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Breakdown of a Wire-to-Plane Discharge: Transient Effects

Abstract

A wire-to-plane discharge during the early phases of breakdown has been studied. The discharge has been
modeled in a prolate spheroidal coordinate system with the wire shape taken as a hyperboloid of revolution.
Four simultaneous coupled, time-dependent, nonlinear partial differential equations describe the electrical
discharge. These are the conservation equations for ion and electron densities, the energy equation for
electron temperature, and Poisson’s equation for the self-consistent electric field. By solving this formulation
subject to appropriate initial and boundary conditions, charged particle densities and temperature variations
have been obtained as the ionization progresses in the discharge. The results show that both the electron
temperature and the charged particle densities increase with the progress of ionization. The effect of different
wire polarities is also examined. With a positive wire polarity, the increases in electron temperature and
charged particle densities are confined to regions of the discharge in the vicinity of the wire tip. With a
negative wire polarity, the breakdown occurs in the entire gap at a faster rate than with a positive wire polarity.
The wire polarity affects the magnitude of energy transfer between the particles.
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Breakdown of a wire-to-plane discharge: Transient effects

M. A. Jog, I. M. Cohen, and P. S. Ayyaswamy

Department of Mechanical Engineering and Applied Mechanics, University of Pennsylvania,

Philadelphia, Pennsylvania 19104-6315
(Received 8 May 1991; accepted 12 August 1991)

A wire-to-plane discharge during the early phases of breakdown has been studied. The
discharge has been modeled in a prolate spheroidal coordinate system with the wire shape
taken as a hyperboloid of revolution. Four simultaneous coupled, time-dependent, nonlinear
partial differential equations describe the electrical discharge. These are the conservation
equations for ion and electron densities, the energy equation for electron temperature, and
Poisson’s equation for the self-consistent electric field. By solving this formulation subject to
appropriate initial and boundary conditions, charged particle densities and temperature
variations have been obtained as the ionization progresses in the discharge. The results show
that both the electron teraperature and the charged particle densities increase with the progress
of ionization. The effect of different wire polarities is also examined, With a positive wire
polarity, the increases in electron temperature and charged particle densities are confined to
regions of the discharge in the vicinity of the wire tip. With a negative wire polarity, the
breakdown occurs in the entire gap at a faster rate than with a positive wire polarity. The wire
polarity affects the magnitude of energy transfer between the particles.

I. INTRODUCTION

A fully two-dimensional analysis of the transient electri-
cal breakdown of a wire-to-plane discharge has been de-
scribed. There have been several studies and reviews on elec-
trical breakdown in parallel plane and nonuniform
geometries (see, for example, Refs. 1-5). Most of the analy-
tical studies consider a one-dimensional model and the non-
uniformities are taken into account via the initial potential
distribution. Two-dimensional analyses of electrical break-
down in a parallel plane geometry have also been carried
out.*? Recently, Ramakrishna ef al.® reported a two-dimen-
sional analysis of breakdown of a wire-to-plane discharge;
however, the discharge in their study has been considered to
be isothermal. Here, we consider a more general formula-
tion. The electron energy gain from the electric field and loss
by inelastic collisions are included. The discharge is de-
scribed by conservation equations for charged particle densi-
ties and electron energy together with the Poisson’s equation
for the self-consistent electric field. The charged particle
densities and temperature variations have been obtained for
positive as well as negative wire polarities, At a given loca-
tion, the increase in electron temperature precedes the rapid
increase in electron density and the electron temperature
decreases as the ionization progresses, With a negative wire
polarity, the breakdown occurs in the entire gap at a faster
rate than with a positive wire polarity. Discharges such as
the one studied here, are used, for example, in the melting of
wires in the ball-bonding process of semiconductor chips.’

In the ball-bonding process, a fine metal wire (typically
25 pm diameter) is heated from below by an electric dis-
charge across an air gap. (Sometimes an inert or reducing
gas is used at atmospheric pressure.) After the initial break-
down, treated in this paper, a steady discharge of brief dura-
tion heats and melts the wire. Surface tension causes the
molten metal to roll up and form a bail, The discharge is then
terminated, the ball solidifies, and is pressed down by a
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bonding machine onto a pad on a semiconductor chip to
form a (ball) bond. Wire is looped over to the mounting
(lead) frame where a second bond is made to connect the
chip circuitry to the outside.

. MATHEMATICAL FORMULATION

A collision-dominated plasma is adequately described
by the continuum conservation equations. Here we consider
a collision-dominated, low-energy, two-temperature plasma
consisting of three species—electrons, positive ions, and
neutrals, We assume that each specie is in equilibrium with
its like particle, and t1e background gas is homogeneous and
at rest. Since good collision coupling exists between the
heavy particles, ion and neutral particle temperatures are
taken to be the same and prescribed as constant. The break-
down is assumed to be axially symmetric. The governing
conservation equations are derived in Refs. 10 and 11. These
are

N,

a;"" + VT, = P(N,) — R(N,), (0
where the electron and the ion fluxes are given by
rc,i = - (/u'e.i/e) (vper =+ eNa,iE)’
pe,i =Ne,isz.t“ (2)

The electron temperature is obtained from the energy con-
servation equation for electrons,

3 /(3

— | = NEkT, |} + Vg, = — E-— Q.. ‘

S (SN + V= —eT B~ 0, (3)
where

g, =3kT,I, — k,VT,. (4)

The self-consistent clectric field is given by Poisson’s
equation

V'Es(E/e())(N‘—N‘,). (5)
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Here, N represents charged particle number density, T'is the
temperature, p represents pressure, 4 the mobilities, Vis the
electric potential, E is the electric field, Q,; is the rate of
transfer of energy during inelastic collisions, £ is Boltz-
mann’s constant, k, is the electron thermal conductivity, €,
is the permittivity of free space, and e is the magnitude of
electric charge on an electron. The subscripts e and / are used
for electrons and ions, respectively.

At atmospheric pressure, the mean-free path for colli-

sions is about 0.1 um. The gradient length in this problem is
about 10 um (as can be seen from our results below). Thus a
typical length scale for charged particle variation is about
100 mean-free paths, validating a continuum or diffusion
model. Even during the subsequent steady discharge, when
theionization may be substantial and the Debye length in the
body of the plasma may be as short as the mean-free path, the
sheaths adjacent to the electrodes are measured in terms of
the local Debye length. This is much larger because of the
depressed densities in the sheaths due to the absorbing boun-
dary condition. Thus, even the sheaths obey a continuum
description.

In the above, P(N,) — R(N,) is the net ionization pro-
duced by electron impact ionization, thermal ionization, and
three-body recombination. Impact ionization is given by

P(N.) = a,u,EN,.

The primary ionization coefficient ¢, is a function of the
ratio of electric field to the gas pressure E /p.

— B/(E/p)].

The constants 4, and B, depend upon the type of gas.
The Saha equation gives the net thermal ionization and re-
combination as'*

a, = A4,pexp|

12,13

2¢;N, (2mm kT, \*”
h2

eV,
X exp T — NN, |,

and the recombination coefficient strongly depends on the
electron temperature as '’

y=1.09% 10~ 2T 7% (m®/sec).

Here the g’s are statistical weights, V, is the ionization poten-
tial, and 4 is Planck’s constant.

To calculate the energy transfer during inelastic colli-
sions (@,, ) we consider that successive excitation collisions
result in ionization. We assume that each ionization consists
of two inelastic collisions and that half of the ionization en-
ergy is transferred during each collision.

The discharge is modeled in a prolate spheroidal coor-
dinate system which provides a fine computational grid near
the wire tip (see Fig. 1). The wire shape is taken as a hyper-

]

P(N‘.) _R(Ne) =ch[

an,, F,, 1 4 [ ( (
+ sinh u
at ( sinh® u + sin? v) sinh u au du

. eifted a B — w
x{gmv(———( a‘v : j:ne',-a—f)]—exp(———E->n E+ CCpn,T, 3exp( Te)
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FIG. 1. Schematic of discharge problem showing prolate spheroidal
coordinates.

boloid of revolution. The prolate spheroidal coordinates are
related to the Cartesian coordinates by

x = a sinh u sin v cos ¢,
y =asinh u sin v sin @, (6)
z =gq cosh u cos v.

Here a is the semifocal distance used as a normalization
length. We define a “wire diameter” d as twice the tip radius
of curvature. Thusd = 2L tan® v,,, L = a cos v,,, where L is
the interelectrode gap.

The coordinates shown are natural for this problem, as
both electrodes could be taken as coordinate surfaces.
Moreover the initial condition for the electrostatic potential
has a simple form and boundary conditions are easily stated.
The complexity of the metric coefficients is of no conse-
quence in our numerical solution.

We introduce the following normalizations to obtain a
nondimensional formulation. The temperatures are norma-
lized by the ambient temperature 7' . The number densities
are normalized by the number density value which results in
a Debye length equal to the wire diameter
Ni = kT _e,/(e’d?). The potential and the electric field
are normalized by Vi =kT_/e and E, =V,/d,
respectively.

With this normalization the governing equations, the
boundary conditions, and the initial conditions are

n 2|+ F., )
R ( sinh? u + sin?v) sinv dv
C, T %?nln,, (N
Jog, Cohen, and Ayyaswamy 3533
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d 5 F, 1 d [ . ( d ' i ]
—(n,T,) +— - - —{ sinhuT,{ — (T,n,} —n, ——
at ( ) 3 ({sinh®u + sin®v) sinhu Jdu Su ( ) Su /)
5 F, 1 4 [ . ( a 3y )]
— — | sinv?l,{ — (T.n,) —n, —
+ 3 (sinh?u + sin*v) sinv dv v (Lene) S
F aT, T,
2z . A [ ,1 i(sinhu e)—{——l—i(sinu : )]
3 (sinh?u + sin?wv) L sinhu Jdu du sin v v v |
2 F, ( on T, gy nT, oy )
" 3 (sinh?u + sin? v) du du v I
F pJ 2
b2t (S (BN _g, ®
3 (sinh?u + sin®v) L\ du ov
2
- L - [ _1 i(sinhué—%{)ﬂ- ,I i(sinvéﬁ)]=—a?(n‘,—n,-), (%)
(sinh? u + sin”v) | sinhu du Au sin v Jv v d
where were solved numerically using the alternating direction im-
Vet k,tx i plicit method. The diffusion terms were discretized by cen-
F,, = ——5%{— , Fo= _NLT » g = TAmED’ tral differences whereas the drift terms were discretized by
@ (Nra'k) (AiPiteEr) upwind differences. Initially when the charged particle num-
C, = 1.09X 10" P°NLT - %y, ber densities are very low, the electron transport due to diffu-
C, = 4.8186 X 10°'N, 2, T**/(g,N%). sion is very small cornpared to the transport due to electron
” * drift. As the number densities increase, the drift and the dif-
The boundary conditions are fusion effects become comparable in the u direction whereas
on the wire electrode: in the » direction drift terms remain much larger than the
v=uv,, =1, n,=n, and T, =T,; diffusion te;ms. The program was run on the Pittsburgh Su-
percomputing Center’s CRAY Y/MP and each run took
on the planar electrode: about 1.5 h. The parameters used for the calculations are
v=mn/2, ¥=0, n,;=mny, and T,=T,; d=1x10"°m, L=5X10"* m, Ny=6X10*m~?% N,
on the axis: =1.47X10% m~3 N,=236X10"m"° p=101
3 X10° Pa, T, =500 K, T, =500 K, 5 =1.02 X108
u=0, —=0; sec, 4, =65 m/N, B; =191.21 m/N, K.
du = 0.0348 m?/V sec. The medium is air. These parameters
and are typical of the bal] formation process for ball bonding of
away from the axis: semiconductor chips. Results are obtained for an applied
voltage of 2500 V for negative as well as positive wire polar-
J .
U— oo, —— =0, n,;—n, and 7,~T,. ity.
u

The electrodes are considered to be nearly perfect ab-
sorbing surfaces. The number density #, is the small ambient
density due to the omnipresent background radiation. This
is assigned to the electrodes to avoid singular behavior which
may result from requiring zero density at the electrodes.
This also accounts for the weak refiection and emission from
the electrode surfaces.

Initial conditions: The initial charged particle densities
are taken to be #, and the initial temperature is 7', . As the
initial charged particle densities are very small, the initial
electric field is given by the solution to Laplace’s equation,
¢ =1, In[tan(v/2)]/ In[tan(v,/2)]. The initial condi-
tions are

at t =20,
_ ¥, In[tan(v/2)]

= 1y d o= X
r=to and ¢ In[tan(v,/2)]

T=T,,

{Il. RESULTS AND DISCUSSION
Equations (7)—(9) are the governing equations with the
boundary conditions and initial conditions, These equations
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We first discuss results for a positive wire.

A. Positive wire polarity

Figure 2 shows the variations of charged particle densi-
ties at several locations on the discharge axis. The electron
densities rise and then become constant when a balance is
achieved between net production and drift. This rise in
number density is different for different locations. The elec-
tric field decreases from the wire to the plane which results in
a corresponding decrease in production of charged particles.
Since electrons move roward the wire, both the effects lead to
successively higher number densities toward the wire. It can
be seen that the breakdown has not reached much beyond
Z = 0.8, The electrons gain energy from the electric field as
they drift toward the anode wire. This confines the electron
temperature increase o regions of the discharge in the vicin-
ity of the wire tip. This can be seen from Fig. 3. The tempera-
ture increases as the ionization proceeds. In this case the
ionization levels are lower than those with negative wire po-
larity, less energy is lost by the electrons, and the drop in
electron temperature is consequently lower. Figure 4 shows

Jog, Cohen, and Ayyaswamy 3534
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FIG. 2. Variation of charged particle densities with time at various loca-
tions on the discharge axis, p = 1 atm in air, ¥, = 2500 V. Legend: (1)
Z=099, (2) Z=0.95, (3) Z=109, (4) Z=10.8; Z=z/L. Solid lines:
electron number density; dashed lines: ion number density.

the radial variations of charged particle densities. As the
electrons move toward the wire electrode, the inward elec-
tric field causes a drift toward the discharge axis. This con-
fines the higher electron densities to within a few wire dia-
meters of the discharge axis. The corresponding electron
temperature variations are shown in Fig. 5.

B. Negative wire polarity

Figure 6 shows the variations of charged particle densi-
ties at various locations along the discharge axis. The pro-
duction of charged particles begins near the wire tip. As the
electron number density increases, electrons move toward
the planar electrode resulting in increased number densities

10 1

t .

e

e

I
[ S NI TP 1 iy 2 erong_ Ay T Ty
10 107 10* 102 107 10" 4 10

t/t, —

FIG. 3. Variation of electron temperature with time at various locations on
the discharge axis, p = 1 atm in air, V. = 2500 V. Legend: (1) Z = 0.99,

g

(2)2=095,(3) Z=09, (4) Z=038.
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FIG. 4. Radial distribution of charged particle densities, p = 1 atm in air,
V, =2500 V. Legend: (1) t=5x10"3, (2) r=5%10"?, (3) t=05,
(4) t=1, (5) t = 1.5. Solid lines: electron number density; dashed lines:
ion number density.

of charged particles due to increased ionization and drift.
This rise in number density occurs at progressively later
times for locations farther from the wire tip. Comparing this
with the variation of charged particle densities along the dis-
charge axis for positive wire polarity (Fig. 2) we see that the
charged particle densities are higher in the vicinity of the
wire tip for positive wire polarity. With the negative wire
polarity, charged particle densities increase toward the
planar electrode. As the ion drift is small and the ionization
rate is proportional to the electron number densities, large
ion number densities occur at the locations where the elec-
tron densities are large. The temperature variations for the
same locations considered in Fig. 6 are shown in Fig. 7. As

Te/Tw —

FIG. 5. Radial electron temperature distribution, p = ! atm in air, ¥,
=2500 V. Legend: (1) t=5x10"%, (2) r=5x10"2, (3) t=0.5, (4)
t=1(5)t=15.
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FIG. 6. Variation of charged particle densities with time ai various loca-
tions on the discharge axis, p = 1 atm in air, V,, = — 2500 V. Legend: (1)
Z=099, (2) Z=09, (3) Z=0.8, (4) Z=0.67. Solid lines: electron
number density; dashed lines: ion number density.

the ionization progresses outward from the wire tip, the
charged particle densities increase very rapidly. This rapid
increase in number density is preceded by an increase in elec-
tron temperature at a given location. Electrons gain energy
from the eleciric field and the electron temperature in-
creases. This can be seen from the rising part of the tempera-
ture curve in Fig. 7. These electrons lose their energy in ine-
lastic collisions with the neutrals. As the ionization rate
increases, electrons lose progressively more energy in the
ionization process, which results in a decrease in electron
temperature. Later, a balance is achieved between gain and
loss of electron energy resulting in a constant electron tem-
perature. In this circumstance, electron densities on the axis
are almost constant as the ionization rate on the discharge

10 1

1

fﬂg 10

~ 3

B ’
1 ':ﬁ"ﬁ'ﬂﬂ[ M __'\"'! 'l"“llr'_r TRV m|_"'1" FYyU TR )
16 18> 18%  10° 2 gt 1 10

tft, —

FIG. 7. Variation of electron temperature with time at various locations on
thedischarge axis, p = latminair, ¥, = — 2500V, Legend: (1) Z = 0.99,
(2) Z2=09,(3) Z=0.8, (4) Z =0.67.
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axis essentially compensates for the electron drift. The ion
mobility is much smaller than that of the electrons resulting
in a small ion drift, and jon densities continue to rise. After
this plateau, the electron temperature starts increasing
again. This may lead to the second phase of breakdown
where thermal ionization will become increasingly impor-
tant and charged particle densities will grow still larger to

complete the process of breakdown.

IV. CONCLUSIONS

We have studied electrical breakdown of a wire-to-plane
discharge at atmospheric pressure. The discharge is de-
scribed by conservation equations for charged particle densi-
ties and electron energy together with Poisson’s equation for
the self-consistent electric field. These governing equations
have been numerically integrated to obtain the variations of
charged particle densities and electron temperature for ne-
gative as well as positive wire polarities. From this study we
draw the following conclusions:

(1) The breakdown occurs in the entire gap at a faster
rate with negative wire polarity than with positive wire
polarity.

(2) With positive wire polarity the maxima in charged
particle density and electron temperature occur on the dis-
charge axis, whereas with the negative wire, the maxima in
charged particle density and electron temperature occur a
few wire diameters away from the discharge axis.

(3) The steep rise in electron temperature precedes the
rapid increase in eleciron density at a given location, but the
electron temperature decreases as the ionization continues.
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