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Modeling of microdischarge devices: Pyramidal structures
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Microdischarge(MD) devices are plasma sources typically operating at 100s Torr to atmospheric
pressure with dimensions of 10s—10@s. Their design in based gnd (pressur& characteristic
dimension scaling; smaller dimensions are enabled by higher operating pressures with typical
devices operating witpd=1-10 Torrcm. MD devices have exhibited behavior that resemble both
Townsend and hollow-cathode discharges, with bulk and beam electrons providing the dominant
excitation, respectively. In this article, results from a two-dimensional computational study of MD
devices operating in neon using a pyramidal cathode structure are discussed. Pressures of 400—1000
Torr and device dimensions of 15—4@m are investigated. The onset of behavior resembling
negative glow discharges with decreasing pressure correlates with an extension of cathode fall
accelerated beam electrons into the bulk plasma. For constant applied voltage, peak electron
densities increase with increasing pressure as the beam electrons are slowed in more confined
regions. The MD devices typically require higher applied voltages to operate at lower pressures, and
so resemble discharges obeying Paschen’s curve for breakdown. MD devices having similar
magnitudes and spatial distributions of plasma and excited state densities can be obtained to
dimensions of<15um by keepingpd and current density constant, and having a cathode fall
thickness small compared to the characteristic dimensiorR0@4 American Institute of Physics.

[DOI: 10.1063/1.1636251

I. INTRODUCTION intrinsically pulsed devices due to their use of dielectrically
coated electrodes. PDP cells also tend to have somewhat
Microdischarge(MD) devices take advantage of thel  |arger dimensiong100s um) compared to the 10gm of
(pressure electrode separatigrscaling of low temperature interest here. Whereas cw MD devices tend to rely upon
partially ionized plasmas to operate stably as glow disheam components of the electron energy distribution for ion-
charges at pressures approaching and exceeding atmosphayigtion, PDP devices are likely more reliant upon Townsend
with dimensions as small as 1@sn."® MDs having char- processes. Although there are strong similarities between the
acteristic dimensions of tens to hundredswoh have been physics, technology and operation of PDP and cw MD de-
developed which operate at 100s Torr to as much as 100@ces, we will restrict discussion here specifically to continu-
Torr in rare gas, rare gas—halogen, and molecular gas mixus operating MD devices which are not of the conventional
tures on a continuous basis. Early variants of MDs wereppPp design.
constructed with the intent to operate as miniature hollow  Although MD devices are often described as
cathodes by reducing the cathode diameter while increasingicrohollow-cathodes, they lack many of the features of
the pressure to maintain the sarmd as conventional Iow conventional hollow cathodes. Conventional hollow cath-
pressure hollow cathode devicEsObservations of optical odes typically have opposing parallel cathode surfaces which
emission spectra showed that whed decreased into the enable secondary electrons accelerated through the cathode
1-10 Torrcm range, the devices transitioned from operatingg|| to undergo pendular motion between the cathode sheaths.
similar to a Townsend discharge dominated by emissionrhe compression of the slowing down length of beam elec-
from neutral atoms to a mode resembling a hollow cathodg,gns into the smaller dimensions of the negative glow be-
discharge in which emission from high lying ion transitions yyeen the cathodes increases the power density compared to
was prominent. Employing techniques developed for micro- conventional negative glows and produces the high plasma
electronics and microelectromechanical systems fabricationyensities associated with hollow cathodes. In devices without
MD structures have been investigated. Of particular interes&eaﬂy opposing cathodes, similar transitions between be-
are inverted pyramidal structures, and arrays of these struggyior resembling Townsend discharges and hollow cathode
tures, fabricated in silicon subs'Frat’es. o discharges can occur, but likely without the increase in
MD devices have been studied extensively in the contexhower density typically associated with the hollow-cathode
of plasma display panel®DPs. (See, for example, Ref. 11 effect, In devices truly taking advantage of the hollow cath-
for a recent review.MD devices for PDPs differ from those e effect, beam electrons accelerated in the cathode fall and
of interest here in a number of regards. PDP plasma cells alRciprocating between the geometrically opposing cathode
falls deposit their energy in a smaller volume and hence in-
dElectronic mail: mjk@uiuc.edu crease the power density.
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Classical scaling of normal glows states that cathode fallarge electric field gradients or large particle density gradi-
voltage will remain constant provided thatl remains con- ents with a fine mesh, while using a coarse mesh in outlying
stant. Under these conditions, current density scal@g.asm regions. The differential equations discussed below were dis-
principle, pd scaling should enable MD devices to be scaledcretized on the mesh using finite volume techniques.
to dimensions of only a few microns, the mean free path of  The fundamental algorithms employed for plasma trans-
electrons at near atmospheric press(xte that in multidi-  port in LAMPSIM are
mensional devicespd scaling implies that all dimensions n
should scale inversely with pressure. In this regard, we will o _ N
used as representative of the scale length of the MD deVice. V(eVe) 121 ANt @)

This scaling assumes that the sheath or cathode fall thick-

ness,\, is small compared td. Pd scaling is questionable ‘7_Ni: —V.$i+S, )
when d decreases to be commensurate witland a fully ot ' ’
developed cathode fall cannot be accommodated within the n
MD structure. At this juncture, power densities must be in- 9P _

- ) ' . == [=V-¢i+S]-V-(o(—VD , 3
creased sufficiently to increase the electron density and re- 4t ,2’1 ol ¢+ 3] (ot ) @

duceN to fit the confines of the device. "

In this article, results from a computational investigationwheree, ®, g, N, p, S, ando are permittivity, electric po-
of the scaling of MD devices are discussed. The MDs weential, elementary charge, species number density, charge
studied use an inverted pyramidal cathode with diameters dlensity, source function due to collisions, and conductivity of
25—100um patterned after those experimentally investigatedSO”d materials, respectively. The subscript denotes the iden-
by Parket al>*We found that these devices, when operatedity of the species¢ is the species flux accounting for both
in neon, are largely sustained by ionization by beam elecdrift in the electric field and diffusion due to density gradi-
trons accelerated in the cathode fall. Regions of sufficientygNnts.n is the total number of charged gas specisctrons
high plasma density are produced to confine the cathode faind ions. These expressions are Poisson’s equafio.
to the dimensions of the cathode cavity. MDs will not oper-(1)], continuity for charged speci¢&q. (2)] and continuity
ate on a cw basis for conditions which cannot produce thigor charges on surfaces and in mater(&s. (3)]. The source
critically large plasma density. The highest electron densitiefunction in Eq.(2) includes the gain and loss terms due to
observed, however, are insufficient to produce fully shielded)@s phase reactioriseutral chemistry, ion—molecule reac-
plasmas within the entire volume of the device. The endions, and electron impact processaad contributions asso-
result is that truly quasi-neutral plasma volumes are gene,ciated with wall chemistry, including electron emission from
ally not produced throughout the device. The model will besurfaces. The brackets and subscnipin Eq. (3) denote that
described in Sec. Il followed by a discussion of the results iS only computed on surfaces and in bulk materials.

from our study in Sec. lll. Concluding remarks are in  The flux terms for charged specigswere formulated
Sec. IV. using the method of Scharfetter and Gumifeln this

method, the fluxg , (1) between density mesh points, i(

+1) separated by a distandex is given by
Il. DESCRIPTION OF THE MODEL _

aD[n;1—n; explaAx)]
The model employed in this study is based on @i 1= [1—expadx)] , (4)

LAMPSIM, which is described in detail in Ref. 12.
LAMPSIM will be briefly described here with emphasis on where
improvements. LAMPSIM, is a multifluid, two-dimensional
hydrodynamics simulation in which transport equations for = _qd
all charged and neutral species, and Poisson’s equation, are

integrated as a function of time. The numerical grid uses AndD and 7z are the average diffusion coefficient and mo-
boundary fitting, unstructured mesh with triangular elementsbility in the interval. This method has the property of being
The method of solution uses time-slicing techniques betwee[]pwind (or downwing in accordance with the direction and
charged particle transport and neutral particle transport ngwagnitude of the drift flux compared to the diffusion flux.
dates. The time evolution of charged particle densities an All Laplacian operators are formulated using conserva-

surface charges are solved simultaneously with Poisson’t?ve finite volume techniques. For example, for nddend
equation using an implicit Newton’s method. This update isflux & ’ '

then followed with an implicit update of neutral particle den-

sities and electron temperature; and less frequent transport of 1.4 A dix
beam electrons and update of the gas temperature. —V-di=— V. & |r-'—r ’| '

The numerical mesh for LAMPSIM was produced using e Tk

SkyMesh2t* a commercially available mesh generator. Thewhered; | is the flux between nodésandk defined as being
mesh consisted of triangles, using mesh relaxation techpositive if directed away from, r; is the spatial location of
niques to optimize angles close to 60° and eliminate obtusaodei, A;  is the area of the face between the volume cells
angles whereever possible. The resolution of the mesh wantered on noddasandk, andV; is the volume of the cell
selected to resolve both geometrical structures and regions &r node i. The system of equations for charged particle

q)i+1_q)i

AX ®)

(6
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transport and Poisson’s equation is integrated in time using As specific power deposition in microdischarges can be
an implicit Newton’s method with numerically derived Jaco- many 100s kW/crh gas heating and rarefaction can be ex-
bian elements. The resulting sparse matrix was solved usingected to be important. To assess these effects a simple heat
the numerical packagelslucs obtained from the SLAP conduction model was employed to obtain the gas tempera-
Sparse Matrix Library>®The matrix solver uses a biconju- ture T,
gate gradient spare matrix solution technique with incom-
plete LU factorization for preconditioning. d(pcpTy)

In a time-splicing manner, following updates of the T Pyt V-NgVTy, (10
charged particle densities, the neutral particle densities are
next implicitly updated using the expression

N, (t+At)
No

whereP, is the power deposited into the translational modes
of the gas) is the mole fraction averaged thermal conduc-
)At tivity, and c;, is the specific heaPy has contributions from
ion Joule heatingj( E), increments to enthalpy due to heavy
+SiAt, (7)  particle reactionge.g., Frank-Condom heating and chemical
reaction$ and by elastic electron collisions, though the latter
diffusion coefficient and\ is the total gas density. Equation contribution is small. The temperature on the outer bgundary
. . : . f the mesh was held constant at 300 K. As convective heat
(7) is sequentially solved for each species using the metho@ : L . . )
i . . : ransfer is being ignored, this approach provides the maxi-
of successive over-relaxatiofSOR with the Laplacian . .
L . mum dynamic range in gas temperature and so can be con-
terms formulated using finite volume techniques.

Electron impact rate and transport coefficients for bquSIdered a worst-case-analysis for the consequences of gas

: ) heating on device performance. As we are only concerned
electrons were obtained by solving the electron energy con-

servation equation for average electron energy Wi.th stgady state op_eratir_lg characteristics,_(EL@) was im-

plicitly integrated using time steps many times larger than
d(nee) . 5 i those used for update of the plasma properties. The advective
a E_”eEi Ni"i_v'<§8¢e_)‘eVTe)' ]=0%e  velocity in Eq.(7) was set to zero and the total gas densities
(8) renormalized assuming isobaric ideal gas behavior.

A simple circuit model is employed to provide driving
voltages where all metal surfaces are connected to ground
through a ballast resistor and, optionally, a power supply.

4 ' =t ) The electric potential boundary conditions for solution of
densityN;, A is the electron thermal conductivity, adl is  pyisson's equation are obtained from the circuit model and
the electron fluxobtained from Eq(4)]. This equation is 516 applied to biased metal surfaces. Currents through each
a!so implicitly solved as a time integration using a_SOR tech1eg of the circuit are obtained by summing charged particle
nique. An electron temperature of 0.05 eV is assigned t0 alj;yes. Electrically floating metal surfaces are actually repre-
surfaces in contact with the plasma and the thermal condugsenieq by dielectrics having sufficiently high conductivities
tivity is assigned appropriate values across the sheath comyq hermittivities that they appear to be equipotential sur-
mensurate with the electron density in the sheath. This effegy,eq.

tively results in an adiabatic boundary condition. The The transport of secondary beam electrons emitted from

electron transport coefficients and rate coefficients for use ifhe cathode are tracked using an electron Monte Carlo Simu-
solving Eq.(8) are obtained by solving Boltzmann’s equation |ation (eMCS. The fundamentals of the eMCS will briefly

for the eIect_ron energy distribution usipg a two-term .sphen«be described. The computational mesh employed in the
cal harmonic expansion, as when using the local field appiasma hydrodynamic portion of the model is unstructured.
proximation. Boltzmann's equation is parameterized over &g gych, it is computationally expensive to locate particles in
range ofE/N, and a table of transport coefficients as a func-yhe mesh during the eMCS to accumulate statistics at nodes
tion of & is constructed. This table is then interpolated during;, tne mesh: or to obtain mesh quantities, such as electric
solution of Eq.(8). _ _ fields and collision frequencies, required to advance the tra-
Surface chemistry is included using a flux-in/flux-out joctories of the pseudoparticles. As these assignments and
boundary condition. For each species, a “disappearance” Cqperpolations would otherwise be responsible for the vast

efficient a; and production coefficient; , are specified majority of the computer time spent in the eMCS, the fol-
whereq; is the probability that specigsis consumed by the lowing methodology was used.

surface andg;  is the rate of production of speciés by The advancement of trajectories in the eMCS is per-

specieds. The returning flux from the surface is then formed on a Cartesian me$BM) which is overlayed onto
the unstructured hydrodynamics meékv). The CM over-
bi= (11— a)+ > bPBi (9)  lays only that portion of the UM in which beam electron
X transport is expected to be important, a choice refined by
where ¢! is the flux into the surface obtained assuming theiteration and experience. The resolution of the CM is chosen
surface density is zero and the sum is over other species. The be fine enough to capture the small scale features of the
coefficient for secondary electron emission used here wasM. As the number of arrays in the eMCS which are in-
0.15 for all ions. dexed on the CM is small, there is not a large computational

where v is the fluid averaged advective velocity, is the

whereT, is the electron temperatufdefined a$2/3)¢], ne is
the electron density; is the rate coefficient for power loss
(eVenrs™ 1) for collisions of electrons with speciéshaving
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TABLE I. Species in the model and reaction mechanism.

Reaction mechanism
Reaction Rate coefficieht Reference

Electron impact processes

e+Ne—Ne+e b 18
e+Ne—Ne(lsgz) +e b 19
e+Ne—Ne(ls,) +e b 19
e+Ne—Ne(2p)+e b 20
e+Ne—Ne'+e+e b 21
e+Ne—Ne'"+e+et+e b 21
e+ Ne(1sz5) —Ne(1sze) +e b e
e+ Ne(1sz) —Ne(2p) +e b 22
e+Ne(1s;) —Nete b d
e+Ne(lsz) —Ne" +e+e b 23
e+ Ne(1s,,) —Ne(1s,) +e b ¢
e+ Ne(1s,,)—Ne(2p) +e b 22
e+Ne(1s,,)—Nete b d
e+Ne(ls,)—Ne' +e+e b 23
e+ Ne(2p) —Ne(2p) +e b ¢
e+Ne(2p)—Ne+e b d
e+Ne(2p) —Ne(1sz9) +e b d
e+Ne(2p)—Ne(1s,) + e b d
e+Ne(2p)—Ne' +e+e b 24
e+ Ne(1s,,) —Ne(1s39) +e 7x1078T9° €
e+ Ne(1s35) —Ne(ls,,) +e 7X10°8T%®exp(—0.061T,) €
e+Nes—Nej +e+e 9.75x 107 °T% L exp(—3.4/T,) 25
e+Nes —Ne+Ne+e 1.0x10°7 26
e+Ne; —Ne(2p) +Ne 3.7x1078T. %% 27
e+Ne"—Ne(2p) 4.0x 1078105 28
e+e+Ne"—Ne(2p)+e 5.0x10 2T, 43 28
Heavy particle reactions
Ne(1s,,) +Ne(1s,,)—Ne' +Ne+e 3.2x10°1° 29
Ne(1s,4) + Ne(1s35) —Ne' + Ne+e 3.2x10° % 29
Ne(1s,,) + Ne(2p)—Ne* +Ne+e 3.2x10°10 29
Ne(1sss) + Ne(1szs) —Ne' +Ne+e 3.2x10° % 29
Ne(1s30) + Ne(2p) —Ne* +Ne+e 3.2x10°10 29
Ne(2p) + Ne(2p)—Ne* +Ne+e 3.2x10°10 29
Nes + Nes —Nej + Ne+ Ne+e 1.0x10 1 €
Ne"+Ne— Ne+ Ne" 3.0x10 1 30
Ne(1s,,) + Ne+Ne—Ne; +Ne 4.1x10 #cmfst 26
Ne(1s35) + Ne+ Ne—Ne; + Ne 4.1x10 *#cmPs? 26
Ne(2p) + Ne+ Ne—Ne; + Ne 4.1x10 *#cmPs? 269
Ne" +Ne+Ne— Ne; +Ne 4.4x10 %2 cmPst 26
Ne(1s,,) + Ne—Ne(1sgs) + Ne 4.2x107 4 31
Ne(1s;5) + Ne—Ne(1s,,) + Ne 3.4x107 1 31
Radiative transitions
Nes —Ne+ Ne 3.6x10°s?! 26
Ne(2p) — Ne(1szs) 1.84x10" s7t 31
Ne(2p)— Ne(1s,,) 1.25x10" st 31
Ne(1s,,)— Ne 1.0x10' st 19, 32

3Rate coefficients have units of érs * unless noted otherwis@, is the electron temperatuteV).

PProcess was included for both bulk and beam electrons. Rate coefficients were determined by convolving the
cross section from the indicated reference with the electron energy distribution obtained from solution of
Boltzmann’s equatiortbulk electrong or the eMCS(beam electrons

CElastic cross sections for excited states were estimated to be constank 401 cn?.

dCross section obtained by detailed balance.

*Estimated.

'Rate coefficient is for mutual Penning ionization of Ne(1That value was used for Penning ionization
between all excited states.
9Estimated to have the same rate coefficient as for Be(1
"Radiation trapped values are based on untrapped lifetimes of 1.65 ns fosNefid 20.5 ns for Ne(4,).

penalty to having a fine enough resolution in the CM toCM, and vice versa. To interpolate from the UM to a node in

capture the resolution of UM. the CM, the nearest nodes from the UM in each of the four
At the beginning of the eMCS, Green’s functions areCartesian quadrants centered on the node in the CM are lo-

developed for interpolation of quantities from the UM to the cated. Quantities on the UM in adjacent quadrants are inter-
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polated to the axes of the CM; and those axial quantities are T

then interpolated to the central CM node. To interpolate from f‘ﬁ'gge
the CM to a node in the UM, the mesh cell in the CM l\
containing node in the UM is located. The four vertices of <y,

the cell in the CM then provide values to perform a two-

dimensional interpolation to the node in the UM. As such, I/cen‘e"'i“e

the ideal spacing of the CM is to have a single node from the
UM in each cell of the CM. In practice, this is not possible
and so search algorithms are employed to locate the appro-

priate vertices in the CM and nodes in the UM to facilitate Anode  Dielectric
use of the Green’s functions. /%%

Secondary electron emission from surfaces is addressed

using the eMCS. The electric potentials produced in the fluid Si Cathode
module are interpolated to the CM. Based on incident ion Cathodeﬂ
fluxes and secondary electron emission coefficients, electron @ /Meta'

pseudoparticles are released with an energy of 4 eV from
nodes on surfaces in the UM. These pseudoparticles are
weighted by the magnitude of the local ion flux, the second-
ary electron emission coefficient, and the number of particles
released at each node. The weighting of each pseudoparticle
has units of electrons/s. Using the Monte Carlo techniques /Center-line
described in Ref. 17, the trajectories of the secondary beam
electrons and their progeny are integrated as a function of
time. Pseudoparticle&and their progenyare tracked until
they hit boundaries, move out of the confines of the CM or
fall below a specified energy thereby joining the bulk elec-
tron distribution. The weightings of these latter pseudopar-
ticles are summed into sourc&s for electrons and are in-
cluded in Eq.(1). The trajectories of the beam electrons are
sampled with each move of the pseudoparticles, binning Si Cathode
them in energy and location on the CM to produce spatially
dependent electron energy distributiofiés,r) having units (®)
of electrons cm®eV~1. When convolved with electron im- FiG. 1. Schematic of the cylindrically symmetric microdischarge geometry
pact cross sections, source functions having units it used in _this study_(a) entire t_:omputational domain arit) cIo_seup of the
are produced which then contributeSpfor the appropriate 2. 0 0 (R & U AT B 0 o0 e nege
species. These source functions are then interpolated onto tltwe

UM.

The time step betyveen executing the_eMCS varies fro%tate. The Ne(g) state is radiatively coupled to Neg,)
as shortas 0.1 ns durmg the startup transient to 10; ns during,q Ne(%4q) but not the ground state. Electron impact cross
the steady state. The time steps between executions of th&iions for excitation were largely taken from studies by Lin
eMCS are specified as input to LAMPSIM, and are choiceg,; 519.20,23
which are largely based on experience. As the plasma condi- |, the following discussion reference will be made to

tions approach the steady state, sources from the eMCS afghayior obeying Paschen’s law for which breakdown volt-
often back averaged from iteration to iteration to reduce th%\ges are a minimum at a characteristic valugdf®® The

consequences of numerical noise. _breakdown voltage increases at lower pressures due to the
The investigations reported here used a pure Ne gas Mifgnger mean free paths reducing opportunity for ionization,
ture using the reaction mechanism shown in Table I. They,q at higher pressures due to higher collisionality. Although
atomic model consisted dfPaschen notationNe (ground  paschen's law strictly applies only to one-dimensional, pla-
statg, Ne(1s,,), Ne(1sy), Ne(2p), Ne™, N&, and N§ . 51 gischarges we will describe MD devices as obeying Pas-

The two radiative states of the Nejl manifold, Ne(%;)  chens law if their operating voltages obey similar scalings.
and Ne(Xk,) were lumped into a single radiative state de-

noted Ne(X,,). Similarly, the two metastable states of the
Ne(1s) manifold, Ne(l3) and Ne(Xks) were lumped into a
single metastable state denoted N&gl. Ne(ls,,) was as- The geometry used in this study, shown schematically in
signed a radiative lifetime consistent with radiation trappingFig. 1, was patterned after pyramidal microdischarge devices
at the pressures and dimensions of interest. This producdabricated and studied by Paet al! The experimental de-
values(10s—100s mswhich greatly exceed the lifetime of vice is a square pyramid which would require a three-
the state for collisional deactivation. Higher excited stateslimensional model to fully resolve. For computational expe-
were lumped into Ne(g) and have the characteristics of that diency a cylindrically symmetric geometry was used. The

25um

Anode

Dielectric 2

lll. PROPERTIES OF MICRODISCHARGE DEVICES
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0,031 - i o ted using a 2-decade log scale. The
ranges of plotted values are noted in
-g each figure.
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microdischarge cavity for the base case consists of args The results discussed here are for the steady state ob-

radius inverted cone etched into a Si substratdained by time integration of the equations discussed in Sec.
(conductivity=0.14) cm) which acts as the cathode. The Il. Before discussing those results, a few qualitative observa-
outer boundaries of the Si cathode are in contact with a cathions will be made. Starting the MD devices was problem-
ode metal. The top surface of the Si is covered by an1  atic. Simply beginning with small electron and ion densities
thick SkN, overlayer, 8um thick polyminide dielectric, and (e.g., 18 cm™3) and applying voltage usually resulted in the
a 0.2 um Ni anode. The thickness of the Ni layer in the electrons and ions being swept out of the microdischarge
experiments is 0.Jum. The thicker layer used here was for cavity by the large, unshielded electric field in the center
computational expediency. Test cases having a thinner Nof the MD device. Reliable starting required initial condi-
layer were run to confirm that our results are not prejudicedions of a significant density of a charge neutral plasma
by our choice of Ni thickness. The periphery of the compu-(> 10" cm™2) placed in the microdischarge cavity so that a
tational domain(except on the axjsis metal held at either portion of the applied voltage was shielded into a structure
the anode or cathode potential. The unstructured mesh conesembling a cathode fall. This high plasma density also sup-
sisted of triangles optimized to equilateral wherever possibleplied sufficient ion flux to the cathode to provide secondary
There are approximately 6700 total nodes with 3700 nodes irlectron emission to sustain the plasma. The voltage required
the plasma. To resolve the microdischarge while havingo initiate the plasma was higher than the voltage in the
boundaries sufficiently far away to both mimic the experi-steady statée.g., — 250 to —300 V compared to- 200 V).
mental device and not to prejudice the plasma and electroFhe lower cw voltage resulted from the buildup of excited
dynamics in the microdischarge region, the mesh spacing istates which enabled more efficient multistep ionization, and
varied from approximately 0.@m in the inverted cone to 30 full formation of the cathode fall, thereby producing more
mm in the outer periphery, a dynamic range of about 40. Weenergetic secondary electrons. These observations qualita-
treated the Si cathode as a conductive amorphous materifively agree with experimental practice.

and so have not considered the consequences of band bend- The scaling and operation of microdischarge sources is
ing at the surface by the electric field on electron emissionlargely determined by the ability to form a cathode fall
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within the physical structure(For purposes of discussion, monomer ions, volumetric recombination may exceed the
true scaling requires that magnitudes and relative distriburate of loss by diffusion, even in small devices. For example,
tions of plasma properties remain the same for the samfor an ion mobility of 1 cnd/V s (typical of near atmospheric
value of the scaling parametein principle, all operating pressurg diffusion length of 10um, electron density of
conditions should scale gsd (pressure&characteristic di-  3x 10 cm™3, ion temperature of 0.05 eV, and electron tem-
mension. However when the device dimensions shrink to beperature of 3 eV, the rate of loss of molecular ions by recom-
commensurate to the cathode fall thickness, then the range gfation exceeds that by diffusion by a factor of 40.

operating conditions is restricted. If we assume that the ion These trends are illustrated by predictions of plasma pa-

density is constant in the cathode fall and the electron der}'ameters for the base case conditions of 600 Torr Ne and
sity is negligible, then the thickness of the cathode fall is 200 V applied to the cathode through a 10Mballast re-

_ 1/2 ;
N [ZYCSO/(qn')] ’ _vvherevc Is the c_athode fall voltage sister. The electric potential, electron temperature, ionization
andn, is the ion density. For example, in order for a cathode

fall of —150 V to fit inside a microdischarge device 2 :)y bulk eleﬁtrons_, algd 'Zm_ﬁt'og by.? ecor;dalry tbean: Nelec—
wide, the ion density must exceeda 03 cm 3, rons are shown in Fig. 2. The densities of electrons] Ne

MD devices operating in rare gases at 100s of Torr alsVez » and Ne(E) [sum of Ne(k,,) and Ne(ksg)] are
differ from their low pressure analogues operating at theShown in Fig. 3. The voltage drop across the plasma is
samepd (but at a few Torr due to the importance of three- — 147 V with approximately-97 V expended in the cathode
body dimerization reactions which produce molecular ionsfall and =50V dropped across the bulk plasma. The current
The density of molecular ions in low pressure devices idS 55 #A which, with a 1 MQ ballast resistor, produces a
small compared to monomer ions and the rate of electrontesistance 2.6 ¥ for the plasma. Thes¥-I values com-
ion recombination of monomer ions is negligible. As a result,pare favorably with experiments.
ion loss by diffusion dominates. In high pressure MD devices ~ The peak electron density is3L0" cm™2 on axis cen-
where the density of molecular ions may exceed that otered on the mouth of the MD cavity. The electron density is
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FIG. 4. (Color Electron density for different pressures using a with Q Mallast resistor(a) 450 Torr (— 235 V), (b) 550 Torr (—200 V), (c) 650 Torr
(—200 V), and(d) 750 Torr (—200 V). The values are plotted using a log scale having the range0i—7x 10" cm™2. Contour labels are in units of
10" cm~3. The devices operating at higher pressures produce more confined plasmas.

produced by ionization sources by bulk electrons peaking atnergy loss for electrons having gained an energy equal to
1x102cm3s ! and by beam electrons peaking atthe cathode fall is a few microns, enabling penetration into
7x 102? cm~*s™1. The ionization by bulk electrons is sus- the MD cavity. As electric field lines loop back to the anode,
tained in part by an electron temperature which peaks at lfhere is some concentration of the secondary beam as it
eV in the high electric field at the edge of the presheath, &jows, converging on the edge of the anode.

region populated by a small number of electrons. These hot  The cathode fall thickness is'5 um and is nearly de-
electrons originate in low energy secondary electrons prog,iq of electrons. The ion density, peaking at nearly
duced by the electron beam which are in turn accelerated byqi4 em~3. dominates the cathode fall with the maximum
the cathode fall. The majority of the ionization by bulk elec- ion flux béing incident near the center of the bevel. This, in

trons results from collisions with Neg), whose densit
€l y turn, causes the secondary electron beam to be launched

peaks at X 10 cm 2 in the same volume. The swath of . . oo : )

higher electron temperature=@ eV) outside the mouth of from that location. The ion density is clearly differentiated
. . . + .

the MD results from electrons coming into equilibrium with "NtO regions dominated by Neor Ne, . Monomer ions

the largerE/N near the anode. This is not particularly mean-Which are produced in regi(?ns (?f high electric field drift into
ingful since the electron density in those regions is small. the cathode before they dimerize to form NeTherefore,

The total ionization is dominated by beam electrons,the cathode fall is largely dominated by Nein the periph-
both in terms of the peak ionization source and the voluméry of the plasma, where diffusion of ions moves them into
integrated source. The beam ionization peaks on axis in theegions of low electric field, the ion density is dominated by
throat of the MD cavity where the beams from the moder-Ne; as there is sufficient time for dimerization to occur be-
ately opposing cathodes converge. The mean free path fdore the monomer is lost to recombination or diffusion. As
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-
o

V(applied) =200 V

the lifetime of N¢g for dissociative recombination is'1 us
where its density peaks, the population of ;Nis rapidly
depleted. There are few regions within the MD cavity where
a truly quasineutral plasma is produced. With Debye lengths
of a few to 10um, commensurate with MD dimensions, this
is not an unexpected result.

Comparison of the behavior of the MD devices as a
function of pressure while keeping other parameters constant
is somewhat complicated by Paschen curve considerations.
For devices whose ionization is dominated by cathode fall
phenomena, operating voltages should resemble those for %00 5(')0 660 7(',0 860
breakdown. For example, at sufficiently low pressure the Pressure (Torr)

MDs are on the low pressure side of Paschen’s curve and : : : :
require a higher applied voltage to sustém a smaller bal- 4 240
last resistor. The lowest pressure that would sustain with 170
—200V and 1 M) ballasting is about 550 Torr, requiring
somewhat linear increases in voltage with decreasing pres-
sure to— 235 V at 450 Torr. Electron densities for pressures
from 450 to 750 Torr for the same ballastigy M()) are
shown in Fig. 4. The cases for pressures of 550—750 Torr are 150 | X .
for voltages of—200 V, whereas the case at 450 Torr has a ~A -]
voltage of —235 V. As the pressure increases, the plasma is B Sa
more confined to the MD cavity as the penetration of the 140 ' ' ' '
. - - 400 500 600 700 800

beam electrons decreases and is efficiently stopped within  (b) Pressure (Torr)
the cavity while diffusion losses decrease. For these reasons,
when the voltage is held constant, the electron densities irFIG. 5. Plasma characteristics as a function of pressure for MD devices
crease with increasing pressure in spite of a somewhat larg@perating in neon(a peak electron density ari#h) discharge and applied

. . . voltage. At the constant voltage ef200 V, the peak electron density in-
rate of recombination due to the |arger densny of mOIeCUIa'E:reases nearly linearly with pressure. Due to Paschen behavior, discharges
ions. The increase in plasma density produces a decreasedsuld not be sustained at200V at less than 550 Torr. The discharge
sheath thickness. At 750 Torr, the plasma is largely containegbltage has a minimum near 700 Torr.
within the MD cavity whereas at 450 Torr, the plasma is

more diffusive and largely sits above the throat to the MDgetic (less collisional beam electrons, shift the minimum in

caw_tryr.] d i dbv th Kel densiti the discharge voltage to lower pressures.
ese trends are lllustrated by the peax electron densities — p, q deposition by electrons in the bulk plasma for the

as a function of pressur@50—-800 Tory which are shownin p- o oce peaks at many 100s KW/émthe middle of the

Fig. 5(@). For cases where the appheq voltag_e Is constant gfr, cavity. The proportion of this power which directly re-
—200V, the peak glect[%n density linearly nereases Withgits in gas heating through charge exchange or ion transport
pressure, from 210" cm* at 550 Torr to 10 cm P at s small, producing a temperature rise of only 20-50 K
800 Torr. Théasse trends are similar to those observed bypoye ambient. This small temperature rise and subsequently
Penacheet al™ who measured a nearly linear increase ingmajl rarefaction is mediated by the close proximity and high
electron density with increasing pressure, albeit for differenthermal conductivity of the substrate which efficiently cools
operating conditions. The comparison to discharges at lowef,e gas, and the small volume of the directly heated gas. The
pressures is complicated by their having to operate at highgjjssipation of heat by thermal conductivity into the larger
voltages. The increase in operating voltage produces an iRpglume of the chamber efficiently regulates the temperature
crease in peak plasma density with decreasing pressure ovgf the gas in the MD cavity. In spite of relatively small
the range investigated. This range of operating conditiongemperature excursions, there are, however, measurable dif-
appears to bracket the minimum in discharge voltage as onrences in MD performance. For example, when including
would find in a discharge obeying Paschen’s law. For exgas heating and rarefaction, the required voltages are higher
ample, the voltage drop across the plasma as a function gfhen operation is on the low pressure side of Paschen’s
pressure is shown in Fig(1y) for a ballast resistor of 1 Kl.  curve as the rarefaction shifts the MD to smaller values of
The minimum in sustaining voltage is approximately at 700pd.

Torr, with significant increases towards lower pressure. Gas heating in MD devices is highly dependent on gas
These results are, to some degree, a function of the combgomposition and geometry. The smaller dimensions of MD
nation of applied voltage and ballast resistor which is useddevices compared to conventional low pressure devices pro-
These values ultimately determine the current density whichluces a larger surface-to-volume ratio, thereby providing a
in turn control the excited state density and cathode falhigher degree of regulation of gas temperature by thermal
thickness. Higher excited state densities with their higheconduction. Nevertheless, high gas temperature excursions
ionization rates, and thinner cathode falls with more enermay occur in MD devices. For example, Penacel>®
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measured gas temperatures as high as 1100 K in MD device
sustained in Ar at 300 Torr. These higher temperatures likely
resulted from their operating at higher plasma densities
(5x10% cm™3) and larger dimension&00 um) producing
a higher rate of heating and lower rate of cooling by thermal
conduction.

The onset of MD behavior resembling a hollow cathode
(or negative glow discharge at lower pressures or higher
operating voltages has been experimentally characterized b
the appearance of optical emission from high lying states of
the rare gas iohWe are not tracking these specific states in
the model. To characterize the onset of behavior resembling
hollow cathode(or negative glow discharges we used the
ratio o= S(Ne?")/[S(Ne') + S(Ne?*)]. This is the ratio of
the total rate of electron impact ionization of Ne from the
ground state forming Né to the total rate of ionization
from the ground state forming both Rieand Ne . loniza-
tion directly producing N&' (threshold 41 eYis most sen-
sitive to the tail of the electron energy distribution and to the
beam electrons. lonization directly producing ‘Nghreshold
21 eV) is, in comparison, more sensitive to the bulk of the
electron energy distribution. Large values @fsignify that
excitation and ionization are dominated by the beam compo-
nent which is characteristic of discharges resembling hollow
cathode or negative glow devices.

ais shown in Fig. 6 as a function of position for 450 and
800 Torr. The ratio is also shown for two locatidms axis at
the throat of the MD (height 0.028 cm) and downstream
(height=0.0305 cm)] as a function of pressure. At 800 Torr
a is small (negligible with values dominated by numerical

Height (cm)

(a)

SINe™] / (S[Ne"]+ S[Ne®'])

0.001

0.030

0.025 |

0.020

0.015

0.010

0.005
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S[Ne*'J/(S[Ne'1+S[Ne™))

800 Torr |

0002 0,004

B o

0.002 0004 0
Radius {cm)

3

®* Mid-gap
& Downstream

e
-

noise in the Monte Carlo simulatiprthroughout the MD .-,
cavity. Appreciable double ionization occurs only near the tip *-a
of the anode and along the axis. The former results from
electric field enhancement and a convergence of beam elec (|
trons. The latter results from there being a small directed
component of the beam electrons along the aimte that  FIG. 6. (Color) Ratio of ionization rates characterizing the hollow cathode
the on-axis peak is likely exaggerated by statistical noise iinegative glow nature of the microdischarge device. The quantity plotted is

. . L - «, the ratio of the total electron impact rafieulk and beam electropgor
the simulation but it is nevertheless perS|st)eAt.450 Torr, double ionization of Ne from the ground state to the total ionization from the

a is large (above 0.1 throughout the MD cavity and as ground state (N& and N€'): (a) « as a function of position for 450 Torr
well as downstream. This largely results from the beammnd 800 Torr plotted m a 3 decade log scale arib) « as a function of

electrons penetrating further into the bulk plasma withPressure on axis at mid gap (heigt2.028 cm) and downstream (height
the higher operating voltage at the lower pressureis =h0.0305 cm) Behavior resembling hollow cathode or negative glow dis-

. ) . arges, indicated by large valuesafoccur at pressures f 600 Torr.
large downstream because the normalized electric field
(E/IN<5-6x10"Vem?, or 5-6 Td and electron tem-
perature €2 eV) are both sufficiently low that the rate of
ionization by bulk electrons is small. As a result, ionization Experimentally observed transitions for similar MD devices
is dominated by beam electronsincreases above the noise occur at 500—700 Torr.
level at the mouth of the MD cavity as the pressure falls  Direct comparisons of voltage—current curves with ex-
below 600 Torr, and at the downstream location at lowemperimental devices is difficult due to their sensitivity on de-
pressures. Based on this diagnostic, we would characteriagce structures, secondary electron emission coefficients,
the MDs as operating in a hollow catho@® negative glow  choice of ballast resistor and material properties. For ex-
mode at pressures ef550 Torr and in a Townsend mode at ample, both positive and negative differential resistances can
higher pressures. The presstwepd) at which experimental be obtained in the same device depending on the range of
devices undergo this transition depends critically on the deeurrents and voltagesThe experimental devices are fully
tails of their geometry.For example, replacing the annular three-dimensional, pyramidal structures whereas the devices
anode with a screen anode which covers the mouth of thenodeled here are two-dimensional conical representations.
MD cavity greatly increases the excitation of high lying Nevertheless, favorable comparisons to experiments have
states at a given pressure, most likely due to the higher elebeen made. For reference, experimental devices operating in
tric fields which accelerate beam electrons within the cavityneon with similar dimensions for pressures of 500—700 Torr

DUU -"--.."':':_.- . _.‘—..--_‘
450 500 550 600 650 70O 750 800
Pressure (Torr)
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160 T 1 T T T beam electrons are more collisional during their acceleration
- /.‘ 7 — in the cathode fall, reach a lower peak energy, and produce a
N fe] ] 6 'g more distributed but smaller ionization source. At the higher
< 155 |- A 2 current density, the cathode fall is thinner and electric field
o R o® 415 = larger. Beam electrons reach higher peak energies, and the
g V(discharge) . 2 ionization source is more concentrated in the bulk plasma.
S 150 | A ,‘ 14 § The development of microdischarge sources has been
5 '\\ .,' 13 s motivated bypd scaling; devices having small dimensions
% A ,l A A *§ should operate similarly to macroscopic devices provided the
8 145 .. AW 12 W product of pressure and characteristic dimension is kept con-
‘,/ W V [applied] 14 E stan.t. In the contex.t of multidimensional devices, similar op-
@ A R [ballast] eration means having approximately the same spatial distri-
140 ' . ' i ' 0 bution of plasma and excited state densities when normalized
20 30 40 5 60 70 80 by d. As previously discussed, this scaling is less straight-
Current (pA)

forward for MD devices having complex geometries or when
FIG. 7. Discharge voltage and peak electron density as a function of disthe sizes of the devices are commensurate with their cathode
charge current for MD sustained in 600 Torr Ne. TheV characteristics  fall thickness. Thed scaling of the pyramidal geometry was

were produced by either varying applied volta@éth a 1 M(Q ballast re- investigated by keepingd= 1.5 Torrcm as in the base case
sistop or varying the value of the ballast resistavith —200 V applied.

These devices display negative differential resistance at low current ange\”ce while usmglthe- radu{smd deptD\ _Of the MD cawty
indications of positive differential current at high current density. as the characteristic dimension. The thickness of the dielec-

tric was held constant since in experimental devices a critical
thickness is required to prevent surface arcing. The peak
draw currents of 20—3p.A with discharge voltages of 160— glectron densities were kept approximately the same by ad-
195 V with a 1 M) ballast:*! justing the value of the ballast resistor with a constant ap-
Current—voltagel(-V) characteristics obtained from the plied voltage of—200 V as in the base case. The electron
model for 600 Torr are shown in Fig. 7 along with the peakyensities for a 15m device operating at 1000 Tofballast
electron density. The applied voltage and ballast resistop ¢ MQ), 25 um device operating at 600 Totbase case,

were separately varied while keeping the other constant t§ 45t 1 M2), and a 37.5um device operating a 400 Torr
generate thé—V characteristic. The peak electron density is(ballast 285 Ié)) are shown in Fig. 9.

linearly proportional to current with a change in slope at
higher currents, perhaps indicating a transition from a norm%

glow to an abnormal glow. For these conditions we obtaine nd 37.54m MDs) while the total currents, 29, 53, and 88

a total of currents 20—8@QA with a negative differential o
. S o .. MA, correspond to average current densities of 1.5, 1.0, and
resistance at low currents and indications of positive differ- . o
. : ) : .75 relative to the base case. The electron density in all
ential resistance at high currents. These results imply tha . . . . .
cases peaks at approximately the mid-height of the dielectric

low currents are not limited by secondary processes at thé i . .
y yp here the converging-beam component is most constricted

cathode and multistep ionization, which scales with current” d the ionizati te is the | ¢ Th litative distri
density, and is an important source of ionization. The posi—an ' the lonization rate IS the fargest. The quaiiative distri-
utions of the plasma, when distances are normalized by

tive differential resistance at higher currents for experimentaP L ) ) )
devices in similar operating regimes reflects the need fopressure, are similar though not identical. The centroid of the

additional ionization by beam electrons or a secondary emig?lasma becomes progressively more confined to the MD cav-
sion process which is sensitive to the electric field in thelly @S the pressure increases ahdiecreases, whereas the
cathode fall. extent of the plasma is greater. This trend is demonstrated by
The sensitivity of the performance of MD devices to Fig- %(d) where the electron density is shown as a function of
small changes in operating voltage and ballast resistanc80rmalized height at=0. The expectation is that the more
which ultimately determine current density, is in part ex-fapid rate of three-body dimerization at higher pressures will
plained by the cathode fall thickness being commensuratBroduce more molecular ion@.g., Ng) which would in-
with device dimensions. For example, closeups of the eleccrease the rate of recombination. More rapid production of
tron density, plasma potential, and ionization source by bearfixcited dimerge.g., Ng) should increase the rate of loss of
electrons are shown in Fig. 8 for devices operating a lowexcited states by radiation, and so the higher pressure plas-
current density £ 200V, 1.75 M)) producing a low peak mas should, on the average, be more confined. The increase
electron density (5.310' cm™3) and high current density in loss by diffusion at lower pressures appears to dominate
(—210V, 1 MQ) producing a high peak electron density the increase in recombination at higher pressures to limit the
(4.9x10% cm™3). In the low current density case, the extent of the plasma. The increased confinement of the peak
charge density in the cathode fall is low and so the cathoddensity at higher pressures may be attributable to the con-
fall thickness is larger than the high current density case. Thetant thickness of the insulator being a larger fraction of the
electric field in the cathode fall is therefore smaller and ex-MD cavity depth as the characteristic dimension shrinks.
tends over a larger number of mean free paths for the beaffhese generally favorable similarities suggest fithscaling
electrons. The end result is that at the lower current densityof this geometry can be maintained to cavity sizes of

The peak electron densities are essentially the same for
Il cases(2.96, 2.99, and 2.9610' cm 2 for the 15, 25,
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FIG. 8. Closeup of plasma character-
istics for MD devices operating in 600
Torr neon having(left) low current
density (—200V, 1.75 M)) produc-
ing a low peak electron density (5.3
X 102 cm™®) and (right) high current
density (—210V, 1 MQ) producing a
high peak electron density (4.9
X 10 cm™3): (a) electron density(b)
electric potential, and(c) ionization
source by the beam electrons. The
high current density has electric poten-
tials which line the cathode cavity in a
more conformal manner, ultimately
producing a more energetic electron
beam.

<15 um provided that the cathode fall thickness remains al'he plasma detaches from the contours of the MD cavity and

small fraction ofd.

trends are as illustrated by the electron densities shown
Fig. 10 for the 15 and 37.am MDs when the ballast resistor
was kept constant at 1 81 The resulting lower current den-
sity for the 37.5um MD (0.24 relative to the base case
produced a peak electron density of only 880 cm 3.

sets above the mouth of the device, a situation resulting from
Maintaining the electron and current densities approxithe cathode fall being unable to fit within the confines of the
mately equal is important to achievingd scaling. These MD cavity. The higher current density for the }&m MD

if8.1 relative to the base casgroduced a peak electron den-
sity of 1.7<10* cm 3. The peak of the plasma sits deeper
inside the MD cavity, a consequence of the thinner cathode
fall. These results motivate the use of a somewhat modified
pd scaling law for nonplanar, hollow MD devices which in-
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FIG. 9. Electron density in devices maintainipgl and current density
constant for an applied potential 6f200 V. MD radii and pressure aréa)

15 um, 1000 Torr;(b) 25 um, 600 Torr; andc) 37.5um, 400 Torr. The line
plots to the right of the contours show electron density along thé axis.

(d) Electron density along the=0 axis for all three cases. The height
coordinate begins at the vertex of the MD cavity and is normalized by,
pressure [6,=600 Torr). Contour labels have units of #@m2 and the
peak electron density is noted in each framd.scaling qualitatively holds
based on similar morphology and peak density.
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FIG. 10. Electron density in devices maintainipd and the ballast resistor
constant for an applied potential /200 V. MD radii and pressure aréa)

15 um, 1000 Torr andb) 37.5 um, 400 Torr. Contour labels have units of
10" cm™2 and the peak electron density is noted in each frame. The lower
current density of the larger MD device produces a plasma which sits atop
the MD cavity. The higher current density of the smaller MD device is
confined deep inside the cavity.

cludes the requirement that the cathode fall thickness as a
fraction of the characteristic dimension remain constant or be
smaller than a critical value. In this reggod- (A/d) may be
an appropriate scaling law, wherg/@) remains constant or
less than a critically small value.

The importance of three-body reactions in pressure scal-
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