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Profiling and modeling of dc nitrogen microplasmas
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This article explores electric current and field distributions in dc microplasmas, which have
distinctive characteristics that are not evident at larger dimensions. These microplasmas, which are
powered by coplanar thin-film metal electrodes with 408- minimum separations on a glass
substrate, are potentially useful for microsystems in both sensing and microfabrication contexts.
Experiments in N ambient show that electron current favors electrode separations of 4 mm at 1.2
Torr, reducing to 0.4 mm at 10 Torr. The glow region is confined directly above the cathode, and
within 200-500um of its lateral edge. Voltage gradients of 100 kV/m exist in this glow region at
1.2 Torr, increasing to 500 kV/m at 6 Torr, far in excess of those observed in larger plasmas.
Numerical simulations indicate that the microplasmas are highly nonquasineutral, with a large ion
density proximate to the cathode, responsible for a dense space-charge region, and the strong
electric fields in the glow region. It is responsible for the bulk of the ionization and has a bimodal
electron energy distribution function, with a local peak at 420 eV.2@3 American Institute of
Physics. [DOI: 10.1063/1.1595143

I. INTRODUCTION tribution, and a parallel-plate configuration, where the plate
) ] ) ) diameter was large compared to the spacing, to allow a one-
On-chip microplasmas and microdischarges have beegmensional(1D) solution These efforts were extended to
shown to have potential applications for localized silicon,ceont for fast, nonequilibrium electrons in the cathode-fall
etching? for spectroscopy of water impuriies, as a potentialyegioni2 The modeling effort in Ref. 12 found that the larg-
tunable UV sourcé;’for gas spectroscopy, and for display et ionization rates are in the negative glow region proximate
techr)olqg)ff All of these potential applications rely on the t, the cathode fall, and that the ionization rate, and the region
localization of the microplasmas or microdischarges. This i optical intensity got close to the cathode as the pressure
typically accomplished by physical confinement within & mi-\ a5 increased to 2 Torr. Similar results for ionization and

crocavity, but self-confinement can also be accomplishedoptica| intensity of H dc glow discharges at 20-30 Torr
Small-scale dc electric discharges that operate in the 1-2Quare found. with a 1D solutioR?

Torr pressure regime sustain a glow region that self-localizes Kinetic models have also been successful in modeling dc
over the cathodé® This glow region supports large voltage low discharges. A two-dimensioné2D) self-consistent ki-
gradients and is by far the most optically intense region Otgetic model coupling the Boltzmann and Poisson equations
the discharge(Modeling results presented here suggest thaf,5 developed, and used to study the transition between nor-
this region provides the bulk of the plasma ionizatjon. mal and abnormal glow regimé$.The cathode-fall and

While some previous large-scale dc plasma experimentgegave glow regions of dc plasmas have been investigated
and modeling efforts show trends similar to those for theexperimentally and theoretically, again for large-scale

_mic_roplasmgs just_d_escri_bed, the physics of the glow Ioc_albarallel-plate plasma discharges. A kinetic model using the
ization on either miniaturized or coplanz_:\r electrodes remaing;onte-Carlo technique was used to calculate the ion—
unexplored. Several self-consistent fluid models have beegieciron current balance in the sheath region of a He dc par-
used to calculate the properties of dc glow discharges, couye| piate discharg®® A single-beam kinetic model with two

pling solutions to the Boltzman and Poisson equations. Thigarying parameters of density and velocity for electrons was

technique was used to correlate the cathode-fall voltage arlﬁ’eveloped to analyze the cathode fllas well as a self-
distance to the current density in dc discharges in rare, and,sistent kinetic modéf.

some molecular, gasé§imilar efforts, including continuity In contrast to past efforts, this article focuses on charac-
of momentum equations, were used to analyze, COA terizing and modeling dc microplasmas generated from co-

continuum model for the entire plasma region of rf and dcyanar electrodes patterned from thin film electrodes on a
discharges was developed, for pressure ranges of 0.5 10 9555 microchip. Optimizing localized optical intensity,

Torr, an assumed Maxwell-Boltzmann electron energy dispiasma densities, and electron energies are essential to the
design of micro electro mechanical-systems related sensing
dElectronic mail: chwilsn@engin.mich.edu and manufacturing applications. Experimental results charac-
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FIG. 1. Planar Ti electrode configuration, patterned on glass to measure 2 Torr, anode I
cathode current density. Cathode is split into separate paths, where the cur- 0 4 _ .—././'/.'_— 2
rent is independently measured. Polarity can be reversed to measure anode =
current density. ..(E O 3 __ I1
-09 . ’\,,,,4\._‘,/
~= [3
=~ 0.2+
terizing these microplasmas are presented in the next section,
followed by modeling efforts in Sec. IV. 0.1+ [4
Il. EXPERIMENTAL RESULTS 300 400 500 600

Plasma Voltage (V)

In order to measure the spatial distribution characteris-
tics of the anode and the cathode current, anmicroplasma )
was created between planar thin-film Ti electrodes patterned
on a glass substrate at vacuum levels ranging from 1 to 20
Torr. A segmented electrode 1 mm wide, 5 mm long, and

spaced 40(«m apart was used first as an anode, and then agss 10 Torr. The effect is much greater for the anode current.
a cathode to measure these characteristics, which are depety- 10 Torr, essentially all of the current goes to the closest
dent on both pressure and applied voltdge. 1). Pads 1 gectrode.

through 4, varying only in position along th¢ axis were This asymmetry between anode and cathode current is
connected through separate 147resistors, so that the cur- pjieved to be caused in part by the difference in mobilities

rent traveling through them could be independently meapenyeen electrons, which form the anode current and are
sured. A 50001 ballast resistor was used to limit the total qre easily deflected by the electric field, and positive ions,

plasma current. The current distribution in the anode anghich form a significant component of the cathode current

cathode is described in Sec. 1A, and the internal voltageng are heavier. A portion of the cathode current is also
structure of the glow region of microplasmas is described in

FIG. 2. Current reconstruction for 2 Torr,N (a) cathode(b) anode.

Sec. I B.
- 1.0
A. Current distribution anode
Figure 2 shows the current distribution as a function of 0.8 |1/|total cathode

applied power for 2 Torr. The cathode current is nearly uni-
form through all electrodes for all applied voltages. For the
case of the anode current, the electrode of maximum current =
becomes pad 2, with 45% of the current at the highest volt-  —=" () 4 {
age, and the minimum current electrode is pad 4, with 15%.
The current in the innermost and the outermost electrodes, as 0.2
a percent of total current versus pressure, is shown in Fig. 3.

These data are for the anode and the cathode current distri- 0 . r v - -
butions, all at 400 V. In the case of the cathode current, at 1.2 0 2 4 6 8 10 12

Torr, the current is marginally higher in the outermost elec- Pressure (TOI‘I‘)

trode. At higher pressures, the current becomes highest in the

innermost electrode, with 34% of the current going to theFIG. 3. Anode and cathode current distribution for pressures ranging from
inner electrode, and 18% in the outer electrode for the case2 to 10 Torr.

|1/ Ito’(al
0.6 {anode

|4/ Itotall

total

cathode




J. Appl. Phys., Vol. 94, No. 5, 1 September 2003 Wilson et al. 2847

Multiple
cathodes
P g
1
=
Qo
2
O
=
=
o
L
3
<%
5 (&)
Multiple %
anodes

FIG. 4. Microplasmas generated at 2 Torr, in air, at 423 V. The microplasma

glow region is confined over the cathode, and is independent of the anode—
cathode spacing. FIG. 6. Floating potential of an Nmicroplasma at 1.2 Torr.

B. Floating potential profile
formed by secondary electrons, which are emitted where the  \1easyrements of the potential distribution in microplas-

ions strike the cathode. The spatial extent of the secondary,»5 were performed using passive diagnostic probes, as seen

electrons is, therefore, largely governed by the trajectory of, Fig. 5. A microplasma was generated between the anode—

the heavier ions. Secondary electrons also have a significaptiyode pair, which was again formed by Ti patterned on a
role in the powering and plasma generation of dc microplasg|aSS wafer. The electrodes were 2 m@mm, with a 1-mm
mas as explained subsequently. These electrons are belieVgfl trode spacing. The discharge was driven by a dc voltage
to cause a large amount of ionization proximate to thg Cathéourceva. The voltage probe was inserted into the region
ode, which also serves to make the current over this eleGypgye the anode and the cathode, and was scanned along the
trode more uniform. _ out-of-planeZ axis, or theX axis defining electrode spacing.
When a microplasma is generated between two coplangt; each point, the local floating potentigl, was found by
electrodes, the glow is confined to the region directly OVer ping\v/7, until the current through the resistor is reduced to

the cathode. This can be seen in Fig. 4, which is @ microzerg The yvoltage probe was constructed from a solid copper

plasma generated in air at 2 Torr, between independent 1.25. \vith a cross section of 0.013 MmThe probe was
wm-thick Ti electrodes patterned on a glass substrate. Thegated with Teflon™ insulation so that the exposed end

glow region is confined to the area located directly over thesrmeq only a circular metallic cross section. When the elec-
cathode, and the confinement to this region is independent ¢f,ges were energized, the glow region is seen to be confined
the anode—cathode spacing. The confinement is seen {0 b&y@acty above the cathode. The microplasmas floating poten-
function only of the pressure and the power density. As thg;,| was mapped as a function of pressure and power density.
pressure is increased, the glow is more closely confined, &g 5| reported cases, the plasma current did not vary by more
power is increased, the plasma is more poorly confined. Thgan 294 throughout the duration of the floating potential

localization of the glow over the cathode suggests that the,easurements; therefore, it can be assumed the probe did not
ionization events in microplasmas are largely depe”de’gignificantly perturb the microplasma.
upon secondary electrons, which are emitted by the cathodes Figure 6 shows a three-dimension@D) plot of the

and are accelerated by the electric field into the region abov‘?l'oating potential for a microplasmas generated at 1.2 Torr.

Figure 7 illustrates contour plots for the floating potential
profiles for microplasmas generated at 1.2 Torr at two differ-
ent operating voltages. The figures map Yhein the space
above the two electrodes. Three observations of microplas-
mas can be made on the basis of these results. First, there is
3 | X (mm) no discernable voltage drop over the anode, the only signifi-
6 cant electric fields exist directly over the cathode. Second,
there is a considerable voltage gradient in the glow region of
microplasmas. Third, in viewing the floating potential pro-
files for 1.2 Torr, the voltage gradient increases near the cath-
= ode and decreases more near the top of the discharge for the

FIG. 5. Setup for the floating potential characterization experiment. MeaCaS€ of thg_higher operating voltage: the profile appears more
surement circuitry for floating potential, and electrode geometry. like a traditional plasma.
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FIG. 7. Floating potential measurements for 1.2 Torr plasma operati@h at
421V, 0.045 W andb) 532 V, 0.11 W.

Figure 8 further illustrates the voltage gradient along the

Z axis (perpendicular to the plane of the wafeat X

Wilson et al.
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FIG. 8. Floating potential of Nmicrodischarge at varying pressures, as a
function ofZ, distance above cathodeXat 1.2 mm. Glow height decreases
and voltage gradient increases with increasing pressure.

ers, were two metastable and two resonaptdtates, and
molecular ions, with 10 species in totaly NN, N,(A3S ),
N(A3%), Na(C3IL,), No(B3ILg), N, N7, N , and N; .

The presence of molecular ions was taken into account since
the gas pressure can be relatively high under the studied
conditions(>2-4 Torp. The set of chemical reactions fopN
(Ref. 19 included various ionization and excitation steps,
including stepwise ionization from metastables states, asso-
ciative ionization, and other processes. The electron-induced
reaction rates were calculated based on electron temperature,
which was based on the solution of the Boltzmann equation
for the EDF. The discharge was assumed to be maintained by
secondary electron emission from the cathode surface due to
ion bombardmentwith a secondary electron coefficient of
0.0D.

The voltage profile for microplasmas in,Mas modeled

for 1.2 and 4 Torr, and the equivalent contour plots are

=1.2 mm for the electrode configuration shown in Fig. 5. Asshown in Fig. 10. The simulations of Fig. 10 predict that the
the pressure is increased, the extent of the glow decreasesly appreciable voltage drop is in the region immediately
and the voltage gradient increases. \Voltage gradients rangsser the cathode, which is in agreement with the measure-

from 100 000 to 500 000 V/m.

ments from Figs. 6—7. The floating potential aloAgvas

In order to demonstrate the insensitivity of the field andmodeled for 1.2, 4, and 6 Torr, and is shown in Fig. 11. This
glow region to electrode separation, an arrangement identicahodel also closely resembles experimental data from Fig. 8.

to that in Fig. 5—except that the electrode spacing was qua-
drupled to 4 mm—was used to generate a microplasma at the
same pressure and power density. The resulting floating po-
tential profile, shown in Fig. 9, is essentially identical to Fig.
6(a).

IIl. MODELING

The experimental results were reproduced and illumi-
nated by computational modeling. Details of the model can
be found in Ref. 17. Briefly, the plasma module solves con-
tinuum equations for electrons and ions coupled to Poisson’s
equation for the electrostatic field. The plasma module is
self-consistently coupled with the kinetic module in Ref. 18,
which solves a four-dimension#hree dimensions in space
and one dimension in energglectron Boltzmann equation
for the electron distribution functiotEDF). The chemistry
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FIG. 9. Floating potential profile generated at 1.2 Torr, with similar power

”_‘Odme in Ref. 18 allows _mOde”ng_Of various plasma spe-ensity and electrode configuration to that shown in Fig. 8, except that
cies. The plasma species included in the model, among otfetectrode spacing is 4 mm, which is<4greater.
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The simulation illustrates the increasing voltage gradient inkig, 12. Modeled ion densityn/cn?) for N, microplasmas at 1.2 Tofe)
the region of the cathode with pressure. The voltage dropnd 6 Torr(b).

becomes steeper as the electron neutral collisional cross sec-
tion increases with pressure, causing the region of heavy
ionization to decrease. Both the simulations and experimerabove the cathode. The simulated ion density is shown in
tal measurements show average voltage gradients of arouig. 12 for the 1.2 and 6 Torr cases. For this effort, the fluid
300000 V/m and 400000 V/m for the 4- and 6-Torr casesmodel for both ions and electrons was used, assuming drift—
respectively. diffusion motion for both species with a Maxwellian distri-
The steep voltage gradients evident in microplasma disbution of electrons. It can be seen that with increasing pres-
charges are a result of an ion space-charge region directbures, the ion density is confined closer to the region over the
cathode. Less ionization occurs as the distance from the cath-
ode is increased, and as collisional energy loss deteriorates
500 the field-driven electron energy profile. This can be seen in
the EDF in Fig. 13. The 3D EDRF2D in space and 1D in
energy was calculated using the fluid model parameters. The
EDF is highly non-Maxwellian for nonthermal energies, con-
taining a bimodal structurgAt thermal energies of up to
several electron temperatures, the EDF is close to Maxwell-
ian in the low-field region of the discharge, outside of the
200 cathode-fall region.The high-energy spike of this structure
is due to the field-driven electrons, there is a sizable propor-
100 tion of electrons with energy in excess of 400 eV in the
.i 2 é "1 5 region proximate to the cqthode. This attenuates in the region
Distance along Z(mm) close to the anode, ceasing to support ionization. The elec-
tron density, shown in Fig. 14 is also highest in the over the
FIG. 11. Modeled floating potential profile alongfor 1.2, 4, and 6 Torr. cathode. In addition, it is symmetrical about the cathode at

400-

300
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@ 1
Qo : parameters over macroscale plasmas. Most of the glow in
0 1 ' . microplasmas is confined directly over the cathode. This
0 1 2 3 4 glow region supports a strong voltage gradient, in contrast to
©) Distance along X (mm) traditional plasmas. The localization of the glow to the cath-

ode region is a result of field-driven secondary-emission
FIG. 13. Modeled electron energy distribution function has bimodal natureelec;tror]S producing the bulk of the ionization in microplas-
near the cathode. mas. This results in a much higher electron energy distribu-
tion in the region proximate to the cathode, and correspond-
higher pressures. This symmetry is not influenced by théngly low electron densities. As the field-driven electrons
location of the anode, as the trajectory of the electrons i®ecome the dominant source of ionization, the space-charge
dictated by the ion space-charge region. Due to the higﬁegion of ion density defines where plasma generation exists.
electric fields that contribute to high velocities of chargedThe experimental effort was supported by modeling which
species, substantial current can exist at lower particle densghowed generally good agreement. Modeling efforts show
ties. The electron density in the range o 10 10cn?, the discharges to be highly nonquasineutral, with a strong
which is lower than in conventional plasmas. The ion density/oltage gradient near the cathode, driving the bulk of the
is found to increase with pressure, a result of a greater nunflischarge ionization.
ber of electron-neutral collisions at higher pressures in the
proximity of the cathode. ACKNOWLEDGMENTS
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In conclusion, these results demonstrate how microscalauthors thank Irena Gershovick for initial Monte-Carlo mod-
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