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ABSTRACT

Gas breakdown is typically driven by Townsend avalanche and predicted mathematically by Paschen’s law (PL). Gas breakdown deviates from
PL at microscale due to field emission, which depends critically on electrode condition; however, understanding of the impact of initial electrode
surface roughness and multiple breakdown events on breakdown voltage is incomplete. This paper assesses the variation of breakdown voltage
for a pin-to-plate electrode setup in air at atmospheric pressure for gap distances of 1+0.5um, 5+0.5um, and 10 +0.5um with different
surface roughnesses. Breakdown voltage generally increases with increasing gap distance and decreasing surface roughness for a single break-
down event; however, the breakdown voltage after ten breakdown events does not depend on initial gap distance. Atomic force microscopy and
optical microscopy show that multiple discharges create circular craters on the flat cathode up to 40 um deep, with more pronounced craters
created at smaller gap sizes and greater cathode surface roughness. The resulting effective gap distances (d,g the sum of cathode placement dis-
tance and crater depth) for subsequent breakdown events are similar to those of the initially larger gap distances. Moreover, d.z becomes
sufficiently large to exceed the Meek criterion for streamer formation, indicating a potential for breakdown mechanisms to change from field
emission to Townsend avalanche to streamer formation for a single electrode separation distance. The resulting impact of this change in the
breakdown mechanism could have significant implications for ensuring consistent microdevice operation.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5085217

I. INTRODUCTION

Miniaturization of electronic components constantly drives
innovation in multiple fields, motivating studies of the behavior
of electric breakdown and gas discharges at microscale.”” The
increased use of microsatellites led to the development of electric
micropropulsion to better control them.” This further motivated
the design of chemically reactive, nonreactive, and plasma thrusters,

while protecting the devices producing the plasma from excessive
damage.” A similar challenge arises when developing microplasma
systems for biomedical applications.”

In electronics, one ideally avoids creating discharges or
electrical breakdown. Even for commercializing compact pulsed
power systems, one must account for the potential of discharges
or arcing that may be detrimental to safe and effective operation.

which all suffer from the challenge of applying sufficient energy to
the system to alter the propellant without damaging the circuitry
used in these micro to nanoscale devices.” For microplasma thrust-
ers, the challenge becomes inducing breakdown for propulsion

For instance, a recent study developed a flexible, compact pulsed
power system for biomedical applications and specifically consid-
ered the impact of arcing across electrodes not completely covered
by the liquid biological sample on device design. While these
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systems typically use gap lengths on the order of millimeters,”
other applications apply electric pulses to submillimeter gaps,’
motivating understanding of breakdown in both liquid” and gases
at these size scales. Electronics designed specifically at these sizes,
such as microelectromechanical systems (MEMS), are increasingly
used in biotechnology, medicine, and communications.’ Continuing
reduction in the size of MEMS increases the importance of
preventing breakdown between their nanofabricated components.
Nanoelectromechanical systems (NEMS) are increasingly exam-
ined for sensing and scanning'’ with common uses including
electronic displays, printers, airbags, and many new MEMS
systems. As relevant device sizes transition from microscale to
nanoscale, electron emission may shift from field emission to
space-charge limited emission,""'* motivating additional studies
on gas breakdown at a smaller scale. These phenomena also have
significant implications in vacuum electronics, where ongoing
research in electron sources'”'* has focused on assessing groups
of nanoemitters''® and intentionally modifying device designs to
better control field enhancement.'”

Thus, characterizing gas breakdown and electron emission
for microscale and smaller devices is important across application
and pressure, motivating studies on the responsible physical phe-
nomena. Gas breakdown is typically driven by Townsend ava-
lanche and predicted by Paschen’s law (PL);'® however, reducing
gap sizes to microscale causes field emission to drive break-
down.”'”*" This field emission (FE) driven microscale gas break-
down regime is characterized experimentally by the absence of the
“Paschen minimum,”” or the minimum breakdown voltage V,
typically observed when plotting V,, as a function of the product
of gas pressure p and gap distance d, or pd. Instead, V, exhibits
either an extended plateau or a continued decrease with decreas-
ing d at a constant pressure. While the extended plateau occurs
near the transition from the PL to the field emission regime, the
exact reason why it occurs under certain conditions and not
others remains unclear. One contributing factor could be the
combination of various aspect ratio nonuniformities on the elec-
trode causing an extended effective Paschen’s curve.”' The indi-
vidual field emission parameters may also impact the transition
from FE to PL, leading to the extended plateau, which can be
investigated theoretically. One can mathematically predict the
behavior of V,, by coupling field emission with Townsend ava-
lanche” and perform a matched asymptotic analysis to derive
analytic equations in appropriate limits to demonstrate the transi-
tion between the two mechanisms.””™” The linear decrease in
breakdown voltage for further reductions in gap distance at a
constant pressure can be further derived analytically.”

One of the critical challenges with predicting this behavior at
smaller scales is accurately accounting for the contribution of work
function and field enhancement factor,”® which drive field emission
and play the largest role in the sensitivity of predicted V, at micro-
scale.”” Since changes in surface roughness can impact the presence
of sharp features contributing to field enhancement and localized
modifications in electrode structures can modify the work func-
tion,”® experimentally characterizing the impact of surface rough-
ness for microscale gaps is paramount for extending the validity of
the theoretical descriptions.””>*” Studies on the impact of surface
roughness on emission in vacuum have experimentally considered
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the formation of field emission sites for unpolished stainless steel
electrodes,”” the impact of electrode microtip formation and
destruction on field emission driven vacuum breakdown,” and the
impact of repeated breakdowns on V), current at discharge initia-
tion, field enhancement factor, and the current density as a func-
tion of the number of breakdown events.”’

This study examines the impact of surface roughness and mul-
tiple breakdowns on V,, and the electrode surfaces by using a setup
comprised of a small tungsten needle placed a few microns from a
copper plated sample based on the one used previously to assess
atmospheric pressure and field emission driven microdischages.”
For fixed gap distances of 1£0.5um, 5+0.5um, and 10 £ 0.5 um,
we measured breakdown voltage and current for a single break-
down event and ten breakdown events, noting the general increase
in breakdown voltage for repeated breakdown events, as observed
in Ref. 31. This study places these results in the context of electrode
modification and surface roughness by using atomic force micros-
copy (AFM) and light microscopy to show that breakdown events
create craters on the cathode with depths (3-50 um) that may be
significant compared to the interelectrode gap distance (1, 5, and
10 um), contributing to increased V;. To our knowledge, no micro-
scale experiments have demonstrated the impact of multiple break-
down event induced craters on V. Section II outlines the materials
and methods used in this study. Section III summarizes the experi-
mental results. We apply microscale gas breakdown theory based
on asymptotic analysis to demonstrate the transitions in breakdown
mechanisms in Sec. I'V. Section V discusses the results and provides
concluding remarks.

Il. MATERIALS AND METHODS
A. Materials

The setup consists of tungsten dissection needles (Roboz
Surgical Instrument Co., RS-6065) mounted into polyethylene to
ensure electrical isolation. The copper plates were mounted to poly-
ethylene blocks mounted to a micromanipulator and moved in
increments of 1um. Figure 1 shows a schematic of the microma-
nipulator setup with a fixed pin electrode.

The copper (Fire Mountain Gems, H20-9336FX) was cut into
12.7mm” plates that were then polished to various degrees of
surface roughness by using a wet polishing station with 400, 800,
and 1200 grit polishing pads (Pace Technologies). After polishing,
we soaked the plates in acetone to remove any surface contamina-
tion and rinsed them with water to remove any residue. AFM was
then conducted to verify the absence of residue or polishing par-
ticulate on the surfaces. Table T reports the surface conditions
under these initial AFM tests. A wire was soldered onto the back
of the copper plate to provide electrical connections. Voltage and
current measurements were made using an oscilloscope and two
100:1 voltage probes. One probe was connected across the pin to
plate gap to measure the gap voltage and the second across a
1 MQ resistor to determine the current. With the copper plate as
the ground (cathode) and the tungsten needle as the “hot” elec-
trode (anode), we used a high voltage supply (Stanford Research
System, PS365, 10kV) to apply DC voltage until discharge
formation.
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We divided each copper plate into sections for single break-
down event testing, ten breakdown event testing, and sample han-
dling. We tested cathodes polished with each grit in triplicate for
statistical purposes. We set the gap distance by applying 35V to
create a bias and using the micromanipulator to move the plate until
it softly contacted the needle to create a “short” in the circuit before
withdrawing the plate to the desired gap distance. This method was
previously used to calibrate needle electrode distance with no effect
on the surface.”” To determine whether the contact phase of the
setup damaged the surface, we used the micromanipulator to force a
needle electrode into the surface. AFM was used to verify that no
significant change to the electrode surface was measurable. We con-
sidered gap distances of 1+0.5um, 5+0.5um, and 10+ 0.5um
between the needle and the copper plate. Voltage was ramped at
approximately 3 V/s from 100 V to breakdown, where an oscillo-
scope recorded the breakdown voltage and current waveforms.
We removed the voltage immediately following the oscilloscope
trigger to prevent further breakdown events. Since no current was
present before breakdown, there was no voltage across the 1 MQ
resistor prior to breakdown, so this voltage served as an indication
of breakdown. We collected voltage and current waveforms for
each breakdown event to compare breakdown voltage across events.
Breakdown for these tests was defined as the movement of electrons
across the gap, creating a sustained dielectric breakdown of the gas.
The current was limited using a ballast resistor to prevent damage
to the anode and prevent large currents across the gap that would
damage the tip. We observed no damage to the tungsten tips.
The discharge event was measured by a shunt resistor that allowed
us to monitor the current. When the current across the gap was

TABLE |. Average surface features before breakdown tests.

Number Peak to peak Standard RMS
Grit of samples average (um) deviation (um) (nm)
400 9 1.47 1.08 535.22
800 9 0.26 0.18 65.99
1200 9 0.24 0.23 39.48

supply to ensure that we only created a single breakdown event at a
time. For the ten breakdown experiments, we waited 1 min after
each breakdown event before repeating. The relative humidity
varied from 38% to 50% during the course of experiments.

We used atomic force microscopy (AFM) to quantify the
change in surface roughness by measuring the average height of
surface features before and after the breakdown events. Some
breakdown induced surface features were too deep for AFM analy-
sis and were estimated by altering the depth of field of an optical
microscope to observe when the bottom of the feature was in focus
compared to the surface.

lll. RESULTS
A. Cathode surface changes

Figure 2 shows the representative AFM data for the 800 grit
polished cathode prior to breakdown experiments using a 5um gap.
The optical images of the surface, such as Fig. 2(a), show the general
roughness of the surface. Figure 2(b) shows the contour map of the
800 grit sample with a maximum surface height of 200 nm and a
crater depth of 200 nm. Figure 2(c) shows the AFM tip deflection
that measures the surface feature height. This was repeated for each
sample to characterize the average surface features before the break-
down experiments. Table I presents the initial average surface feature
height for the samples before breakdown events along the red dashed
line in Fig. 2(b). The data in Table I were taken by averaging all of
the peak to peak and RMS values for each grit.

The breakdown events created small circular ablations on the
samples at the test site. Figure 3 shows an optical image of an
example ablated feature for a cathode polished using 800 grit
exposed to ten breakdown events at a 5um gap distance. The abla-
tion depth ranged from 3 to 50 um and is reported in Table II for
all samples containing them. The depth was so great that the
samples could not be measured using AFM to quantify the surfaces
without damaging the AFM tips. These results indicate that break-
down can cause significant surface modification, ablating material
from a localized spot. Furthermore, the ablation depth is greatest
for the cathodes with the largest average surface height (400 grit
polished cathodes), which would be anticipated to have the highest
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FIG. 2. Atomic force microscopy (AFM) measurements of the 800 grit cathode prior to experiments showing the average surface features (a) Optical image of the surface
visually showing the surface roughness. (b) Contour mapping of surface height along the surface. (c) AFM arm deflection showing height and depth of the surface

features.

field enhancement and, thus, be more susceptible to field emission
driven breakdown. This suggests that the concentration of the dis-
charges at the locations of higher surface height for the cathodes
polished with 400 grit causes greater cathode damage compared to

FIG. 3. Observed ablated region on the cathode after ten breakdown events for
a 5um gap with the cathode polished using 800 grit, demonstrating the crater
formed in the surface.

the 800 and 1200 grit samples, whose surface features are less sharp
and will cause less field enhancement.

To determine whether the contact phase of the setup damaged
the surface, we used the micromanipulator to force a needle elec-
trode into the surface. AFM was used to verify that no significant
change to the electrode surface was measurable. The resulting
absence of a circular mark indicated that the breakdown events,
and not needle placement, damaged the surface. The absence of
these marks on some samples following breakdown indicated that
slight variations in surface polishing, which could influence the
initial presence of surface structures, could sufficiently alter dis-
charge path and subsequent surface ablation.

TABLE II. Depth of the observed craters at the breakdown voltage for the cathodes
polished at each grit where measurable ablation occurred.

Grit (gap Depth  Grit (gap Depth  Grit (gap  Depth
distance) (um)  distance) (um) distance) (um)
400 (10 um) 9.7 800 (5um) 6.2 1200 (1 um) 12.1
400 (10um) 6 800 (5um) 74 1200 (1um) 3.5
400 (10um) 13.5 800 (5u4m) 124 1200 (10 um) 4.8
400 (5um) 41.2 800 (5um) 53 1200 (10 um) 5.4
400 (5 um) 19.6 800 (5um) 52

400 (1ym) 425
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FIG. 4. Representative voltage (solid) and current (dashed) waveforms for a 5+ 0.5 um
(b) the tenth breakdown event. All breakdown events exhibited similar characteristics.

B. Changes in breakdown voltage

Figure 4 shows a representative waveform for a single break-
down event and the tenth breakdown event for a 5+0.5um gap
distance with the cathode polished using 800 grit. The voltage
remains relatively constant until breakdown occurs, as expected for
an applied DC voltage. The breakdown voltage following the tenth
event exceeded that for a single event, as shown in Fig. 6. In this
case, the first breakdown event occurred at 434.85V, while the
tenth breakdown occurred at 523.25 V.

Figures 5-7 report the individual replicates for breakdown
voltage as a function of the number of breakdown events for a 1, 5,
and 10um gap with cathodes polished using 400, 800, and 1200
grit disks. Note that we did not achieve three repetitions for a few
of the ten breakdown event cases due to either reaching high volt-
ages for larger gap distances or slight sensitivity to micromanipula-
tor position for smaller gap distances. Figure 8 reports the average

Voltage (V)
o
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gap with the cathode polished using 800 grit for (a) a single breakdown event and

values for a given grit. Generally, breakdown voltage increases with
subsequent breakdown events, although this difference is not
monotonic and noticeable variation occurs between samples.
Because the craters make noting distinct differences challeng-
ing, we ran a general linear model analysis of variance (ANOVA)
with stepwise backward elimination to identify the statistically sig-
nificant difference in means based on voltage as the response for
each breakdown event (Minitab 18 software). Anderson-Darling
normality tests showed no significance (p-values >0.05), indicating
normal distribution of residuals, except for the ninth pulse, which
likely arises due to some outliers in our experimental dataset when
reaching the limit of the micromanipulator travel tolerances.
The ANOVA was followed by a Tukey pairwise comparison test at
the 95% confidence level and adjusted p-values are reported due to
the need for multiple comparisons. The grit did not exhibit any sig-
nificance for any of the tests. The gap showed significant differences
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FIG. 5. Breakdown voltage as a function of number of breakdown events for three individual trials for (a) 400 grit, (b) 800 grit, and (c) 1200 grit samples at a 1 um gap

distance.
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distance.

in means for voltage after at least five breakdown events (p < 0.05).
Table IIT summarizes the adjusted p-values from the Tukey tests for
significance. Breakdown voltages for a 1 um gap after at least five
breakdown events differ statistically significantly from either the
5um or 10um gaps, while the breakdown voltages following the
fifth breakdown event for the 5um and 10 um gaps do not exhibit
any statistically significant difference.

This behavior arises because the breakdown events alter the
electrode surface, which also contributes to the increased variation
after multiple events. First, each breakdown ablates the sharp-tipped
features that contribute to field enhancement, meaning that the
applied voltage (and, thus, the electric field) for subsequent break-
down events must exceed the breakdown voltage for the initial event.
The breakdown events additionally create craters on the surface that
increase the effective gap distance, as shown by comparing Tables I
and II, further increasing the applied voltage to achieve the electric
field necessary for breakdown. Thus, we anticipate that the combina-
tion of these phenomena will cause a general increase in breakdown

voltage for subsequent breakdown events. This trend may not neces-
sarily be monotonic since changes to the electrode surface structure
(both electrode depth and field enhancement factor) may vary from
event to event and across samples.

This suggests that the change in the effective gap distance
induced by crater formation plays a dominant role in breakdown
voltage for multiple events. Table IV shows that the crater depth is
highest for the smallest gap distances, where field emission tends to
drive breakdown,”””™" and for the cathode (400 grit) with the
sharpest surface features, which would initially provide greater field
enhancement to further drive field emission. Thus, we anticipate
that the discharges under these conditions would focus on the
sharp emitters during repeated breakdowns, resulting in greater
cathode damage characterized by larger craters. These larger craters
would increase the effective gap distance, which also corresponds
to a higher field enhancement factor in the combined field
emission/Townsend avalanche regime since field enhancement
increases with increasing gap distance in this regime.”* Eventually,
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FIG. 7. Breakdown voltage as a function of number of breakdown events for three individual trials for (a) 400 grit, (b) 800 grit, and (c) 1200 grit polished cathodes at a 10 um

gap distance.
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FIG. 8. Average breakdown voltage as a function of number of breakdown events for (a) 400 grit, (b) 800 grit, and (c) 1200 grit for three trials each.

these larger effective gap distances could also lead to a transition in
the breakdown mechanism from field emission to Townsend ava-
lanche. Section IV applies an asymptotic theory for microscale gas
breakdown to confirm this hypothesis and quantify the contribu-
tions of the phenomena involved.

Figure 8 shows larger gap sizes did not always result in higher
breakdown voltage, as one would intuitively expect. The variation
in breakdown voltage is likely due to the crater formation, which
leads to a larger effective gap. Table IV presents the average crater
depths for the conditions where craters occurred. Since this experi-
ment considered conditions only after either a single breakdown
event or ten breakdown events, we did not record information on
crater formation for intermediate conditions (i.e., the exact number
of events when crater formation occurred).

IV. THEORETICAL ASSESSMENT

Table TV summarizes the average crater depth for various grits
and initial gap distances, along with the average breakdown voltage
following the first and tenth breakdown events. Strictly speaking, we
would need the crater depth after the ninth breakdown event to

TABLE Ill. Adjusted p-values from Tukey tests comparing breakdown voltage for
5um and 1 um gaps, 10 um and 1 um gaps, and 10 um and 5 um gaps for the fifth
through tenth breakdown events. Generally, breakdown events after the fifth event
yield a statistically significant breakdown voltage between the 1um gap and the
other gap distance, while no statistically significant difference arises between the
5um and the 10 um gaps.

calculate the average breakdown voltage after the tenth event;
however, the data indicate relatively slight variation between the
breakdown voltage for the ninth and tenth events, so we use this
crater depth for these calculations. Applying an “effective gap dis-
tance” that combines the initial gap distance with the crater depth
allows us to assess the transition in breakdown mechanisms with
crater formation, analogous to our previous theoretical studies.”” >
It is critical to point out that applying the theory to the “raw” data
from Figs. 5-8 would lead to large variations in the fitting parame-
ters; however, accounting for the crater depth using Table IT dramati-
cally reduces the relative error of the gap distances (particularly
compared to the raw data), enabling the application of the theory.”’
While variation clearly remains (which motivated the study from
Ref. [27]), we apply the theory here to clearly emphasize the behavior
of breakdown voltage as a function of gap distance and the transi-
tions in breakdown regime that we have observed elsewhere.”

We start from our previously derived universal gas breakdown
model,”* given by

exp (4" /(BE)]

TE {1 —ygplexp(adey) — 11} _
B exp(d %)

— — exp(1)(1+2E),
pd:ﬂ exp (adey) — 1 P

(1)

TABLE IV. Average crater depth and breakdown voltage after the tenth breakdown
event.

Starting Average Average Average
Difference Difference Difference gap crater breakdown breakdown
Breakdown between 5um  between 10um  between 10 um distance depth voltage for voltage for
event and 1um and 1 um and 5um Grit (um) (um) 1st event (V) 10th event (V)
5 0.015" 0.038" 0914 400 1 42.5 339 405
6 0.017% 0.044" 0.900 400 5 30.4 446 707
7 0.036" 0.035" 1.000 400 10 9.73 491 672
8 0.141 0.026" 0.693 800 5 7.3 454 723
10 0.002" 0.005" 0.988 1200 1 7.8 462 432
1200 10 5.1 504 545

*Conditions undergoing a statistically significant change.
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TABLE V. Summary of parameters used in the theoretical analysis.

Parameter Name Value Unit
¢ Work function 4.7 eV
b Work function scale 96.81 eV
d Gap distance Variable m
L Gap distance scale 392x 10712 m
p Pressure 760 Torr
P Pressure scale 1.70 x 10® Torr
E Breakdown electric field Variable V/m
E. Breakdown electric field scale ~ 6.20 x 10> V/m
4 Breakdown voltage Variable A
Ve Breakdown voltage scale 243 \%
T Temperature 300 K
T. Temperature scale 7976 K
Yij Field enhancement factor Variable N/A
Yse Secondary emission coefficient 10°° N/A

where E = E/E- is the dimensionless breakdown field, doy =d +6 =
(d+38)/L is the effective dimensionless gap distance with d the
dimensionless electrode gap distance and & the dimensionless crater
depth, ¢= /¢ is the dimensionless work function, p=p/p- is
the dimensionless pressure, T = T/T- is the dimensionless gas tem-
perature, and Table V defines all other parameters and provides
typical values.

We numerically solve (1) for E and apply V = EdE-L to
obtain the breakdown voltage in volts using 8 as a fitting parameter.
Furthermore, since the product of the ionization coefficient @ and d
exceeds unity (specifically, 1.1 <ad5 = pd.gexp(pdegexp(—1)) <50,
where a=aL), we apply the analytic equation for breakdown voltage
for @d>> 1, given in Ref. 24,

3/2

Ve (B Ly /A — (2~ 20,873, @)

where Ay=—[+V] and ﬁ—ln(Az)/Z—f—ln(Ba)l/z) <?>_1/2+3/2

and v= ln{exp[PdeﬁeXP( D] =1} —In{l —yg[exp(pdesexp(—1)1}—

[Tp‘ld ]1/2 represent the field emission and Townsend contri-
butions, respectlvely, and A, =107 is a fitting parameter. Figure 9
shows the experimental results (correcting for effective gap dis-
tance, which means that many of these points are individual points
from Table II), the calculations from (1) and (2), and the values of
adeﬁr (note that adeff adgs since both quantities are scaled by L).
Note that several d,; have multiple data points due to crater forma—
tion changing d,; under various conditions. From MeeK’s criterion,”’
ade/fz 18 corresponds to the transition to streamer formation,
making (1) and (2) no longer valid [in fact, (2) is unsolvable for these
points]. Although we have addressed this limitation to this theory in
previous studies,” > this experimental condition is unique, in that
we start in the field emission regime and then transition to the
Townsend and streamer regimes without changing the physical gap
distance. Current theory does not address the transition to streamer
discharge at microscale, so we note the potential transition in the
current study. The results of (1) and (2) differ by ~10% except for
the two largest gap distances where adey>18 and (2) cannot
be solved.
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FIG. 9. Average breakdown voltage, V, as a function of effective gap distance,
derr=d + 6, where d is the anode—cathode gap and & is the breakdown induced
crater depth, compared to numerical results from (1) and analytic results from
(2). The product of the ionization coefficient and effective gap distance, ade, is
displayed on the secondary vertical axis as a function of dgs The largest two
gap distance points have adgs > 18, which exceeds Meek's criterion for
streamer formation.

Figure 10(a) shows S for fitting the model to experimental
data. Interestingly, B varies linearly with d.4 until the largest gap
distances, excluding the outlier at d.z~ 12 um. At the largest gaps,
B becomes approximately constant. This behavior is similar to our
previous application of this theory to experimental results for
single breakdown events at microscale, where ,B increased linearly
until Townsend avalanche began to dominate.”” Furthermore, the
transition from linear to constant 8 occurs approximately when
It = v, or when breakdown begins to transition from field emission
to the traditional Paschen law.'®?%7* Figure 10(b) shows that
ad.r~ 10 at this transition.

Upon transition to Paschen’s law, the experimental data and
numerical results from (1) agree well with the universal Paschen’s
law (UPL),** given by

(pdey)
—In[In(1 + YsE )|

- .L). 3
n (pdeg) (E-L) ®3)

Figure 11 shows the experimental results, the numerical
results from (1), and the results of (3) using yg = 1.5 x 1073,
which we selected based on previous studies”**>*" and agreement
with the experimental data. The calculations from (1) for the
asymptotic solution match (3) for the UPL when ad,s ~ 10, corre-
sponding to the transition from the combined field emission and
Townsend regime to the traditional Paschen’s law, and deviate once
adgz becomes sufficiently large for streamer formation. Alternatively,
noting that the transition to Paschen’s law occurs when adgs = 10,
we can calculate yg; to match the experimental results by solving (3)
to obtain yg = {exp [Zu—ieﬁc exp (—p[ieﬂ/f/)] —1}7'. Future work
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FIG. 10. (a) Field enhancement factor, 3, as a function of effective gap distance, der = d + &, where d is the gap distance and & is the crater depth, showing that 3 is
approximately linear until the larger gap distances corresponding to the transition to Townsend avalanche, where it becomes constant. (b) The ratio of the field emission
component to the Townsend component, zz/v, as a function of de, demonstrating that field emission effects govern breakdown until der = 10 um, which corresponds to
ader ~ 10. This point coincides with the transition of 3 from linear to constant in (a), indicating the transition to the traditional Paschen’s law.

will aim to better characterize y; and further assess streamer forma-
tion and behavior.

Finally, we theoretically assess the impact of crater formation
on breakdown voltage. Figure 12 summarizes the six sets of data,
showing ad,s after one and ten breakdown events. Notably, the
data from the samples with initial gap distances of 1 and 5um had
adeﬁ < 10 after the first breakdown event, but transitioned to
adeﬂr > 10 after the tenth breakdown event, indicating that crater
formation alone can push the breakdown mechanism into the
Townsend regime even if the anode—cathode gap remains unchanged.
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FIG. 11. Breakdown voltage, V| as a function of effective gap distance,
detr = d + &, where d is the gap distance and § is the crater depth, from the
experimental data, the numerical results of (1), and the analytic results of (3)
assuming yse = 1.5 x 1073, The product of the ionization coefficient and
effective gap distance, ads, is shown on the secondary vertical axis. The tran-
sition to Paschen’s law (PL) occurs for ade = 10. PL predicts breakdown until
it becomes driven by streamer formation when ades > 18.

This could have significant implications on device design, where many
breakdown events are expected to occur and breakdown voltage is
expected to remain constant. Moreover, this suggests that eventually,
subsequent breakdown events will not increase crater depth much
since one transitions to the Townsend regime, where field enhance-
ment diminishes, reducing the localization of breakdown that occurs
at smaller gaps in the field emission regime. This suggests that most
sensitivity to the influence of surface effects in breakdown occurs
when operating in the field emission regime with rough cathodes,
where the higher electric fields lead to greater crater formation and
noticeable changes in breakdown voltage and electrode conditions.
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FIG. 12. The product of the ionization coefficient and effective gap distance,
ader, as a function of the effective gap distance gap distance, der = d + 8,
where d is the gap distance and & is the crater depth. Each pair of symbols
shows the ades value after the first and tenth breakdown events, showing that
crater formation can push breakdown behavior past the ades = 10 criterion for
transition to Paschen'’s law.

J. Appl. Phys. 125, 203302 (2019); doi: 10.1063/1.5085217
Published under license by AIP Publishing.

125, 203302-9


https://aip.scitation.org/journal/jap

Journal of

Applied Physics

V. CONCLUSION

These results show the dependence of breakdown voltage on
repeated breakdown events for a pin-to-plate configuration at
microscale gaps and atmospheric pressure. With a polished copper
plate as the cathode and a tungsten dissection needle as the anode,
we measured the breakdown voltage for 1, 5, and 10 £ 0.5 um gaps.
We polished the cathodes using 400, 800, and 1200 grit papers
with a wet polishing machine to vary the surface roughness.
Figures 5-7 show that the change in breakdown voltage due to
surface roughness for a fixed gap distance or due to gap distance
for a fixed surface roughness was not statistically significant. The
major change in behavior involved the variation in breakdown
voltage due to cathode crater formation. AFM and optical imaging
before and after the breakdown events showed that the cathodes
changed from having average surface feature heights ranging from
0.24 to 1.47um before the events to containing small ablated
regions with crater depths ranging from 3 to 50 um (cf. Table II).
The combination of initial surface feature height and the ablation/
melting of surface material changed the effective gap distance of
the system. Cathode crater formation drove the changes by increasing
the effective gap distance, which increased breakdown voltage for
multiple breakdown events. We observed similar breakdown voltages
for similar effective gap distances independent of the interelectrode
spacing. Applying a matched asymptotic analysis to the experimental
results demonstrated that the breakdown voltage was a function of
the effective gap distance and that the transition from field emission
to Townsend avalanche occurred at effective gap distances equivalent
to the gap distances observed for single breakdown studies.”**
Moreover, f varied linearly with gap distance in the field emission
regime before becoming constant at the transition to the Townsend
avalanche, as observed for single breakdown studies.”” Interestingly,
we observed a change in dominant breakdown mechanism from field
emission to Townsend avalanche to streamer discharge at a single
interelectrode gap distance due to crater formation. Thus, for micro-
scale devices, changes in electrode surface can play a major role in
breakdown voltage for multiple uses, particularly for rough surfaces
where field emission dominates, leading to concentration of dis-
charge formation at the emission sites that creates large craters.

While the current study focused on the breakdown voltage
and surface structure, predominantly cathode feature height or
depth, sensitivity analysis of the breakdown theory indicates that
microscale gas breakdown voltage also depends strongly on work
function.”” Future studies will extend the analysis to assess changes
in work function with repeated breakdown events to ascertain the
relative contribution on gas breakdown, particularly when uncer-
tainty in work function and field enhancement dominate the sen-
sitivity of breakdown voltage predictions for gap distances below
10um.”” Although mean surface roughness did not impact the
breakdown voltage, it did lead to concentration of the discharge at
emission sites that impacted subsequent breakdown events; however,
this study did not consider the impact of a single, controllable sharp-
tipped emitter on breakdown voltage. Future studies will, thus,
further investigate the impact of controllable aspect ratio'” as a func-
tion of gap distance and pressure on gas breakdown and current
density to additionally characterize transitions between electron
emission mechanisms'®'* and breakdown phenomena.
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