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Abstract— This paper summarizes our recent studies on a
gas breakdown in microgaps with a surface protrusion on the
electrode with more detailed information. The breakdown volt-
ages are quantified when the discharge enters into the subnormal
glow region with negative differential resistance, using a 2-D
fluid model. The breakdown characteristics are evaluated with
the effects of the protrusion geometries, such as protrusion size
and aspect ratio, as well as the discharge polarity. It is found that
in an atmospheric-pressure microgap, the protrusion size has a
more profound effect on the breakdown voltage than its aspect
ratio, which is due to the competition between the current density
enhancement and the effective cathode emission area. As gas
pressure varies, the surface protrusion on the electrode results
in a combined Paschen’s curve, which transits from long-gap
behavior at low pressure to short-gap behavior at high pressure.
The key parameters on the breakdown characteristics with the
surface protrusion are elucidated.

Index Terms— Discharge polarity, gas breakdown, microdis-
charge, Paschen’s curve, surface protrusion, Townsend discharge.

I. INTRODUCTION

M ICRODISCHARGES with characteristic lengths of less
than 1 mm become more attractive in recent years due

to their numerous application potentials, including ion sources,
microchip devices, and microswitches [1]–[5]. As is well
known, Paschen’s law was derived to describe the breakdown
voltage as a function of a combined parameter pd (gas pressure
p × gap distance d) in macrogaps under uniform electric field,
which is an effective way to analyze the electrical proper-
ties and help to design device parameters for gas-insulated
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circuit breakers [6]–[11]. Similarly, the breakdown character-
istics in microgaps have received growing interests as they
are fundamental in understanding microdischarges in focused
regimes. Nowadays, with the rise of 3-D printing capabilities,
fabrication technologies enable manufacturing of increasingly
complicated geometries, rather than planar ones, in plasma
devices down to microscales [12], [13]. Previous studies indi-
cate that the surface structure of the microgap, especially
with the presence of the surface protrusion or surface rough-
ness, could have a significant impact on the breakdown
characteristics [14]–[16] and plasma sheath properties [17].
On the other hand, finishing the electrode surfaces would
maximize voltage hold off. However, controlling the surface
finish of the microgap electrode is difficult in microsystems.
Even if the finish can be achieved during fabrication, surface
roughening may still be introduced from “scratch and dig”
during handling and assembly or from sputtering, microarcs,
and deposition, where surface features are created. Under these
situations, gas breakdown characteristics will be more complex
and the effect of the microstructure on the electrode surface
should be investigated.

Recently, Meng et al. [18], [19] conducted in situ optical
observation of dynamic breakdown across microgaps (from
1 to 20 μm) and showed the transition between gas breakdown
mechanisms and the morphology of the discharge path. As for
the microdischarge breakdowns, taking the dc discharge, for
example, recent studies indicate that it can be ignited with
different cathode emission mechanisms, such as ion-impact
secondary electron emission or field emission. Previous studies
distinguished that the discharge is maintained by secondary
electron emission when the gap distance is less than ∼10 μm,
while the dominant process becomes electron field emission
when the gap is less than a few micrometers [20]–[22]. More
exactly, the field emission comes into play when the local elec-
tric field near the cathode is on the order of 109 V/m [2], [23].
For a discharge with hundreds of microns gap length, the elec-
tric field is usually two orders of magnitudes lower and
the discharge is sustained by ion-impact secondary electron
emission at the cathode. With the presence of the surface
protrusion on the electrode, the electric field can be enhanced
on the protrusion tip and the local electric field enhancement
factor β could be larger than 102, depending on the protrusion
irregularity [24]. This could result in the breakdown mode
transition from the secondary electron emission to the field
emission [21]. However, with a regular protrusion or a smooth
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Fig. 1. Schematic of the discharge model. A dc voltage source applied to a
microgap with a hemiellipsoidal protrusion on the cathode surface through a
ballast resistor.

tip protrusion, i.e., hemiellipsoidal or hemispherical protru-
sions, the electric field enhancement might be less significant,
which will not necessarily lead to the field emission [15]. Even
though the transition from secondary electron emission to the
field emission may not happen, an introduced protrusion can
still change the flux of the charged particles in this regime
that might also have a significant impact on the breakdown
characteristics in the microgap [25].

Fu et al. [15], [25] investigated the impacts of the electrode
surface protrusion on breakdown characteristics in microgaps.
This paper gives a more detailed and complete study of the
parameter dependence. More specifically, the field enhance-
ment across the gap and the cathode current distribution
characteristics are presented to confirm the dominant impact
parameters. The breakdown voltage is quantified based on
voltage–current characteristics using a 2-D fluid model. The
geometry of the surface protrusion is assumed to be hemiel-
lipsoidal and hemispherical. By adjusting the protrusion para-
meters, the effects of the protrusion size, protrusion aspect
ratio, and the discharge polarity on the breakdown properties
are studied. By sweeping the gas pressure in a focused range,
Paschen’s curves in microgaps with a surface protrusion on
the electrodes are also obtained.

In Section II, the model description including the schematic
of the microgap, mathematical equation, and boundary con-
dition is given. In Section III, the results on the effect of
the protrusion geometry, Paschen’s curve, and the effect of
the discharge polarity are presented. Finally, the conclusion is
given in Section IV.

II. MODEL DESCRIPTION

A. Schematic of the Microgap

The schematic of the microgap is shown in Fig. 1. A dc volt-
age Udc is applied to the anode through a ballast resistor
Rb = 100 k�, while the cathode is grounded. Idis is the
discharge current. The microgap consists of two plane–parallel
circular electrodes with a single hemiellipsoidal protrusion on
the cathode. The geometry of the protrusion is characterized
by the protrusion height a and the radius b, and the protrusion
will be hemispherical if a = b. The electrode protrusion results
in the minimum distance dmin from the protrusion tip to the
opposite anode. The maximum gap distance dmax is between

the flat surface of the cathode and the anode. The coordinates
are in the rz plane, and R is the electrode radius. Argon gas at
room temperature 300 K (0.026 eV) is chosen as the working
gas. The gap distance ranges from 50 to 500 μm, and the
protrusion height ranges from 25 to 450 μm.

In the cases studied, the gap voltage is no larger than 200 V.
With the gap distance ranging from 50 to 500 μm and the
field enhancement less than 10 [see Fig. 7(b)], the maximum
electric field is on the order of 107 V/m while the space charge
is not important. Therefore, field emission can be ignored
since the maximum effective electric field is much smaller
than the field emission threshold (109 V/m) [2], [20]–[22].
The discharge in this regime is still dominated by ion-impact
secondary electron emission at the cathode. By adjusting the
parameters including dmin, dmax, a, b, and R, the effects of
the protrusion height, protrusion radius, as well as the aspect
ratios can be investigated, respectively.

B. Mathematical Equation

The fluid model has been widely used and conducted suc-
cessfully in high-pressure discharges where the drift–diffusion
approximation is valid [26]. The mathematical equations of the
fluid model include the species continuity equation, electron
energy conservation equation, and Poisson’s equation, which
are solved self-consistently [27]–[30].

For each species j in the discharge, the time evolution of
density is described by the continuity equation

∂n j

∂ t
+ ∇ · �� j = S j (1)

where n j , �� j , and Sj are the density, the flux, and the
source term of species j , respectively. The species j could
be electrons, ions, or excited atoms. The flux �� j is given as

�� j = sgn(q j )n j μ j �E − D j ∇n j (2)

where q j is the charge of species j , �E is the electric field, μ j is
the mobility, and D j is the diffusion coefficient for the species
j . sgn(q j ) is +1, −1, or 0 for positive ion, electron, or neutral
species, respectively. The general form of the source term Sj is
expressed as

S j =
N∑

k

∑

i

kiknk (3)

where kik is the i th reaction rate coefficient with the
kth species, and N is the number of species related to the
i th reaction.

The electron energy transport equation is usually expressed
with the quasi-thermal equilibrium model [31]

∂nε

∂ t
+ ∇ ·

(
−5

3
μe �Enε − 5

3
De∇nε

)
= Sε (4)

where nε is the electron energy density. The source term for
electron energy is given as

Sε = −qe ��e · �E −
∑

k

∑

i

�εi kiknk (5)

where �εi is the energy loss in the i th reaction.
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The Poisson’s equation is given as

∇2φ = − 1

ε0εr

∑

j

q j n j and �E = −∇φ (6)

where φ is the electric potential, ε0 is the vacuum permittivity,
and εr is the relative permittivity of the working gas.

C. Boundary Condition

The equations were solved in a cylindrical domain (r and z).
The symmetry conditions were assumed at the axis (r = 0)

�� j · �n = 0, ��ε · �n = 0, �E · �n = 0 (7)

where �n is the normal unit vector pointing toward the wall.
The boundary condition for the ions at an absorbing electrode
wall is

��i · �n = 1

2
v i

thni + δiμi �E · �nni (8)

where v i
th is the thermal velocity of the ions and δi is set to 1 if

the electric field is directed toward the wall, or 0 otherwise. For
the electrons and electron energy flux, the boundary conditions
are given as [32]

��e · �n = 1

2
ve

thne − δeγ ��i · �n (9)

��ε · �n = 5

6
ve

thnε − δeε̃eγ ��i · �n (10)

where ve
th is the electron thermal velocity and δe = 1 if

��e · �n > 0, or δe = 0 otherwise, ε̃e is the mean energy
of the emitted electrons, and γ is the secondary electron
emission coefficient, which is 0.1 at the cathode and 0 at other
walls [33], [34].

At the side wall boundary (r = R), the following conditions
are specified:

�E · �n = σs/ε0 (11)
dσs

dt
= qe(��i − ��e) · �n (12)

where σs is the surface charge density. The boundary con-
ditions for the potential φ at the anode and the cathode are
φ(r, 0) = 0 and φ(r, dmax) = Udc − Idis · Rb, respectively.
Although a more accurate description of the discharge may
require kinetic treatment of electrons, the fluid model can
still capture the transition from the Townsend regime to glow
discharge regime, which can be employed to understand the
qualitative trends of the breakdown curves with the perturba-
tion of the protrusion geometry [35], [36].

III. RESULTS AND DISCUSSION

The breakdown voltage was quantified according to the
obtained voltage–current characteristic curves, which include
Geiger–Müller regime, Townsend discharge regime, and sub-
normal glow discharge regime. Note that unlike the slow
glow breakdowns or the fast streamer breakdowns in other
situations, the breakdown, here, is quantified at the transition
between the Townsend regime and the subnormal glow regime.

Fig. 2. Voltage–current characteristics for a microgap with a = b = 100 μm,
R = 500 μm, and dmax = 500 μm at atmospheric pressure. Reproduced
from [15], with the permission of AIP Publishing.

By gradually increasing the applied voltage Udc in small
steps in a sequence of simulations, the voltage–current charac-
teristics can be obtained. Fig. 2 shows a typical voltage–current
curve with a surface protrusion on the cathode and different
discharge regimes are delimited by current intervals. It can be
seen that the curve is relatively flat in Townsend regime while
the applied voltage Udc and the gap voltage Ugap departure
from each other in the subnormal glow regime. The critical
point of the gas breakdown is quantified when the discharge
enters the subnormal glow regime with a negative differential
resistance, as shown in Fig. 2. The breakdown voltage is
defined as the maximum gap voltage when the discharge
transits from the Townsend regime to the subnormal glow
regime [37], [38]. Without defining a threshold of the magni-
tude of the breakdown current, the breakdown voltage can be
identified with a very small uncertainty (less than 0.5 V).

A. Effect of the Protrusion Geometry

As is known, the geometry of the microgap and the surface
protrusion can both have an impact on the breakdown voltage.
We first assume a relatively small protrusion (a ≤ 100 μm)
on the cathode and set dmax = R = 500 μm at atmospheric
pressure, focusing on the effect of the protrusion geometry.
By changing the protrusion geometry parameters a and b,
the effects of the protrusion height and its aspect ratio are
studied, as shown in Fig. 3.

Fig. 3(a) presents the comparison of the effects of protrusion
size and aspect ratio on the breakdown voltage. Increasing
the aspect ratio a/b from 0.5 to 2.0 with a = 100 μm,
the breakdown voltage shows little changes, less than 3 V.
Keeping the aspect ratio fixed at 1, i.e., a = b, as the size
of the protrusion increases, the breakdown voltage decreases
significantly from 220 to 197 V. The breakdown voltage is
more sensitive to the protrusion size than the aspect ratio.
In this atmospheric-pressure regime, the breakdown regime is
on the right branch of Paschen’s curve and the breakdown
behavior is mainly determined by the effective gap distance
(the shortest distance dmin). When the protrusion size is
increased, dmin becomes smaller and then the breakdown
will be achieved easier, which results in the decrease in the
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Fig. 3. Effect of the protrusion geometry on breakdown voltages in microgap
at atmospheric pressure. (a) Comparing the effects of the protrusion size and
aspect ratio. (b) Breakdown voltage versus the aspect ratio with protrusion
height fixed at different values. Reproduced from [15], with the permission
of AIP Publishing.

breakdown voltage. On the other hand, increasing the aspect
ratio, though it enhances the electric field, the enhancement
factor is not sufficiently high. Therefore, the decrease in the
breakdown voltage is small.

If the protrusion aspect ratio varies in a wider range
(a/b ranges from 0 to 4) with the protrusion height fixed at
50, 75, and 100 μm, respectively, the breakdown voltage as
a function of a/b shows a minimum, as shown in Fig. 3(b).
This behavior is very different from the expectation that the
breakdown voltage will decrease if the protrusion becomes
sharper. In the following, the cathode current emission is
presented to explain this phenomenon.

Take the case a = b = 100 μm (corresponds to Fig. 2), for
example, the characteristics of the cathode current emission
is shown in Fig. 4. Fig. 4(a) shows the ratio between the
maximum current density Jmax and the average current density
Jav versus the applied voltage Udc. It is observed that as the
applied voltage increases, the current ratio Jmax/Jav reaches a
turning point. Correspondingly, the breakdown voltage, here,
is recognized at 198 V, which is the same as the one identified
from the voltage–current curves in Fig. 2. Fig. 4(b) shows the
normalized current density distributions in the radial direction
with applied voltage at 195 V (before breakdown) and 205 V
(after breakdown), respectively. For both cases, the current
density distribution is distorted and becomes nonmonotonic
in the radial direction due to the surface protrusion. The
current density drops to zero at the corner between the
(perfectly conducting) protrusion and the substrate, which
is very different from the plane–parallel cases [33].

Fig. 4. (a) Ratio between the maximum current density Jmax and the average
current density Jav versus the applied voltage Udc. (b) Normalized current
density distributions in the radial direction with applied voltage at 195 and
205 V, respectively. In the simulation, a = b = 100 μm, R = 500 μm, and
dmax = 500 μm.

The maximum current density is on the protrusion tip which
is much larger (orders higher) than the current density on the
substrate, which is almost ignorable. The general effect of the
protrusion is increasing the current density on the tip whereas
decreasing the effective emission area. Therefore, a sharper
protrusion will not necessarily increase the total cathode
emission current or result in a lower breakdown voltage, since
the current density enhancement competes with the effective
emission area under different conditions. With the protrusion
height fixed, when the protrusion aspect ratio is small (flat
protrusion), increasing a/b can increase the current density
enhancement, which lowers the breakdown voltage; however,
when the aspect ratio is large (sharp protrusion), increasing
a/b can decrease the effective emission area, which requires
a high voltage to increase the ionization frequency to ignite
the breakdown. This explains the lowest breakdown point
in Fig. 3(b) and confirms the effect of the surface protrusion
geometry on the breakdown voltage is not monotonic.

B. Paschen’s Curve

In order to show the effect of the surface protrusion on
Paschen’s curve, three cases with and without surface protru-
sion are considered, as shown in Fig. 5(a). Cases 1 and 2
are the plane–parallel electrodes with a gap distance at
50 and 500 μm, which span the minimum and the maximum
gap distance in case 3 with the presence of a surface protrusion
(a = 450 μm and b = 200 μm) on the cathode. The microgap
radius R is set at 1000 μm to exclude the effect of the side
wall. Fig. 5(b) shows the obtained Paschen’s curve for all
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Fig. 5. (a) Cases 1 and 2: plane–parallel electrode with a gap distance at
50 μm (short gap) and 500 μm (long gap), respectively; case 3: plane–parallel
microgap with a hemiellipsoidal protrusion (a = 450 μm and b = 200 μm)
on the cathode. (b) Calculated Paschen’s curve with R = 1000 μm, data
from [25].

cases. It can be seen that in the shorter gap (case 1) Paschen’s
curve stays in a high-pressure regime, whereas in the longer
gap (case 2) it is located in a low-pressure regime. In case 3,
the cathode surface protrusion results in a combined Paschen’s
curve, which transits from long-gap behavior at low pressure
to short-gap behavior at high pressure, keeping the breakdown
voltage relatively low in a wide range of gas pressure.

This is due to the migration of the major discharge path
inside the gap as the gas pressure varies. As is shown
in Fig. 5(a) for case 3, at high pressures, the breakdown
occurs along the shortest path which is between the protrusion
tip and the opposite electrode. As the pressure decreases,
the mean free path λ of electron–neutral collision becomes
larger and the breakdown tends to automatically optimize
its path which is proportional to λ. In such a way, as the
pressure decreases, the discharge path automatically moves
from the top of the protrusion (path I) to its side surface
(path II) and then to the cathode substrate (path III). The
simulation results of the discharge path migration can be found
in [25]. Therefore, at high pressures, the breakdown property
is mainly determined by the shortest gap distance dmin, while
at low pressures it is mainly determined by the longest
gap distance dmax. As for the combined Paschen’s curve,
the corresponding right branch (at high pressure) is close to the
50-μm plane–parallel gap (case 1), and the corresponding left
branch is similar to the 500-μm plane–parallel gap (case 2).
The most interesting phenomena are that the surface protrusion
makes Paschen’s curve flattened and results in relatively low
breakdown voltages across a wide pressure range.

Fig. 6 shows the effect of the protrusion radius on Paschen’s
curve with dmin = 50 μm and the impact factors on the
breakdowns. Increasing the protrusion radius only show impact
on the left branch Paschen’s curve whereas less impact on the
right branch, as shown in Fig. 6(a). This phenomenon can be
explained based on two impact factors: the vacuum electric
field enhancement, as shown in Fig. 6(b), and the effective
cathode emission areas, as shown in Fig. 6(c). As for the right
branch, the breakdown occurs along the path I [see case 3
in Fig. 5(a)] and the breakdown voltage is mainly determined
by dmin, which is fixed. On the other hand, the maximum
electric field enhancement from the protrusion tip to the anode

Fig. 6. (a) Effect of the cathode protrusion radius on Paschen’s curve.
(b) Vacuum electric field enhancement from the cathode protrusion tip
(z = 450 μm) to the opposite anode (z = 500 μm) with different protrusion
radii. (c) Normalized cathode current distribution with different protrusion
radii at 10 torr.

is less than 1.5, which is not severe here. Note that Eav1
is defined as Eav1 = U /dmin since the discharge is mainly
affected by the electric field strength in the tip region. The
electric field is quite uniform along the axis and the electric
field difference has little impact. Therefore, the breakdown
voltage difference caused by different protrusion radii is less
distinguishable on the right branch.

As for the left branch, the breakdown chooses longer paths
(paths II or III) and the breakdown is largely influenced
by the effective cathode current emission area. As is shown
in Fig. 6(c), for the case (10 torr) on the left branch,
the current density peak location shifts from the protrusion
tip [see Fig. 4(b) at atmospheric pressure] to the side of the
protrusion or the cathode substrate at low pressures. It is
observed that the larger the protrusion radius is, the smaller
is the effective cathode emission area, which results in higher
breakdown voltages on the left branch of Paschen’s curve.
Note that even though a cathode protrusion with a larger radius
could result in lower breakdown voltages at high pressures



2016 IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 47, NO. 5, MAY 2019

Fig. 7. (a) Effect of the cathode protrusion height on Paschen’s curve.
(b) Vacuum electric field enhancement from the cathode protrusion tip to the
opposite anode with a fixed aspect ratio.

[see Fig. 3(b)], to obtain a flattened breakdown curve,
a broader protrusion is not desirable at low pressures when
the effective cathode emission area has a strong effect on the
breakdown processes.

The effect of the protrusion height on Paschen’s curve is
shown in Fig. 7(a) with the aspect ratio fixed at a/b = 2. The
protrusion height has a significant impact on the right branch
of Paschen’s curve but less impact on the left branch. This is
also consistent with our previous analysis. On the right branch
(at high pressure), the breakdown voltage is dominated by the
shortest gap distance dmin (dmin = dmax − a). The larger the
protrusion height is, the smaller is dmin, which leads to lower
breakdown voltages. The vacuum electric field enhancements
are also shown in Fig. 7(b) and to avoid the complication
caused by the changing dmin, Eav2 is defined as Eav2 = U /dmax
for comparison. Since the aspect ratio of the protrusion is
fixed, the field enhancement is roughly the same when the
protrusion height is small, where it is further enhanced when
the protrusion tip approaches the facing electrode. Comparing
the shortest gap distance, the difference in the field enhance-
ment is less important here. It is worth noting that even though
the field enhancements are not exactly the same, their impacts
on the breakdown tendency are consistent, i.e., a larger field
enhancement leads to a lower breakdown voltage.

C. Effect of the Discharge Polarity

In order to show the effect of the surface protrusion with
different discharge polarities, the aspect ratio is set to a/b = 2.

Fig. 8. Vacuum electric field enhancement with the presence of the surface
protrusion with different sizes on the cathode (z = 0 μm) and the anode
surface (z = 500 μm). The aspect ratio of the protrusions is fixed at a/b = 2.

Fig. 9. Effect of discharge polarity on Paschen’s curve, data from [25].
(a) Protrusion parameter: a = 100 μm and b = 50 μm. (b) Protrusion
parameter: a = 200 μm and b = 100 μm.

In such a way, the protrusion height can be increased with
maintaining the field enhancement roughly the same.

Fig. 8 shows the vacuum electric field enhancement in the
axial direction with the surface protrusion on the anode and the
cathode and for two different heights. The maximum electric
fields near the protrusion tip are almost the same, approximat-
ing to six times the averaged electric field. However, the field
enhancements are opposite at the cathode and the anode when
the protrusion polarity is different. That is to say, the electric
field is enhanced at the anode with an anode protrusion while
it is enhanced near the cathode with a cathode protrusion.
Therefore, the effect of the discharge polarity could be mainly
caused by different profiles of the electric field, which might
change the ion flux and the cathode emission processes.

Fig. 9 shows the obtained Paschen’s curve with a surface
protrusion on the anode and the cathode. In Fig. 9(a), the pro-
trusion sizes are a = 100 μm and b = 50 μm, and in Fig. 9(b),
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Fig. 10. Illustration of the effect of surface protrusions on the gas breakdown.
(a) Summary of the key parameters: dmin1 and dmin2 are the shortest gap
distances, dmax1 and dmax2 are the longest gap distances, Een1 and Een2 are
the electric field enhancements, and Sflux1 and Sflux2 are the effective cathode
emission areas [25]. (b) Key factors listed for different situations. Note that
the diverging and the converging E-fields are with respect to the cathode
surface area where breakdown occurs.

the protrusion sizes are a = 200 μm and b = 100 μm. It can
be seen that the effect of the protrusion height on Paschen’s
curve is more distinguishable on its right branch and almost
negligible on its left branch. Similarly, this phenomenon can be
explained as earlier, but the difference of the cathode electric
field enhancement has to be considered.

As it was aforementioned, at high pressure (on the right
branch), the discharge usually undergoes a short path and
mainly occurs between the protrusion tip and the opposite
electrode. With a cathode protrusion, the electric field is
enhanced near the cathode and then local ionization and
the ion-impact flux will be more efficient, which results in
lower breakdown voltages than that with the anode protrusion.
On the other hand, at high pressures, the discharge occurs
in the center of the electrodes, where the electric field lines
[see Fig. 10(a)] toward the cathode center are converging
with a cathode protrusion, while are diverging with an anode
protrusion. This also indicates that the breakdown voltage with
a cathode protrusion will be lower than that with an anode
protrusion. On the left branch (at low pressure), the breakdown
behaviors are mainly determined by the longest gap distance
dmax, which is fixed at 500 μm for all the cases in Fig. 9. Thus,
the breakdown curves overlap on the left branch of Paschen’s
curve.

Fig. 10 shows the key factors impacting on the breakdown
characteristics with the surface protrusion on the cathode and
the anode. For a given microgap with different polarities,

the key parameters include the shortest gap distance (dmin1 and
dmin2), the longest gap distance (dmax1 and dmax2), the electric
field enhancement (Een1 and Een2), and the effective cath-
ode emission areas (Sflux1 and Sflux2), which are illustrated
in Fig. 10(a). Which parameters come into play depends
on the gas pressure and the discharge polarity, as is shown
in Fig. 10(b). At high pressures, dmin1 and dmin2 are the
key parameters for the breakdown. Een1 and Een2 should
be considered correspondingly when the polarity is changed.
At low pressures, dmax1 and dmax2 are the key parameters for
the breakdown. Sflux1 and Sflux2 should be also considered
when the polarity is changed. Generally, when the geometry
sizes are the same (dmin1 = dmin2 and dmax1 = dmax2), due
to different polarities (Een1 > Een2 and Sflux1 < Sflux2),
a larger field enhancement near the cathode or a larger
effective cathode emission area will lead to lower breakdown
voltages. In addition, the convergence and the divergence of
the electric field also have an impact on the charge fluxes
and the breakdown voltages, shown in Fig. 10(a). For the gas
breakdown at high pressures, the converging electric field lines
with a cathode protrusion will results in a lower breakdown
voltage compared to that with an anode protrusion having
the diverging field lines. Note that this impact tendency on
the breakdown voltage is consistent with the electric field
enhancement.

IV. CONCLUSION

The gas breakdown characteristics in microgaps with a
surface protrusion on the electrode are quantified using the 2-D
fluid model. More detailed discussion of the field enhancement
and the cathode current distributions affected by the protrusion
geometries is provided, which gives a more complete study
of the parameter dependence. The effects of the protrusion
geometry parameters, such as protrusion size and its aspect
ratio, are investigated. It is found that the breakdown voltage
is more sensitive to the protrusion size than its aspect ratio, and
the impact of the aspect ratio on the breakdown voltage is non-
monotonic, depending on the competition between the current
density enhancement and the effective cathode emission area.
The surface protrusion on the electrode results in a combined
Paschen’s curve, which shows the breakdown transition from
long-gap behavior at low pressure to short-gap behavior at
high pressure, keeping the breakdown voltage relatively low
in a wide range of gas pressure. The key parameters for the
impact of the surface protrusion on the shape of Paschen’s
curve are elucidated. This paper provides insights into the
design of microgaps with controlled breakdown voltage by
shaping the electrode with engineered morphology.
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