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Development of a High-Density Microplasma Emission Source for

a Micro Total Analysis System
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To achieve a highly sensitive and onsite analysis of a small amount samples, a microplasma-based micro total analysis
systems (U-TAS) device was developed. A dielectric barrier discharge (DBD) that can generate a stable plasma at
atmospheric pressure was generated in a microchip and used as the plasma source. The use of DBD suppresses the
temperature rise of the electrodes and enables operation for long times because of a reduction of the electrode damage due
to suppression of the current via dielectric interposing between the electrodes. It is expected that the analytical system
can be miniaturized because helium plasma is generated in the microchannel contained in the microchip. Emissions from
gaseous Cl, Br, and I were analyzed using the plasma source, and it was found that the detection limits for these analytes
were 0.22, 0.18, and 0.14 ppm, respectively. The calibration curves for gaseous Cl, Br, and I were also plotted obtaining
correlation coefficients of 0.975, 0.955 and 0.986, respectively, and showing good linearity for the developed plasma
source.
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Introduction

The development of highly sensitive, miniature systems for the
analysis of small samples is required in medical and
environmental fields. For example, such systems are expected
to be applied to elemental analysis for the saliva as well as
sweat and onsite!” analysis for particulate matter in the
atmosphere, such as PM 2.5.4

Recently, there has been increasing interest in the use of micro
total analysis systems (U-TAS) as miniaturized analytical
systems for the analysis of small sample amounts.>® The use of
such a U-TAS device enables the miniaturization of analytical
systems, the reduction of the amount of samples necessary for
analysis, and a decrease in the analysis time because each
chemical analytical system element is integrated on a single
chip using the micromachining technique. UV absorbance
detection,” laser-induced fluorescence,®® electrochemical
detection'®™!! as well as other techniques have been used as the
basis for U-TAS detectors. Nevertheless, as shown by recent
studies, these systems are currently limited by their inability to
analyze a wide range of compounds and by their insufficient
analytical sensitivity.

Inductively coupled plasma atomic emission spectrometry/
mass spectrometry (ICP-AES/MS) has been widely used for the
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high-sensitivity analysis of trace elements.”> In this method,
a plasma with a volume of approximately 10 cm?® excites and
ionizes the samples. Recently, a microplasma, where the
characteristic length of the plasma is on the order of micrometers,
has attracted the attention of researchers in various fields; it has
been used for hydrophilization of the surfaces of films,'3 and in
medical applications for sterilization'#> and for atmospheric
pressure desorption ionization.!®!7 The first report of
microplasma used as an excitation source of W-TAS was
presented by Manz et al.'® They generated a direct-current glow
discharge in a glass chamber under decompression with a
detection limit of 600 ppm, and detected methane. However,
the lifetime of the system was approximately 2 h because the
discharge electrodes were sputtered under decompression.
Horiike et al. fabricated an atmospheric pressure ICP source in
a discharge tube having dimensions of 1 X 1 x 30 mm? (b/w/1)."
The electron number density and excitation temperature were
approximately 1 x 105 cm= and 4500 K, respectively, using a
compact VHF transmitter at a frequency and power of 144 MHz
and 50 W, respectively. However, in this experiment, the
temperature of the microchip increased to several hundred
degrees with increasing temperature of the electrodes because of
a large current flowing between the electrodes. Therefore, the
power loss was large and the plasma could not be efficiently
produced.

In this study, a microplasma source for a L-TAS-incorporated
microchip with a microchannel was developed. We used a
dielectic barrier discharge (DBD) to generate a stable plasma at
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atmospheric pressure. Using the DBD approach, suppressing
the temperature rise of the electrodes and operating it for a long
time is possible because of suppression of the current and
reduction of the electrode wear via dielectric interposition
between the electrodes. In the developed plasma source, the
plasma was also generated in the microchannel; the absence of
a cell for plasma generation is advantageous for system
miniaturization. The microchip was fabricated via a 3D molding
process based on microstereolithography.?®?! In this process,
fabricating the microchip integrated with all elements necessary
for analysis—such as the developed plasma source, sample
introduction, and fluid control units—is possible because the
microstructure can be constructed of various materials. To
evaluate the basic performance of the fabricated system, the
excitation temperature and the electron density of the plasma
were spectroscopically measured. The detection limit and
linearity of the calibration curves were also evaluated using the
analysis of Cl, Br, and I content of air pollution fine particles as
an example.

Experimental

Development of microplasma source for I-TAS using 3D molding
process based on microstereolithography

The configuration of our newly developed microplasma source
is shown in Fig. 1. First, to fabricate the microchip, a polymer
model of the microchannel shape was fabricated by
microstereolithography. The parameters of the fabrication were
adjusted so that the concentration of the ceramic powder would
become highest. To fabricate the model, a He-Cd laser
(IK5551R-F, KIMMON KOHA Co., Ltd., Japan) was used as
the laser source. The resolution was 11 wm with the laser beam
(wavelength, 325 nm; laser power, 0.8 - 0.9 mW) output passing
from the He-Cd laser to the ND filter with a numerical aperture
of 0.017. The polymer model was fabricated by irradiating the
photopolymer (TSR-833, CMET Inc., Japan) with this laser.
The cast material was composed of a muddy slurry comprising
ceramic fine particles, pure water, and dispersant. SO-E2
(Admatechs, Co., Ltd., Japan) and D-735 (Chukyo Yushi, Co.,
Ltd., Japan) were used as ceramic fine particles and the
dispersant, respectively. The weight ratios of ceramic fine
particles, dispersant, and pure water were 10:0.2:2.55 (g).
The fabricated polymeric mold was filled with the slurry by
centrifuging. Next, the slurry was dried in a humidity-controlled
oven at 35°C and humidity of 90% for 1 h, and was dried at of
80°C and a humidity of 35% for 24 h. Finally, the mold was
decomposed by heating according to the temperature profile
based on the master decomposition curve (MDC).?> 1In the
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MDC method, by controlling the constant vaporization amount
of the slurry per a unit of time, preventing damage caused by the
rapid weight loss of the slurry is possible. As a result, the
microchip with a microchannel with the diameter and length of
500 um and 18 mm, respectively, was fabricated. In addition,
a pair of 3-mm-long electrodes was placed on the microchip to
generate the plasma in the microchannel. The helium gas
flowed through the microchannel, and DBD plasma was
generated by applying a square-wave voltage.

Spectroscopic characteristics

The basic performance of the developed microplasma for
U-TAS was investigated by spectroscopy. First, the transmittance
of the fabricated microchip was measured using a
spectrophotometer (UV-1700, Shimadzu, Inc., Japan) to verify
whether the fabricated microchip can be used as the excitation
source. Then, the excitation temperature and electron density of
the plasma source were measured. A high-voltage power supply
(PCT-MBS-50kai, Plasma Concept Tokyo, Inc., Japan) was used
to generate the plasma with an applied voltage and frequency of
7 kV and 15 kHz, respectively. In this study, to prevent damage
of the microchannel, a low discharge power and frequency were
used. Emission intensity will increase with the discharge power
and the frequency. The gas flow rate was varied from 40 to
200 mL/min because the plasma performance was dependent on
the gas flow rate. To observe the emission from the plasma, an
optical fiber was aligned with the axis of the plasma, and the
spectra were recorded using a multichannel spectrometer
(HR400, 424.07 - 506.79 nm, Ocean Optics, Inc., USA). The
tip of the optical fiber was located 2.5 mm from the plasma exit.
The excitation temperature was determined from a Boltzmann
plot of the emission intensity ratio of the He I line at 477.148,
492.193, and 501.568 nm. The electron density was determined
by evaluating the Stark broadening of the Hp line at 486.133 nm.

Microplasma atomic emission spectroscopy

The gas sample was analyzed using the developed atomic
emission source as the excitation source for U-TAS. A schematic
of the experimental setup is shown in Fig. 2. The spectra and
detection limit of gaseous CI were investigated using the applied
voltage, frequency, and gas flow rate of 7 kV, 15 kHz, and
40 - 200 mL/min, respectively. To prepare the analyte sample,
11 pL of CH,Cl, (Wako Pure Chemical Industries, Ltd., Japan)
was injected and vaporized in a 100-mL vessel filled with He.
Next, the gaseous sample was filled into a microsyringe and was
mixed with plasma gas using a syringe pump (Model 100 Series,
kD Science Inc., USA). The flow rate of the syringe pump was
controlled until a concentration of 40 ppm of the gas sample
was introduced into the plasma. The emission spectra were
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Fig. 2 Schematic of the analytical system for gas samples using the microplasma.
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Fig. 3 Measured transmittance of the fabricated microchip.

measured using a multichannel spectrometer (HR400,
548.16 - 1002.58 nm, Ocean Optics, Inc., USA) and the position
of the optical fiber was as specified above. Gaseous Br and I
were also analyzed, and their detection limits were determined
with a gas flow rate of 140 mL/min. To prepare the gaseous Br
and I, CH,Br and C,H;sI (Wako Pure Chemical Industries, Ltd.,
Japan) were used. Next, calibration curves for Cl, Br, and I
were determined for the applied voltage, frequency, and gas
flow rate of 7 kV, 15 kHz, and 140 mL/min, respectively.

Results and Discussion

Fundamental investigations of the microplasma

Figure 3 shows the transmittance of the fabricated
microchannel. The transmittance was approximately 70% from
340 to 1100 nm. Although the microchannel transmittance was
slightly lower that of the quartz glass, plasma emission
transmitted through the microchip in the wavelength range of
interest. This enabled radial photometry for the performance of
emission spectrometry in the radial direction of the plasma as
well as axial photometry for the performance of emission
spectrometry in the axial direction of plasma. For axial
photometry, highly sensitive analysis is possible because of the
long photometric region relative to the radial photometry. On
the contrary, positions showing strong emissions are different
between the samples due to the varying temperature and density
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Fig. 4 Excitation temperature and electron density of the developed
plasma source.

of the plasma in the axial direction. Therefore, an accurate
analysis of the sample can be expected for radial photometry
even if spectral interference is present in axial photometry.
In this experiment, emission spectrometry was performed using
axial photometry to achieve the high sensitivity necessary for
the analysis of trace elements.

The excitation temperature and the electron density of the
plasma measure the excitation performance and the reaction
frequency of the samples, and are therefore highly important
parameters for plasma evaluation. Figure 4 shows the variation
of the excitation temperature and the electron density for the
applied voltage, frequency, and gas flow rate of 7 kV, 15 kHz,
and 40 - 200 mL/min, respectively. The excitation temperature
and electron density increased until obtaining a plasma gas flow
rate of 140 mL/min. However, as the gas flow rate increased
further, these parameters remained almost constant at 2600 K
and 2.0 x 10" cm3, respectively. This is because the ionized or
excited He atoms were nearly saturated in the microchannel at a
rate of 140 mL/min despite the increase in their amount with
further increases of the gas flow rate. The excitation temperature
and the electron density of He-ICP were 3600 K and 0.42 x
10" cm3, respectively.” A comparison of the He-ICP to the
developed plasma source shows that the excitation temperature
of the developed plasma source was lower by 1000 K, but the
electron density was increased by approximately a factor of 5.
In the He-ICP, the plasma volume and the power were 3 cm® and
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Fig. 5 Emission spectra of CH,Cl, (40 ppm).
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Fig. 6 Elapsed time of of 894.37-nm CI (40 ppm).

700 W, respectively.?® In this plasma source, they were 6 X
10* cm? and 0.8 W, respectively. Thus, their power densities
were 230 W/cm? and 1300 W/cm®. This will be the cause of
higher electron number density.

Previous studies showed that in a microplasma, the ionization/
excitation of He atoms cannot be sufficiently performed because
the residence time in the plasma is extremely short in the case
of a high plasma gas flow rate.?* Therefore, the plasma gas flow
rate was 40-200 mL/min in the following experiments.
Assuming that the plasma gas temperature was 45°C,' the
sample residence time in the plasma was 0.83 - 0.17 ms.

Atomic emission spectroscopy using the microplasma

Emission spectrometry of 40-ppm gaseous Cl was performed
at a plasma gas flow rate of 140 mL/min with the results
presented in Fig. 5, demonstrating successful detection of the CI
atomic line at 894.37 nm. Figure 6 shows the elapsed time of
the Cl emission intensity; 0 min of the horizontal axis shows the
start time of introducing Cl. The emission intensity of ClI rose
in 20.3 s from the sample introduction. This is almost the same
as the sample flow time in the gas tube. The rise time of the
emission was 59.1 s and the emission intensity of Cl was almost
constant after 600 s. It is believed that in addition to affecting
the density and temperature of the plasma, the plasma gas flow
rate influences the residence time of the samples in the plasma
and detection of the samples. Therefore, the relations between
the plasma gas flow rate and the emission intensity and detection
limit of Cl were examined; the results are shown in Fig. 7.
The detection limit was determined for S/N = 3, where S is the

ANALYTICAL SCIENCES APRIL 2017, VOL. 33

8.0 15000
112000 E
£ 60Ff 000 5
= 8
& 5
o 19000 %
E 9000 g
% 40 g
- {6000 £
2 — g
] 20t Z
: 13000 E
[sa]

0 T T T T 0
0 60 100 140 180 220

Gas flow rate/mL min-!

Fig. 7 Detection limit and emission intensity of 894.37-nm Cl
obtained for different gas flow rates.
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Fig. 8 Emission spectra of (a) CH,Br, and (b) C,Hsl.

detected signal intensity and N (noise) is the standard deviation
of the background signal intensity. As the plasma gas flow rate
increased, the Cl emission intensity increased and the Cl
detection limit decreased. The detection limit rapidly decreased
in the flow rate range of 40 - 80 mL/min, and then gradually
decreased in the 80 - 140 mL/min range. On the contrary, the
Cl emission intensity increased after 140 mL/min. A comparison
of Figs.4 and 7 shows that the excitation of the sample
influences the other high-energy particles in the plasma as well
as excited He atoms because the excitation temperature and
electron density remains almost constant after 140 mL/min.
Next, the emission spectra of 40-ppm gaseous Br and I at the
plasma gas flow rate of 140 mL/min were obtained; as shown in
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Table 1 Detection limit of gaseous Cl, Br and I
Measurement Detection limit,
Sample
wavelength/nm ppm
CH.Cl, CI(I) 837.37 0.22
CH,Br; Br(I) 917.36 0.14
CH,CH.I 1(I) 905.83 0.18

Fig. 8, the Br and I atomic lines were successfully detected at
917.36 and 905.83 nm, respectively. The detection limits of the
Br 917.36-nm and I 905.83-nm lines were 0.18 and 0.14 ppm,
respectively. Based on the data presented in Fig. 7, a detection
limit of 0.22 ppm was obtained for Cl. These results are given
in Table 1. Therefore, iodine can be detected with the smallest
sample volume, while the detection of chlorine requires the
highest sample amount. This is due to the differences in the
ionization energies of chlorine, bromine, and iodine, which are
13.0, 11.8, and 10.5 eV, respectively, giving rise to the detection
limit decreasing with the lower ionization energy in the order of
chlorine, bromine, and iodine. A comparison to the detection
limit of the gas chromatography thermal conductivity detector
(GC-TCD) used as a general gas detector shows the advantages
of the developed system. The detection limit for GC-TCD is
approximately 1 ppm, a factor of 5 - 7 higher than the detection
limits observed for Cl, Br, and I using the developed system.
This demonstrates the usefulness of the developed microplasma-
based system for analysis of small sample amounts.

Linearity of calibration curves

Calibration curves were plotted for each gas sample using the
atomic beams of Cl 894.37 nm, Br 917.36 nm, and I 905.83 nm
lines. The concentration of each gas sample varied from 0 to
150 ppm; the obtained calibration curves are shown in Fig. 9.
The correlation coefficients for CI, Br, and I were 0.975, 0.986
and 0.995, respectively, showing that good linearity was
obtained. In the low concentration region, the calibration curve
was almost linear to the detection limit, and the linearity was
not inhibited. However, the linearity was inhibited in the high
concentration region. This is considered to be the limit of the
excitation performance, depending on the intensity of a
discharge rather than the influence of self-absorption. Because
in this study, the resonant line was not used; for example,
in case of Cl analysis, 894.81 nm of the non-resonant transition
from 3s23p*4s to 3s?3p*4p was measured. A linearity of 2 digits
was obtained for chlorine and iodine, and a linearity of 3 digits
was obtained for bromine. In conventional argon ICP, the
decomposition and ionization rates of halogens are not very
high. The ionization rates of chlorine, bromine and iodine are
reported to be 1.4, 7.2 and 36.1%, respectively.”> The sample
residence time in ICP is about 1.5 ms. In the developed plasma
source, all of halogen samples may not have been decomposed
and excited because the sample residence time was about
0.24 ms. However, quantitative analysis of the samples is
possible because of the linearity of calibration curves. The
general GC-TDC has a linearity of 5 - 6 digits; hence, in a
future study, considering an improvement of dynamic range
performing radial photometry is necessary.

Conclusion

In this study, to perform high sensitivity analysis for small
sample amounts, a microplasma source for W-TAS was
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Calibration curves for (a) chlorine, (b) bromine, and (c)

developed. First, a microchip with a microchannel of 500 um at
the center was fabricated using a 3D molding process based on
microstereolithography. To generate a plasma, copper electrodes
were placed on the microchannel, and a square wave having a
voltage and frequency of 7 kV and 15 kHz, respectively, was
applied. The excitation temperature and the electron density of
the plasma obtained using He gas were 2300 K and
2.0 x 10" cm3, respectively. ~ To understand the plasma
properties, distribution measurements of the plasma temperatures
and the electron number density are required. To measure that,
we must use micro and time resolved spectroscopy. In our
future study, that will be investigated. The gaseous chlorine,
bromine, and iodine were analyzed using the plasma source as
the excitation source; detection limits of 0.22, 0.14, and
0.18 ppm, respectively, were obtained for these analytes. The
obtained detection limits are smaller than the approximately
1-ppm detection limit of GC-TCD, demonstrating the usefulness
of the developed system. The calibration curves for these
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analytes were also plotted, and a linearity of 2 digits was
obtained for chlorine and iodine and that of 3 digits was obtained
for bromine. In this study, the diameter and the length of the
plasma source were not optimized. They will be optimization in
our future work.
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