an experiment to calculate the
LoD of Si in steel alloy using picosecond LIBS at low He pressure. The calculated LoD was
15 ppm [28]. Aragon et al. calculated 80 ppm Si LoD in a steel alloy matrix using LIBS
under the atmospheric pressure of Ar [29]. Ismail et al. analysed Si quantitatively in steel
alloy using LIBS and DP-LIBS. The calculated LoDs were 100 ppm using LIBS and 40 ppm
using DP-LIBS [30].

MA-LIBS offers remarkable enhancements to LIBS sensitivity, consuming low levels
of laser energy. Kasim et al. recorded an MA-LIBS signal for 50 ppm Ru, while the LIBS
signal for the same element was not recordable even at concentrations of 600 ppm; the
MA-LIBS LoD was 957 ppb, and the signal-to-noise ratio was improved 76-fold for Ru
using 10 mJ laser energy and 750 W microwave power [31]. Ikeda et al. recorded 49-fold,
966-fold and 1292-fold signal enhancements for Cr I, Al I and Pb I lines using 2 mJ of laser
energy and 1 kW of microwave power in different sample matrices [32]. Viljanen et al.
recorded a 100-fold signal enhancement and a 93-fold LoD improvement for Cu I using
2.6 mJ of laser energy and 1.2 kW of microwave power [33]. Wakil et al. recorded silver
emissions in solid and liquid samples using MA-LIBS; while LIBS did not detect a signal,
the LoDs for MA-LIBS were 4.5 ppm and 0.4 ppm silver in the solid and liquid samples,
respectively. Wall et al. found that the MA-LIBS signal and LoD were 60-fold and 11.5-fold
better than LIBS, respectively, when 6.7 mJ of laser energy and 1.2 kW of microwave power
were used [34].

MW-LIBS also successfully detects molecular emissions. Wakil et al. detected CaCl,
CaF and CaBr emissions lines to calibrate Cl I, F I and Br I lines in two separate stud-
ies; the LoD improvements were threefold for Cl I and fourfold for the F I and Br I
lines [35,36]. Ikeda et al. observed OH and N2 emissions using MA-LIBS in air plasma un-
der ambient pressure, but they were not observed when LIBS was used [37,38]. In addition
to these MA-LIBS benefits, MA-LIBS is capable of successfully recovering LIBS signals from
self-absorption [39,40].

If the analysis is customised in the liquid phase, LIBS suffers from difficulties in
performing the analysis in the liquid phase due to the employment of a high level of laser
energy and the short life of the liquid plasma. The high laser energy creates a strong shock
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wave, which causes the liquid to splash and the surface to ripple. Consequently, the optical
system is contaminated, and plasma is formed out of phase, leading to decreased LIBS
sensitivity [6,41]. The short life of the plasma is caused by the quenching effect, where the
plasma temperature in the liquid phase drops faster than in the solid phase, which also
affects LIBS sensitivity [42]. However, MA-LIBS is a technique that provides simultaneous
features, low laser energy consumption and long plasma life, which eliminate the splashes
and the quenching effect, as was mentioned in the MA-LIBS literature.

To the best of the authors’ knowledge, the current study reports direct silicon analysis
in the liquid phase for the first time. Long-scan MW-LIBS spectra were recorded with and
without microwaves to identify a suitable line for Si detection. The signal-to-noise ratio
(SNR) of the MA-LIBS spectra was measured at different microwave powers and laser ener-
gies to identify optimum laser energy and microwave power. Finally, LoDs were calculated
for Si 251.6 nm and 288.16 nm emission lines with and without microwave assistance.

2. Materials and Methods

Figure 1 shows the experimental setup. A 10-Hz Q-switched Nd:YAG laser (Brilliant B,
Quantel) with a 532 nm wavelength and ~8 ns pulse width was used. A Glan-Laser
polariser and a half-wave plate were used to control the energy of the laser pulses. The laser
energy was measured using a digital power meter (Thorlab PM 100D) before the beam was
focused onto the jet surface of the sample using a UV-fused lens (100 mm focal length, L1).
A bifurcated fibre bundle, Y-cables, (Thorlabs BFY400HS02) was used to collect the plasma
emission. The common end of the fibre was connected to an x-y translator, and one of the
other two ends was connected to the spectrometer (Andor Shamrock 500i). The common
end of the fibre, located 20 mm from the sample, harvested the plasma emission. It was
observed that locating the fibre at 20 mm away from the plasma was sufficient to capture
strong plasma emission without any optical collecting system. The laser energy was kept below
10 mJ per pulse to minimise the water splash, reducing the risk of blocking the fibre optical end.
The spectrometer was equipped with three gratings, namely, 1200, 2400 and 3600 lines/mm
diffraction gratings. The resolving power calculation is expressed as λ/∆λ [43,44]. Here, λ
is the wavelength at the maximum height of the intensity line, and ∆λ is the wavelength
difference between λ and the wavelength of the nearest emission line. The resolving power, at
360 nm, was 5000, 10,000 and 16,000 for the 1200, 2400 and 3600 lines/mm diffraction gratings,
respectively. An intensified charge-coupled device camera (Andor iStar) was attached to the
spectrometer to record the spectral lines.

A microwave generator (3 kW water-cooled Sairem) provided a microwave pulse at
2.45 GHz. The microwave radiation passed through a WR340 waveguide to a three-stub
impedance tuner and then through a quartz window to the waveguide-to-coaxial adapter
(WR340RN). The adapter was connected to a coaxial cable (a 50 ohm NN cable 1 m long
with a 0.14 dB insertion loss at 2.45 GHz). The end of the cable was connected to a near-field
applicator (NFA), which delivered the microwave radiation into the plasma [45].

The tip of the NFA was positioned approximately 0.5 mm horizontally and 1.5 mm
vertically with respect to the surface of the water jet and created a 40◦ incline. The reflection
of microwave power was measured by a crystal detector consisting of a generator coupled
to an isolator. The microwave pulse, 1.3 ms, started 337 µs before the laser was fired. The
microwave power and pulse duration were controlled by a pulse generator (Aim-TTi) [46].

To generate a continuous water jet, the three-roller pump head of a peristaltic pump
(Ismatec, MW-MSC 1) was attached at one end to a 50 mL reservoir and at the other to
a 0.8 mm diameter nozzle. The flow rate of the water jet was set to 0.26 mL/min. A
funnel collected the water and delivered it to a plastic pipe to return it to the reservoir. The
experiment was performed at room temperature under ambient pressure conditions.

The Si solution sample contained 10,000 ppm silicon dissolved in 500 mL of H2O and
was purchased from Choice Analytical Pty Ltd. A Si calibration curve from 40 ppm to
2000 ppm in deionised water was created using a 1.000 ± 0.005 mL volumetric pipette and
a 50.0 ± 0.5 mL graduated cylinder.
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Figure 1. Schematic of microwave-assisted LIBS. L, lens; WJ, water jet; PP, peristaltic pump;
NFA, near-field applicator; OF, optical fibre; HWP, half-wave plate; M, mirror; and P, polariser.

3. Results and Discussion

The ultraviolet radiation wavelength region contains a density of Si emission lines,
which are featured by the highest probability of electronic transitions (≥108 S−1) [47].
Therefore, LIBS and MA-LIBS targeted the wavelength range from 200 to 300 nm. The
targeted wavelength range contains NO A2Σ+ → X2Π electronic transition from 200 nm
to 250 nm [48]. The NO molecular emissions significantly affect the Si emission lines, as
discussed in the following paragraph. Therefore, the present study focused on spectral
lines with a transition probability equal to or higher than 107 S−1. Figure 2 shows the LIBS
and MW-LIBS spectra over the targeted spectral range.

Table 1 lists the spectral information of the Si lines located in the targeted wavelength
range. The Si lines were numbered to facilitate discussion of the results. Si emission
lines 1 and 8 were unresolved due to their overlap with the NO A2Σ+ → X2Π (2-0 and 0-0)
vibrational band wavelengths, as shown in Figure 2a,c. Also, lines 9 and 17 were unresolved
due to overlapping with emissions unknown to the authors, as shown in Figure 2e,g. On
the other hand, the lines were undetectable by LIBS, as shown Figure 2b,d,h, except
line 9, which was detectable, as shown in Figure 2f. The narrow interspaces among the
emission lines 3–7 and 11–15, and the next signals causing partial and complete spectral
interference, are shown in Figure 2c,e,g. In addition, emission lines 3–7 were located
within the NO A2Σ+ → X2Π (0-0 and 0-1) vibrational band emission wavelength range,
which caused other spectral interference to the same lines. Spectral interference increased
the background emission, which reduced the enhancement of MA-LIBS and affected the
reliability of the LoD [49,50]. Therefore, Si lines 3–7 and 11–15 were excluded from the Si
quantitative analysis. One exception to this was Si line 12, detected using MA-LIBS, which
was appropriate for the analysis because its interference with 11 and 13 was reduced by a
3600 lines/mm diffraction grating, as shown in Figures 4b and 6b. However, the Si emission
lines detected using LIBS were less affected by spectral interference because NO molecular
emissions were undetectable by LIBS, as shown in Figure 2d,f,h. Line 16 was undetectable
by both techniques, as shown in Figure 2g,h. Previously, the appropriate emission lines
for Si quantitative analysis were 2, 10, 12 and 18 due to the free spectral interference of
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those lines. Si line 2 was included in the appropriate lines for the analysis, although the line
overlapped with the NO A2Σ+ → X2Π (1-0) emissions on the left side of the line because
the NO emissions did not contribute to the maximum intensity of the Si line. The MA-LIBS
enhancement for Si emission lines 2, 10 and 18 was 30-fold, 45.5-fold and 57.6-fold. The
enhancement was calculated by dividing the MA-LIBS intensity by the LIBS intensity for
each emission line. The intensity was calculated by subtracting the maximum height of the
intensity from the background level. The background level was determined by calculating
the mean of the lowest fluctuation level of the noise intensities between 255 nm and 256 nm
wavelengths [51].
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Figure 2. Microwave-assisted LIBS spectra, (a–l), obtained using 0.4% concentration of Si in silicon
solution with microwave on (orange) and with microwave off (blue). Experimental parameters: laser
energy = 8 mJ; microwave power = 900 W; gate width = 900 µs; diffraction grating = 2400 lines/mm;
accumulated signals = 100; gate delay = 400 ns.

High-intensity strength is required for quantitative analysis due to the reduction in the
LoD and the self-absorption effect [52,53]. As a result, the Si 288.14 nm emission is the most
favourable emission line for Si quantitative analysis using MA-LIBS and LIBS, as shown in
Figure 2k,l. The Si 251.6 nm emission line was also appropriate for the analysis due to its
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intensity, which was no less than the 288.14 nm emission line intensity for both techniques,
as shown in Figure 2g,h. In addition, the recorded LoDs using the 251.6 nm emission line in
the literature were competitive with the LoDs using the 288.14 nm emission line (Table 2).
Therefore, the present study employed the Si 251.6 nm and 288.14 nm emission lines for
the Si quantitative analysis.

Table 1. Spectral information and MA-LIBS enhancement of Si emission lines.

No. λ (nm) Aki Ek (eV) Ei (eV) Enhancement Factors

1 205.81 7 × 107 6.8 0.08 Unresolved

2 212.41 3 × 108 6.6 0.78 30

3 220.8 2.6 × 107 5.61 0.00 Spectral interference

4 221.1 3.5 × 107 5.61 0.009 Spectral interference

5 221.17 1.8 × 107 5.61 0.009 Spectral interference

6 221.67 4.5 × 107 5.62 0.027 Spectral interference

7 221.8 1.1 × 107 5.61 0.027 Spectral interference

8 230.3 3.5 × 108 7.3 1.90 Unresolved

9 243.5 4.4 × 107 5.87 0.78 Unresolved

10 250.7 5.5 × 107 4.95 0.009 45.5

11 251.43 7.4 × 107 4.93 0.00 Spectral interference

12 251.61 1.7 × 108 4.95 0.027 Spectral interference

13 251.92 5.5 × 107 4.93 0.009 Spectral interference

14 252.41 2.2 × 108 4.92 0.009 Spectral interference

15 252.85 9 × 107 4.93 0.027 Spectral interference

16 253.24 2.5 × 107 6.8 1.90 Undetectable

17 263.13 1.1 × 108 6.62 1.90 Unresolved

18 288.16 2.2 × 107 5.08 0.78 57.6

MA-LIBS was approved for molecular detection due to its high sensitivity [35,36,54].
In the present study, MA-LIBS detected OH A2Σ+ → X2Π (1-0) transition emission in
addition to NO molecular emission, as shown in Figure 2k. The OH (1-0) vibrational band
head was located at 281.2 nm and extended to 298 nm. However, the molecular spectra
were undetectable using LIBS, as shown in Figure 2l. Si emission line 18 was within the OH
vibrational band wavelength range. The emission line was not affected by OH emission
due to the weak OH band emissions and the strong intensity of Si emission line 18. It is
noteworthy that the NO and OH emission lines were emitted from the ionisation of air
molecules surrounding the microwave plasma’s periphery.

Due to the MA-LIBS LoD being directly related to the reciprocal of SNR, a high SNR is
beneficial for improving MA-LIBS LoD. Therefore, optimising laser energy and microwave
power allows for the achievement of the highest possible SNR value. Figure 3 shows
the linear relationship between the SNRs of the MA-LIBS spectra and the microwave
powers for the two different values of laser energy, 8 mJ and 10 mJ. There was a negligible
difference between the SNRs of the MA-LIBS spectra at 8 mJ and 10 mJ. The values of SNR
were constant while the laser energy increased, indicating the high electron density that
was excited by both energies. At an electron density below the critical, the microwave
re-activates the de-excited electrons; the reactivation process is explained in the following
paragraphs. As the microwave power increased, the number of re-activated electrons
increased, which led to an increase in the Si intensity and noise. Because the increased rate
of intensity with microwave power increase was higher than the increased rate of noise, the



Photonics 2024, 11, 380 9 of 15

SNR increased with the increase in microwave power [45]. The preferable laser energy level
was 8 mJ due to reduced splash, which protected the optical system from contamination. In
addition, values for a power greater than 900 W were excluded from the current study due
to their strong splashes. Therefore, 8 mJ and 900 W were the optimum laser energy and
microwave power, respectively. The SNRs were calculated by dividing the intensity by the
standard deviation of the noise intensity range. The calculation of the intensity and noise
intensity range is explained in the above discussion. The minimum laser energy needed to
generate a plasma was roughly 4 mJ.

Table 2. Summary of direct silicon LoD.

Technique Detection
Phase

Laser
Energy (mJ) Matrix λ (nm) LoD (ppm) Ref.

LIBS Solid 60 Al alloy 251.6 14 [22]
LIBS
LIBS

Solid
Solid

25
25

CeO2
CeO2

288.16
288.16

40
60

[23]
[23]

LIBS
LIBS

Solid
Solid

220
220

Leaves
Leaves

212.4
288.16

160
20

[24]
[24]

LIBS Solid 50 Paper 288.16 5.2 [25]
LIBS

DP-LIBS
Solid
Solid

70
70

Paper
Paper

251.6
251.6

19
11

[26]
[26]

LIBS
LIBS-LIMFG a

LIBS-LIMFE b

Solid
Solid
Solid

60
60
60

Steel alloy
Steel alloy
Steel alloy

288.16
248.68
248.68

2014
335
187

[27]
[27]
[27]

LIBS, in He,
2.6 kPa Solid 15 Steel alloy 251.6 15 [28]

LIBS, in Ar,
ambient pressure Solid 100 Steel alloy 288.16 80 [29]

LIBS
DP-LIBS

Solid
Solid

50
50

Steel alloy
Steel alloy

288.16
288.16

100
40

[30]
[30]

LIBS
LIBS

MA-LIBS
MW–LIBS

Liquid
Liquid
Liquid
Liquid

8
8
8
8

Water
Water
Water
Water

251.6
288.16
251.6
288.16

53
18.3
3.3

1.25

This study
This study
This study
This study

a Laser-induced molecular fluorescence, ground state; b laser-induced molecular fluorescence.
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Figure 3. Signal-to-noise ratio (SNR) of MA-LIBS spectra was obtained from a silicon solution sample
at different microwave powers and laser energies. Experimental parameters: gate width = 900 µs;
accumulated spectra = 100; diffraction grating = 3600 lines/mm; gate delay = 400 ns.

Figure 4 shows the MA-LIBS enhancement for the Si 251.6 nm and 288.16 nm emission
lines using 3600 lines/mm diffraction grating. The Si emission lines were recorded at
2000 ppm and 400 ns using 8 mJ of laser energy and 900 W of microwave power. Nu-
merically, the MA-LIBS Si I 251.6 nm and 288.16 nm emission intensities were 51-fold and
77-fold greater than their counterparts that used LIBS at a 2000 ppm concentration.
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Figure 4. Microwave-assisted LIBS spectra were obtained from silicon solution: (a) Si 251.6 nm and
(b) 288.16 nm emission lines with microwave on (orange) and with microwave off (blue). Experimental
parameters: laser energy = 8 mJ; microwave power = 900 W; gate width = 900 µs; diffraction
grating = 3600 lines/mm; accumulated signals = 100; gate delay = 400 ns.

MA-LIBS enhancement refers to the ability of microwave radiation to extend the
life of the plasma to 900 µs in so-called microwave–plasma coupling. The mechanism of
microwave coupling is as follows. After ablation, the plasma’s high electron density (to
the order of 1019 cm−3) starts to decrease. At an electron density below the critical level
(7 × 1010 cm−3 for radiation at 2.45 GHz), the free electrons in the plasma are influenced
by microwave radiation [55], where the latter provides kinetic energy to the free electrons.
The energetic electrons undergo collisions with de-excited neutral atoms, which causes
the atoms to jump to an excited state. Then, the re-excited atoms return to the ground
state energy level by spontaneously releasing emitting energy as an emission. The released
emissions carry both qualitative and quantitative information about the atom. The coupling
process continues until the end of the microwave radiation pulse.

Another reason for MA-LIBS enhancement is the enlargement of the plasma, which
allows the optical fibre to gain more emission during the coupling process. The enlargement
process due to the microwave radiation reactivates the de-excited species in the outer shell
of the plasma [56,57].

In agreement with NIST, Si 251.6 nm intensity is half that of Si 288.16 nm using a
3600 lines/mm diffraction grating under ambient pressure in open air. Therefore, Si 288.16 nm
is better for establishing a calibration curve to achieve the lowest LoD for Si. This was proven
by the data discussed in the next section.
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Figure 5a,b and Figure 6a,b show the detected Si 251.6 nm and 288.16 nm emission
lines with and without microwaves at different silicon concentrations. The intensities were
detected using 8 mJ of laser energy, 900 W of microwave power, a 900 µs gate width and
400 ns of gate delay.
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Figure 5. MA-LIBS spectra were obtained at different silicon concentrations using a Si 251.6 nm
emission line: (a) microwave off and (b) microwave on. Experimental parameters: laser energy = 8 mJ;
microwave power = 900 W; gate width = 900 µs; diffraction grating = 3600 lines/mm; accumulated
signals = 100; gate delay = 400 ns.

The corrected Si intensities for LIBS and MW-LIBS were plotted against their concen-
trations, as shown in Figure 7. A linear fitting was used to establish the best slope of the
line. The LoDs were calculated using the 3 σ method (LoD = 3 σ/s). The σ abbreviation is
the standard deviation of the noise intensity, which was explained at the beginning of this
section. The s abbreviation is the slope of the fitting line. The intensity, background and
noise of the Si emissions lines were calculated, as discussed at the beginning of this section.
The LoDs with and without microwaves were 3.3 ± 1 ppm and 53 ± 10 ppm using the
Si 251.6 nm emission line and 1.25 ± 0.1 ppm and 18.3 ± 2.4 ppm using the Si 288.16 nm
emission line. The LoD of each Si line was the average of three independent calibration
curves. The uncertainty of each LoD is the standard deviation of the three LoDs.
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zanowski et al. used 50 mJ and a sample pretreatment to achieve 5.2 ppm LoD [25]. In 
addition, Aragon et al. used 100 mJ laser energy to form the plasma in atmospheric Ar 
under ambient pressure [29]. In addition, adding a secondary laser and vacuum chamber 
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signals = 100; gate delay = 400 ns.
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25 
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LIBS 
LIBS 
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220 

Leaves 
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LIBS 
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70 
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251.6 

19 
11 
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[26] 
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LIBS-LIMFG a 
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Solid 
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60 
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248.68 
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[27] 
[27] 
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288.16 
251.6 

288.16 
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1.25 

This study 
This study 
This study 
This study 

Figure 7. Calibration curves for Si in water using Si 251.6 emission line intensity (dashed lines) and
288.16 emission line intensity (solid lines) with microwave on (orange) and microwave off (blue).
Experimental parameters: laser energy = 8 mJ; microwave power = 900 W; gate width = 900 µs;
diffraction grating = 3600 lines/mm; accumulated signals = 100; gate delay = 400 ns.

Although the present study performed the analysis in the liquid phase, the laser
energy used and LoD were lower than their counterparts’ reported values performed
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in open air under ambient pressure (Table2). For example, De Souza et al. calculated
20 ppm Si LoD using 220 mJ in open air under ambient pressure [24], and Zhang et al.
used 60 mJ for ablation before using 1 mJ laser energy for SiO excitation [27]. Moreover,
Skrzeczanowski et al. used 50 mJ and a sample pretreatment to achieve 5.2 ppm LoD [25].
In addition, Aragon et al. used 100 mJ laser energy to form the plasma in atmospheric Ar
under ambient pressure [29]. In addition, adding a secondary laser and vacuum chamber
adds more complicity to the analysis due to the multiplicity of the additional parameters
that require optimisations, such as laser energy, laser pulse width, wavelength, inter-pulse
gate delay, alignment and pressure [6]. However, LIBS-LIMF has one more deficiency than
the rest as it gives only single-element analysis because the secondary laser wavelength
is tuned to excite specific energy levels of analyte atoms [10,58]. The present study has
advantages over others with a lower limit of detection in open air under ambient pressure,
retaining minimal sample pretreatment and simplicity.

4. Conclusions

Microwave-assisted laser-induced breakdown spectroscopy (MA-LIBS) was demon-
strated for direct silicon detection in the aqua phase for the first time. Because it uses low
laser energy, MA-LIBS significantly reduces liquid splashes. An Nd:YAG laser was used to
ablate the surface of the silicon solution jet to form the plasma in open air under ambient
pressure, and a near-field applicator delivered microwave radiation into the plasma. The
optimum parameters of laser energy and microwave power were investigated. For the
analysis, 251.6 nm and 288.16 nm Si lines were nominated because they are the most intense
lines of Si. The MA-LIBS recorded 51-fold and 77-fold enhancements for Si I at 251.6 nm
and 288.16 nm, respectively. Four calibration curves were established for the Si analysis.
The LoDs with and without microwaves were 3.3 ± 1 ppm and 53 ± 10 ppm using the
Si 251.6 nm emission line and 1.25 ± 0.1 ppm and 18.3 ± 2.4 ppm using the Si 288.16 nm
emission line using 8 mJ laser energy. The MA-LIBS used 8 mJ to improve the Si LoD
in the liquid phase at ambient pressure and temperature conditions. Under MA-LIBS,
the laser energy required for the liquid phase was lower than that needed for LIBS-LIMF
and DP-LIBS applied to a solid phase. When MA-LIBS was used, the silicon LoD was
3.3 ± 1 ppm, a significant improvement over that in the previous study.
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