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Traditionally, Paschen’s curve has been used to describe the breakdown voltage for gaseous
ionization between two electrodes. However, experiments have shown that Paschen’s curve, which
is based on Townsend effects, is not necessarily accurate in describing breakdown between
electrodes spaced less than 15 wm apart. In this regime, electron field emission plays a significant
role in the breakdown phenomenon, and recently an alternative mathematical description that
accounts for ion-enhanced field emission was proposed to describe the breakdown voltage in small
gaps. However, both Paschen’s curve and the small gap equation only work in certain regimes, and
neither predicts the transition that occurs between Townsend and field emission effects—the
so-called modified Paschen’s curve. In this work, a single, consistent mathematical description of
the breakdown voltage is proposed that accounts for both Townsend ionization and ion-enhanced
field emission mechanisms. Additionally, microscale breakdown experiments have been conducted
in atmospheric air. The proposed formulation is compared to the present experiments and other
atmospheric air experiments in the literature and describes the transition region in the breakdown
curve. The proposed formulation represents a mathematical model for the modified Paschen’s

curve. © 2010 American Institute of Physics. [doi:10.1063/1.3380855]

I. INTRODUCTION

Of main interest to this work is the initiation of plasma,
when the discharge transitions from the non-self-sustaining
to the self-sustaining regime. This transition occurs when an
electron avalanche forms that leads to the breakdown of the
gaseous dielectric medium (often called Townsend break-
down to distinguish it from space-charge induced streamer
breakdown). Traditionally, Paschen’s curve describes the
breakdown voltage as a function of the electrode spacing or
gap (d), operating pressure (p), and gas composition.' The
mathematical formulation of Paschen’s curve is derived from
Townsend’s description of the basic charge generation pro-
cesses including electron impact ionization (the a process)
and secondary electron emission from the cathode due pri-
marily to ion bombardment (the y process), though other
bombardment processes may play a role. Historically, Pas-
chen’s curve has proved to be accurate for large gaps and at
low plressures,3 but it is often acknowledged that it fails to
describe behavior at extremely low or high pd values.* This
has been especially true in very small gaps in atmospheric
air.

In the 1950s, interest in atmospheric pressure, submilli-
meter discharges was fairly high, led by a series of papers
out of Bell Laboratories” '* as well as others."® In the past
decade or so, studies on atmospheric pressure, small gap dis-
charges has undergone a resurgence, and the focus has turned
to atmospheric air breakdown in microscale gaps on the scale
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of 1 to 30 wum. This recent interest was originally motivated
by concerns about unintended breakdown leading to spark
discharges and material erosion in microelectromechanical
sys.tems.lﬁ_25 However, there have also been investigations
of microscale breakdown in devices for gas sensing and
analysis%go and lighting applications31 as part of the growth
of the microplasma field. These works have led to a number
of additional experimental,n_3 5 computation21l,36_39 and the-
oretical studies™*' to understand the nature of microscale
breakdown.

Qualitatively, Paschen’s curve predicts that the break-
down voltage decreases as the electrode gap decreases, cor-
responding with the increasing electric field. However, at
some electrode gap the breakdown voltage reaches a mini-
mum (approximately 300 V near 5 to 10 wm in atmospheric
air), and the breakdown voltage then increases at succes-
sively smaller electrode gaps. This effect is because more
energy is required in the system to overcome the rapid loss
of electrons to surfaces in a microscale gap. However, many
of these recent experimental studies have shown that as the
electrode gap decreases below approximately 10 um, the
data deviate from Paschen’s curve. Rather, the so-called
modified Paschen’s curve®®® is formed where the break-
down voltage continues to decrease nearly linearly with de-
creasing electrode gaps below the minimum predicted by
Paschen’s curve. Researchers from Bell Laboratories origi-
nally suggested that electron field emission will occur be-
cause of the high electric field in microscale gaps,“’w’14 and
these electrons will contribute to ionization and the overall
current thereby mitigating the rapid charge loss. Slade and
Taylor’s22 analysis showed that electron field emission in-

© 2010 American Institute of Physics
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deed plays a critical role, and particle-in-cell Monte Carlo
simulations by Zhang et al.*® confirmed this hypothesis.

In 1955 Boyle and Kisliuk ! proposed a theory for the
effect of field emission on discharge current, where the
emission is enhanced by positive ions approaching the
cathode—henceforth called ion-enhanced field emission.
Recently, Ramilovi¢-Radjenovi¢ and Radjenovié“o’41 used
Boyle and Kisliuk’s theory to formulate a new mathematical
description of the breakdown voltage in microscale gaps due
to ion-enhanced field emission. However, while Ramilovi¢-
Radjenovi¢ and Radjenovi¢’s breakdown voltage (henceforth
called ion-enhanced field emission breakdown voltage) is ac-
curate for microscale gaps it is not accurate for larger, me-
soscale gaps where Paschen’s curve still holds. Therefore,
there are currently two separate, incompatible mathematical
descriptions of the breakdown voltage, Paschen’s curve for
mesoscale gaps and ion-enhanced field emission for micro-
scale gaps, and neither describes the transition between the
two regimes. Further, a review of the experimental literature
shows that there are anomalies in the transition behavior of
discharges across these regimes, and the shape of the modi-
fied Paschen’s curve is not consistent. To date, there is no
mathematical model that consistently describes the modified
Paschen’s curve.

In this work, the authors present a mathematical formu-
lation that combines Paschen’s curve and ion-enhanced field
emission to form the modified Paschen’s curve. This work is
focused on understanding the nature of the modified Pas-
chen’s curve in atmospheric air, and the proposed formula-
tion is compared to experimental data from the literature and
to present microscale breakdown experiments. Two distinct
trends observed in experiments and simulations are high-
lighted, and the proposed formulation qualitatively describes
both of these trends. While there are limitations to the pro-
posed formulation, it appears to capture the transition from
Paschen’s curve to ion-enhanced field emission-dominated
breakdown and accurately represents the modified Paschen’s
curve.

Il. THEORETICAL APPROACH
A. Basic physical mechanisms

In the breakdown of a gas, usually termed Townsend’s
breakdown, there are two primary mechanisms that contrib-
ute to a significant rise in charge carriers—gaseous charge
production through electron impact ionization (the @ pro-
cess) and cathode charge production through secondary
emission (the 7y process).42 Secondary emission is electron
emission due to bombarding particles/photons and is typi-
cally dominated by ions through Auger processes though in-
cident photons and metastables can also be a factor. At suf-
ficiently high electric fields (~100 V/um), field emission
may occur where electrons tunnel through the potential bar-
rier at the cathode surface. With adequate geometric en-
hancement and a suitable material, emission at ~10 V/um
is possible.43 Recent detailed experiments by Hourdakis
et al.* investigated the role of microsurface protrusions in
microscale breakdown and showed that geometric surface
enhancement is generally insufficient for the fields observed
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in breakdown experiments. Therefore, because geometric en-
hancement alone is insufficient, ion-enhanced field emission
is likely the primary phenomenon that leads to microscale
breakdown. Ion-enhanced field emission is like secondary
emission but occurs when positive gaseous ions approach the
cathode and both lower and thin the potential barrier at the
cathode, thus making it easier for electrons to tunnel due to a
high electric field. Kisliuk' investigated this mechanism and
distinguished between a single ion approaching the cathode
and the presence of many ions near the cathode, which is the
more likely physical situation. In considering the effect of a
single ion, he estimated that it would take an applied field of
approximately 3000 V/um for the ion-enhancement to yield
a single field-emitted electron; but if reasonable geometric
enhancement is included the applied field only needs to be
50 V/um for ion-enhancement to initiate emission. A simi-
lar analysis was conducted by Ecker and Miiller,* and more
recent detailed analyses“y48 have confirmed that ions can
increase the emission current by one to three orders of mag-
nitude. In the following analysis, only ion-induced secondary
emission and ion-enhanced field emission are considered as
the cathode processes in microscale breakdown.

B. Description of the processes

Townsend’s first ionization coefficient « describes the
generation of ions by electron impact and an empirical for-
mula relates it to the applied voltage V, electrode gap g, and
gas pressure p by

a=Ape BrdlV, (1)

where A and B are constants based on the gas composition.42

Secondary electron emission due to bombarding ions is char-
acterized by Townsend’s second ionization coefficient, which
is defined as the ratio of electrons ejected per incident ion,

Yi= nsecondary/nion' (2)

In vacuum, the field emission current density from a
metal is described by the Fowler—Nordheim equation49

. ApBE { BFN¢3/2U(Y)]
Jfield = ¢t2(y) Xp| — BE s

where Apy and Bpy are constants,”” ¢ is the work function of
the cathode, 3 is the geometric enhancement factor, and E is
the magnitude of the applied electric field defined as |E]
=V/d. The parameter y is a function of ¢, 3, and E, and the
functions 72(y) and v(y) have established approximations.’!
However, from empirical observations this relation can be
written as

(3)

. Dgx
Jtiela = CenE? exp{— ?] , 4)

where Cpy and Dy are experimentally determined constants.
Physically, Dgy is the threshold electric field required for
field emission and is a function of the cathode material and
surface properties”

3/2 \V4
Dpx = (6.85 X 107)—{—]. (5)
B [cm
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C. Paschen’s curve

Paschen’s breakdown criterion is derived based on the
increase in circuit current due to «a and 7; events. The pre-
breakdown current density takes the following form:

. jﬂead (6)

]prebreakdown - 1- ')’i(ead _ 1) ’

where j, is a background cathode emission current usually
assumed to be photogenerated.42 The breakdown criterion is
then based on the mathematical condition where the current
increases to infinity or

yie®=1)=1. (7

Using this breakdown criterion, and the definition of « in Eq.
(1), the breakdown voltage V,, is a function of the product of
the gap and pressure pd and takes the following form:

Bpd

V,= (8)

A

Equation (8) produces the traditional Paschen’s curve.

In(pd) + ln{

D. lon-enhanced field emission breakdown voltage

In Boyle and Kisliuk’s'! theory for small gaps, break-
down is due to electron field emission that is enhanced by
Townsend ionization in the gap—a positive feedback situa-
tion. Describing the emission current jg.q based on the em-
pirical Fowler-Nordheim equation, they suggest the local
electric field is modified by some factor Cg by the approach-
ing ion, enhancing the emission current by a factor C;. The
ion-enhanced field emission current, jgq 4., 1S the prebreak-
down current and is described by

Jtietds = Jrielae Meias), )
where n is a constant typically equal to unity and M is a
constant that accounts for the enhancement factors C and C;
(M=DgyCiC;E?). Boyle and Kisliuk’s breakdown criterion
is based on the mathematic condition, where Eq. (9) is un-
stable. Because the emission of an electron is enhanced by an
incident ion, they define an effective secondary emission co-
efficient ' as the current of field-emitted electrons jg1q, per
incident ion current j;,,, and derive it to be

'y' — M — Ke—DFNd/V’ (10)
Jtield

where K is a constant that includes the constants in Eq. (4)
and the enhancement constant Cy. It should be noted that in
their original derivation, Boyle and Kisliuk used a form of
the Fowler—Nordheim equation that did not have the E? pref-
actor shown in Eq. (4). In their derivation, K is actually a
function of 1/E* and they claim this dependence is small
compared to the exponential term, thus ignoring it. However,
if the Fowler—Nordheim equation shown in Eq. (4) is used,
the E? and 1/E” terms cancel thus resulting in a cleaner
derivation of y'.
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Ramilovi¢-Radjenovi¢ and Radjenovié40 defined the
field emission breakdown voltage by treating ¥’ in Eq. (10)
as the secondary emission coefficient in Eq. (7). They ob-
tained the transcendental equation

Kg_DFNd/Vb[eAl’d exp(=Bpd/V) _ 1] =1 (1 1)

This equation does not have a closed form solution for V,
and must be solved numerically. They simplified this equa-
tion by asserting that K is much larger than 1 (~107) and the
breakdown field occurs when V/d is greater than the thresh-
old value Dgy. Therefore, taking logarithms of both sides and
using a Taylor series expansion approximation (though this
could also be done with a direct expansion of the exponential
term), they rewrote the breakdown criterion as

1
ad = }e'DFNd/Vb. (12)

Using Eq. (1) for «, they showed that the breakdown voltage
is given by

h:d(DFN"'Bp). (13)
In(KApd)

The values of A and B are tabulated for many gasses, and

Dry is defined in Eq. (5), but K is not easily determined and

essentially becomes a fitting parameter. It should be noted

that in this formulation the breakdown voltage is no longer a

function of pd but a function of p and d separately.

E. Modified Paschen’s breakdown voltage—proposed
mathematical description

The limitation of the ion-enhanced field emission break-
down voltage is that it uses an effective secondary emission
coefficient ' that is based solely on the effect of ion-
enhanced field emission—an effect not present in larger
gaps. A consistent description across electrode gaps, there-
fore, should potentially account for both ion-enhanced field
emission and secondary emission due to ion bombardment.
There are a number of bombardment mechanisms (ions, at-
oms, and metastables) that may contribute to secondary
emission, and it has been shown before that if they are inde-
pendent, their individual 7y-factors may be summed. >
Therefore it is assumed here that ion-induced secondary
emission and ion-enhanced field emission are independent
physical mechanisms. That is, the ejection of an electron due
to an impacting ion (secondary emission) occurs independent
of a field-emitted electron due to an approaching ion—and
that a single ion may contribute to both. Mathematically, this
can be expressed through superposition of the secondary
emission Current jgecondary and enhanced field emission cur-
rent jeq. in the form of a net emission current,

Jemit = jsecondary + Jticld+- (14)

Using the same approach as Eq. (10) a net secondary emis-
sion coefficient can be defined as
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FIG. 1. (Color online) Paschen’s breakdown voltage [Eq. (8)], the field
emission breakdown voltages in transcendental form [Eq. (11)] and closed
form approximation [Eq. (13)], and the proposed mathematical formulation
[Egs. (16) and (17)]. The constants for A and B are those for air (Ref. 42),
B=50, $=4.0 eV, y=0.01, and K=10".

. +ie
Vit = ]secondar'z Jfield+ = + ’)’, ) (15)

Jion
In a manner similar to that used by Ramilovi¢-Radjenovié¢
and Radjenovi¢, vy, can be inserted into the breakdown cri-
terion Eq. (7) to give the following equation:

(')’i + Ke—DFNd/V)[eAPd exp(-Bpd/V) _ 1] =1 (16)

This equation can also be simplified using a Taylor expan-
sion to be

yApde BPVo + KApde™Bra+PendVi = 1 (17)

Note that neither the general breakdown voltage equation Eq.
(16), nor the simplified form Eq. (17), have closed form so-
lutions for V.

lll. THEORETICAL RESULTS

As qualitatively described by Wallash and Levit,” the
modified Paschen’s curve roughly consists of three regions:
the “pure” Paschen curve at gaps greater than 10 wm, a
plateau between 5 to 10 um, and a steep decline associated
with field emission for gaps less than 5 um. Dhariwal
et al.,'”® in slight contrast, suggested there are actually four
regions—splitting the field emission domain into an ion-
enhanced region (1.5 to 5 wum) and a pure Fowler—Nordheim
field emission (for metals) region in very small gaps
(<1.5 um). The defining characteristic of both descriptions
is a plateau region that transitions from Townsend dominated
processes to a field emission-dominated process, and consists
of a flattening of the breakdown curve near the minimum
voltage predicted by Paschen’s curve.

Figure 1 shows a plot of Paschen’s curve [Eq. (8)], the
solutions to the transcendental ion-enhanced field emission
equation [Eq. (11)] and in Taylor-expanded closed form [Eq.
(13)], and the modified Paschen’s curve proposed here in full
form [Eq. (16)] and Taylor-expanded [Eq. (17)]. It is evident
that the proposed mathematical relation Eq. (16) transitions
from large gaps to small gaps in a continuous manner—
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effectively unifying Paschen’s curve with ion-enhanced field
emission. To that end, Eq. (16) inherently describes how
Townsend processes dominate field emission at larger, me-
soscale gaps, in the transition region both effects are present
as seen in the characteristic plateau, and in microscale gaps
ion-enhanced field emission dominates. It is also apparent
that Eq. (17) fails to consistently describe the data during the
transition to large gaps, and this can readily be attributed to
the Taylor expansion approximation, which is only valid for
small values of d. In fact, it can be shown that using the
Taylor expansion approximation in the derivation of Pas-
chen’s curve leads to a nonphysical condition where V,, is
always less than zero. Though this plot extends below 3 wm,
the validity of these equations in this regime is questionable.
The mean free path of an electron in air is ~400 nm and the
ionization mean free path is ~1 um, which means there is
insufficient space to generate an appreciable number of ions.
Therefore, at these scales the current is due only to pure field
emission, and these equations, which are dependant on the
existence of ions, are essentially invalid as will be discussed
in Sec. V. Ultimately, Eq. (16) is the proposed formulation
for the modified Paschen’s curve.

IV. EXPERIMENTS

A number of experimental microscale breakdown studies
using various electrode materials, geometries, gases, and
gas pressures have been conducted preceding this work, and
these are summarized in Table T (though this is not an ex-
haustive list). In most cases, the electrode materials are
common microfabrication materials such as silicon (Si),
platinum (Pt), and gold (Au), though other materials have
also been studied. There are two general experimental
configurations—the two electrodes are maintained at a small
gap by an external micropositioning system or two planar
electrodes are microfabricated on the surface of a substrate.
The primary gas of interest is air at atmospheric pressure,
though other common gases such as argon (Ar) and nitrogen
(N,) have also been studied, and pressures have ranged from
0.3 to 7500 torr.

To complement the existing experimental data and high-
light some of the significant trends, a set of simplified ex-
periments was conducted here. Two different anodes, a hol-
low copper (Cu) cylinder with 880 wm inner diameter and
1600 wm outer diameter and a stainless steel (SS) needle
with a tip curvature of approximately 20 um as verified by
scanning electron microscopy, and a single cathode consist-
ing of a large copper plate were tested. The electrodes were
operated in a point-to-plane configuration (Fig. 2), and the
gap was varied from 3 to 20 um and maintained by fixing
the cathode and adjusting the position of the anode using a
Newport MFA-CC motorized linear stage micropositioning
system with an accuracy of 0.1 wm. Positive electric poten-
tial was applied to the anode using a Bertran 228—10R high
voltage power supply that had uncertainty of approximately
1 V, and the cathode was grounded. The current was re-
corded at the grounded cathode using a Keithley 6487 pi-
coammeter. The electric potential was increased an incre-
ment of 5 V, allowed 5 s to settle, and then 20 current
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TABLE I. Representative recent experimental studies of microscale breakdown phenomena. Standard material abbreviations have been employed. Planar refers to planar devices
microfabricated onto a substrate.

Materials

(c)=cathode Pressures Gaps
Year Author and (a)=anode Configurations Gases (torr) (pm)
1999 Torres and Dhariwal (Refs. 16 and 17) Cu, Fe, Al, Ni, brass sphere-to-plane, cylinder-to-plane air 0.3-760 0.5-25
2000 Dhariwal et al. (Ref. 18) Cu, Fe, Al, Ni, brass cylinder-to-plane air, N, 760-3040 0.5-15
2000 Ono et al. (Ref. 19) Si, Si with Au coating, Pt planar air 760 0.6-7
2001 Lee et al. (Ref. 20) Fe (c), Ag (a) point-to-plane air 760 0.1-40
2001 Ito et al. (Ref. 21) Pt, W, Au planar air, Ar, He, H,, CH;—H, 75-7500 1-40
2003 Wallash and Levit (Ref. 23) Cr planar air 760 0.9-4
2003 Longwitz et al. (Ref. 26) Pt, Au planar air, Ar, N, 7.5%X107°-1275 1-50
2006 Hsieh and Jou (Ref. 34) Ti, TiN planar Ar 1-760 20
2006 Chen et al. (Ref. 24) n-type Si, p-type Si, Al planar air 760 2-21
2006 Hourdakis et al. (Refs. 32 and 33) Au plane-to-plane air 760 0.4-45
2008 Strong er al. (Ref. 25) Si planar air 760 2-7
2008 Sismangolu and Amorim (Ref. 35) Cu hollow cathode air 760 5-20
2009 Go et al. (Ref. 29) Ti, Al planar air 760 5-20
Present work Go and Pohlman Cu (c), Cu (a), SS (a) point-to-plane air 760 3-20

readings were averaged. This process was repeated until
breakdown was observed when the current rapidly increased
from less than 1 nA to hundreds or thousands of uA. At
the occurrence of breakdown, the voltage was quickly re-
duced to zero. The experiments were conducted in open, at-
mospheric air, which, though not ideal, is not uncommon
because it represents real operating conditions for many
devices,'-2025:28:29.32.33 Additionally, because the purpose of
these experiments was simply to show trends, control or
analysis of the electrodes’ surface quality was not conducted,
though they were cleaned in acetone before every test to
limit contamination effects. For experiments with detailed
surface analysis, the reader is directed elsewhere (e.g.,
Ref. 32).

Figure 3 collects data from results reported by others and
the present experiments in the form of breakdown curves for
atmospheric air. Because of the plethora of data, individual
sets are not distinguished here, save for the present work, but
Table II details the sources of data included in the figure. It
is readily apparent that in most of the cases, including the
present experiments, the data deviate from the theoretical
Paschen’s curve in gaps less than 10 um to form the modi-
fied Paschen’s curve. This qualitatively confirms the form of
the curve predicted by Eq. (16) in Fig. 1. In larger, mesoscale
gaps, the data generally have the same shape and slope as
Paschen’s curve but the range of voltages is large, with data
for any given electrode gap varying by as much as 200 V.

gap, d
) 74
Bl / anode +| power
£ r——— |
= . - supply
o micropositoner -
picoammeter
L

FIG. 2. (Color online) Schematic of the experimental apparatus in open,
atmospheric air using a copper plate cathode and SS needle or Cu hollow
cylinder anode.

This is not unexpected given that Paschen’s curve is defined
for a uniform electric field—a condition that is not always
true in the various experimental studies. This effect is high-
lighted by the two curves representing the present experi-
ments with the SS needle tip anode and Cu hollow cylinder
anode. Though the Cu plate cathode, which supplies elec-
trons through secondary and/or field emission, is the same in
both cases, the breakdown curves are qualitatively quite dif-
ferent. The SS curve follows a fairly constant decreasing
trend between the breakdown voltage and electrode gap—
consistent with much of the other data. The hollow Cu cyl-
inder curve, though, appears to follow Paschen’s curve by
reaching a local voltage minimum and increasing before
sharply deviating from Paschen’s curve as the gap continues
to decrease. Overall, Fig. 3 highlights the complexity of
breakdown at the microscale, where general trends are com-
mon but quantitative data are heavily dependant on the elec-
trode geometry, material, and surface roughness.

700 T . T
data following Paschen's curve
600, | !
\\ 5 /present data (Cu anode)
S s00;
>
<
E 400 ¢
s o
s 300 |
S P
= [ theoretical Paschen's curve
[ (i 4§
= 200+ 1 & e - i
< LA 2% present data (SS anode)
iy
100 [if 7 ]
;Z‘ ,.;,4;!//" \data deviating from Paschen's curve
Ao
0 1 1 1 1
0 5 10 15 20 25

electrode gap, d (um)

FIG. 3. (Color online) Breakdown voltage vs electrode gap in atmospheric
air for a number of studies in the literature (see Table II), the present data,
and the theoretical Paschen’s curve. Studies from the literature with symbol
B deviate from Paschen’s curve and those with symbol [J qualitatively
follow Paschen’s curve. Note: line segments connecting data points are not
curve fits but meant to clearly show the data shape and trends.
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TABLE II. Summary of experimental data presented in Fig. 2. The data are extracted from figures in the original publications, and these are included in the third column.

Year Author Figure in original publication Comments
1999 Torres and Dhariwal (Ref. 17) Figure 4 data for Al, Ni, and brass
2000 Dhariwal et al. (Ref. 18 Figure 9 Ni
2000 Ono et al. (Ref. 19) Figure 15 data for Si and Pt
2001 Lee er al. (Ref. 20) Figure 6 data for only a 500 V offset voltage
2002 Slade and Taylor (Ref. 22) Figure 2 presented data extrapolated from Lee er al. (Ref. 20)
2003 Wallash and Levit (Ref. 23) Figure 8
data for n-type Si, p-type Si, and Al—both planar and comb
2006 Chen et al. (Ref. 24) Figures 5-7 configurations
2006 Hourdakis et al. (Ref. 32) Figure 6
2009 Go et al. (Ref. 29) Figure 10 data for Ti on Si substrate

In particular, three different behaviors are highlighted in
Fig. 4, which shows a subset of data in Fig. 3. The first is the
modified Paschen’s curve with a plateau [Fig. 4(a)] that rep-
resents most of the data in Fig. 3. The second is a form of the
modified Paschen’s curve where, rather than going through a
smooth, plateau transition from Townsend to field emission,
Paschen’s curve is sustained in decreasingly smaller gaps
until field emission quickly initiates and dominates the dis-
charge [Fig. 4(b)]. Therefore, rather than a plateau, this
modified Paschen’s curve has a local minimum voltage and
is followed by a sharp transition. This case includes the data
compiled by Slade and Taylor,22 the present hollow Cu cyl-
inder work, and simulation results of Zhang et al>® (Note:
the data from Slade and Taylor was extracted from the results
of Lee et al.,”® who conducted experiments at a variety of
supply voltages. Slade and Taylor did not specify which data
points of Lee ef al.’s they choose, and because of the density
of points and limited quality of the image, it is difficult to
extract identical points from Lee et al.’s original publication.
However, Slade and Taylor’s work is an oft-cited, well-
respected work on this topic, and the data points they pre-
sented are presumed valid.) In Sec. V, Eq. (16) is curve fit to
the data shown in Figs. 4(a) and 4(b)

Not all reported experiments showed the “modified”
form and, in particular, Si electrodes'®** appeared to follow
Paschen’ s curve even at very small gaps [Fig. 4(c)]. Si is a
semiconductor, and semiconductor field emission is different
than that from metals.> Therefore, the fact that Si electrodes
follow the traditional Paschen’s curve could indicate a delay
in field emission associated with their semiconducting prop-
erties.

V. COMPARISON TO EXPERIMENTS

Equation (16) was curve fit to the data for the modified
Paschen’s curves in Figs. 4(a) and 4(b), and these are shown
in Figs. 5 and 6, respectively. The values of the work func-
tion were assumed to be that of the bulk materials in each
experiment,54 and the parameters 8 and K were varied until
the fit was reasonably good. Typical values for 8 were ap-
proximately 50 to 100, reasonable values for most materials,
and K was on the order of 10® to 10°, which are little high
but not that much higher than the values (~107) extracted
from Refs. 11 and 41. However, in each case, this single
mathematical relation is able to qualitatively recreate the ob-
served experimental and computational trends and shapes. In

particular, Eq. (16) predicts both shapes of the modified Pas-
chen curve. In Fig. 5, Eq. (16) accurately predicts the “pla-
teau” transition from Fig. 4(a), and shows a smooth transi-
tion from Townsend to ion-enhanced field emission
dominated breakdown. If the value of K is decreased as
shown in Fig. 6, Eq. (16) predicts the sharp transition in Fig.
4(b) from Townsend to field emission breakdown, including
a local minimum voltage. Further, Figs. 5 and 6 are repre-
sentative of curve fits to other data sets presented in Fig. 2
indicating the proposed formulation is fairly robust. Though
matching the experimental data is not conclusive evidence
that Eq. (16) is correct, the fact that the single equation ac-
curately captures all trends lends confidence to the validity of
the formulation.

The role of the fitting parameter K is further explored in
Fig. 7(a), where breakdown voltages are plotted for different
values of K. Recall that the physical meaning of K is closely
tied to the local enhancement of the electric field by an ap-
proaching ion (Cg) as well as other field emission parameters
including B and ¢. To that end, smaller K values correlate to
a smaller ion-enhanced field emission effect, and larger K
values correlate to a larger ion-enhanced field emission ef-
fect. As observed in Fig. 7(a), for a larger value of K the
plateau form of modified Paschen’s curve is recovered, and
as K decreases, the sharp transition form is captured. The
local peak in the breakdown voltage at transition, shown in
Fig. 7(a), was determined for each curve, and the electric
field at this transition point was calculated. The electric field
ranged from 150 V/um for small K to 30 V/um for large
K—reasonable fields for ion-enhanced field emission to
initiate'* and start competing with secondary emission. The
effect of 8 and ¢ were also explored for a fixed constant K.
A similar trend as shown in Fig. 7(a) was also observed,
though not presented here for brevity. Generally, as B in-
creased or ¢ decreased, the modified Paschen curve shape
transformed from the sharp transition to the plateau form.
Further, it was observed that the small changes in 8 had a
much greater effect than small changes in ¢. However, it is
worth noting that changes in B and ¢ inherently imply
changes in K, and it is not realistic to hold K constant. That
is, while it is notable that B appears to have a greater impact
than ¢, further study is required to fully understand this re-
lationship. The mutual contribution by both processes across
most electrode gaps is also apparent in the shape of the
modified Paschen curve in Fig. 7(a). Though the curve ap-
pears to be linear as it trends toward zero, it is not linear.



1033083-7 D. B. Go and D. A. Pohiman

700 T T

2]
8

data from Ref. [17] ]

(4]
8

characteristic plateau

IS
8

w
3

breakdown voltage, \{7 W)
)
8

data from Ref. [32]

L 1 1

10 15 20 25
(a) electrode gap, d (um)

o
oi-

600+ present data (Cu anode) 1

A
8

data from Ref. [22] |

N
8

w
8

computational simulation
from Ref. [36]

breakdown voltage, \{7 )
N
8

characteristic local
minimum

0 5 1b 15 20 25
(b) electrode gap, d (u m)

/data from Ref. [19]

A
8

IS
8

w
8

data from Ref. [24]

2001 R

breakdown voltage, \{7 W)

8

% 20 25

[¢] 5 10 15
(c) electrode gap, d (u m)

FIG. 4. (Color online) Select data to show three distinct breakdown behav-
iors in atmospheric air: (a) modified Paschen curve with plateaus including
data from Refs. 17 and 32, (b) modified Paschen curves without plateaus
including present data, data from Ref. 22, and computational simulations
(Ref. 36), and (c) pure Paschen’s curves including data from Refs. 19 and
24. Note: line segments connecting data points are not curve fits but meant
to clearly show the data shape and trends.

Whereas a linear curve would apply for pure field
emission,23 the nonlinearity is due to the inclusion of
Townsend processes—consistent with Dhariwal et al.’s de-
scription of four breakdown regions.18

In Fig. 7(b), the ratio of the ion-enhanced field emission
secondary coefficient ' [Eq. (10)] to Townsend’s secondary
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FIG. 5. (Color online) Breakdown curves in atmospheric air from Refs. 17
and 32 and curve fits using Eq. (16).

coefficient y (held constant at 0.01) is plotted against the
electrode gap for the same values of K. The ratio '/ 7y spans
many orders of magnitude as the breakdown transitions from
Townsend dominated to field emission-dominated processes.
Of particular note, is that at larger, mesoscale gaps when
Paschen’s curve holds true (>15 wm), the ratio is extremely
small (<107%) suggesting that ion-enhanced field emission is
negligible. However, in moderately small microscale gaps
from approximately 3 um until the peak voltage transition,
the ratio is moderate (~1072 to 10') indicating that though
field emission is now important, Townsend secondary emis-
sion cannot be ignored. To that end, the value of the ratio
v'/y was also calculated at the transition point correspond-
ing to the local peak in the breakdown voltage. Though not a
constant as might have been expected, the ratio consistently
was on the order of 1072 to 107!, and always less than 1. This
suggests that breakdown begins deviating from Paschen’s
curve when only 1%—10% of the emitted electrons are gen-
erated by ion-enhanced field emission rather than secondary
emission. In very small microscale gaps (<3 um) the ratio
becomes large (~10%) and given that y was fixed at 0.01,
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FIG. 6. (Color online) Breakdown curves in atmospheric air from the
present data, Ref. 22, and computational simulations (Ref. 36) and curve fits
from Eq. (16).
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FIG. 7. (Color online) (a) Plot of modified Paschen’s curves [Eq. (16)] and
(b) the ratio of 7'/ y for different values of K. The constants for A and B are
those of air (Ref. 42) B=50, ¢=4.0 eV, and y=0.01. The vertical dashed
lines indicate the local peak in the breakdown voltage at the transition to
field emission.

this corresponds to 7y’ = 1. A secondary emission coefficient
of 1 is typically nonphysical except in special cases, and this
merely confirms that this description of breakdown is not
appropriate at very small gaps.

VI. CONCLUSIONS

In this work, a mathematical expression has been pre-
sented that consistently describes the breakdown voltage in
microscale gaps when breakdown deviates from Paschen’s
curve. This formulation for the modified Paschen’s curve is
based on the assumed independence of two cathode emission
effects—secondary emission due to ion bombardment and
ion-enhanced field emission. Comparison with both experi-
mental and simulation results show that this formulation for
modified Paschen’s curve captures the nature of the transi-
tion from Paschen’s curve to field emission-dominated
breakdown. Coupled with others’ prior studies, the present
results add further confidence that ion-enhanced field emis-
sion initiates in the transition region even at gaps as large as
10 um. Future experimental and theoretical studies will ex-

J. Appl. Phys. 107, 103303 (2010)

plore the form and validity of the modified Paschen’s curve
in other pressure regimes—both greater than and less than
atmospheric pressure—and other gases.

Two weaknesses of this formulation are that it accounts
for ion-enhanced field emission through a fitting parameter
and its inability to describe pure field emission in gaps less
than approximately 2 um. To that end, future work on this
topic should focus on establishing a breakdown theorem that
(a) has well-defined ab initio parameters for ion-enhanced
field emission and (b) accounts for both ion-enhanced and
standard Fowler—Nordheim field emission to completely de-
scribe all four regions of microscale breakdown. Thus, while
this derivation represents an important step in understanding
breakdown phenomenon in small gaps, it is not necessarily a
definitive equation, and more eloquent derivations may be
possible.
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