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Abstract

Fundamental processes for electric breakdown, i.e., electrode emission and bulk ionization, as well
as the resultant Paschen’s law, are reviewed under various conditions. The effect of the ramping rate
of applied voltage on breakdown is first introduced for macroscopic gaps, followed by showing the
significant impact of the electric field nonuniformity due to gap geometry. The classical Paschen’s
law assumes uniform electric field; a more general breakdown scaling law is illustrated for both DC
and RF fields in geometrically similar gaps, based on the Townsend similarity theory. For a
submillimeter gap, effects of electrode surface morphology with local field enhancement and
electric shielding on the breakdown curve are discussed, including the most recent efforts.
Breakdown characteristics and scaling laws in microgaps with both metallic and non-metallic

(e.g., semiconductor) materials are detailed. For gap distance down to micro/nano scales, the
breakdown characteristics and the breakdown mode transition from the secondary electron
emission to the electric field emission or thermionic emission dominant regime. Additionally, the
combined thermo-field emission regime is also reviewed. Previous efforts, including key
simulations and experiments, have been devoted to diagnosing breakdown path evolution,
measuring breakdown fields, and quantifying breakdown dependence on frequencies for gaps down
to micro/nano scales. By summarizing and analyzing fundamental theories, recent progress, and
on-going challenges, this tutorial review seeks to provide basic understanding and the state of the art
of electric breakdown, which aids in advancing discoveries and promoting application prospects for
discharge devices engineered in a wide range of regimes.

1. Introduction

Gas insulation has been widely used for a long time in systems where electrical breakdown is one of the most
important issues due to many advantages, such as availability, recoverability, and effectiveness [ 1-3]. Electrical
breakdown has thus been a continuously developed field in both academia and industry, with emerging
challenges [4-7]. Electrical breakdown occurs if the applied voltage or electric field across a gap is sufficiently
high to cause carrier multiplication through a number of mechanisms. The gas filled gap becomes electrically
conductive when the gas neutrals are ionized to become charged particles. During gas breakdown, the gap
voltage drops suddenly and the amplitude of the current flowing through the gap increases abruptly, which is the
typical external electrical characteristic of the breakdown. There are many important factors, including gas
pressure, gap distance, electrode geometry, gas type, and voltage waveforms, which have significant impact on
the breakdown characteristics. It is generally recognized that electrical breakdown is more diffusive at low
pressure while filamentary at high pressure, which can be explained with either Townsend or streamer theories,
or their combinations in distinct regimes [8].
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Figure 1. [llustration of the typical gas breakdown processes and key physical parameters. V. is an external voltage source and Ry, is a
ballast resistor.

The investigation of electrical breakdown in gases started shortly after the discovery of electricity. One
famous publication can be dated back to 1889 when the German physicist F. Paschen conducted extensive
experimental work on gas breakdown using a variety of gases and concluded that the breakdown voltage is a
function of the combined parameter pd (gas pressure x gap distance), i.e., V};, = f(pd), which resulted in
Paschen’s law [9]. In the early 1900s, the UK physicist Townsend established the Townsend theory, which
addressed the fundamentals of gas discharge physics, including the Townsend breakdown avalanche process
[10].In 1915, in the book ‘Electricity in gases’, Townsend illustrated that the ionization coefficient o is a function
of the reduced electric field E/p, i.e., «/p = f(E/p), based on which Paschen’s law can be explicitly derived [11].
The Townsend theory is mostly applicable atlow pressure, especially for relatively small pd values. However, for
very small pd, vacuum breakdown theory should be used. On the other hand, if the pd value becomes too large
(i-e., pd > 1200 Torr-cm in nitrogen), fast breakdown processes occur with photoionization and streamer
theory should be employed [8, 12, 13].

During the past one hundred years, gas breakdown in macroscale gaps has been studied with various focuses.
The effects of gas mixture [ 14—17], electrode surface roughness [18—20], voltage waveforms [21-23], gas
temperature [24-26], and electric field nonuniformity [27-30], on the breakdown characteristics have been
extensively investigated by many researchers. Nowadays, emerging fabrication technologies enable electrodes
with increasingly complicated geometries, and interelectrode distance down to micro/nano scales, allowing
applications such as microplasma devices, microelectromechanical systems (MEMS), and
nanoelectromechanical systems (NEMS) [31-37]. In this scenario, electron emission processes, such as
thermionic or/and field emission, can have significant impacts on the breakdown characteristics, which would
possibly provide new application opportunities. One of the most recent applications relevant to field emission
driven breakdown is the ion-enhanced field emission triboelectric nanogenerator (TENG) designed for
harvesting energy [38].

In this paper, fundamental theories of electrical breakdown are revisited with brief explanations. The
dominant cathode processes, including secondary emission, field emission, thermionic emission, and their
combined effects, are introduced for electrical breakdown under different conditions. Recent advances in
scaling theory for electrical breakdown from macro to micro/nano scale gaps are surveyed with the
consideration of better designing discharge devices. The key impact factors of electrical breakdown, such as
electrode surface morphology, and breakdown characteristics, such as the modified Paschen’s curve, are
interpreted with detailed explanations. The breakdown scaling laws are also illustrated with cases from macro to
micro scale. These results are beneficial for readers who wish to learn the state-of-the-art studies for electrical
breakdown in gas gaps across a wide range of regimes.

2. Electrical breakdown fundamentals

2.1. Townsend theory

Electrical breakdown is a transient process in a gas filled gap when the gas changes from an insulator to a
conductor, and is achieved by multiplication of primary electrons with electron avalanche and cascade
ionization across the gap. Townsend established the theory of electrical breakdown in gases between two plane-
parallel metal electrodes, as shown in figure 1. With an external voltage applied across the gap, the primary
electrons near the cathode will be driven by the electric field, drifting from the cathode to anode and ionizing the
background neutral gas atoms [39, 40]. As the number of electrons grows exponentially, positive ions are
formed, which in turn move toward the cathode and produce secondary electron emission by impacting the
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electrode surface. Townsend proposed three coefficients to describe these processes and combined them to
derive the breakdown criteria.

The first Townsend coefficient « is the probability per unit length of path to ionize neutral gas atoms by
electron impact collision , or equivalently, it is the number of collisions per unit length of path multiplied by the
ionization probability per collision and is given as

o= ep(—Ei/e), 1)
Ae
where ) is the mean free path of electrons, E; is the ionization threshold of the gas, and €, is the energy of the
electron colliding with the gas atom [41, 42]. The mean free path of electrons A, can be estimated by

Ae = kg T /(0;p), where kg is the Boltzmann constant, T'is the gas temperature, ; is the electron impact ionization
cross section, and p is the background gas pressure [42]. Assuming the electron energy gained from the electric field
Ebetween two consecutive collisionsis €. = eEX,, the first Townsend coefficient « is expressed as

a=A-p-exp(~Bp/E), ®)

where A = ¢;/(kgT) and B = o;E; /(¢kg T) are gas dependent constants, and eis the elementary charge [11,
43-45]. Note that here the electron mean free path ). is not distinguished from Ag that is a projection of the
electron free path along the electric field line. Equation (2) is typically applied when )g is smaller than the
electron-neutral ionization path [46]. In case of uniform electric field, the electric field before breakdown is
obtained as E = V /d, where Vis the applied voltage on electrodes and d is the gap distance. Note that this field
estimation is electrostatic and only applies in a pre-breakdown regime when the space charge effect is not
important. If space charge effects are important, and the electron energy is in equilibrium with the local electric
field, the spatial variation of the electric field distribution E(x) should be considered, and the first Townsend
ionization coefficient will also become spatially dependent, i.e., a(x) /p = f [E(x) /p]. Note that the electron
energy may not always synchronize with the electric field if the electric field gradient in space or time domain is
sufficiently high, which is the so-called non-local effect, and more exact discussions can be found in [47, 48].

The second Townsend coefficient 3 describes the ionization caused by the positive ions during the
breakdown, which was proposed in the early 1990s, which later was found to be less important since ion energy is
relatively low and far below the threshold energy to effectively ionize the neutral gas [11, 43]. Therefore,
generally § ~ 0is assumed unless the ions have energies in hundreds to thousands of eV, which is not the case
for low temperature gas discharge conditions. However, ions still have one critical role in sustaining the
breakdown via impacting the cathode electrode and producing secondary electron emission. It is the so-called -y
process, with v = . being the third Townsend coefficient. The effective secondary emission coefficient 7. is
defined as electron emission due to all the impact particles bombarding a surface, including ions, metastable
atoms, energetic electrons, and fast neutrals, i.e., Yse = Nemit /Nincident [49]. Note that even though the
secondary electron emission can be caused by many different incident species, the ion impact secondary electron
emission is generally the dominant one. The metastable induced secondary electron emission is less important
since they are neutral and flowing by diffusion with relatively low energies. However, metastable induced
secondary electron emission may be dominant when the electric field strength between pulses is weak. The
electron induced secondary electron emission may occur under some specific circumstances, such as
multipactor discharges, which is typically for vacuum or ultra-low-pressure breakdown conditions [50-52]. It
can also be important for electron flux incident on drift tube walls, for example in a positive column in a glass
discharge tube.

Theion induced secondary electron emission coefficient value will be larger if the ionization threshold of the
gas is higher or the cathode work function is relatively lower. Generally, for a given gas and a cathode material,
the coefficient ;. depends on the energy of incident ions [53]. When the ions are bombarding the cathode
surface, they are neutralized and give off their energy while some electrons are energized and released from the
surface. For a given relatively large range of ion energy (i.e., 10> ~ 10°eV), as shown in figure 2(a), the secondary
electron emission coefficient first increases as the ion energy increases and reaches the maximum emission
coefficient, which could be much larger than one, corresponding to the most effective energy. When the ion
energy is further increased, the incident ions can penetrate deeper into the surface and only a small portion of the
electrons are emitted, which results in a smaller secondary electron emission coefficient. However, the ion
energy usually cannot be that high in gas discharge conditions. In figure 2(b), the secondary electron emission
coefficient v, with all emission processes is shown as a function of the reduced electric field E/N, i.e.,

Yse = f(E/N), which was theoretically predicted and experimentally confirmed in Refs. [8, 54]. Here,

Yse = Vi + Ym + Ya + Yph> Where ¥i, Ym, Ya» and yph are the emission coefficients correspond to the ions,
metastable atoms, fast atoms, and photons [ 54, 55]. Three regions are mostly determined by the combination of
the working gas and the electrode material. In the high E/N regime, the coefficient increases as the E/N
increases, which is related to the ion energy gained from the electric field in one mean free path. In the low E/N
regime, the emission coefficient increases as E/N decreases. This phenomenon would occur if the electron
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Figure 2. (a) Emission coefficient as a function of ion impact energy; (b) Effective secondary emission coefficient as a function of the
reduced electric field; the coefficient is generally less than one in gas discharge conditions. More detailed information can be found in
[54].

energy gain from the electric field is approximately the excitation E/N level of the gas, which induces more
energetic species impacting on the cathode surface, resulting in a larger effective emission coefficient
[8,55, 56, 155]. The region between the low and high E/N regimes presents a minimum of emission coefficient.
Often, the effective secondary emission coefficient is treated as a constant, independent of E/N, and the effective
secondary electron emission coefficient is generally much less than one, i.e., v;e = 10~ ~ 10" for gas discharge
conditions. Note that here in figure 2(b), it just provides a general trend of the reduced electric field dependent
effective secondary electron yield with all the emission processes (i.e., ¥i, Yms Ya» and Ypn) included, which might
be very much different from the results from binary beam-surface collision experiments [54, 57]. Even though
the effective secondary emission versus E/N is nonmonotonic, the ion-impact secondary emission generally
increases as E/N increases [54]. In argon glow discharges, an apparent secondary electron emission coefficient
versus E/Nis givenas v, = 0.01(E/N)>®, where (E/N), is the reduced electric field at the cathode in the
3kTd < (E/N). < 20kTdrange(1Td = 102! V-m %) [58]. However, an empirical formula of the secondary
electron emission due to the ion bombardment is also often used, i.e., 7,, = 0.016(E;, — 2¢), where E;, is the
ionization energy of the incident ions and ¢ is the work function of the electrode [59, 60]. Determining the
secondary emission coefficient is far from being trivial, and it perhaps the least known data in a gas discharge
since the incident angle, electrode structure, and surface status can significantly impact its value [61-63].
Combining the avalanche processes with the electron number growing exponentially and the secondary
electron emission processes from the cathode, the total discharge current J represented by electrons at the anode
is expressed as

Jo exp(ad) 3)

T=1z relexp(ad)—11°

where ], is the initial current near the cathode surface, which could be contributed by cosmic rays [40, 43]. For a
self-sustaining discharge, the discharge current J will still be non-zero even if the initial current J, vanishes,
which requires the denominator to be zero, leading to the Townsend breakdown criterion as follows:
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Since both v, and a depend on the reduced electric field formulated with an external applied voltage, the
breakdown voltage can be obtained by solving equation (4). Note that if other loss mechanisms of the charged
particles, such as attachment and diffusion loss, and the non-uniformity of the electric field are considered, an
effective or a spatially dependent ionization coefficient a..ir can be employed in the breakdown criteria
equation (4), i.e., Qe (X) = ax)—n(x), where 7 is the coefficient for the loss term and x is the axial position. In
this case, an integrated form is included in equations (3) and (4) and the breakdown criterion becomes

d
f [a(x) — n(o)]dx = ln(l n i). (5)
0 Vse

2.2.Paschen’s law

In 1889 F. Paschen published a paper that introduced Paschen’s law, which essentially states that the breakdown
voltage Vi, between two conductive materials is a function of the product of the gas pressure p and the gap length
d,i.e., Vi, = f(pd) [9]. For simplicity, assuming a uniform electric field across the gap and substituting

equation (2) into (4), the breakdown voltage V}, can be obtained from the Townsend breakdown condition

B Bpd
" In(Apd) — In[In(1 + 1/%)]’

(6)

W

where for a given working gas and cathode material, A, B, and 7, are known [8]. The breakdown voltage as a
function of pdis a ‘V’ shaped curve, called Paschen’s curve, as shown in figure 3. Paschen’s curve predicts very
high breakdown voltage for small pd values, which corresponds to the left branch of the curve at low pressure or
with short gap distance. As pd increases, a minimum breakdown voltage is reached. As pd is further increased, it
enters the right branch of Paschen’s curve, and the breakdown voltage also starts increasing as pd increases. On
the left branch of the Paschen’s curve, the breakdown voltage is usually more sensitive to the pd variation,
showing a steeper slope. It should be mentioned that Paschen’s curve can be measured by either changing the
gap distance and gas pressure separately or dependently. Different parametric methods may result in different
shapes of measured Paschen’s curve even though the range of pd value is the same. Especially, if the measurement
is carried out by changing the interelectrode distance d solely, without scaling the electrode radius r, the electric
field could be altered significantly and no longer uniform when the aspect ratio d/r becomes large. In this case,
the aspect ratio d/r acts as an additional parameter impacting the breakdown voltage and the breakdown scaling
might not be strictly maintained, unless geometrically similar gaps are used.

According to equation (6), the minimum breakdown point is given by [41, 42]

(Vodmin = eXP(”Bj\n“/ De) (7a)
(pdmin = w (7b)

From equations (7a) and (7b), we can have the ratio between the lowest breakdown voltage and the
corresponding pd value
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(E/p)Stoletvo = (Vi =B (8
( P d)min

which is called the Stoletvo point [64]. Note that equation (8) is a convenient way to represent the Stoletov’s
constant B. More generally in discharge physics, the electron should be accelerated in the electric field to gain an
energy Ac = e - E/a between two consecutive ionizations [8]. Combining Ae = e - E/a with equation (2),
one can find that Ae¢ is a function of the reduced electric field E/p. The minimum electron energy gained from
the electric field is Aepy, = exp(1) - eB/Aat E/p = B = (E/P)stoletvo- As mentioned before, Stoletov’s
constant Bis several times the gas neutral ionization threshold Ej, i.e., B = A - E;, indicating an optimal
condition for gas ionizations in the reduced electric field.

The right and left branches of the Paschen’s curve can be explained under extreme conditions. When pd is
large, and the electron mean free path A ~ 1/p and/or the electric field E ~ 1/d for a given applied voltage V
are very small, then the mean electron energy & = eEX ~ V /(pd) gained from the electric field between two
consecutive collisions might be much less than the gas ionization energy threshold. This condition requires a
higher applied voltage with a stronger electric field to ignite the breakdown. On the other hand, if pd is too small,
when electrons travel from the cathode to the anode, the average number of electron-neutral collisions,

Nooltision = d/A ~ pd, would also be very small, which indicates a lower chance of ionizing the gas. In this case,
relatively high breakdown voltages are also required. A higher breakdown voltage is needed for either a very high
or very low pd value, which results in the minimum breakdown voltage between the right and left branches of the
Paschen’s curve.

The pd regime and the lowest point of Paschen’s curve is critical for many practical applications [65, 66].
Taking the fluorescent light bulb or spark plug as examples, their working conditions can be designed to match
Paschen’s curve minima , operating with lower power consumption. Besides that, the pd scaling law can also
predict the length scales of the discharge at different pressure regimes. The scaling predicts that to avoid arc
discharges, low-temperature microplasmas should operate around micrometer scales at atmospheric pressures
[67-69].

It should be further noted that at very low or very high pressures, Paschen’s law might not be valid. At very
low pressures, Paschen’s law predicts infinite breakdown voltage, which is not the case since the field emission
can occur to initiate a breakdown under sufficiently high electric field independent of the gas pressure. At very
high pressures, streamer mechanisms should be employed in the region where the breakdown is not determined
only by pd. For a highly non-uniform electric field, corona discharge with alocalized breakdown should be
considered. Besides that, the effects of the gas temperature and gas flow on Paschen’s curve are also very
important under specific conditions [24]. In this paper, breakdown is discussed with gas temperature below the
threshold for thermal ionization and the effects of the other possible mechanisms, such as flow turbulence,
photoionization and laser induced ionizations, are not within the scope.

2.3. Electrode surface emissions
As discussed before, the discharge can be self-sustained with ion impact secondary electron emissions from the
cathode. However, under certain conditions, other surface emission processes may occur, resulting in significant
impacts on the Paschen’s curve. These processes include thermionic emission, electric field emission, and
combined thermo-field emission.

When a metal is heated, electrons can acquire enough energy to overcome the potential well. The thermionic
emission current density Jt is given by the Richardson-Dushman expression

2 ey
Jr = ART; exp( kBT;), ©)
where Ay is the material-dependent constant, T is the electrode surface temperature, ®,, is the electrode work
function [8]. With an additional external electric field E, the emission will be enhanced with the effective work
function reduced to (D, )er = P,y — +/€°Ey /g, which is the Schottky effect [70].

When an external electric field is applied to a non-heated metal, the electron potential energy profile near the
metal surface becomes triangular and if the electric field is sufficiently high, the electrons can escape from the
metal by tunneling [71]. It is called the field emission process and the emission current density can be given by
the Fowler-Nordheim (FN) formula

(10)

ApnE? Bpn®3/2
Jog = 2 Sexp[— NPy v (y) )

cbw ES

where Apy and Bgy are material dependent constants, E; is the electric field of the cathode surface, v (y) is with
dependence on the external electric field and work function [49, 71]. With the electric field applied on the heated
cathode, both thermionic and field emission would occur and generate thermionic field emission current, which
may not be expressed by simple formulas. In the 1950s, the Murphy-Good expression was developed with
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complex integrations to describe over the thermo-field regime [72]. In the past decade, Jensen et al derived a
more tractable analytical model, i.e., thermal-field-photoemission equation, incorporating the thermionic
emission, field emission, and photoemission in distinct domains [73—75]. Generally, we may expect that at high
temperature and low electric field, the thermionic emission is dominant while at low temperature and strong
electric field, field emission is important. The thermo-field emission should be employed for the transition
regimes in which the contributions from the two sides are comparable [72-75, 156].

Thermionic and electric field emission have a critical impact on the breakdown characteristics. With the
thermionic and electric field emission considered, the total current with the electron impact ionization during
the breakdown process is expressed as

]emit eXP(Oéd)

= , (11)
1 — et [exp(ad)—1]

where the emitted currentis Jon;e = Jo + Jr + Jew and the effective secondary electron emission is defined as
Yoip = Jemit /Jincident [49]. Compared to the ion induced secondary electron emission case, this effective secondary
electron emission is significantly enlarged due to thermionic and field emission, which will greatly decrease the
breakdown voltage, deviating from the prediction of the classical Paschen’s law [76—78].

3. Macroscale electrical breakdown

3.1. Breakdown quantification

The electrical breakdown may not instantly occur when an external voltage is applied across two electrodes in
gases. This could be caused by either a breakdown time delay or an applied electric field below the breakdown
threshold. The breakdown process can develop either abruptly or progressively. Zuber and von Laue proposed a
statistical description for gas breakdown using probability distribution functions [79, 80]. From a statistical
prospective, the electrical breakdown voltage is considered as the maximum voltage at which an electrical system
can operate without any breakdown events, or equivalently, at which the breakdown probability is zero. In [81],
an expression of the breakdown probability Wis given as

W=1- ! : (12)
Yselexp (ad) — 1]

which is consistent with the Townsend breakdown criteria when Wis zero. Equation (12) is definedas W = 0
for y, [exp(ad) — 1] < 1[81].

From the experimental perspective, the most accurate breakdown voltage is the smallest voltage at which
breakdown has ever been detected. The two determinations are naturally consistent. To obtain the onset voltage
corresponding to breakdown in experiments, the applied voltage is usually increased at a certain rate from a
small to a sufficiently high electric field to initiate the electron avalanche and achieve a complete breakdown. It
was previously confirmed that the breakdown voltage is a function of the voltage increase rate, as is shown in
figure 4 [81]. The breakdown voltage is found to be increasing as the rate k increases. The rate of increase of the
applied voltage should be small enough to avoid the overshooting onset of breakdown. The static breakdown
onset can be estimated by extrapolating the experimental data to zero. In figure 4(a), the voltage rise rate k varies
from 10 to 100 V-s~ ! and estimated static breakdown is about 415 V. However, in figure 4(b), it is predicted as
390 V with k ranging from 1to 12 V-s~ . It was concluded that the prediction of the static breakdown voltage is
more precise if the rate of increase of the applied voltage is lower [81, 82]. However, for along discharge tube, the
dependence of the breakdown voltage on the voltage rise rate could be more complicated due to the surface
charge accumulation on the tube wall. In Ref. [83], a nonmonotonic dependence of the breakdown voltage on
the voltage rise rate was experimentally observed in an 80-cm long discharge tube at low pressure, which showed
that the breakdown voltage could be higher when the voltage rise rate is smaller. This phenomenon was
attributed to increased surface charge accumulation with a small voltage rise rate which reduced the potential
difference between the electrode and the wall, requiring a higher applied voltage [83-85].

More recently, Levko et al analyzed the influence of the voltage rise time on Paschen’s curves under pulsed
breakdown conditions [86]. They found that with decreasing voltage rise time, the minima of Paschen’s curves
shifts toward the right-top corner, which is further qualitatively confirmed by the computational results based
on kinetic, fluid and analytical models [86]. The phenomena of modified Paschen’s curves are attributed to the
ion impact secondary electron emission and electron multiplication having insufficient time to develop when
the applied voltage is rising too fast.

Another method for quantifying the breakdown voltage is based on the voltage-current characteristics of a
discharge, which usually shows a transition from Townsend to subnormal and normal glow discharge regimes
[87—89]. This transition characteristic of the voltage-current curve was found in discharges from low and high pd
regimes by experiments, which can be used to quantify the Townsend breakdown voltage and obtain Paschen’s
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curve with both left and right branches [87, 90]. This method was also employed to quantify the breakdown
voltage for macro and submillimeter gaps when the ion impact secondary electron emission is dominant [91]. In
the field emission regime, a smooth transition from a pre-breakdown to a self-sustained condition is observed,
based on which the breakdown voltage can also be estimated [88]. In the field or thermionic emission regimes,
discharge current usually increases exponentially as the gap voltage increases, and the breakdown can also be
recognized by the slope of the voltage-current plot [92, 93]. Note that the breakdown voltage may differ due to
the fluctuations of the discharge conditions, which could be caused by aging effects, memory effects, and
incident pulse shapes [94-97].

3.2. Breakdown similarity laws
Paschen’s law indicates that under a uniform electric field, for various discharge gaps with different values of gas
pressure and gap distance, the breakdown voltage will be the same if the product pd is kept the same. According
to Townsend’s book ‘Electricity in Gases’, Paschen’s law is only one special case of the similarity principles in a gas
discharge, specifically for uniform electric field conditions [11]. However, the breakdown scaling could be
extended to nonuniform conditions according to similarity laws based on the Townsend theory. The extended
similarity laws are usually adopted for the breakdown in geometrically similar gaps, where the linear dimensions
(dy d,, and d,) in every direction are in proportion, i.e., di; = d;/ks, j€[, y, z] with k, being a scaling factor.
Between parallel circular plates, the geometrically similar gaps are defined as d, /d, = r1/r, = ... = k,, where
the parameters (dy, d,, ...) and (1, 15, ... ) are interelectrode gap distance and electrode radius in the compared
gaps. Besides, in the similar gaps the product of the linear dimensions and the gas pressure is kept the same, i.e.,
p1dy = padyand pyry = p,r,, which maintains the reduced electric field the same with the same gap voltage
applied. The Townsend similarity law for gas breakdown is illustrated by Vi, = f (pd) |geometrically-similar-gaps »
without requiring the electric field being uniform, which was verified in our previous works and many others for
awide range of geometric systems [98—105].

For plane-parallel interelectrode gaps, Paschen’s curve is found to be sensitive to the gap geometry, as shown
in figure 5 for parallel circular electrodes [98]. Parameters d, r, and R are the gap distance, the electrode radius,
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and the radius of the discharge chamber housing the electrodes, respectively. The breakdown was measured
under DC voltage and the breakdown voltage was determined by the abrupt drop of the gap voltage. A slow
growth rate of the applied voltage of about 1 V/s was used and the breakdown voltage was measured with
anaccuracy of & 2 V.In figure 5(a), Paschen’s curves are separated and move upwards and to the right with

an increase of d/r, which indicates the breakdown voltage should be described by Vi, = f(p, d) rather than

Vi, = f(pd). It means Paschen’s law may not be valid for the case when the electrode radius does not scale
proportionately with the gap distance. In figure 5(b), the electrode radius and the gap distance scale accordingly
with an equal value of d/r, resulting in overlapping Paschen’s curves. It is concluded that the breakdown voltage
should be given by Vi, = f(pd, d/r), which is equivalent to Vi, = f (pd) |4/ constant- Here d/r = constant is

an expression for defining the geometrically similar gaps with all the dimensions scaled simultaneously,

which further confirms that the expressions V;, = f (Pd) |ge0metrically-similar-gaps and V}, = f (Pd) |d/r:constant are
fundamentally equivalent. For plane-parallel gaps, the static electric field distributions in the axial direction are
primarily determined by the aspect ratio d/r. It is considered that the d/r = constant = 0 corresponds to
nonuniform electric field cases, while d/r = constant — 0 corresponds to uniform electric field cases.
Therefore, it is confirmed that no matter whether the electric field is uniform or not, the breakdown voltage
versus pd will follow the Townsend similarity laws if the gaps are geometrically similar, i.e., Vi, = f(pd). The
physical meaning of the Townsend breakdown similarity laws is clear. For geometrically similar gaps, the
breakdown voltages are the same if p,d; = p,d,, indicating the mean number of collisions of an electron
traveling from the cathode to the anode during an avalanche are the same. With the same applied voltage, the
reduced electric fields at the corresponding position (p1x; = p,x,) in two geometrically similar gaps can be
further proved to be the same, i.e., E1(x1)/p1 = E»(x,)/p», which indicates the mean energy gained by an
electron between two corresponding collisions is the same [ 106, 107]. More generally, under the same applied
voltage, the ionization processes and the charge fluxes towards the electrodes in geometrically similar gaps are
proportional, resulting in the same total discharge current, the same voltage current characteristics, and the
same distribution of surface charges, which is the original definition of similar discharges by Holm [108].

As for alternating current (AC) conditions, Lisovskiy et al measured and analyzed the RF breakdown
voltages with respect to the gap distance and voltage frequency in Ref. [109]. The RF breakdown curves in
nitrogen with various gap distance are not entirely overlapping and only coincide towards the right branch, as
shown in figure 6(a), where U,¢is the RF breakdown voltage, fis the frequency, p is the gas pressure, L is the gap
distance, L/R is the aspect ratio of the gap. In figures 6(b) and (c), the combined parameter fL is kept the same
for the compared gaps, where the gap distances are 23 mm and 11.5 mm and frequencies are 13.56 MHz and
27.12 MHz, respectively. Paschen’s curves overlap in the whole fL range. It was concluded that the breakdown
voltage should be described as U, = f(pL, L/R, fL). They claimed that the impact of L/ R becomes important
and acts as an additional factor for the breakdown in non-geometrically similar gap when L/R > 0.4 ~ 0.5
[105]. The extended breakdown voltage expression U,y = f(pL, L/R, fL) still follows the prediction of Townsend
similarity theory, which includes fL, fR, and f/p as similarity parameters for alternating current discharges, as
introduced in the book by Francis [44].

Note that the parameter f/p is not suitable for description of multipactor discharges, which is independent of
gas pressure, and the invariant fL was suggested, which ensures the electron kinetic energy is the same for similar
discharges [109, 110]; for gas discharges, f/p and fL are equivalent with pL being invariant in compared systems
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PL, respectively. Reproduced with the permission of IOP Publishing from [109].

[109, 111]. Comparing to the clear physical meaning of E/p in gas discharges, f/p or fL is not that straightforward
. According to the previous work, two quantities having the dimension of energy, i.e., = eEA and

& = m(f\)?/2, should be invariant in similar discharges [106]. The former expression is readily satisfied if the
reduced electric field is the same; the latter one reflects the necessity of the frequency scaling, i.e., fA ~ f/p,
which indicates a velocity dimension independent of systems. In gas discharge systems, it can be generally
considered that the invariant fL maintains the same number of collisions within a certain time period while the
invariant pd ensures the same number of collisions per certain distance [112]. More specifically, in RF discharges
the reduced effective electric field E.g /p is usually used and expressed as

Eeff _ Erms X Ven _ Erms . Ven/P

ppr it P JWe/p) + Qaf/p)

where E;ms = Eif/~/2 is the root mean square value of applied RF field E,, 24, is the electron-neutral collision
frequency, and w = 27f is the angular frequency of the RF voltage [ 109]. Equation (13) also indicates that if the
reduced electric field remains the same, the collision frequency should be scaled with gas pressure, which was
widely confirmed in previous studies [44, 106, 109-112]. During the early stage of the breakdown process,
electron-neutral collisions are the dominant ionization mechanism, which is considered as alinear process in
terms of the scaling law. However, as the breakdown develops, the nonlinear ionization processes (e.g., three-
body collisions) could possibly have a negative impact on the validity of scaling laws, especially for steady-state
discharges at high pressure [113-115].

The breakdown scaling was also studied with the non-geometrically similar gaps and Paschen’s law may not
be strictly valid since the electric field may not be uniform [116]. Figure 7 shows the measured Paschen’s curves
with different aspect ratios, which do not superimpose . The gap distance is fixed at 60mm and the relative
position of the breakdown voltage curve as a function of p and pd is the same. The electrode radii are 30 mm,

15 mm, 5 mm, 3 mm, which correspond to aspect ratios d/r of 2, 4, 12, and 20, respectively. As d/r increases, the
non-uniformity of the electric field is generally aggravated. By considering different distributions of electric field,
the intersection behavior of Paschen’s curve in figure 7 was reproduced with the different gap aspect ratios [116].
This result, in turn, confirms the necessity of the requirement of geometrically similar gaps for the application of
Townsend similarity laws when the electric field is not uniform.

(13)

4. Microscale electrical breakdown

4.1. Submillimeter scale breakdown

During recent decades, there has been growing attention to microdischarges or microplasmas, which have a
characteristic length less than one millimeter. According to the pd scaling law, shrinking the electrode distance to
submillimeter regimes is a typical method to generate low-temperature plasma discharges, avoiding long-distance
arc discharges, especially at atmospheric pressure [67, 68]. The breakdown processes for microplasma formation
are of great interest due to their impact on system variability, energy efficiency, stability, and many other aspects. It
is generally considered that in the submillimeter regime, low-temperature plasma formation is still dominated by
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Figure 7. The intersection of Paschen’s curves in argon. Reprinted with the permission of AIP Publishing from [116]. Copyright 2016
AIP Publishing LLC.

secondary electron emission, which can still be interpreted by Townsend theory [91]. With the pd value being high
enough, the breakdown is a streamer process beyond the Townsend regime. Recent advances enable
manufacturing of devices with increasingly complicated surface morphologies on the electrodes to further control
plasma characteristics. One significant concern is the effect of surface roughness on the microgap breakdown since
having an ideal surface finish of electrodes in micro-systems is rather difficult. Besides that, the surfaces roughness
may also be introduced from ‘scratch-and-dig’ during handling and assembly procedures. Therefore, exploring the
effects of electrode surface morphology on the microscale breakdown processes is of critical importance for
optimizing the device voltage hold-off and electrical variability.

The effects of designed surface morphologies on electric breakdown in submillimeter regimes have been
numerically investigated in Refs. [117—120]. It is found that in microgaps, Paschen’s curve can be flattened with
electrode surface protrusions, and in millimeter and centimeter gaps, similar phenomena are observed in the
experiments [121, 122].Breakdown voltages in microgaps were measured based on the voltage-current
characteristics, showing a transition from the Townsend to subnormal glow regime. When single or multiple
micro-protrusions were introduced on the cathode electrode in microgaps, breakdown can be significantly
affected by the breakdown path, electric field distortions (local field enhancement and divergence of field lines)
and effective cathode emission areas [119, 120]. In figure 8, Paschen’s curve obtained with a single surface
protrusion on the cathode (case 3) was compared to the other two curves for plane-parallel electrodes (case 1 and
2), as shown. Cases 1 and 2 are gaps with plane—parallel electrodes and gap distance at 50 ym and 500 pm,
respectively, and define the minimum and the maximum gap distance in case 3 with the presence of a surface
protrusion (450 pm in height and 200 pm in radius) on the cathode. The minima of Paschen’s curve for case 1 is
located at higher-pressure compared to case 2. While in case 3, with a surface protrusion introduced on the
cathode, it results in a combined Paschen’s curve that is generally determined by the left branch of case 1 and the
right branch of case 2, transiting from a long-gap behavior at low pressure to a short gap behavior at high
pressure, and keeping the breakdown voltage roughly constant and relatively low across a wide range of gas
pressure. This combined Paschen’s curve is due to the migration of the major discharge path between the
electrode and protrusion when the gas pressure changes. The breakdown occurs between the anode and the
protrusion tip (path I) at high pressure. The breakdown path automatically moves to the protrusion’s side
surface (path II) when the pressure decreases, and ends at the wider non-protrusion electrode substrate (path
I1I), as shown in figure 8(a). The phenomena can be explained by the mean free path, ), of electron—neutral
collisions which is inversely proportional to the gas pressure. As the pressure decreases, the breakdown tends to
automatically optimize to alonger path proportional to the gas pressure to acquire more collisions, maintaining
the breakdown almost a constant in the flattened regime, as shown in figure 8(b).

The effect of multiple surface protrusions on the cathode is further discussed in Ref. [120]. In this scenario,
the electric shielding effect might be important if the neighboring protrusions are located close to each other.
With a strong shielding effect, the breakdown cannot reach the cathode substrate, i.e., a longer breakdown
path is prohibited while a shorter breakdown path is reinforced, which results in a Paschen’s curve close to
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Figure 9. Paschen’s curve for two cathode materials (GaAs and brass) in a plane-parallel structure. Reprinted with the permission of
APS Publishing from [123]. Copyright 2014 American Physical Society.

that from a plane-parallel case having the shortest distance. If the protrusions are separated relatively far from
each other, Paschen’s curve will be flattened, similar to the tendency of the single protrusion case [117].
Paschen’s curves were also measured in geometrically similar gaps with geometrically similar protrusions and
it was found that the breakdown scaling law is still valid in the Townsend regime when the field emission
doesn’t come into play. The breakdown scaling laws are also verified for semiconductor materials. Reference
[123] shows Paschen’s curve measured for semiconductor (GaAs) and metal (brass) electrodes in nitrogen. In
figure 9, the breakdown voltages for GaAs electrodes are obtained for interelectrode distance d, of 1000 zm and
100 pm. The corresponding Paschen’s curves are overlapping, which indicates the breakdown scaling laws are
also valid for semiconductor materials. In figure 9, the breakdown voltage does not noticeably depend on the
material, which was attributed to that the effective secondary electron emission was determined by an
unspecified contamination layer of the cathode and other emission mechanisms by photons or excited atoms
diffusing to the cathode [54, 124]. The key electrode emission process for this Townsend breakdown is the
secondary electron emission from the cathode. More recently, experimental work by Brayfield et al on the
impact of cathode surface roughness on microscale gas breakdown also considered the aging effect during
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versus the ratio of frequency to gas pressure. Reprinted with the permission of IOP Publishing from [126]. Copyright 2017 Institute of
Physics.

multiple breakdown events [125]. They observed a change in the dominant breakdown mechanism from field
emission to Townsend avalanche to streamer in a single interelectrode gap (d < 10 pm) due to the formation
of craters, which confirmed breakdown can be largely affected by the electrode surface status, especially during
multiple-cycle operations.

Lee et al conducted Particle-in-cell /Monte Carlo collision (PIC/MCC) simulations of the breakdown curve
with respect to an extended frequency scaling [126, 127]. Different from the former work in Ref. [112], in which
Lisovskiy et al chose two different frequencies with varying pressures, Lee et al [126] swept a wide range of
frequencies with two fixed pressures to obtain the extended breakdown scaling laws. However, the similarity law
parameters for this extended Paschen’s law are still the same as f/p and pd mentioned before. Or more
specifically, relations f, /p; = fo/p.and p,d, = p,d, should be maintained for two compared gaps. It can be
observed that in figure 10(a) the breakdown curves versus frequency are separated while in figure 10(b) the
breakdown curves versus frequency divided by gas pressure are overlapping. The ‘Z’ or ‘S’ shaped Paschen’s
curve for RF driven sources should be measured using different parametric methods, which was discussed in
Refs. [112, 128]. In high-pressure RF discharge in microgaps, the general breakdown characteristics are similar
to the low-pressure RF discharge in larger gaps unless the field or thermionic emission appears; the scaling
parameters for high-frequency gas breakdown are still pd, f/p, and d/R [126, 127].

4.2. Micro/nano scale breakdown

In the previous studies, it was confirmed that field emission will generally come into play for breakdown when
the gap distance is less than 10 pm. Field emission is caused by either surface roughness with local field
enhancement, by sufficiently decreased electrode distance, or by plasma sheath electric field enhancement with
space charge effects [129—136]. In Refs. [130—133], Ramilovié¢-Radjenovi¢ and Radjenovi¢ derived a
mathematical model for microgap breakdown by introducing an ion-enhanced field emission coefficient,
similar to the Townsend criteria, which was validated by PIC/MCC simulations. However, this model will
overestimate the breakdown voltage when the breakdown transitions from field emission to ion-impact
secondary electron emission with increasing gap distance. Later in Refs. [134, 135], Go et al derived an improved
mathematical model with the two emission coefficients (field emission coefficient 7, and secondary electron
emission coefficient 7,.) combined, which qualitatively represents the modified Paschen’s curve, transiting from
a field emission to a secondary electron emission regime, as shown in figure 11. The contribution from ion-
enhanced field emission and ion-impact secondary electron emission can be represented by the coefficients and
their ratios. Figure 11(b) shows the contribution from field emission is negligible when the gap distance is larger
than 8 ym, which is consistent with the deviation from the classical Paschen’s curve in figure 11(a). Although the
model shows a fairly good agreement between the PIC simulations and experimental data, there are still some
limitations, e.g. the space charge effect is not included. In Ref. [136], the contributions from three key
mechanisms including electron impact ionization, secondary electron emission, and field emission are
compared by using PIC/MCC simulations. Venkattraman derived a 1D model by using a Taylor expansion
approximation and the space charge effect is incorporated by assuming constant charge density distributed from
the gap center to the electrode [93]. The breakdown scaling was discussed with the consideration of electron
backward scattering with modified ionization coefficient in the field emission regimes. Combining ion
enhanced field emission and Fowler-Nordheim current density, Loveless et al made extensive efforts exploring a
universal scaling law for gas breakdown from microscale to nanoscale [137-139]. By defining dimensionless
variables for the breakdown condition, they obtained the dimensionless breakdown voltage versus the
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Figure 11. (a) Breakdown voltage versus the electrode spacing from 15 m to 1 yum. The experimental data by Slade et alis from Ref.
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normalized gas pressure, which is found to be overlapping for various gases (an average percent difference is
~1.6%), such as argon, nitrogen, neon, and xenon [ 137]. The breakdown condition derived with normalized
variables is considered as a universal equation for dimensionless breakdown voltage without any material
dependence. More recently, Loveless et al have also derived closed form solutions that show scaling with gap
distance when field emission drives gas breakdown at microscale [140].

Experimentally, Peschot et al investigated the deviations from Paschen’s curve at short gap distance d from
100 nm to 10 pm, by using a high precision electrode positioning system [141]. They found the deviation occurs
whend < 4 pm and the plateau of Paschen’s curve close to the field emission regime is confirmed with different
breakdown criterions, i.e., i, > 50nAand i, > 1 pA, as shown in figure 12. Even though the overall shape of
Paschen’s curve is not affected by the criteria used, the breakdown voltage is slightly modified. In their
experiments, they observed two different breakdown behaviors, called ‘direct’ and ‘progressive’ breakdown,
corresponding to the way the discharge current increases either abruptly or progressively. They attributed the
plateau of Paschen’s curve to the fact that the breakdown does not occur along the shortest gap distance with
1 pum < d < 4 pm, as shown in figure 12(b). The breakdown could first occur along the shortest path I and then
transitions to a longer path II, which maintains a roughly constant breakdown voltage, similar to the flattened
Paschen’s curve shown in figure 8(b). When disless than 1 pm, the field emission becomes important due to the
sufficiently high electric field ~10° V m™", due to the electric field enhancement caused by surface roughness or
protrusions, as illustrated in figure 12(c). It should be noted that the breakdown path evolution in the non-field
emission region, such as Townsend breakdown, could be caused by either the gas pressure or surface
perturbations, which has been confirmed both numerically and experimentally [119, 122, 142]. However, the
breakdown path evolution for explaining the plateau of Paschen’s curve close to the field emission regime are not
fully understood yet. It was proposed that the combination of a streamer and a glow discharge could also be a
factor causing the constant breakdown voltage [143].

More recently, Meng et al [ 144, 145] carried out an in-situ electrical-optical diagnostic of dynamic
breakdown process in interelectrode microgaps, as shown in figure 13. They found the breakdown propagated
along the shortest distance between the electrodes with d = 20 ym, 15 pm, and 12 pm, corresponding to
figures 13(a)—(c), respectively. However, the breakdown follows a curved line rather than the shortest straight
line, as shown in figures 13(d)—(f), which was considered as the mechanism for the deviation from the theoretical
prediction of the right branch of the Paschen’s curve. In smaller gaps withd = 3 yum, 2 ym, and 1 gm, no
obvious channels were observed since the discharge is diffuse, as shown in figures 13(g)—(i). They also showed
that the emitted electrons can drift from the cathode to the anode directly since the mean free path and gap
distance are comparable. The Nottingham heating effect could be a significant role for causing very high local
temperatures and metal evaporation, which is also like the illustration in figure 12(c).

Even though the deviation from Paschen’s law was extensively confirmed with metal interelectrode distance
generally less than 10 ym, there are also some cases with non-metal electrodes where Paschen’s law still holds for
very small electrode gaps, as shown in figure 14. This work was carried out with silicon electrodes by Ono et alin
Ref[146] and Chen et alin Ref [147] and was summarized by Go et al in a comprehensive review [148]. No
deviation from Paschen’s curve was observed for gap distances decreasing to 2 pm, which was attributed to the
fact thatsilicon is a very poor field emitter compared to metals. This may explain why higher voltages are
required to achieve breakdown on the left branch in figure 14, since there is insufficient electron emission from
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the cathode process. They also found that p-type silicon requires higher breakdown voltages than n-type silicon
with the same electrode geometries. They attributed this to the fact that n-doping adds electrons to the
conduction band while p-doping does not, leading to p-type having a smaller effective secondary electron
emission coefficient [147, 148].

To extend the breakdown dynamics from DC to time-varying fields in microgaps, Semnani et al studied the
frequency response of atmospheric pressure microgap gas breakdown by using PIC/MCC simulations [149].
Three scenarios with four typical regimes are observed with dependences on the gap distance, gas composition,
and the amplitude and the frequency of the alternative applied field, as shown in figure 15. When the frequency is
sufficiently low, most of the electrons and ions can reach and become lost to the electrode in each half cycle; this
is referred to as the low frequency breakdown regime, with a variation of the breakdown voltage versus
frequency less than 10% up to 5 GHz, as shown in figure 15(a). In this boundary-controlled regime, the
breakdown is governed by the electrode processes, such as field emission and secondary electron emission. As
the frequency increases close to the critical frequency, the breakdown voltage decreases sharply, showing a
transition from the boundary to the diffusion-controlled regime. When the frequency is increased above critical
frequency, i.e., ~ 6 GHz, the breakdown voltage is almost constant, and it is referred as diffusion-controlled
regime, since the primary electron loss mechanism is diffusion. Finally, if the frequency is further increased, the
electrons cannot respond instantly to the fast oscillating field to gain enough energy to ionize the gas, thus a high
amplitude of the applied voltage is required to trigger an avalanche breakdown, which is referred as the inertia
controlled regime. The characteristics of the frequency response can be largely affected by the gap distance, as
shown in figure 15(b). For the cases with gap distance of 0.5 zm and 2 zm, no obvious transition versus
frequency is observed and the breakdown voltage is kept almost constant. This is because the breakdown is
dominated by field emission and the variation of the breakdown voltage with frequency is negligible. The larger
the gap, the more pronounced is the change of the breakdown voltage. For a gap distance of hundreds of
microns, the breakdown voltage scaling with frequency would be similar to the results in figure 10. In the field
emission regime, the breakdown voltage tends to be independent of the frequency; the electron-neutral
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Figure 13. Breakdown morphology in a sphere-sphere gap with gap distance varying from 20 zzm to 1 gzm. (a)—(c) Breakdown
propagating along the shortest path from tip to tip; (d)—(f) breakdown occurs with curve path and roughly constant length
corresponds to the breakdown plateau; (g)—(i) no obvious breakdown channels are observed and the discharges are more diffuse-like.
Reprinted with the permission of AIP Publishing from [144]. Copyright 2018 AIP Publishing LLC.
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interaction is rare, and the electrons become ballistic, even up to atmospheric pressure. The electron emission
current has a strong nonlinear dependence on the electric field. Thus, the classical breakdown scaling for AC
discharges can hardly be obtained in the field emission regime.

As mentioned before, cold field emission could be the dominant electron source when the electric field is
sufficiently high. However, thermionic emission can also become important if the cathode is heated to a high
temperature. The classical thermal emission can be described by the Richardson-Dushman equation, without
Schottky effect by the electric field [8, 150, 151]. The Schottky model should be used when an external voltage is
applied across the gap. Improved emission models, such as field enhanced thermionic emission which
incorporates the thermionic emission with Schottky effect and thermo-field emission which includes both
thermionic and field emissions, were developed [8, 49]. Haase and Go incorporated two emission models, i.e.,
the Schottky emission model and the thermo-field emission model, to evaluate the impact of thermal emission
on the breakdown and discharge properties at microscale dimensions [152]. Note that the Schottky emission
model assumes modest electric field, thus it is also called the low-field’ Schottky emission model. If the electric
field is sufficiently high (> ~ 5 x 10° V. m™"), the Schottky equation will underestimate the emission current.
In this scenario, the complete Murphy-Good expression with multiple elliptic integrals should be employed,
which is generally valid over the thermo-field regime [ 150—152]. For a faster computation , Haase and Go
employed an approximate form developed by Hantzsche instead of the complete Murphy-Good expression
[152, 153]. By comparing the emission models, they found the critical electric field value of ~ 5 x 10°Vm™},
below which the Schottky expression is more accurate and above which Hantzsche’s approximation is more
accurate. The effect of the temperature on the breakdown curve, i.e., breakdown voltage as a function of Nd (gas
number density x gap distance), is shown in figure 16. Atlower cathode temperature (1000 °C), the breakdown
curve first follows Paschen’s curve at larger gaps and then falls below Paschen’s curve at smaller gaps since the
electric field becomes higher and causes larger emission. In the large gap regime, the thermionic emission at
1000 °C does not have a significant impact since the breakdown curve is overlapping with the prediction of
Paschen’s law. In the short-gap regime, the breakdown voltage decreases as expected from the modified
Paschen’s curve with field emission incorporated. At higher cathode temperature (1750 °C), the breakdown
curve is completely below Paschen’s curve, showing an increased deviation. In the large gap regime, besides the
secondary electron emission, the thermionic emission becomes considerable and lowers the breakdown voltage.
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In the short gap regime, the thermal emission is more sensitive to the space charge effect at higher temperatures,
thus the total emission becomes more effective. The two effects work together to shift the breakdown curve
further below, as shown in figure 16(a). In figure 16(b), the effect of the thermal emission could be evaluated
more clearly by setting the secondary electron emission to zero, i.e., Ve = 0. The breakdown curve
corresponding to 1750 °C is almost the same, which indicates the thermal emission alone produces the
breakdown behaviors and the contribution from the secondary electron emission is not important in this
regime. Also, note that in figures 16 (a) and (b) for the 1000 °C case, the breakdown curve is roughly the same
with and without secondary electron emission before the intersection with the classical Paschen’s curve. After
that intersection, a much higher breakdown voltage is required since the secondary electron emission is
removed, and thermionic emission is not significant at 1000 °C.

Venkattraman proposed a generalized criterion based on the Townsend theory by considering thermionic
and field emission simultaneously and used it to predict breakdown characteristics versus gap distance and
cathode temperature in a 2D plot [154]. As shown in figure 17, the breakdown voltage was found to be a non-
monotonic function of both cathode temperature and gap size. From the horizontal axis, the contour line is
parallel to the temperature axis for very small gaps, which indicates the field emission is the dominant
mechanism and the breakdown voltage is not affected significantly even though the cathode temperature varies
in a wide range. From the perspective of the vertical axis, the contour line is parallel to the gap axis at high
temperatures, which indicates the thermionic emission is dominant and the breakdown voltage is almost
independent of gap size. A contour peak region appears in regimes where the contributions from the field
emission and thermionic emission are comparable. The proposed model in Ref[154] is a theoretical extension of
classical breakdown. It will recover the Townsend breakdown criterion if the thermionic and field emission
mechanisms are absent. It provides a constructive and useful framework with a first step analysis for electric field
driven or thermo-field driven microdischarges.

5. Concluding remarks

The fundamental theory and research progress made in the past on the electrical breakdown are comprehensively
reviewed from macro to micro/nano scales. The main mechanisms for the breakdown processes are avalanche
ionization and cathode emission, including secondary electron emission, thermionic emission, and field emission,
which work together to impact the breakdown characteristics. The electrode surface morphology and gap
geometry, which resultin local field enhancements, electric shielding effect, as well as the non-uniformity of
electric field distribution across the gap, are found to be of critical importance on the breakdown characteristics in
both macro and microscale regimes, such as leading to the flattened Paschen’s curve. Extensive efforts were made
for the breakdown mode transition from the Townsend to thermionic or field emission regime, which will inspire
further development of microplasma devices driven by field or thermionic emissions. These devices show
promising applications in microchips, sensors, and analytical chemistry, which are designed and enhanced to be
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for atmospheric pressure argon microdischarge. Reprinted with the permission of AIP Publishing from [154]. Copyright 2014 AIP
Publishing LLC.

robust, reliable, and highly energy efficient. Their operation and tuning strategies could benefit from further
breakdown investigations, which intrinsically provide the parameter sensitivities, system variabilities, and
operating stabilities. With the development of microelectronics, scaling devices to smaller dimensions is a general
trend, which is expected to further establish scaling laws both for the discharge breakdown and steady-state
operation across a wide range of scales. The scaling characteristics will aid in applying the designation and
optimization methods for the emerging plasma devices at various temporal and spatial scales. As for the plasma
devices driven by DC, AC, and pulsed sources, controlling the operating modes and transition dynamics effectively
is still challenging, and experimental optimizations, combined with numerical and theoretical efforts, provide new
opportunities for more discoveries and practical applications.
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