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Hybrid Arc/Glow Microdischarges at Atmospheric
Pressure and Their Use 1n Portable Systems for
Liquid and Gas Sensing

Bhaskar Mitra, Brandon Levey, and Yogesh B. Gianchandani

Abstract—This paper reports on dc pulse-powered microdis-
charges in air at atmospheric pressure and their potential utility
in chemical sensing. For electrode gaps of 50-100 pm, microdis-
charges take the form of a glow discharge, an arc discharge, or a
hybrid of the two. Arc microdischarges have high optical intensity
but suffer from high background emission. Glow microdischarges
have low background emission, but the prominent emission is
confined in the UV-blue region of the spectrum. The arc—glow
hybrid has characteristics that are intermediate between the two
and can be tuned by circuitry to suit the chemical sensing appli-
cation. A handheld system for chemical analysis using synchro-
nized emission spectroscopy of these pulsed microdischarges is
demonstrated. The system employs an exchangeable sensor chip
(different for gas and liquid samples), a control circuit, and a
commercially available portable spectrum analyzer coupled to
a handheld computer. A pump and inert carrier gases are not
utilized. The system can generate one or a series of single-shot
microdischarges per chemical analysis. The gas discharge mi-
crochip, which utilizes electroplated copper electrodes on a glass
substrate, has an electrode separation of 75 m and an active area
of 300 x 300 um?. The handheld system has been used to detect
17 ppm of acetone vapor in air. The liquid discharge microchip
also has an electrode gap of 75 pum and an active area of
1 x 1 mm?2. It uses a porous cathode fabricated by micromold-
ing and sintering glass frit slurry in a microchannel. When a
microdischarge is initiated between the metal anode and the wet
cathode, the liquid is sputtered into the microdischarge and emits
characteristic line spectra. In this configuration, the system can
detect 2 ppm of aqueous Cr without preconcentration.

Index Terms—Chemical sensing systems, gas detectors, gas
discharge devices, microarc, microdischarge, microplasma, water
chemistry.

I. INTRODUCTION

O MEET the challenges posed by globalization and en-
vironmental pollution, there is an increasing need for
point-of-use chemical analysis. Conventional devices like chro-
matographs and mass spectrometers must be complemented by
fast, efficient, flexible, and portable devices. Emission spec-
troscopy of pulsed microdischarges at atmospheric pressure is
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appealing for highly portable sensing of gas and vapor because
it reduces the need for pumps. Powering the discharge with
pulsed dc can also eliminate the need for bulky RF power
sources, thereby reducing system complexity and improving
form factor. By using electrical discharges between micro-
electrodes, it is possible to realize glow microdischarges at
atmospheric pressure. In this paper, we show that the resulting
discharge shows properties intermediate between arc and glow
discharges.

Existing options for miniaturized microsensors, including
surface-acoustic-wave devices, chemiresistors, chemicapaci-
tors, chemimechanical sensors, and metal oxide sensors which
measure change in properties of thin films, have been demon-
strated for sensing of toxic vapors [1]. Ion-selective field-effect
transistors and amperometric and potentiometric sensors, which
measure changes in electrochemical properties of a solution,
have been developed for chemical sensing in aqueous environ-
ments [2]. However, despite some excellent progress over the
years, their use remains limited to specific chemicals in con-
trolled environments. This is at least in part due to challenges
in controlling thin-film properties and the difficulty in making
stable miniature reference electrodes.

Virtually all these sensors have cross-sensitivities to many
different chemicals, and false positives pose an additional
challenge. One way to address this is to employ an array of
different sensors instead of a single sensor. Even though each
sensor is not adequately specific, the overall signature is highly
specific [3]. Arrayed sensors are also useful for analyzing
simple mixtures of gases. However, more complex mixtures
additionally require the use of a gas chromatography system,
which first separates the mixtures based on elution time of the
constituents. These have been very successful in the separation
of complex mixtures, even those containing very low concen-
trations of organic vapors. Because gas chromatographs do not
provide complete separation or chemical identification, a sensor
is needed for accurate chemical recognition and elimination of
false positives. Furthermore, systems using gas chromatographs
are restricted to mostly organic vapors and leave a wide range
of inorganic gases outside their scope.

There has been considerable effort directed toward micro-
machined mass spectrometry systems, but progress has been
hampered because many of the phenomena do not scale favor-
ably [6]. They also require very high vacuum, which is difficult
to achieve using microscale pumps. Miniature spectrometers
based on quadruple mass filters [7] and differential ion mobility
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[8] that can operate at atmospheric pressure have recently been
reported. Of these, the latter has shown significant promise and
can resolve even isomers. However, it is a separation technique
for ions rather than an identification technique, and each species
needs to be calibrated for the applied field conditions. It is also
very sensitive to humidity in air, and hence, the sensor has to be
used in a controlled ambient.

Microdischarge-based spectral sensors, like mass spectrome-
ters, detect chemicals based on their atomic structure rather than
their chemical properties. Discharge spectroscopy in the form
of inductively coupled plasma atomic emission spectroscopy
is one of the most sensitive techniques used in laboratories by
chemists [9] and is commonly used with gas chromatography
systems. Many groups (including ours) have miniaturized mi-
croplasmas to chip scale for chemical sensing and other appli-
cations [10]. A variety of powering schemes have been reported
for these discharges; a detailed review is presented in [11].
Broekaert [12] developed RF microplasmas for chemical sens-
ing using diode laser atomic absorption spectroscopy. Hopwood
developed inductively coupled microplasmas [13] and mi-
crowave plasmas operating at atmospheric pressures [14].
Park et al. [15] developed micro hollow cathode discharges for
display and IR sensing applications. DC glow microdischarges
for gas chromatography were reported by Eijkel et al. [16]. DC
or pulsed discharges are appealing for use in handheld systems
because they require simple circuitry and can be operated at
atmospheric pressure.

One of the very attractive features of chemical sensing by
emission spectroscopy is that it works for gas- [10] and liquid-
phase [17] species. In the previous work, we have demonstrated
low-power microdischarge gas/vapor sensors [18] and liquid
electrode devices for the detection of trace elements in water
samples [19], [20].

DC glow microdischarges that were previously explored for
in situ deposition and etching applications [21] had a discharge
gap of few hundred micrometers and were operated at reduced
pressures (< 30 torr). For these discharges, the preferred break-
down path was a strong function of pressure and power levels.
These discharges were surface discharges, and the glow was
concentrated directly above the cathode, not in the interelec-
trode space as in conventional (and capillary) discharges. These
discharges were also cold discharges, with mean electron tem-
peratures on the order of 10 000 K. The electrons had a bimodal
(nonequilibrium) distribution with a Maxwellian component
for thermal electrons, and a high-energy tail corresponding to
beam electrons. Such discharges are typically not in thermal
equilibrium because the capture cross section for an inelastic
collision between a high-energy electron and a low-energy
neutral or ion is small (in an elastic collision, very little energy
is transferred because of the low mass of the electron compared
to the gas species). This results in lower gas temperatures and
low plasma density. The discharge glow was concentrated in
the UV-blue region of the spectrum. However, these discharges
were unstable at pressures close to 1 atm and degenerated into
arcs. Unlike glow microdischarges, which are driven by steady
currents, arc microdischarges have high transient current. These
typically result in optical emission over a wide spectral range
covering both UV and infrared portions of the spectrum.
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Fig. 1. (a) Schematic of the gas microdischarge chip. (b) The liquid microdis-
charge chip.

In this paper, we investigate arc—glow discharge hybrids at
atmospheric pressure with coplanar microelectrode arrange-
ments. We investigate the electrical and optical characteristics
of these discharges and their dependence on circuit elements.
We demonstrate that the discharge can be controllably varied
by external circuit elements to provide spectral characteristics
favorable for chemical sensing. These ideas are brought to-
gether, in the context of a handheld system, for the analysis
of chemicals using microdischarges.! The system employs
disposable gas and liquid discharge microchips (GDMs and
LDMs, respectively) with a common interface. The LDM uses
the same basic principle of using a liquid cathode, as described
in [19] and [20], but using a porous cathode, instead of a
microfluidic channel for sample delivery. This design permits
controlled uptake of small volumes of the liquid sample and can
be used to detect very low concentrations of metallic impurities
in water samples. Both chips use atmospheric-pressure pulsed
microdischarges and avoid the use of a preconcentrator to
eliminate pumping demands.

All discharges investigated in this paper are pulsed dis-
charges. This is done to reduce power consumption and increase
device lifetime. Section II describes arc—glow discharge hybrids
as well as the microfabricated devices. Section III describes
the system design, and Section IV describes the measurement
results.

II. ARC/GLOW BEHAVIOR AND DISCHARGE CHIPS

As noted previously, pulsed microdischarges at atmospheric
pressure can exist as glow discharges, arc discharges, or inter-
mediate hybrids. The control circuit used in this effort is shown
in Fig. 1(a). The microdischarge is created by discharging a
capacitor that has been previously charged to a high voltage
(450-900 V). The reported measurements are performed with
devices with electrode spacing of 75 pm; the observations are

Portions of this work have been presented in conference abstract form in
[23] and [24].
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valid for devices with smaller and larger spacing and have
been observed for devices spaced 50—100 pm apart. When the
switch is turned on, the capacitor starts charging, and as soon
as it reaches breakdown voltage, it discharges. A computer-
controlled switch is used to control the time for which the
discharge is on. A current-limiting resistor is used in the ground
return path to regulate the discharge. The form of the discharge
depends strongly on the limiting resistor.

A. Arc/Glow Behavior

When a large current-limiting resistor is used, the discharge
takes a form similar to a glow. These kinds of discharges are
referred to as “cold discharges™ and are characterized by high-
energy (temperature) electrons and low-energy (temperature)
neutrals (gas molecules) existing in thermal nonequilibrium
[25]. For microscale geometries, the glow is confined to a
space over the cathode surface. Most of the applied voltage
drops across a small space charge region close to the cathode,
resulting in a localized region with high electric field.

Electrons are emitted from the cathode surface with low
energies (< 1 eV) [26]. This is not sufficient for ionization of
the gas medium, so the space next to the cathode is dark. The
electrons gain energy as they are accelerated by the electric field
between the electrodes, and as the electron energy rises to levels
that are large enough to excite atoms, a cathode glow region
appears. When the electron energy rises to a level such that the
collision cross section for the excitation falls off, the electrons
cease to excite atoms, and a cathode dark space is formed. This
is the region where ionization (and avalanche multiplication)
takes place and positive space charge builds up. The field near
the cathode (from the cathode to the end of the cathode dark
space) is extremely high and is the main driving force behind
the glow discharge. At the end of the cathode layer, the electron
flux gets fairly large, and electrons generated at the end of the
region have moderate energies. This leads to the formation of
an intense negative glow region. For small interelectrode gaps,
and atmospheric pressure conditions, the negative glow and
cathode glow overlap (these regions have finite thickness due
to the spread in electron energy), and only one glow region is
seen. In planar discharges, the optical characterization typically
involves observations from above, so the spatial variation in the
glow is not observed, and the glows appear as one.

In addition to the “bulk” electrons, which participate in the
breakdown process, there are also many “beam” electrons [21],
[22]. These electrons, which do not undergo many collisions,
have extremely high energy. “Beam” electrons are formed be-
cause the capture cross section of collisions between electrons
and ions or neutrals is a function of the electron energy. For
high-energy electrons, this cross section is low because the
interaction time between the electrons and the atom or molecule
is small. Thus, some of the electrons, which do not undergo
collisions in low-energy state, are accelerated to very high
energy. These beam electrons, thus, do not contribute to the
breakdown process and make the discharge less power efficient.

For a discharge to be self-sustaining, it needs a constant
supply of electrons from the electrodes. In the case of glow
microdischarges, these are supplied by secondary emission

1915

from the cathode surface. Secondary emission occurs when
positively charged ions, accelerated through the space charge
region, hit the cathode surface and release electrons. Secondary
emission is favored in conditions where the collision frequency
of the ions is low, like in low-pressure discharges. Photoe-
mission is another important source for initial electrons. In
this process, the UV photons from the discharge cause elec-
trons to be emitted from the cathode surface by photoelectric
emission. Electrode processes thus play an important role in
these dc and pulsed microdischarges, and the discharge is very
sensitive to changes in the work function and surface quality
of the electrode material. For example, under conditions that
are otherwise identical, changing the electrode material can
change the discharge from a glow to an arc. The third source of
electrons in microdischarges is thermionic emission (or field-
assisted thermionic emission). In glow microdischarges, the
main source of electrode heating is positive-ion bombardment
of the cathode. This heating causes a temporal variation in
discharge characteristics in-between pulses and makes pulsed
discharges very different from dc discharges.

The second mode of breakdown is the arc discharge. In
an arc, the electric field is not as high as cold cathode dis-
charges. Arcs can be of vapor arcs or thermionic arcs, which
themselves can be of several kinds [28]. The arcs encountered
in this paper are thermionic spot mode arcs at high pressure,
as defined in [28]. The main source of electrons in an arc is
thermionic emission from the cathode. Thermionic emission
is a much more efficient process compared with secondary
emission and photoemission, so only a few generations of
avalanche multiplication are enough for the discharge to be
self-sustaining. This is why arc discharges can be sustained
at low voltages. For two terminal devices, arcs usually start
as a glow discharge that then changes into an arc. Thus, the
initiation voltage for a two-terminal arc is high, but the sustain
voltage is low. The current, however, is high compared to glow
discharge, because it must heat the electrode for thermionic
emission. The emission usually starts from a local hot spot on
the cathode surface, causing the arc microdischarge to appear as
a narrow filament. Arc discharges exist in thermal equilibrium
and have high plasma density. Because of this, the spectral
distribution of an arc is very wide and spans the range from
UV to infrared wavelengths. Arc microdischarges require much
less current compared with conventional arc discharges. This
is because arcs are driven primarily by thermionic emission,
and it is easier to heat microelectrodes to high temperatures
using less current. The volume of the air that is ionized in an
arc microdischarge is also much lower as a result of scaling,
which makes it easier to generate arc discharges with small
interelectrode gaps. They are usually generated by discharging
a small capacitor across an air gap. The small air gap enables
the use of smaller capacitors (or smaller amounts of charge),
which allows good control of the properties of the discharges
by using a limiting resistor. Control of the properties of the
discharge is important, as uncontrolled discharges can lead to
rapid deterioration of the electrode surfaces.

In hybrid microdischarges, both arc and glow discharges
are present together. Two different electrode processes take
place simultaneously: (a) secondary emission from the cathode
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Fig. 2. Typical discharge voltage and current waveforms for an arc—glow
hybrid discharge. The circuit configuration is as shown in Fig. 1(a). (Lower)
The current waveform shows a steady component corresponding to the glow
component, and current spikes (of 5-50-us duration, depending upon the values
of circuit elements) corresponding to an arclike component of the discharge.
The current spikes are accompanied by a drop in breakdown voltage, which is
seen as an oscillation in the (upper) anode voltage waveform.

surface, which drives glowlike discharges; (b) thermionic emis-
sion from local cathode hotspots at which arclike discharges
nucleate. In a conventional discharge, the glow discharge
rapidly degenerates into an arc discharge, and the intermediate
phase where both are present is very short and only appears as
a transient phase [27]. In a microdischarge, however, owing to
the dynamics of the discharge process and the small amount of
charge delivered to the discharge, it is possible to realize such a
stable intermediate.

To evaluate the electrical characteristics of the gas discharge
microchip, an oscilloscope was used to examine the cathode
and anode (through a 10-MS2 : 100-kS2 divider) waveforms.
The anode waveform indicates the breakdown voltage, and the
cathode waveform indicates the discharge current (drop across
the limiting resistor). The discharge capacitor was 10 pF, and
the limiting resistor was varied from 1 k(2 to 1 M{.

Fig. 2 shows the current and voltage waveforms of a typical
atmospheric microdischarge for an applied voltage of 630 V.
An overvoltage is applied for repeatability, and other reasons
are outlined in Section IV. The initial breakdown occurs at
a voltage of 630 V, but subsequently, the breakdown voltage
decreases to 400 V. The current waveform is comprised of two
parts—a steady component, and a transient component, which
rides on the steady component. The steady component corre-
sponds to a glowlike discharge present over the cathode, where-
as the transient component corresponds to an arclike discharge
present in between the electrodes. An oscillation corresponding
to the arclike component is seen in the voltage waveform as
well. The current in this state is approximately given by [27]

d
nevy exp /adx +C’% = L;V @))
0

where n is the electron density, v is the drift velocity, « is the
Townsend ionization coefficnent, Z is the effective impedance,
and Vy — V is the voltage drop across the series impedance. The
arc current corresponds to the discharging of the capacitor (C'),
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Fig. 3. (a) Example of a glowlike discharge. The glow is confined to the
cathode and near the anode. (b) Oscilloscope waveforms show a steady current.
(c) Emission spectrum of the glowlike discharge in air.

whereas the glow discharge component represents the term on
the left.

Fig. 3(a) shows a photograph of a glow microdischarge at
atmosphere. The images of the transient discharge are captured
by a video camera at 25 frames per second. A bright glow
is seen in the region above the cathode and near the anode,
with dark space in between. The discharge is characterized
by a steady current throughout the duration of the discharge.
Fig. 3(b) shows the current waveforms for such a glow dis-
charge, measured by the voltage drop across the 100-k{2
current-limiting resistor to ground. A current spike is seen
at the beginning of the discharge. Spectral characterization is
performed by observing the discharge with a handheld Ocean
Optics spectrometer. Fig. 3(c) shows the spectra for the glow-
like discharge described earlier. The discharge shows a strong
emission in the UV-blue region but very little emission in other
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Fig. 4. (a) Example of an arclike discharge. (b) The current waveform shows
that the discharge is powered by transient bursts of current. (¢) Emission
spectrum of an “arclike” discharge, with strong lines being in the (green) visible
region of the spectrum but with weaker lines being in the UV-blue region. The
spectrum is dominated by emission from copper (324. 7, 327.33,510.84, 515.8,
and 522.07 nm).

regions of the spectrum. The blue color is primarily due to
emission from Ny second positive (C3II—B311—337.1, 357.5,
375.1, and 380.4 nm) and N7 first negative (B2} - X5t —
391.4 nm) systems.

When a small limiting resistor is used, the discharge is arc-
like. This allows for large transient currents necessary for rapid
heating of the plasma. Fig. 4(a) shows the photograph of the
discharge glow for an arclike microdischarge. The bright glow
is present in the gap between the electrodes rather than over the
electrodes and is much brighter compared to a glow discharge.
The green emission at the cathode is copper emission from the
cathode hot spot that powers the discharge. Fig. 4(b) shows
the current waveform when using a 2.2-k{2 current-limiting
resistor. The average current is 4.2 mA. The discharge is a
succession of tiny discharges powered by high-current spikes.
The capacitor repeatedly charges up to the breakdown voltage
required for plasma formation and dumps all the charge stored
in surges of current. There is a steady glowlike component,

1917

120 1
1004 ° \
804

324.7 nm
327.3 nm}

510.8 nm

60 522.1 nm
40 |

Relative Intensity

20

0+
200

400 600 800

Wavelength (nm)
()

Fig. 5. (a) Example of an arc—glow discharge hybrid, showing both compo-
nents. (b) The current waveform shows both transient and steady components
corresponding to the two types of discharges. (c) The emission spectrum is a
mix of both glow and arclike spectra, having emission both in the UV-blue
and green regions. Emission lines from both copper (324.7, 327.3, 510.8, and
522.1 nm) and nitrogen (337.1, 357.6, 375.5, and 380.4 nm) can be seen.

which is much weaker. The surge in current is due to the
formation of cathode spots (lasting a few microseconds) that
are formed on the cathode surface [27]. These discharges are
different from pure arc discharges, which occur when smaller
resistance (< 1 k) and/or higher capacitance is used, and are
characterized by much higher currents and no steady (glow)
component. Fig. 4(c) shows the spectrum for the aforemen-
tioned discharge. Strong lines in the green—red region of the
spectrum, which were not present in the spectrum of the glow
discharge, become apparent now, but many of the lines present
in the UV-blue region of the spectrum are absent. The spectrum
shows prominent emission from copper (324. 7, 327.33, 510.84,
515.8, and 522.07 nm).

With an intermediate current-limiting resistor, the discharge
shows both arclike and glowlike components. Fig. 5(a) shows a
photograph of a typical discharge. A glow discharge over the
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electrodes and an arclike discharge in the gap region, corre-
sponding to the arc/glow portions of the discharge, respectively,
can be seen. When seen optically, the discharges are simultane-
ous, but the waveforms suggest that the arclike discharges might
occur as instabilities in the glow discharge. Fig. 5(b) shows the
current waveforms for the discharge, with the limiting resistor
being set to 33 k(2. The current waveform shows both a steady
(glow) and an erratic (arc) component. Fig. 5(c) shows the
spectrum in air when a hybrid discharge was initiated when
using a 33-k{2 limiting resistor. This spectrum contains both
long and short wavelength lines corresponding to both arclike
and glowlike components. The spectrum contains lines from
both copper and nitrogen.

Pulsed discharges are not just short-duration dc discharges.
They differ from dc discharges in significant ways. In a pulsed
discharge, the interval between pulses affects the nature of
discharge considerably. DC discharges tend to be arclike, even
for resistances as high as 200 k(). In pulsed discharges, if
the interval between pulses is short (typically 2 s or lower),
significant variations are observed from one pulse to the next.
For example, there can be a cyclical variation in breakdown
voltage, and the discharge alternates between being arclike
and glowlike. This is because each pulse is affected by the
pulse preceding it in a significant way. This variation may be
attributed to electrode and gas heating effects, which persist
after the current has been turned off. These tend to lead the
glowlike discharge to degenerate into arclike discharges. In arc
discharges, electrode degradation occurs at the electrode hot
spot, so arcs revert back to glow discharges in the next pulse.
Instead of the device settling in a stable equilibrium discharge,
a cyclical variation is seen. When the interval between pulses is
large (> 5 s), the effect of the previous pulse is not as important,
and the discharge tends to be more stable.

B. Microdischarge Devices

The gas discharge microchip [Fig. 1(a)] consists of planar
copper microelectrodes fabricated on a glass (Pyrex #7740)
substrate. The anode—cathode (A—K) gap spacing is 75 pm. The
cathode is designed to have a large area (300 pm x 300 um), as
microdischarges are driven mainly by secondary emission from
the cathode. Some designs have a shaped anode to provide a
consistent breakdown path for the arc. Devices with a rectangu-
lar strip of wire as anode (and same discharge gap) were also
fabricated and showed identical results.

In the liquid discharge microchip [Fig. 1(b)], a microdis-
charge is struck between a metal anode and a porous glass
cathode. The porous cathode is wetted by the conductive aque-
ous sample, which is added through a side port in the chip.
The metal impurities in the wet electrode are sputtered into
the discharge and undergo atomic transitions (which result in
characteristic line spectra) in the plasma glow. The porous
cathode allows for controlled uptake of the liquid sample,
which eliminates splashing of the liquid, and thus increases
device reliability at smaller A—K gaps (the electrode spacing
between the metal electrode and the porous cathode is 75 pm).
The smaller A-K gaps also enable the use of atmospheric-
pressure glow discharges rather than arcs. It is notable that
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Fig. 6. (a) Process for the fabrication of the liquid microdischarge chip. The
fabrication for the gas discharge microchip involves only step 2. (b) Photograph
of the liquid and gas microdischarge chips shown against a U.S. penny.

glow microdischarges are driven, to a large extent, by secondary
emission from the cathode, so the use of the cathode as a means
of sample delivery results in a very sensitive device. While the
concept of discharge-based detection of inorganic impurities in
water was described in [16], that effort used a liquid microchan-
nel for the cathode rather than a porous cathode. The porous
cathode provides the benefit of wicking the aqueous sample for
delivery from a side port to the discharge region.

C. Microfabrication Process

Both the GDM and the LDM use electroplated copper elec-
trodes on a glass substrate. For the GDM, a blanket Ti/Cu
(50 nm/100 nm) sputtered deposition is used as the base layer.
A layer of photoresist (Clariant, AZ9260) is used to define a
50-pum-thick mold for the plating. A layer of copper, 25 ym
thick, is then electroplated through the mold to define the
electrodes. The photoresist and the base layers are then etched
away to leave the electrode structure intact.

The LDM fabrication [Fig. 6(a)] begins with a glass etch to
define a 55-pum-deep recess for the porous cathode. A layer
of Cr/Au (50 nm/500 nm) is used as the etch mask. Then,
the copper electrodes are electroplated, as in a GDM, to form
the anode and cathode contact, respectively. Finally, the porous
cathode is fabricated by filling channels with glass frit slurry
in acetone (0.2 g/mL), followed by sintering in a furnace at
460 °C for 20 min. A layer of oxide is formed over the elec-
troplated copper during sintering. The oxide layer is removed
by etching it in acetic acid at 45 °C for 30 min. Fig. 6(b) shows
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Fig. 7. Schematic of the handheld system. The chip is placed in the chip
holder, and the discharge is struck using the control circuit. The spectrometer
captures the optical signal and transfers the data to a wireless-enabled PDA on
a serial link. (Inset) The controller circuit.

the fabricated GDM and LDM devices against a U.S. penny.
The devices have an overall footprint of 1 cm x 1 cm.

III. SYSTEM DESIGN

The handheld system (Fig. 7) includes a sensor chip holder,
a pager-sized spectrometer (USB 2000 from Ocean Optics), a
PDA (HP IPAQ HX 2000 Pocket PC), and a battery-operated
control circuit and power management unit. The sensor chip
holder can accommodate both liquid and gas microdischarge
chips, which can be easily swapped in and out. This is imple-
mented by mounting the chips on a PCB and making contact to
it by spring-loaded contacts in the customized chip holder unit,
which is made from Noryl plastic (G.E. Plastics). The sensor
chip holder also has a strategically placed collimating lens
(Ocean Optics, UV-74, with a diameter of 5 mm, a focal length
of 10 mm, and fused-silica construction for 200-2000-nm
wavelength) for coupling the microdischarge emission to an op-
tical fiber (which connects to a spectrometer). This arrangement
provides easy optical alignment and maximum light transfer to
the optical fiber.

A custom circuit provides the necessary pulses for the dis-
charge and the data acquisition so that the spectroscopic data
are captured and transferred to the wireless-enabled handheld
computer (PDA) at each discharge event. The control circuit is
designed to achieve accurate timing of low- and high-voltage
pulses for creating the discharge and synchronizing the optical
sampling with controlled delay and duration. The system is
powered by two rechargeable 3.6-V Li-ion batteries. These bat-
teries were selected for their long lifetime and ability to provide
high current. The unregulated voltage from the battery is sent
to two regulators, so that the circuit supply voltage remains
constant for battery voltages ranging from 6.5 to 8.4 V. A 5-V
linear regulator (LP 8345 from National Semiconductors) pow-
ers the complex programmable logic device (CPLD) and the
spectrometer. A linear regulator was chosen (even though it is
not power efficient) because the spectrometer requires a low-
noise power supply for accurate data acquisition. A second
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Fig. 8. Operating cycle of the system. The discharge pulse is controlled
control signals to the input and output of the dc—dc converter. The timing is
accurate to 50 us.

dc—dc converter (MAX1771 from Maxim) generates a 12-V
output, with up to 500-mA current, which is provided to yet
another dc—dc converter (described later) for generating the
higher voltages required for initiating discharge. The 12-V
output can be changed by adjusting a potentiometer. Because
the high-voltage section requires significant current, and power
supply noise is not significant, this approach provides overall
power efficiency.

A 1.544-MHz crystal oscillator provides the reference clock
for the digital circuit. The actual clock is stepped down in fre-
quency from the reference clock by using ripple counters. This
is done to allow software control of the operating frequency
and, hence, the minimum and maximum pulse timings.

Dedicated hardware control of the discharge and sampling
trigger pulses is necessary because accurate triggering requires
low jitter in the pulses. Programmability is essential as the
timing requirements can vary depending upon the application.
The use of a CPLD (Atmel ATF1508AS) for digital logic
provides both accuracy and reconfigurability. The system is
designed to have three output pulses, which can start at and last
for separately programmed clock cycles. While independent,
they use the same clock for synchronization. The start time of
each pulse is hard programmed into the CPLD, but the pulse
durations can be modified using a series of DIP switches outside
the CPLD. The CPLD is operated at a frequency of 24.125 kHz,
which corresponds to a pulse accuracy of 45.451 ps.

Fig. 8 shows the overall timing scheme for the system. In
order to prevent the inadvertent triggering of a pulse from
power-up conditions, an RC' combination is used to provide
a 5-ms ramp to a reset input in the CPLD. The outputs
from the CPLD are used to trigger the high-voltage section
of the circuitry and the spectrometer. The high-voltage dc—dc
converter (HVP2P from Pico Electronics), which powers the
microdischarge, generates 250-2000 V from the 12-V input
previously described. The output voltage is controlled by a
proportional input, which has a linearity error of < 1%. For
example, 2.5 V at this input corresponds to an output voltage of
1000 V, whereas a 5-V input corresponds to an output voltage of
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2000 V. The output voltage is designed to fall to 0 V when the
programmable input falls below 0.25 V. To trigger the output
pulse, the 5-V trigger signal from the CPLD is sent through a
voltage divider and then into the programmable input. In this
design, the input would be at 0 V for a period of time, then the
trigger pulse would move this input to a designed voltage for
the desired output voltage, and then back to O V.

The output of the dc—dc converter can be optionally con-
trolled by a shunt—series switch. Because the dc—dc converter
has finite rise and fall times, applications in which faster
transitions are required would benefit from this approach. The
signal from the high-voltage converter is fed into a high-speed
MOSFET-controlled switching circuit that uses two transistors,
as shown in Fig. 7. These MOSFETs (STP3NB 100 from STMi-
croelectronics) allowed for a maximum Vpg of 1000 V, with a
Vs of only 5V, and have an “on” resistance of < 6 2. A 0-V
output control pulse on the gate of the shunt transistor permits
the discharge electrode to receive power, whereas a 5-V gate
bias on the same line activates the shunt to ground. The timing
for this is shown in Fig. 8.

This system permitted the control of the spectrometer and
high-voltage outputs individually to an accuracy of < 50 us,
with pulse durations from 50 us to just under 1 s. It is notable
that the accuracy and the maximum pulse periods are both
determined by the clock speed, and the use of a software-
controlled clock allows one to trade off one for the other. An
accuracy of 10 ns in timing is possible just by programming
the CPLD accordingly. However, in such a case, the maximum
pulse duration can only be 0.5 ms due to the interdependent
nature of these two variables.

The handheld system and its components are shown in
Fig. 9. The overall dimensions of the system are approximately
19 x 13 x 5 cm®, but there is substantial room for further
miniaturization. The handheld spectrometer, with a range of
200-850 nm in wavelength, is approximately 9 x 6 x 3 cm?,
and the chip holder is 4 x 4 x 2 cm?®.

IV. MEASUREMENT RESULTS

The electrical characterization of the discharge was per-
formed by varying the applied voltage and limiting resistor.
The -V curve for the glow component (Fig. 10) is obtained
by measuring the current through the discharge with different
biases and limiting-resistor values. No breakdown takes place
for voltages less than 460 V. Larger voltages show increasing
current, with a differential resistance of 80 k(). The external
circuit is represented by the load line on the -V curve. The
system settles to a point at the intersection of the load line
and the device -V curve, so a particular state can be achieved
by controlling either the overvoltage or the resistor. This /-V
curve is valid only for resistance values between 1 k{2 and
1 MQ. Below 1-k€2 resistance, the discharge is dominated
completely by the arc component.

The arc component of the discharge is not a strong function
of applied voltage. Arcs are generally driven by current rather
than voltage, and these discharges are no exception. The arclike
discharge is powered from the energy stored in the capacitor.
Even if no capacitor is used, the parasitic capacitance of the
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Fig. 9. (a) Photograph of the handheld system showing the controller, the chip
holder, and the PDA. (b) Photograph of the controller circuit. (c) Photograph of
the chip holder shown against a U.S. quarter. Contact to the terminals is made
mechanically by a spring-loaded gold-plated pin. A lens is placed in the middle,
which is aligned with the active area.

device (~2 pF) supplies the energy (the initiation of breakdown
is erractic when not using parasitics, so a small capacitor is
used in the operation). The capacitor oscillates between the
glow discharge breakdown voltage and the arc breakdown
voltage. The power delivered by the capacitor is given by
P. = CVixanAV/ 7, where 7 is the time constant, Vidn is the
breakdown voltage, and AV is the amplitude of the voltage
oscillations. The reason for the oscillation is not known but
is probably due to the expansion of the cathode spots [27]. It
is a weak function of power, as oscillations occur even when
using large resistors. The oscillation is a strong function of
pressure, as discharges at lower pressures (~450 torr) are glow
discharges.

The time constant of the discharge is related to the time
constant of the discharge resistor. Fig. 10(b) shows the plot
of the measured time constants for the arclike discharge for
various limiting resistors. The time constants were obtained by
fitting the current waveform to a decaying exponential. It is
seen that the time constant is linearly related to the limiting
resistor.
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Fig. 10. (a) I-V curve for the glow discharge component of the discharge.
(b) Time constant of the arclike component as a function of limiting resistance.
(c) Discharge current for the arclike component as a function of limiting
resistance.

The effect of inductance is evaluated by measuring the time
constant for a variable inductor placed between the cathode
and limiting resistor. No significant change is observed in the
time constant when the inductance is varied from zero to 2 p/H.
The time constant is not related to the inductance of the
arc in this case, contrary to traditional arc models where arc
inductance plays a major role in the duration of the discharge
[29]. The addition of a small inductor leads to a ringing in
the arc waveform, with a high-frequency ac component being
superposed on the decaying exponential. However, this does not
have an effect on the powering of the arc.

The time constant is related to the capacitance in a complex
way. On increasing the capacitance from 15 to 25 pF, the time
constant changed from 6.53 to 8.61 us. However, increasing
the capacitance to 50 pF led to discharge instability, and the

discharge was no longer an arc—glow hybrid but an intermittent
arc discharge. The hybrid discharge thus operates only in
a narrow range of capacitance values, and higher values of
capacitance are likely to lead to nonlinear effects which result
in a runaway process.

The arc-like component of the current in the discharge
depends upon the value of the limiting resistor. Fig. 10(c)
shows the plot of the arc current versus the conductance of the
limiting resistor. The fit shows a linear relationship between
the arc current and conductance of the limiting resistor. It is
thus seen that the limiting resistor can be used to control the
current of the arclike discharge. It is noteworthy that the arc
current does not depend upon the overvoltage. For the case of
using a 1-MS2 resistor, the increase in applied voltage from
630 to 700 V did not lead to a change in arc current. This
result is important because, as shown earlier, the glow discharge
component strongly depends upon the overvoltage. Thus, by
using a proper combination of limiting resistor, the arc and glow
components of the hybrid discharge can be controlled.

While the power of individual pulses in the arclike discharge
can be controlled by using circuit elements, the number of ar-
clike pulses is difficult to control. The number of pulses is lower
for higher resistances, but there is still significant variation
between pulses. This is probably because the effect itself is as a
result of some instability in the discharge process. It is clearly
seen that the discharge is predominantly glowlike at lower
pressures (~450 torr), which suggests that it is probably related
to heating by electron—neutral collisions. The electrode material
also has a significant impact on the nature of the discharge.
When using iridium instead of copper, a predominantly arclike
discharge was observed.

To evaluate the hybrid micro arc—glow device as a vapor
sensor, the devices were placed in a chamber into which acetone
vapor samples were introduced. Air was used as a carrier
gas, and the pressure inside the chamber was maintained at
810 torr. A vacuum pump was used to evacuate the chamber
from impurities before the experiment but was not used during
the experiment. A commercial vapor sensor (MiniRAE 2000)
was used as a benchmark.

The device was operated in hybrid mode, with the limiting
resistor being set to 22 k2. A hybrid discharge was chosen, as
it had the strongest emission in the wavelength range of interest
(350450 nm). One-shot detection was performed, with pulse
duration of 45 ms.

Fig. 11(a) shows a portion of a typical microdischarge spec-
trum (300400 nm) taken in 17-ppm ambient of acetone. In
the absence of preconcentration of sample vapors, this is a
significant challenge for a microsensor, particularly when using
portable optics. The spectrum shows a line at 388.6 nm that
corresponds to CN fragments produced from acetone in the
air microdischarge [30]. This line is absent from the control
spectra taken in air [Fig. 11(b)], and at high concentrations,
it dwarfs all the other lines. Note that the spectra are nor-
malized to the strongest line. In the spectrum for 4000-ppm
acetone, as shown in Fig. 11(c), the nitrogen lines seem di-
minished, not because the nitrogen emission is diminished but
because the carbon line is very intense due to the high vapor
concentration.
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Fig. 11.  Spectra from the gas discharge microchip (without preconcentration).
(a) In 17-ppm acetone showing the presence of 388.6-nm emission from carbon
containing fragments. (b) Control experiment in air. The 388.6-nm line is
absent. (c) The relative intensity of 388.6 nm is much more with higher acetone
concentration.

A response curve for acetone [Fig. 12(a)] can be obtained
by measuring the 388.6-nm line intensity for different concen-
trations of acetone. The background signal on which the line
is superposed is accounted for by subtracting the average of
line intensities at two inflection points (390.3 and 387.28 nm)
from the line intensity at 388.6 nm. This is normalized to the
391.4-nm nitrogen line to compensate for the optical power
of the discharge [(2)]. The calculation, shown graphically in
Fig. 12(b), is represented by

1(388.6) — (w)
1(391.4)

Line_Strength (388.6 nm) =
2)

Because the lines are close together, variations in the electron
energy distribution function between different discharges are
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Fig. 12. (a) Response curve showing variation in the normalized CN
(388.6-nm) line intensity as a function of acetone concentration. The line
strength is normalized to 391.47-nm nitrogen line to account for variation in
optical intensity of the discharge. The data at 0 ppm represents the control signal
in air. (b) Calculation of the line intensity. The 388.6-nm line is superposed on a
background signal. The background compensated for by subtracting the average
of line intensities at two inflection points (390.3 and 387.28 nm) from the line
intensity at 388.6 nm.

not likely to significantly affect their intensity ratio. Addition-
ally, the relative line strength is not expected to increase linearly
with acetone concentration because cross sections for excita-
tion by electron impact are likely to be different for the CN
and nitrogen molecules. At pressures approaching atmospheric
pressure, stepwise excitation and ionization processes become
a significant source of excitation (these occur by multiple
collisions with low-energy electrons instead of a single collision
with a high-energy electron). Furthermore, the formation of the
fragment species is dependent on the energy of the discharge, so
the response curve is not expected to be linear. It may be noted
that circuit configuration in all the experiments is the same,
and the normalization only corrects for a small pulse-to-pulse
variation in power.

For evaluating the LDM, the standard that was used
contained 2-ppm Cr in an aqueous solution that also had
5% HNOgs. This was a mixture of 2 pl. of 10000-ppm
plasma standard Cr in 5% HNOj (Specpure) and 10 mL of
5% HNOs. In a typical experiment, a 1-uL. sample was loaded
through the side port, which was wicked to the discharge site
through the porous electrode material. The sample was loaded
only once to avoid inadvertent preconcentration. Fig. 13 shows
a typical spectrum, having emission from the 427.6-nm Cr line
[31] which is missing from the control sample of 5% HNOs.
The spectra also showed a strong 325-nm line emission (not
shown in the figure) from the copper in the anode material and
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Fig. 13. Spectra from the liquid spectroscopy microchip (obtained without
preconcentration). An emission line at 427.5 nm due to (top) chromium
is clearly seen. (Bottom) The control sample shows no emission at that
wavelength.

copper oxide additive in glass frit (this has no impact on the
sensor as long as Cu is not the target chemical of interest).

The sensitivity of the overall measurement can be further
increased by using preconcentration. In such a mode, the
sample is repeatedly loaded and allowed to dry. The metal
salt accumulates at the cathode and hence gives a stronger
signal. Another consequence of preconcentration is that the pH
gradually increases due to acid accumulation. It is well known
that the microdischarge device shows better performance at
lower pH [20], so this helps getting better sensitivity without
using a highly acidic sample.

The measurements suggest that the sensitivity of the LDM is
slightly higher compared to devices employing a liquid cathode
[19], which could detect about 10 ppm of Cr. The use of
a porous cathode is also attractive because it eliminates the
motion of the liquid and the potential for spillover at the cathode
site (which improves reliability) and improves the consistency
of data across pulses by a much better controlled injection of
the liquid sample into the discharge glow.

V. CONCLUSION

Pulsed microscale discharges at atmospheric pressure can
occur as glow discharges, as arc discharges, or as a combination
of the two in the form of arc—glow hybrids. The presence of
a stable intermediate between arcs and glows is a feature of
microdischarges. The characteristics of the discharge can be
easily tuned, to enhance spectral output in a given region of
the spectrum, by a simple control circuit.

Sensors based on microdischarge spectroscopy are promising
because they can detect a wide range of chemicals almost
instantaneously. This paper demonstrates the possibility of a
handheld microdischarge-based chemical analysis system for
sensing in gaseous and liquid environments. The system em-
ploys swappable gas and liquid microdischarge chips and a
chip holder that interfaces to both, providing a low impedance
contact and automatic optical alignment to the discharge. The
microdischarges operate at atmosphere in air ambient, eliminat-
ing the need for a pump or special gases for the analysis. The
gas discharge microchip can detect 17 ppm of acetone vapor in
air ambient. The liquid discharge microchip demonstrates the
first use of a wet porous cathode. The porous cathode introduces
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controlled amount of sample by wicking in liquid through
the pores while still providing low impedance to the cathode
contact. This eliminates splashing of the liquid and increases
device reliability and sensitivity over discharges, which employ
a liquid electrode. Using this chip and the handheld system, the
detection of 2 ppm of Cr was demonstrated.
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