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Microplasmas with cylindrical hollow cathode have been studied by means of two-dimensional
particle-in-cell/Monte-Carlo collision �PIC/MCC� simulations. For a given input power, the onset of
field emission from the cathode surface caused by the strong electric field generated in these
discharges leads to a reduction of the discharge voltage and an increase in plasma density. The
plasma density profile can be strongly influenced by localized enhancements of the electric field,
which in turn will affect the erosion profile of the cathode. The cathode erosion profile is predicted
in this work by combining the ion kinetic information obtained from the PIC/MCC simulation with
the sputtering yield computed using SRIM �J. F. Ziegler, J. P. Biersack, and M. D. Ziegler, SRIM:
The Stopping and Range of Ions in Matter �Lulu, Chester, 2008��. The entrance of the cathode and
the center region are the areas most susceptible to ion-induced damage. The lifetime of the device,
however, can be extended by operating the device at high pressure and by reducing the operating
voltage by means of field emission and/or additional electron emitting processes from the
cathode. © 2009 American Institute of Physics. �DOI: 10.1063/1.3068745�

I. INTRODUCTION

Microplasmas with cylindrical hollow cathode have re-
ceived a lot of attention because of their capability of gener-
ating high density plasma, effective generation of energetic
electrons, nonequilibrium characteristics and simple
design.1,2 These features have prompted the investigation of
microdischarges in many applications including surface
processing,3,4 UV light sources,5 analytical chemistry,6

switches,7 and biomedical applications.8 In the last decade,
discharges with cylindrical hollow cathode evolved into at-
mospheric pressure operation by reducing the cathode diam-
eter to 10 �m,9,10 eliminating the need for vacuum pumps
and further contributing to the popularity of these devices.11

Hollow cathode discharges have been studied
experimentally,12 theoretically,13 and computationally.14–16

Computer simulations offer a valuable tool to study micro-
discharges since they provide information that is hard to ob-
tain experimentally due to the reduced dimensions of the
discharges.15,17 In agreement with indirect evidence obtained
from optical emission spectroscopy,2,10 recent simulation
results15 indicate that as in large scale devices operated at
lower pressure, the electron energy distribution function in
microhollow cathodes also presents a non-Maxwellian distri-
bution and a high energy tail.

The main drawback of discharges having cylindrical hol-
low cathode is their limited lifetime. To analyze the erosion
profile caused by the ion bombardment in microdischarges
with cylindrical hollow cathode and to suggest possible ways
of extending the device lifetime, particle-in-cell/Monte Carlo
collision18 �PIC/MCC� simulation results of microdischarges
with cylindrical hollow cathode operating in argon at 10 and
300 Torr are presented. Discharge characteristics obtained
with different electron emission models are compared and

the results are interpreted in terms of the device lifetime.
Compared to conventional fluid simulations, the simulation
technique employed here �PIC/MCC� is capable of capturing
nonlocal kinetics and non-Maxwellian electron energy distri-
bution functions often encountered in nonequilibrium
discharges.19–21 More importantly, PIC/MCC can collect the
energy and angle distribution of the ions impinging on the
cathode, allowing for a self-consistent model of the ion-
induced cathode erosion.

The rest of the manuscript is divided as follows. A de-
scription of the simulation model is presented in Sec. II, and
the simulation results are discussed in Sec. III. Finally, con-
clusions are drawn in Sec. IV.

II. SIMULATION MODEL

Microdischarges with cylindrical hollow cathode have
been modeled using a two-dimensional �2D-3V� axisymmet-
ric PIC/MCC plasma simulator �APPS�.15,22 The code as-
sumes azimuthal symmetry and solves for the radial and
axial coordinates. A multigrid solver is used to determine the
electrostatic field and a leapfrog scheme to integrate the
equations of motion. The code incorporates an external cir-
cuit and Poisson’s equation is solved on a uniform grid using
superposition of surface and volume charge densities. Par-
ticles in the simulation domain retain their three-dimensional
velocity in order to capture kinetics accurately. A large num-
ber of particles and a radially weighted filter are used to
minimize numerical noise.

For a validation of simulation code, a calculation result
was compared with experimental results on the hollow cath-
ode geometry with 50 mm diameter at the 100 mTorr
through private communication with Dr. Valery Godyak �Os-
ram Sylvania, Inc., Beverly, MA�. The calculated electron
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energy probability function at the discharge center region
agrees with experimental results which shows effective elec-
tron temperature 0.46 eV �data are not presented�.

In the simulation, electrons and atomic argon ions �Ar+�
are traced as particles while the distribution of background
neutrals is assumed to be uniform and constant. APPS uses
the null-collision method for efficient computation of the
collision processes.23 Electron-neutral collisions accounted
for in the model include elastic, excitation, and ionization
collisions. For the ions, momentum transfer and charge ex-
change collisions are considered. Coulomb collisions are cur-
rently not implemented in the model. Numerical heating of
low energy electrons, however, may partially compensate for
physical Coulomb interactions.24

Initially, the simulation domain is loaded with a spatially
uniform Maxwellian distribution of electrons and ions, a dc
voltage or current source is applied and the evolution of the
particles is followed until the steady state is reached. In the
steady state, the electron energy distribution function is no
longer Maxwellian and three electron groups are revealed.15

A device consists of a hollow cylinder and a circular disk
�see Fig. 1�. The cylinder has one of its ends closed and acts
as the hollow cathode. The diameter of the cathode is
100 �m and its length is 150 �m. The cathode is grounded
while the anode disk, which is placed 50 �m apart from the
cathode, is connected to the power supply. 10 and 300 Torr
pressure were considered. When the pD value, where p is
pressure and D is the diameter of the hollow cathode, is in
the range 0.1–10 Torr cm and the V– I characteristic shows a
negative differential resistance, the discharges are called in
the hollow cathode mode.9 In this case, the electrons experi-
ence oscillatory motion which is due to the strong radial
electric field in the hollow cathode region. According to the
pD value and electron motions, while 10 Torr discharge be-
longed to the hollow cathode mode, the 300 Torr case
did not.

As an dc discharge, microdischarges with cylindrical
hollow cathode rely on the emission of secondary electrons
from the cathode surface.25,26 Unless otherwise noted, we
will assume an effective ion-induced secondary electron
emission coefficient ��� of 0.2, i.e., �=�e /�i, where �e and
�i are the emitted electron flux and the incident ion flux,
respectively. This effective � accounts for electron emissions
due to the bombardment of the cathode by energetic particles
and photons, and it is commonly used in computational mod-
els. In addition to this electron emission mechanism, elec-
trons can also be emitted under the presence of a strong
electric field, i.e., field emissions can take place when the
electric field on the cathode region becomes sufficiently
large.27 The electric field threshold for the onset of field
emission from metal surfaces is typically on the order of
�109 V /m. For surfaces coated with carbon nanotubes
�CNT� films, however, the threshold reduces to �106 V /m,28

which can be easily reached in microdischarges with hollow
cathode structure. In this work, we incorporate the field
emission process in the simulation by modeling the field
emission current with the Fowler–Nordheim equation,29–31

i.e., the current is assumed to depend exponentially on the
value of the electric field. The constants in the Fowler–

Nordheim equation were obtained by fitting experimental
data of the emission properties of a CNT film32 �see
Fig. 1�d��.

In a real device, field emitters may not be uniformly
distributed along the surface of the cathode due to difficulties
during the fabrication process and/or the degradation of the
emitters by energetic particles during the device operation.
Therefore, three scenarios are considered in this study: no
field emitter film �baseline for comparison�, field emitter film
covering the hollow cathode uniformly �Fig. 1�a��, field
emitter film degraded at the entrance of the hollow cathode
�Fig. 1�b��. In addition, a case of an idealized emitter located
at the entrance of the cathode �Fig. 1�c�� has also been con-
sidered. This emitter is assumed to be capable of injecting a

FIG. 1. �Color online� Schematic of the microhollow cathode with three
different emission models: �a� Field emitters �CNT film� deposited along the
entire cathode region. �b� Field emitters deposited along the entire cathode
region but degraded at the entrance of the cathode after operation. �c� Field
emitters deposited only at the entrance of the cathode. �d� Field emission
current density as a function of the electric field �Ref. 32�.
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large current density and from a practical point of view it
could be realized as a result of the injection of an auxiliary
electron beam, photoionization, and/or thermionic
emission.33–36

Finally, the erosion profile of the cathode is estimated by
combining the energy and angle distribution of ions reaching
the cathode �PIC-MCC simulation� with the energy- and
angle-dependent sputtering yield obtained with SRIM, a
group of programs developed by James F. Ziegler that calcu-
late the stopping and range of ions into matter using a quan-
tum mechanical treatment of ion-atom collisions.37,38

III. RESULTS AND DISCUSSION

Figure 2 shows the density and potential profiles of a
10 Torr 5 mA argon discharge for three different emission
boundary conditions on the cathode. Figures 2�a� and 2�b�
correspond to the case without field emitters, Figs. 2�c� and
2�d� to the case with field emitters deposited along the whole
cathode surface �as depicted in Fig. 1�a��, and Figs. 2�e� and
2�f� to the case of field emitters covering the surface only
deep inside the hollow structure �as depicted in Fig. 1�b��.
For the three cases, while the discharge voltage was changed
from 181 through 98 to 142 V, the maximum plasma density

remains within the same order of magnitude: �2�1021 m−3.
The spatial distribution of the plasma, however, strongly de-
pends on the boundary condition. In the absence of field
emitters �Fig. 2�a��, the plasma density is maximum well
inside the hollow cathode. In the 10 Torr case, the discharge
operates in the hollow cathode mode with a virtual anode
extending along the axis of the hollow cathode �Fig. 2�b��.
Secondary electrons are accelerated in the radial direction in
the cathode sheath and acquire a pendular motion.13 When
the cathode is uniformly coated with a film of field emitters,
the peak plasma density is reached at the entrance of the
cathode �Fig. 2�c�� and the cathode sheath potential is re-
duced from 181 V to 98 V �compare Figs. 2�b� and 2�d��.
The displacement of the plasma towards the entrance of the
cathode �compare Figs. 2�a� and 2�c�� is due to the local
enhancement of the electric field around the edge of the cath-
ode. Although in the simulation the properties of the field
emitters are the same independently of their location on the
cathode, the self-consistent enhancement of the electric field
at the entrance of the cathode drives most current through
that region. As it will be discussed later, the edge of the
cathode is susceptible to energetic ion bombardment, and as
a result one would expect the field emitters in that area to get
degraded quickly. Once this damage has taken place, one
would reach a situation similar to the third case �Figs. 2�e�
and 2�f��. In this case, the peak plasma density gets back
inside the hollow cathode and thanks to the contributions of
the field emitters a denser plasma and a lower sheath poten-
tial are obtained �compare Figs. 2�a� and 2�b� with Figs. 2�e�
and 2�f��. The reduced sheath potential when the cathode is
coated with a CNT film has also been observed experimen-
tally by Eden and Park.39

The lowering of the operation voltage due to the field
emitters can be analyzed qualitatively with a simple analyti-
cal model. The current density at the cathode �JT� is given by
JT=Ji+J�+Jothers, where Ji is the ion current density, J�

=�Ji is the effective ion-induced secondary electron emis-
sion current density, and Jothers is the current density due to
other electron emission processes, in this case field emission.

Approximating the ion current to the cathode with the
Child–Law model,40 the ion current is related to the applied
voltage as

Ji =
4

9
�0�2e

M
�1/2V3/2

s2 .

As a result, the applied voltage is given by V
=Vo�1−��2/3, where �=Jothers /JT is the ratio of field emis-
sion current to the total current, and Vo is the voltage re-
quired to sustain the discharge in the absence of field emitted
current �Jothers=0�,

V0 = � JT

1 + �

9

4
�M

2e
�1/2 s2

�0
	2/3

.

Figure 3 compares the applied voltage dependence on the

FIG. 2. �Color online� Ar+ ion density and potential profiles at 10 Torr
5 mA: ��a�, �b�� without field emitters, ��c�, �d�� with field emitters along the
entire cathode �Fig. 1�a��, and ��e�, �f�� with field emitters only inside the
cathode �Fig. 1�b��. The numbers on each figure indicate the maximum
value.
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ratio of field emitted to total current ��� predicted by the
simple analytical model and the PIC simulations. The ana-
lytical model underestimates the voltage reduction due to the
extrapolation of the Child–Law model to a collisional sheath
in the presence of strong electron emission. Nonetheless, the
model captures the qualitative behavior.

One of the main drawbacks of hollow cathode devices is
their short lifetime. The lifetime of microhollow cathode de-
vices is limited by the erosion of the cathode surface. Assum-
ing that the erosion is mainly due to ion impact, the erosion
profile can be predicted by combining the ion energy and
angle distributions on the cathode surface obtained from the
PIC simulations with the sputtering yield calculated with
SRIM. The erosion profile �e�z�� is then given by

e�z� = 

0

� 

0

�/2

Y��,	�f��,	,z�d	d� ,

where Y�� ,	� and f�� ,	 ,z� are the sputtering yield and the
ion energy-angle distribution on the cathode surface. It is
clear that the erosion profile depends on the material proper-
ties of the cathode as well as on the discharge characteristics.
For a given cathode material, Y�� ,	� is fixed and the only
way to control the lifetime of the device is by adjusting the
ion flux onto the cathode surface �f�� ,	 ,z��.

In general, the sputtering yield �Fig. 4� increases mono-
tonically with the energy of the incident ion and is higher for
particles striking perpendicularly onto the cathode surface.
As a result, a decrease on the applied potential and an in-
crease on the number of collisions ions undergo as they tran-
sit the sheath will result in an improved lifetime of the de-
vice. The former can be achieved by incorporating field
emitters and the latter by operating at high pressure. Figure 5
compares the average kinetic energy of Ar+ ions at 10 and
300 Torr. At 10 Torr, the maximum average ion kinetic en-
ergy is �76 eV, nearly half the applied voltage. At 300 Torr,

however, the maximum average ion kinetic energy reduces to
�1.4 eV �� a tenth of the applied voltage� due to frequent
collisions in the sheath. In addition, collisions in the sheath
also favors the device lifetime by reducing the number of
perpendicular impacts on the cathode �see Fig. 4 for the in-
cidence angle dependence of the sputtering yield for Ar+ on
Mo�.

Figure 6 shows the actual energy and angle distributions
of the ions bombarding the cathode at three different loca-
tions. The locations are marked as �1�, �2�, and �3�, and they
are graphically shown in Fig. 7. The dotted lines in Fig. 6

FIG. 3. �Color online� Cathode sheath potential as a function of emission
current ��� for a 10 Torr 5 mA argon discharge.

FIG. 4. �Color online� Sputtering yield of Mo by argon ions obtained with
SRIM �Refs. 37 and 38�. Angle measured with respect to a perpendicular to
the surface.

FIG. 5. �Color online� Average ion kinetic energy profile for argon dis-
charges at �a� 10 Torr 5 mA, and �b� 300 Torr 5 mA. The numbers on each
figure indicate the maximum value.
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indicate the sputtering threshold for Mo by Ar ions ��27 eV
as shown in Fig. 4�. At 10 Torr the energy distribution of the
Ar+ ions striking on the cathode extends beyond the sputter-
ing threshold. At 300 Torr, however, most ions arrive at the
cathode with energies below the sputtering threshold. As a
result, the sputter damage of the cathode is largely reduced
by operating at 300 Torr �Fig. 7�a��. At 10 Torr and in the
absence of field emission, the sputtering takes place most
significantly at the entrance of the cathode and inside at the
center �Fig. 7�b��. On the other hand, for the case in which
field emitters have been deposited along the whole cathode
surface, the erosion is maximum at the entrance of the dis-
charge. These are the regions that receive the highest influx
of particles. It is noted, however, that the sputtering profile is
not proportional to the net ion flux because the sputtering
yield depends on the angle of incidence �Fig. 4� and the
angular distribution at the entrance of the cathode and inside
the cathode are quite different �Fig. 6�a��. It is interesting to
note that when field emitters are deposited only inside the
cathode, the sputtering at the entrance reduces as a result of
the concentration of the discharge near the regions where
field emission takes place �Figs. 2�a� and 2�e��. In that re-
gion, however, the sputtering is enhanced as a result of the
increased flux �Fig. 7�.

Ideally one would like to operate the discharge with an
applied voltage that is below the sputtering yield of the cath-
ode material �tens of volts� and yet above the ionization
threshold of the background gas so that no sputter damage is
caused by the ions bombarding the cathode and secondary
electrons still can gain enough energy to ionize the back-
ground gas. In Fig. 8, the potential profiles of three dis-
charges in which an idealized emitting mechanism is incor-
porated at the entrance of the cathode �Fig. 1�c�� at 300 Torr
are presented. For a drastic reduction of the applied potential
down to tens of volts, the injected current needs to be com-
parable to the net discharge current, which for the geometry
of Fig. 1�c� requires a current density of 100 A /cm2. Such a
high current density is likely to trigger the onset of thermi-
onic emission which is currently not considered in the
model.

IV. SUMMARY

In microdischarges with hollow cathode structure, high
electric fields are generated due to the reduced dimensions of
the devices and this high electric field can trigger field emis-
sion from the cathode surface with changes in the discharge
characteristics. Indeed, the onset of field emission leads to a
reduction of the discharge voltage and changes the density
profile. By combining the sputtering yield of the cathode
material with the self-consistent energy and angle distribu-
tion of ions impinging onto the cathode, the erosion profile
of the cathode can be predicted. In agreement with experi-
ments, the simulations suggest an extended lifetime when the
discharges operate at high pressure. This is as a result of the
larger number of collisions the ions undergo as they transit
the sheath, which leads to a reduction of their final energy
and a broader angular distribution. Further improvements
can be reached by the reduction of the operating voltage due

FIG. 6. �Color online� Energy and angle distribution of Ar+ ions at several
locations on the cathode surface �a� 10 Torr 5 mA and �b� 300 Torr 5 mA.
The dashed lines indicate the sputtering threshold energy.

FIG. 7. �Color online� Erosion profiles. �a� Influence of the operating pres-
sure in the absence of field emission. �b� Influence of the field emission for
10 Torr 5 mA discharges.
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to the incorporation of field emitters �e.g., carbon nanotubes
films� on the cathode surface. For realistic field emitters,
however, the reduction in the discharge voltage is not large
enough as to bring the operating voltage below the sputtering
yield of the cathode material. As a result, one is to expect the
improvements brought in by incorporating field emitters to
degrade with time as a result of the physical erosion of the
emitters. Combining different electron emitting physical
mechanisms �e.g., field emission, photoionization, thermi-
onic emission, …�, one could reach a scenario in which the
operating voltage is lower than the sputtering yield of the
cathode material and yet greater than the ionization threshold
of the background gas. Under these conditions, the lifetime
of the microhollow cathode could be drastically extended.
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