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Chapter

Electrical Breakdown Behaviors in
Microgaps

Guodong Meng and Yonghong Cheng

Abstract

The study of electrical breakdown behaviors in microgaps has drawn intensive
attention around the world due to the miniaturization of electronic devices that
allows electronic circuits to be packaged more densely, making possible compact
computers, advanced radar and navigation systems, and other devices that use very
large numbers of components. Therefore, a clear understanding of the electrical
breakdown behaviors in microgaps is required to avoid the dielectric breakdown or
to trigger the breakdown at microscale. This chapter introduces the significance of
understanding breakdown characterization and reliability assessment for electro-
statically actuated devices, magnetic recording devices, photomasks, RF MEMS
switches, and micromachines and points out the derivation of the classical Paschen’s
law at microscale. Then it summarizes the state-of-the-art research work on the
methodology, influencing factors, dynamics, and physical mechanisms of electrical
breakdown in microgaps, which is expected to expand the general knowledge of
electrical breakdown to the microscale regime or more and benefits the reliability
assessment and ESD protection of microscale and nanoscale devices.

Keywords: electrical breakdown behaviors, microscale, Townsend avalanche,
field emission, influencing factors, dynamics, physical mechanism

1. Introduction
1.1 Background and motivation

Device miniaturization has revolutionized electronics, allowing denser packag-
ing of electronic circuits to make possible compact computers, advanced radar and
navigation systems, and other devices that use very large numbers of components
[1]. In practical applications, micro-electromechanical systems (MEMSs), like
micromachines and micro-mirror arrays, function by electrostatic actuation
[2, 3], while the electronic devices, like photomasks [4, 5] and magnetoresistive
(MR), giant magnetoresistive (GMR), and tunneling magnetoresistive (TMR)
devices used in the magnetic recording industry [6-8], are at risk of accumulating
static charges and the consequent threats of electrostatic discharge (ESD); both
the microdevices and microstructures are associated with a strong electric field
strength within microgaps [9]. For instance, the high operating voltages required
for RF MEMS switches [10-13], micro-motors [14, 15] and micro-mirror [16, 17]
can create sparking or breakdown across microgap structures due to electrical
overstress (EOS) that may damage or destroy sensitive equipment, especially
when the devices are subjected to a complex electromagnetic environment [7, 18].
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Besides, the photomasks, which are used in front-end semiconductor photolithog-
raphy processing to project a desired pattern onto the wafer surface, could become
charged and a spark can occur either due to the real charge on the chrome guard
ring or the induced charge caused by fields from surface charge on the quartz

[4, 19]. Meanwhile, multiple applications in combustion, chemistry, biology, and
medicine require the intentional creation of microplasmas or microdischarges

[20, 21]. For instance, various microelectric propulsion systems have been pro-
posed for ultra-small satellites, including Hall thrusters or pulsed plasma thrusters
[22-25], which utilize microdischarges. As the devices are getting smaller from
microscale to nanoscale and even molecular scale, the reliability assessment and
underlying physics about the static charge and ESD events draw increasing atten-
tions from both academics and industry [26-28]. Hence, predicting dielectric break-
down thresholds and figuring out the physical mechanism of microgap structures
are critical to avoid undesired discharge or improve the microplasma performance,
which would be of great interest to the microelectronic and plasma communities.

1.2 Derivation from the classical Paschen’s law

The gas breakdown phenomenon was recognized ever since the creation of
human beings thousands of years ago, but firstly systematically investigated by
German physicist Paschen in 1889 [29]. Through conducting a series of electrical
discharge experiments, Paschen established the widely used Paschen’s law, which
described the relationship between the breakdown voltage V3,4 and the product of
the pressure p and gap length d. Since then, Paschen’s law has been employed for
predicting breakdown thresholds and insulation performance of power equipment,
electronic devices, etc.

Generally, Paschen’s law could be explained by the Townsend avalanche mecha-
nism, which considers that the electrons collide and ionize with neutral particles
(o process) and positive ions bombard the cathode and generate secondary elec-
trons (y process), which are the primary processes during the discharge. Paschen’s
law could be described by the equation

Bpd

In(Apd) - In(In(1 + 1/v)) 1)

Upa =

where Uy is the breakdown voltage, 4 is the gap separation, p is the gas pressure,
y is the secondary electron emission coefficient, and A and B are constants deter-
mined by the gap type.

While the classical Paschen curve has a right branch with the breakdown voltage
decreasing as pd decreases, a characteristic minimum, and a left branch with the
breakdown voltage increasing as pd decreases, research has shown that the left
branch continues to decrease nearly linearly with d, that is, in microscale gaps, pd
scaling fails. Early experiments noted that reducing gap sizes to microscale at atmo-
spheric pressure led to deviations in the traditional breakdown mechanism driven
by Townsend avalanche and represented mathematically by Paschen’s law (PL)
[30]. Departing from the traditional PL, the breakdown voltage would undergo a
plateau when the gap width is smaller than ~10 pm and then continue to decrease
with the gap width. The gap widths for the transition processes vary with the
experimental conditions, such as electrode materials, electrode geometry, applied
voltage waveform, gap pressures, etc.

Since the derivation of Paschen’s law in the microscale regime was discovered
in 1950s, a large number of research work has been dedicated to modification of
the classical Paschen’s law, from experimental investigation [31, 32] to numerical
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simulation [33, 34], from atmosphere environment [35] to vacuum [36, 37]. Torres
et al. and Slade et al. carried out a series of experimental investigations on microgap
breakdown in air and vacuum, respectively. They both found out the plateau stage
in the modified Paschen’s law and the transition point of gap widths was 4 pm.
Besides the numerical simulation, analytic and theoretical calculations have been
also carried out. Go [38], Klas [39, 40], Buendia [41], and Loveless [42] calculated
the breakdown thresholds at microscale coupling with field emission and Townsend
avalanche, considering the ion-enhance field emission, where the electron collision
ionization coefficient a and the secondary electron emission coefficient y dictate
the breakdown process, where the secondary electron emission coefficient y would
be enhanced by the space charge accumulation and the cathode charge production
through secondary emission. Therefore, the investigation of electrical breakdown
behaviors at microscale, including the methodology, fundamental properties,
influencing factors, and physical mechanisms, is urgently demanded, which is of
critical importance not only for the plasma physics community but also for micro-/
nanoelectronic industries.

1.3 The main chapter content

This chapter summarizes the state-of-the-art methodologies, influencing fac-
tors, dynamics, and physical mechanisms of the electrical breakdown in microscale
based on the research work in the last two decades.

Section 2 summarizes the methodology for investigating the electrical break-
down in microgaps. Section 3 summarizes the influencing factors of the electrical
breakdown in microgaps. Section 4 and 5 summarize the dynamic process and
physical mechanism of the electrical breakdown in microgaps. Summary and
outlook are provided in Section 6.

2. Methodology

Different from the routine gas breakdown experiments in large gaps (>0.1 mm),
the electrical breakdown experiments in microgaps (<0.1 mm) require a much bet-
ter spatial resolution in terms of both observation and gap adjustment. Accordingly,
the methodology is very diverse, including the macro electrode structure prepared
by the mechanical technique, the planar electrode structure and MEMS device
structure prepared by the microfabrication technique, and the microelectrode
structure prepared by the electrochemical etching technique. Moreover, the in-situ
electro-optical measurement technique has also been proposed for exploring the
breakdown dynamic process at microscale. In this chapter, various experimental
methods are discussed and summarized.

2.1 The macroelectrode structure

At the initial stage, the study was basically conducted with the macroelectrode
structure and experimental setup similar to that at macroscale. Figure 1a shows
the schematic diagram of a typical macro electrode-based experimental setup and
(b) shows the picture of a spherical electrode-based experimental setup used in the
literature. The electrode size is in the order of millimeters in radius, which could
be fabricated by mechanical machining. One electrode is fixed with the base (also
known as static electrode) and the other is movable with the screw micrometer or
stepping motor (also known as movable electrode). Both electrodes are required to
be aligned on a straight line to ensure the consistence of the discharge experiments.
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Figure 1.

(a) Schematic diagram of macroelectrode-based experimental setup. The gap distance is controlled
and adjusted by the screw micrometer or stepping motor [43]; (b) the picture of two spherical electrode
experimental setup for vacuum breakdown test [44].

Therefore, the gap distance could be controlled by adjusting the screw micrometer
or stepping motor, with an accuracy of 2 pm. Therefore, this method applies for the
electrical breakdown in microgaps ranging from 5 to 500 pm.

2.2 The planar electrode structure

The emerging of microelectronic devices drew intensive attention to the
electrical reliability issues, and thus, the planar electrode structure was pro-
posed. Through the standard fabrication process, such as oxidation, lithography,
deposition, etching, etc., the planar metal electrode (aluminum, copper, gold,
and platinum) is patterned on the silicon dioxide/silicon substrate with a thick-
ness of several hundreds of nanometers and a gap distance ranging from several
nanometers to micrometers.

(a) shows the typical planar electrode-based experimental setup. The semi-
circular type electrode pattern was fabricated on the substrates and the electrical
breakdown experiments could be conducted between microgaps. In addition, the
suspended planar electrode was also proposed by sacrificing layer process as shown
in Figure 2b, in which electrical breakdown properties of MEMS devices (such as
MEMS switches and MEMS motors) could be investigated. Therefore, this method is
dedicated to the study of device reliability issues with typical and simple structures.

2.3 The MEMS device structure

Apart from the typical simplified electrode structures above, lots of research
work has also focused on the breakdown characterization and reliability assessment
of real device structures under ESD impact, especially for those devices that require
electrostatic actuation (i.e., RF MEMS switch, micro-motor, and micro-mirror)
or are very susceptible to static charge accumulation (i.e., photomask). Figure 3
shows the pictures of different RF MEMS devices for ESD impact testing, which
are gold-based capacitive (a) and ohmic (b—d) RF-MEMS switches with vertical
air-gap structure from 1.0 to 4.5 pm and lateral air-gap structure of 6.7 pm. For this
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(a) (b)

Figure 2.
Schematic diagram of planar electrode-based experimental setup: (a) semicivcular type electrode [45] and
(b) suspended semicircular type electrode [46].

(b)

Figure 3.
Tested devices were gold-based (a) capacitive and (b—d) ohmic RF-MEMS switches [10].

configuration, the breakdown may occur across the micron air gaps of RF MEMS
switches and result in permanent physical damage on the devices.

Figure 4a shows the SEM image of a torsional ratcheting actuator (TRA) in
which the ratchet gear and curved comb fingers are used for electrostatic actuation
and (b) shows the optical image of metal-air-metal device on reticle with 4 pm gap,

Chrome

(b)

Figure 4.

(a) SEM image of a torsional vatcheting actuator (TRA). The inset shows an enlarged view of the ratchet gear
and curved comb fingers used for electrostatic actuation [15]; (b) optical image of metal-air-metal device on
reticle with 4 ym gap [7].
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which has been developed to check the ESD threat to reticles in a photolithography
bay. For this configuration, the breakdown may occur across the surface of the air-
gap structure and result in permanent physical damage on the devices.

2.4 The microelectrode structure

While the planar electrode and MEMS device structure are employed to explore
the electrical reliability of microelectronic devices, the intrinsic properties of
electrical breakdown in microgaps require microelectrodes with precisely control-
lable morphology and geometry, which were proposed and fabricated by combining
the electrochemical etching and Joule melting method [47]. Figure 5 shows the
microelectrode structure-based experimental setup, of which the hemisphere
electrodes were made of tungsten, and the radius of the electrodes ranged from
50 nm to 200 pm. The hemisphere electrodes have a regular and contaminant-free
surface. The three-dimensional piezoelectric displacement could align the electrode
pair with the aid of an optical microscope, allowing precise gap adjustment from 1
to 25 pm with an uncertainty of +100 nm.

2.5 The in-situ electro-optical experimental setup

Basically, the fundamental properties and influencing factors of the electrical
breakdown in microgaps could be obtained by measuring the electrical parameters;
however, to further understand the dynamics and physical mechanism, additional
physical parameters during the breakdown are required. Monitoring the optical
properties of the breakdown dynamic process is the primary way, which may
need to satisfy two requirements simultaneously: (1) how to observe the break-
down channel at microscale and (2) how to capture the breakdown appearance in
nanoseconds.

Figure 6 shows the electro-optical measurement setup that can simultaneously
tulfill these requirements. The system consists of a nanosecond pulse generation
unit, a synchronous and delay triggering unit, an in-situ optical imaging unit, and
an electrical parameter measurement unit. The nanosecond pulse generation unit
can provide amplitude-adjustable pulses up to 5 kV. The synchronous and delay
triggering unit is achieved by a dual-channel function signal generator which can
adjust the relative time delay between the two TTL triggering signals and ensure
the synchronism of the test. The in-situ optical imaging unit integrates the optical
microscope for micron-scale spatial resolution (1 pm) and the high-speed gated
ICCD camera for nanosecond-scale temporal resolution (2 ns). The breakdown
current and voltage are measured by a current coil (1 A/V) and a voltage attenuator
(100:1), and then recorded by a digital oscilloscope. This system allows temporal

©

Figure 5.
Schematic diagram of sphere-to-sphere microelectrode-based experimental setup: (a) 10x, (b) 50x, and
(c) 1000x magnification [48].
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Figure 6.
Schematic diagram of in-situ electro-optical measurement system [48, 49].

and spatial-resolved optical measurement and images the discharge appearance of
pulse breakdown across microgaps, which will be a promising method to further
explore the underlying principle of gas breakdown at microscale and evaluate the
insulation performance in micro-/nanoelectronics.

3. Influencing factors of electrical breakdown in microgaps

As the gap size decreases, the classical Paschen’s law demonstrates a significant
derivation at microscale which implies the different physical mechanisms from
Townsend avalanche breakdown. Since a lot of influencing factors could affect
the electrical breakdown, this section gives some of the influencing factors such as
the gap widths, the atmospheric pressures, and the applied voltages. These results
determine quantitative relationships between the breakdown and the factors, and
thus provide an overall picture of the electrical breakdown in microgaps.

3.1 The effect of the gap widths

Figure 7 shows the breakdown thresholds as a function of gap width in atmo-
spheric air (101 kPa) at room temperature (298.15 K). The electrode configuration
is hemisphere-hemisphere with gap widths from 1 to 25 pm. For gap widths <5 pm,
the breakdown voltage decreases with decreasing gap width. For gap widths
between 5 and 10 um, the breakdown voltages almost remain constant at about
490V regardless of the gap width, demonstrating a “plateau” stage. Although
numerous microscale breakdown studies have noted this plateau [50], a strong
hypothesis has not yet been developed. For gap widths larger than 10 pm, break-
down voltage increases dramatically with increasing gap width, indicating the
increasing importance of Townsend avalanche. It can be noted that the breakdown
voltage is 386 V when the gap width is 1 pm and the breakdown voltage is 842 V
when the gap width is 25 pm. As the gap width shrinks to several micrometers, the
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Figure 7.
Measured breakdown voltage and electric field as a function of gap widths, the ervor bars represent the
standard deviation of the measured breakdown voltage.

number of gas molecules inside the gap would be not enough for impact ionization,
thus higher field strength is demanded for electron avalanche. When the gap width
is reduced to <5 pm, the electric field strength is calculated to be ~108 V/m, which
has reached the threshold of field electron emission from the electrode surface. The
obvious transition in the curves can be noticed and the cathode field emission plays
a dominant role in the generation of free electrons.

3.2 The effect of applied voltages
Figure 8 shows the breakdown thresholds as a function of applied voltages in

atmospheric air (760 Torr) and room temperature (298.15 K), the electrode configu-
ration is hemisphere-hemisphere type with various gap widths from 1 to 25 pm, and
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Breakdown thresholds as a function of gap widths under nanosecond pulsed voltage and DC voltage.
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the error bars in all these figures show the standard deviation above and below the
mean value of measurement. The results of pulsed breakdown [51] and DC break-
down [32] are plotted for comparisons. Generally, the nanosecond pulsed break-
down thresholds are at least two or three times higher than DC breakdown [52];
however, an interesting phenomenon can be observed from Figure 8 when the gap
width is scaled down to 15 pm. It can be seen that, overall, Actually, a lot of numeri-
cal under nanosecond pulsed voltage (blue solid square) shows a similar trend and
amplitude to those under DC voltage (black solid square). For a 15-pm gap, the
pulsed breakdown voltage is 639 V while the DC breakdown voltage is 571 V. For a
5-pm gap, the pulsed breakdown voltage is 450 V while the DC breakdown voltage is
499 V. More specifically, it can be noted that there is also a “plateau” stage between 5
and 10 pm, with a constant breakdown voltage of about 490 V, which is considered
to be the transition region from Townsend avalanche to ion-enhanced field emission.

When the gap width is <5 pm, the breakdown voltage decreases with the
decrease of gap width, demonstrating a good consistence with the DC break-
down voltage (Upuised = 432 V = Upc = 435V for the 3-pm gap). Meanwhile, the
pulsed breakdown voltage is found to have a power law dependence on the gap
width through conducting the fitting analysis: U = 396 x b°*, where U is the
breakdown voltage in Volt, b is the gap width in micrometer and the Adj. R-Square
is 0.99195. That is in good agreement with the vacuum breakdown behaviors pro-
posed by Staprans in 1966 [53, 54], implying that while the gap width is reduced
to 5 pm, the pulsed breakdown in air might be similar to the vacuum breakdown.
So as the gap width shrinks to several micrometers, the number of gas molecules
inside the gap would be not enough for the collision ionization, and thus, higher
field strength is demanded for electron avalanche. When the gap width is reduced
to <5 pm, the electric field strength is calculated to be 108 V/m, which has reached
the threshold of field electron emission from the electrode surface. The obvious
transition in the curves can be noticed and the cathode field emission is believed
to play a dominant role in the generation of free electrons.

However, as the gap width continues to increase from 15 pm, it is noteworthy
that pulsed breakdown demonstrates larger thresholds, and furthermore exhibits
a linear increase with a positive slope of 21.5 compared to the positive slope of 8.4
for the DC breakdown voltages, which indicates that the duration of applied voltage
determines the amplitude of breakdown voltage [55], that is, the breakdown under
the nanosecond pulse would be much more difficult to breakdown than the DC
voltage, and thus, it could be expected to become two or three times larger than the
DC breakdown values as mentioned above.

3.3 The effect of atmospheric pressures

Figure 9 shows the breakdown thresholds as a function of atmospheric pressures
[56], the squares represent the breakdown thresholds at a pressure of 760 Torr,
the circles represent the breakdown thresholds at a pressure of 375 Torr, and the
triangles represent the breakdown thresholds at a pressure of 23 Torr. The electrode
configuration is hemisphere-hemisphere type with various gap widths from 1 to
25 pm. Apparently, the curves demonstrate a similar trend; however, the breakdown
voltages are almost the same when the gap width is <5 pm. Considering an electron
as the gas molecule, the mean free path of an electron /, can be derived from the
following equation.

fo= KT )

(%54
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Figure 9.
Breakdown voltages as a function of gas pressure at different pressures.

where Kj is the Boltzmann constant (1.38 x 10722 J/K), T is the ambient
temperature in Kelvins, 4,, is the atom or molecular diameter in meter, d. is the
electron diameter in meter, and p is the atmospheric pressure in Pascal. Since d,
is 5.62 x 107" m which is <1/1000 of the proton diameter, the collision between
electrons could be neglected, so the mean free path of an electron could be defined
to be the average distance the electron travels between successive collisions with the

Kg-T

gas atom or molecule, that is, 4. = (%Yo which is inversely proportional to the square

of the gas molecule diameter [57]. According to Eq. (2), when the gas pressure is
760, 375, and 23 Torr, the mean free path of an electron in air is calculated t0 be
539 nm, 1.1 pm, and 18 pm, respectively, which are either much smaller or compa-

rable with the gap length (5 pm), so the moving electrons can seldom collide with
the gas molecules in the gap space and the number of collisions is so small that no
considerable electrons and ions could be produced, in other words, the gaseous gap
is almost equivalent to vacuum gap at this scale. As the gap width increases, suf-
ficient and more collision ionization can take place at 760 Torr than those at 23 and
375 Torr due to larger propagation distances (>5 pm), which result in the significant
difference between the breakdown thresholds. This implies that the role of gas
molecule density or atmospheric pressure inside the gap could be eliminated when
the gap width is <5 pm but will greatly affect the breakdown process in larger gaps.
However, it also demonstrates a different trend that the breakdown thresholds at
375 Torr are larger than those at 23 Torr, which will be further investigated in the
future study.

4. The dynamics of electrical breakdown in microgaps

Except for the fundamental properties of electrical breakdown in microgaps,
the breakdown evolution process was also investigated for further understanding
the dynamics properties, with the aid of the in-situ electro-optical measurement
system introduced in Section 2.5. This section provides the temporal evolution of gas
breakdown which exhibits various breakdown channel morphologies and transitions
dependent upon the gap width, and highlights the breakdown dynamics in microgaps.

10
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4.1 The breakdown paths

Figure 10 shows the breakdown morphology and discharge paths for various gap
widths ranging from 1 to 20 pm. The sphere-sphere electrodes are employed in the
atmospheric air environment, and the triggering time of the ICCD shutter is 10 ps
prior to the breakdown moment with an exposure time of 200 ms, which guarantees
that the entire breakdown process could be captured and recorded within one shot.
It can be seen from Figure 10a—c with a gap width of 20, 15, and 12 pm, that the
luminescence fills the entire gap and surroundings, in which an intense light chan-
nel can be clearly observed between the electrodes. Typically, the discharge plasma
would propagate along the shortest distance between the electrodes, and the spot
with maximum electric field strength is at the apex of the sphere electrodes, so
the straight line connecting the apexes is considered to be the shortest path for the
breakdown, which could be proved by the captured images. However, an interesting
phenomenon is observed in Figure 10d—f with a gap width of 9, 7, and 5 pm, that the
intense light channel does not follow the very straight line between the electrodes;
on the contrary, it initiates from the cathode apex and propagates along a curved line

Figure 10.

Breakdown morphology at gap widths from 1 to 20 um. (a—c) show the breakdown propagating along the
shortest path with luminescence filling the survounding area, (d—f) show the roughly constant path lengths
regardless of gap width which is consistent with the plateau of breakdown voltage in this region, and (g—i)
indicate no obvious breakdown channel arvising at these smallest gap distances [48].

11
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Figure 11.
The effective lengths of breakdown path for various gap widths [48].

to the neighbor region of the anode apex, which is a significant deviation from the
theoretical prediction. In Figure 10g—i with a gap width of 3, 2, and 1 pm, the entire
gap is full of luminescence and no obvious breakdown channel could be observed.
While a channel may arise for the 2 and 3 pm gaps, it is much fainter compared to
overall luminous intensity of the remainder of the diffuse discharge, unlike the
noticeably higher intensity channels that connect both electrodes at larger gaps [48].
Figure 11 shows the effective lengths of breakdown paths in different gaps accord-
ing to the breakdown channel images in Figure 10. It can be noteworthy that the curved
path in Figure 10d—f is almost the same (about 11.7 pm) regardless of the gap widths,
which is well consistent with the trend of the breakdown voltages in Figure 7 and
would be a very straight evidence to explain the “plateau” stage from 5 to 10 pm. That
is, the consistency between the plateau in breakdown voltage and the constant break-
down path length for gap widths ranging from 5 to 10 pm is critical for understanding
the transition in breakdown mechanism both experimentally and theoretically. It
implies that the extension of breakdown path provides more collision ionization and
electron avalanches for the breakdown which means that the ion-enhanced field emis-
sion must play an important role in breakdown rather than the Townsend avalanche
alone, thus resulting in the “plateau” stage. Therefore, this evidence directly shows the
transition from Townsend avalanche to ion-enhanced field emission, in which the field
emission begins to dominate over Townsend avalanche for gaps smaller than ~10 pm
and Townsend avalanche becomes continuously less important for smaller gaps, and
finally, the field emission will dominate the breakdown for gaps shorter than 5 pm [48].

5. The physical mechanism of electrical breakdown in microgaps

Based on the captured breakdown morphology across various microgaps, the
physical mechanisms could be summarized as follows:

a. When the gap width d is larger than 10 pm, the breakdown threshold is
expressed as a function of the product gas pressure p and gap widthd, and the

12
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Figure 12.
The physical process unifying Townsend avalanche and field emission for microscale breakdown for
(a) d > 10 um, (b) d = 5-10 um, and (c) d = 1—5 pm [48].

Townsend avalanche is considered to be the dominant mechanism. The break-
down demonstrates a clear electron avalanche plasma trajectory connecting the
cathode tip and the anode tip by a straight path, as shown in Figure 12a.

b. When the gap width d lies between 10 and 5 pm, Townsend avalanche still plays
arole in breakdown but the contribution of ion enhanced field emission becomes
more important. In this regime, a plateau can be observed indicating that the
breakdown thresholds almost remain invariant as the decease of the gap width,
which shows the transient from Townsend avalanche to the field emission pro-
cess. Although the gap length is not long enough for the collision ionization, the
initial electron avalanche is generated in the vicinity of the cathode and propa-
gates along a curved path following the electric field lines. This could extend the
effective propagation width and then may increase the collision ionization prob-
ability and frequency. The successive electron avalanches would be produced and
may ultimately contribute to inducing breakdown, as shown in Figure 12b.

c. When the gap width d is smaller than 5 pm, the breakdown threshold dem-
onstrates a linear relationship with the gap width. In this regime, a high
electric field (~10% V/m) would reduce the potential barrier of the cathode
and electrons would be emitted into the gap, so the initial electron avalanche
can be generated around the cathode tip. Since the electron mean free path is
comparable to the gap length, the emitted electrons would drift toward the
anode and collide with the anode directly, resulting in the heating and release
of anode and cathode materials due to the Nottingham effect. Then the thermal
electron emission would turn on and more electrons would be generated by
the combination of field emission and thermal emission. The outgas and atoms
would fill the gap, and finally breakdown would occur with a steep decline of
predicted voltage thresholds, which indicates that field emission is the domi-
nated mechanism for gap width <5 pm, as shown in Figure 12c.

6. Summary and outlook

This chapter provides a general review of the electrical breakdown in micro-
gaps, including the methodology, influencing factors, dynamics, and physical
mechanism. The breakdown thresholds in various conditions and the transition
from Townsend avalanche to field emission-driven breakdown were demonstrated,
which would be vital to the electrical breakdown theory at microscale. Meanwhile,
understanding the fundamental mechanism of gas breakdown at microscale will
have far reaching impact on practical devices due to the numerous applications that
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leverage microplasmas [21], including excimer lamps with emissions in the VUV
[58], ozone generators [59], arrays for flat panel light sources [60], nanoparticle
synthesis [61], medicine [62], environmental remediation [63], detectors [64, 65],
microthrusters [66], and combustion [67]. While a lot of numerical calculation
work devoted to this subject could be found in somewhere else, this chapter focuses
on the experimental investigations of breakdown behaviors in microgaps, which
helps to pave the way for insulation design and discharge applications at small
scales.

As the miniaturization trend of devices and equipment continues along with
the great demand in civil and military industries, the electrostatic sensitivity
increases accordingly, leading to a new failure mechanism [26]. When the physi-
cal size downscales to nanoscale and molecular scale, the quantum effect, space
charge effect, and other effects should be considered, and this will also require
novel experimental techniques that can obtain more physical parameters during the
breakdown process. Therefore, with advanced experimental techniques, more and
more explorations in breakdown behaviors at microscale, nanoscale, and molecular
scale will surely be carried out, and new physical mechanisms will be put forward
in the future.
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