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The manipulation of bubbles and the ignition of microplasma within a 200 nL bubble at atmospheric
pressure and in an inert silicone oil environment were achieved. Driven by dielectrophoresis (DEP),
bubble generation, transportation, mixing, splitting, and expelling were demonstrated. This process
facilitated the preparation of various bubbles with tuneable gas compositions. Different gas bubbles,
including air, argon (Ar), helium (He), and Ar/He mixtures, were manipulated and ignited to the
plasma state by dielectric barrier discharge (DBD) within a 50 um-high gap between parallel plates.
Moving and splitting the atmospheric-pressure microplasma in different gas bubbles were achieved by
DEP. The excited light of the microplasma was recorded by an optical spectrometer for the optical
emission spectroscopy (OES) analyses. The characteristic peaks of air, Ar, and He were observed in
the DEP-driven microplasma. With the capability to manipulate bubbles and microplasma, this

platform could be used for gas analyses in the future.
Introduction

The history of chemical spectrum analyses dates back to the
mid-19th century, when Kirchhoff and Bunsen observed the
characteristic emission spectrum.! Individual elements were intro-
duced into a flame and analysed by atomic emission spectroscopy
of the emitted radiation. The spectral intensity of a particular
element was found to change with the amount of the element for
both the qualitative and quantitative analyses. Similar to a flame,
plasma provides sufficient energy to cause excitation, dissociation,
and ionisation of atoms and molecules.” In plasma, the electron
transition between energy states leads to characteristic spectrum
emission. The emission spectra that are obtained are therefore used
to analyse the composition of the analyte through different
characteristic peaks, making plasma an efficient tool for analytical
purposes. For example, helium, methane, nitrogen, and air gases
have been analysed using the emission spectra from plasma.>*

In addition to gas analyses, plasma has also been widely used
in various industrial applications. Recently, micoplasma>® and
atmospheric-pressure plasma’® have drawn considerable atten-
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1 Electronic supplementary information (ESI) available: Ar and He
bubble generation, mixing, splitting, and expelling (Video 1); micro-
plasma moving (Video 2); microplasma moving in dark (Video 3);
microplasma splitting (Video 4); microplasma breaking (Fig. Sl);
microplasma moving in dark (Fig. S2)

tion due to their wide applications, including those related to the
biomedical field. However, a large amount of carrier gas
consumption is necessary for most plasma systems. A plasma
system with high efficiency and low sampling gas and carrier gas
consumption is urgently required, especially for analytical
purposes such as inductively coupled plasma optical emission
spectroscopy (ICP-OES). Demonstrated on microfluidic devices,
plasma has been generated along microchannels with continu-
ously flowed gas for applications such as gas chromatography,’
surface modification,'® and others.'*'?

Here, we report a novel approach to realise microplasma in a
bubble having a specific gas volume and composition without carrier
gas flowing on a chip. Spatial and temporal manipulations of
individual and discrete droplets and bubbles have been intensively
studied in the field of digital microfluidics (DMF).!*'* As droplets
provide a convenient way to handle various liquids with specific
volumes, bubbles facilitate quantitative gas sample preparations.
Bubble manipulations have been demonstrated in water and oil
by electrowetting-on-dielectric (EWOD)" and dielectrophoresis
(DEP),'¢ respectively. Driving bubbles in oil by DEP is used here
because water cannot sustain the strong electric field for plasma
ignition. With the ability to manipulate bubbles by DEP, unknown
gas samples and reference gas bubbles can be generated, transported,
mixed, split, and expelled on the platform before being excited to a
plasma state at room temperature and atmospheric pressure. They
can then be analysed by optical emission spectroscopy (OES).

Principle

Dielectrophoresis

DEP draws fluids of higher permittivity into a strong electric
field region of lower permittivity.'”>! With the DEP actuations,
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Fig. 1 Design of the parallel plate device for bubble and microplasma
manipulations in silicone oil. (a) Angled view of the device with two gas
inlets, reservoirs, physical wall structures, and patterned electrodes for
bubble and microplasma studies. (b) Cross section of the device. (c) Top
view of electrode design on the bottom plate.

we have successfully pumped water continuously along a virtual
microchannel in an oil environment®* and discrete oil droplets
in air.>*** Here, we inversely drive gas bubbles with lower
permittivity in a surrounding medium, such as silicone oil, with
higher permittivity by DEP.'® The normal stress (force density)
or pressure difference caused by DEP at the medium-gas
interface acting from the medium to the gas is:'°

APpgp = M E? 1)
where E is the electric field intensity, & (8.85 x 1072 Fm™!)is
the permittivity of vacuum, and &, and &g are the relative
permittivity of the medium and the gas, respectively. In our
experiment, gas (¢g &~ 1) bubbles were expelled from a strong
electric field by DEP in 20 cSt silicone oil (gy; = 2.5).

Microplasma ignition

Dielectric barrier discharge (DBD)*?* was adopted for observa-
tion and detection purposes because stable and low temperature
plasma can be obtained. These features are beneficial to device
operation and the acquisition of an optical signal. The major
parameters affecting the plasma ignition include the gas species,
gas pressure, applied voltage, and the distance between electro-
des. Different types of gas under the same environmental
conditions have different breakdown voltages. Gas pressure
mainly affects the mean free path of gas atoms or molecules,
which in turn influences the energy they gain between collisions.
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Fig. 2 Air bubble (200 nL) manipulations by DEP. (a)-(d) Generating
an air bubble from the gas reservoir by applying 250 Vrums, 2.4 kHz. (e)
The velocity of the generated bubble plotted against the applied voltage
at 2.4 kHz. Each data point was averaged from experiments on 3 devices,
and each device performed 4 experiments.

The applied voltage and spacer height are the energy factors that
influence the gas breakdown. According to Paschen’s law,? the
product of gas pressure (P) and electrode spacing (d) determines
the breakdown voltage (73,) as described by:

B(P-d)

In[4(P-d)]— In {ln (1 + é)}

where A and B are the parameters from experiments and 7. is the
cathode secondary electron emission coefficient. In our experi-
ments, microplasma was ignited in the bubbles at atmospheric
pressure. From the Paschen curves of argon (Ar) and helium
(He) in the literature,> we decided to space the electrodes on the
parallel plates 50 um apart to minimise the required breakdown
voltage. Ar and He bubbles were employed because noble gases
render simpler energy level transitions and clearer characteristic
optical emission peaks for the spectroscopic analysis. A voltage
of 400 to 800 Vrus, 2.4 kHz was applied to ignite the gas bubble
to the plasma state.

Vo= 2

Experimental setup

A bubble manipulation device for gas analysis by OES was
designed with two glass plates as shown in Fig. 1. The indium tin
oxide (ITO, 200 nm-thick) coated on the bottom glass plate
(0.7 mm-thick) was patterned by photolithography and wet
etching processes. As shown in Fig. 1(c), three different electrodes
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Fig. 3 Manipulations of bubbles. (a)-(b) Creating Ar (left) and He
(right) bubbles. (c) Merging and mixing Ar and He bubbles. (d)-(e)
Splitting the Ar/He mixture bubble. (f) Expelling one of the split Ar/He
mixture bubbles. The voltage applied here was 315 Vrys at 2.4 kHz. See
supplementary Video 1, ESIL.{

were designed. Driving electrodes (2 mm x 2 mm) were used for
bubble manipulations and microplasma ignition. Surrounding
electrodes prevented the bubbles from moving away from the
driving electrodes. Reservoir electrodes positioned the large
bubble of the gas reservoir. Negative photoresist SU-8 (SU-8
2002, MicroChem) was spun on the bottom plates containing
patterned electrodes as a 1.8 pm-thick dielectric layer for DBD.
The top glass plate contained an unpatterned ITO electrode and a
SU-8 layer. A layer of 10 pm-thick AZ P4620 (Clariant) positive
photoresist was applied and patterned as a physical wall structure
on the top plate with the same shape as the bottom surrounding
electrode to confine the bubbles on the appropriate electrodes. In
some experiments, two holes on the top plate were machined for
fixing two glass tubes (3 mm outer diameter and 2 mm inner
diameter) as the gas inlets, as shown in Fig. 1(a). The top and
bottom plates were assembled using 50 pm-high double-sided tape
spacers. Silicone oil (20 cSt, Dow Corning Corp.) and gas were

(a) (b)

2 mm

Fig. 4 Ar microplasma ignition from a gas state (a) to a plasma state
(b) by applying 693 Vrwus, 2.4 kHz.

Fig. 5 Ar microplasma ignition and transportation with 655 Vgus,
2.4 kHz applied. See also Video 2, ESIi.

carefully introduced in the device. The assembled devices
(Fig. 1(b)) were placed above an optical spectrometer
(USB4000, Ocean Optics) for OES recordings and under a stereo
microscope (SZX16, Olympus) for bubble and microplasma
observations. A function generator (33210A, Agilent Techno-
logies) was connected with an amplifier (623B, Trek) to supply the
bubble driving voltage and microplasma igniting voltage. The
bubbles were driven through relays (LU-5, Rayex Electronics)
switched by the digital output signals of a data acquisition device
(USB-6251, National Instruments) programmed using the
LabVIEW software.

Results and discussion
Bubble generation and transportation

Fig. 2 shows the schematic for bubble generation on a device
with only one gas reservoir filled with air. Air was first pushed
onto the driving electrodes while applying 250 Vs, 2.4 kHz on

-
(9] (d)
2 mm

Fig. 6 Microplasma splitting. (a)—(c) A single microplasma bubble was
split into two microplasma bubbles with a 587 Vgys, 2.4 kHz signal.
(d) The microplasma on the right was extinguished by turning of the
electric field. See also Video 4, ESIf.
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Fig. 7 The optical emission spectrum of the air microplasma with 703 Vgus, 2.0 kHz applied. (a) Spectrum shown between 340 and 800 nm.

(b) Magnified spectrum shown between 340 and 500 nm.

the reservoir electrode to attract silicone oil by DEP as shown in
Fig. 2(a) and 2(b). A 200 nL air bubble was generated by turning
on the electrodes between the bubble and the reservoir to attract
silicone oil and cut the air sample off as shown in Fig. 2(c) and
2(d). Based on previous studies,?>** electric signals with other
frequencies (e.g., DC) can also be used to generate DEP forces
and drive bubbles. A frequency of 2.4 kHz is used mainly
because it is beneficial for microplasma ignition. With this
scheme, 200 nL air, He, and Ar bubbles were successfully
generated and then transported by DEP.

The bubble transportation velocities of air, Ar, and He were
measured by fixing the applied voltage and adjusting the
electrode switching time. At a certain applied voltage, the
electrode switching time was decreased until the bubble did not
follow the control signals. The maximum velocity of the bubbles
at various applied voltages was recorded and plotted in Fig. 2(e).
Each data point represents an averaged voltage from 12
experiments using 3 different devices The best-fit quadratic
curves indicate that the velocity is proportional to the square of
the applied voltage, or the DEP force of eqn (1). Because the
permittivity of air, Ar, and He is close to 1, no differences were
found between different gas bubbles that were tested. In this
experiment, the maximum velocity of bubbles was 1.84 mm s~
at 500 Vrus. Higher voltage could be applied to achieve a higher
velocity. With voltages above 500 Vgrys (ie., the electric field
strength above 10 MV m™ '), however, gas breakdown was found
in bubbles to generate plasma.

Bubble mixing, splitting, and expelling

Two different gas bubbles were generated, transported, mixed,
and split on the device with two gas reservoirs as shown in Fig. 1.
Fig. 3 shows the centre driving electrode part of the device. As
shown in Fig. 3(a) and 3(b), an Ar bubble was generated from
the Ar reservoir on the right (not shown), and a He bubble was
generated from the He reservoir on the left (not shown) using the
scheme shown in Fig. 2. Because DEP was applied to attract
silicone oil and push away the bubble, the surrounding electrode
was always turned on to keep the bubble on the driving
electrodes. The physical wall structure also helped to hold the
bubbles. The two bubbles were merged to form an Ar/He
mixture bubble (Fig. 3(c)). The mixed bubble was split into two
bubbles with the same composition as shown in Fig. 3(d) and
3(e). The bubble on the right was expelled (Fig. 3(f)), while the
bubble on the left could be investigated in the steps that
followed, including microplasma ignition. Precise mixing
and splitting of the bubbles would sequentially dilute one of
the gas bubbles for quantitative detection. For example, an
unknown gas sample can be diluted with a reference gas (e.g., Ar
or He) at a desirable ratio for microplasma ignition and OES
spectroscopy.

Microplasma ignition and manipulations

Fig. 4 shows an image of microplasma ignition in an Ar bubble
when applying a 693 Vrms, 2.4 kHz electric signal. As described
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Fig. 8 The optical emission spectra of the microplasma for different bubbles. (a) Ar spectrum (482 Vgms, 2.4 kHz) with characteristic peaks
highlighted by an asterisk (*). (b) He spectrum (502 Vi s, 2.4 kHz) with characteristic peaks highlighted by the following symbol: ¥. (¢) Ar/He mixture

spectrum (523 Vrs, 2.4 kHz) with both characteristic peaks highlighted.

above, the bubbles were pushed away from the high electric field
region by DEP and positioned at the low electric field region with
no voltage applied. However, to ignite the microplasma in the
bubble, a sufficient electric field was necessary. The problem was
solved through igniting the microplasma by supplying a periodic
voltage on the driving electrode. The interval of the power cycle
was short enough to prevent repositioning of the bubble, but the
repeated signal provided sufficient energy to ignite the plasma.
Before microplasma ignition, the electrodes surrounding the
bubble were supplied with high voltage to hold the bubble in
place. Once the microplasma was ignited, the surrounding
electrodes were turned off to avoid microplasma splitting
shown in Fig. S1. ESL.i The periodic AC signal could then be

continuously supplied to sustain the microplasma. It is important
to note that the bubble in the plasma state was positioned by the
high electric field opposite to the driving scheme of the original gas
state. We attribute this phenomenon to the dramatic permittivity
change of the bubble from the gas state to the plasma state. Plasma
can be regarded as a conductive fluid full of ions and electrons.
After developing a method to ignite and position the
microplasma in a bubble, we switched a high electric field along
the driving electrodes to transport the microplasma. As shown in
Fig. 5(a) and 5(b), the microplasma was ignited by periodically
applying 655 Vrms, 2.4 kHz on one of the driving electrodes.
After the microplasma was ignited, the 655 Vrys, 2.4 kHz was
continuously applied (Fig. 5(b)). By turning on the adjacent
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driving electrode and turning off the original one, the micro-
plasma was moved to the left by one electrode each time as
shown in Fig. 5(c) and 5(d). Video 2, ESIi shows footage of
Fig. 5. Additionally, the captured images and video of trans-
porting the microplasma in a dark environment can be found in
Fig. S2 and Video 3 of the ESI{.

Splitting the microplasma was demonstrated and is shown in
Fig. 6. After igniting the microplasma using 587 Vrms, 2.4 kHz
(Fig. 6(a)), the microplasma was split from one bubble into two
bubbles, as shown in Fig. 6(b) and 6(c). The microplasma on the
right was extinguished, as shown in Fig. 6(d), because the driving
electrode beneath it was turned off (Video 3, ESIY).

Optical emission spectroscopy

The optical emission spectra of different bubbles were recorded
by the optical spectrometer. A 200 nL air bubble was generated
and ignited on the chip using the procedures described above.
Fig. 7(a) shows the optical emission spectrum of the air
microplasma. The characteristic peaks at the left side of
Fig. 7(a) were primarily due to the emission from the N, second
positive (C°T1,-B’TI: 357.7, 375.5, and 380.5 nm) and the N,*
first negative (B°Z,"~X’%,": 391.4 nm) systems,”® as magnified
and shown in Fig. 7(b). Peaks at the right side of Fig. 7(a) can be
assigned to the N, first positive system (B3Hg—A32u+).

The optical emission spectra of pure Ar and He gasses were
also obtained from the microplasma in bubbles. The spectrum of
Ar is shown in Fig. 8(a) with its characteristic peaks highlighted
at the wavelengths of 484.8, 696.5, 706.7, 750.4, 811.5, and
842.4 nm.”® We observed a major peak at 750.4 nm and other
weaker, but observable, characteristic peaks. The spectrum of He
is shown in Fig. 8(b) with its characteristic peaks highlighted at
492.1, 501.5, 587.5, 667.8, 706.5, and 728.1 nm.>* With the ability
to generate and mix bubbles and ignite the microplasma, the
optical emission spectrum of the mixed Ar/He bubble was
recorded and is shown in Fig. 8(c). The characteristic peaks of
both Ar and He were found in the spectrum.

Conclusion

A microplasma emanating optical emission in a 200 nL bubble
was demonstrated. The essential functions for preparing gas
bubble samples of generating, merging, splitting, and expelling of
bubbles in an inert silicone oil environment by DEP are reported.
After the microplasma ignition, the microplasma was further
manipulated by DEP. By analysing the spectra of the bubbles in
the discharge state, air, two test gasses (Ar and He), and their
mixture bubble could be identified using this approach. The
ability to manipulate bubbles and the microplasma presents the
potential for quantitative measurements of gas compositions and
concentrations through sequential dilutions of the sample and
reference bubbles with tunable ratios.

In the future, one of the gas reservoirs will be filled with an
unknown gas sample. After mixing with the reference gas (e.g.,
Ar or He) at a proper ratio in a bubble, the characteristic peaks
of the microplasma radiation will be investigated for gas
detection and analysis. However, we found that the microplasma
would attack the dielectric layer and silicone oil. Hence, bubble
expansion was observed, which will be detailed elsewhere and
solved in future studies.
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