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By reducing the dimensions of hollow cathodes into the hundred micrometer range, stable, direct
current, high(atmospherigcpressure glow discharges in rare gases, rare gas—halide mixtures and in
air could be generated. The electron energy distribution in these microdischarges is
non-Maxwellian, with a pronounced high-energy tail. The high electron energy together with the
high gas density, which favors three-body collisions, is the reason for an efficient excimer
generation in these microplasmas. Excimer efficiencies from 1% to 9% have been measured for
argon, xenon, argon fluoride, and xenon chloride direct current excimer emitters, with a radiant
excimer emittance of up to 2 W/cnfor xenon. Adding small amounts of oxygen to argon has
allowed us to generate vacuum ultraviolet line radiation at 130.5 nm with an efficiency approaching
1%. Pulsing xenon discharges with nanosecond electrical pulses has led to an increase in intensity
to 15 W/cnf and to a simultaneous increase in efficiency to more than 20%. Operating the
discharges in an abnormal glow mode has allowed us to generate microdischarge arrays without
individual ballast. Applications of these plasma arrays are excimer lamps and plasma reactors.
© 2003 American Vacuum SocietyDOI: 10.1116/1.1565154

[. INTRODUCTION cathode causes a decrease in voltage with increasing current
_ _ (negative differential resistance
Hollow cathode discharges are gas discharges between a \wjth a further increase of current the cathode layer ex-
cathode, which contains a hollow structure, and an arbitraril)bands over the surface of the planar cathode outside the hole.
shaped anodeA typical hollow cathode structure would The current—voltage characteristic becomes that of a normal

CO“Z'St of a cy!;ngrl;caldhcl)le:q a Ca;tkgde,l(w)lihz a rltr;]g Shapwglow discharge with constant voltage at increasing current.
anode, separated by dielectlic Sp 9. a“, or “e an- Ultimately, when the cathode layer reaches the boundaries of
ode could be just a metal piThe cathode “hollow” does . . .

the cathode, any further current increase requires an increase

not need to be a hole in a solid cathode; a cylindrical openin ) . .
y P gn discharge voltage: the discharge changes into an abnormal

in a thin cathode layer, such as shown in Figh)lgualifies , )
also as a hollow cathode structdr&he anode in this case is glow d|§charge. Although all d_|scha_rge modes can be ob-
served in hollow cathode configurations, the term “hollow

an electrode of similar shapEig. 1(b)] as the cathode, but it . . .
could also consist of a metal foil without hdle. cathode discharge” is generally used only for the discharge

Modeling resultd and experimental observatidnshow mode characterized by a negative differential resistance.
for discharges in such electrode geometries at gas pregsures Based on the hypothesis that the hollow cathode effect is
and cathode hole diametebs such that the product of these caused by “pendulum” electrons, hollow cathode discharges
two parameters is on the order of 1 Torrcm, the existence ofire expected to follow a similarity law’ V=V (pD), with V
various discharge modes dependent on current. For very loleing the sustaining voltage for the hollow cathode dis-
currents, the discharge extends from the cathode surfaaharge. The lowest value of pD is given by the condition that
through the cathode hole to the anode with the electric fieldhe mean free path for ionization must not exceed the hole
in the cathode hole being axial. With increasing current, thejiametef The upper limit for pD is determined by the con-
plasma column formed along the axis of the cathode holgjition that the distance between opposite cathodes must not
causes a modification of the electric field distribution in theexceed the |engths of the two Cathode fa” regions_ Th|s con-
cathode hole. The initially axial electric field in the cathode jition leads to values of slightly higher than 1 Torrcm as an

plane changes into a radial one, and electrons, generated L?ﬁper limit for pD in argorf. Empirical values for this upper

the cathode, are accelerated radially towards the axis. F_‘Wmit are even higher: 10 Torrcm for rare gases, less for

pressure values such that the diameter of the cathode openingL - iar gased This discrepancy may be due to the as-
s less than twice the length of the cathode fall regioath- sumption of the maximum distance between opposite elec-

H- i i .
ode fall-negative glow the electrons accelerated in the trodes for the “pendulum” electron effect to occlExperi-

cathode fall reach the opposite cathode fall, where they arﬁwental studies where the current-voltage characteristics of a
again accelerated and oscillate with ever decreasing amplj- 9

tude between the opposite cathode falls. The increased io ollow cathode discharge have been measured versus the dis-
ization rate of such “pendulum” electrofisn the hollow tance between opposite cathodes have shown that the hollow
cathode effect already sets in before the negative glows

dauthor to whom correspondence should be addressed; electronic maillerge. This increased Interactlph range shifts the calcu-
kschoenb@odu.edu lated pD valué closer to the empirical ore.
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Fic. 1. Electrode geometries for microhollow cathode discharges. 0.55mA
The similarity law for hollow cathode discharges has been 250

the basis of efforts to extend the pressure range for hollow
cathode discharge operation to atmospheric pressures. By us-
ing cathodes with holes in the 1Q@m diam range, it was
possible to operate hollow cathode discharges at atmospheric *
pressure in rare gasés! in rare gas-halide mixturé$,and

in air!® Because of the required small size of the cathode
opening for high-pressure operation, we have coined the
term “microhollow cathode discharge®HCD)” for these
discharges$.
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Il. MICROHOLLOW CATHODE DISCHARGE
PARAMETERS 200

Both electrode geometries depicted in Fig. 1 have been 0
used in microhollow cathode studies by us and by other re- Current (mA)
search team¥.~'® However, most of our studies have been (b)
performed with an electrode geometry as shown in Fig).1
The reason for this choice is the simplicity of this electrodeFic. 2. (@ End-on view of microhollow cathode discharges in argon at
configuration, which allows easy manufacturing of Iarge aredressures of 760 Torr for various discharge currents at wavelengths around

. lectrod b f ol . dl 128 nm. The cathode hole has a diameter of 480 The photograph on the
micro electrode arrays Dy means of plasma spraying ana gz ghows the discharge in the predischarge mode, the one on the right the

ser drilling*® and the ability to flow gases through the dis- discharge in the normal glow mode. The bright spot off center in the pho-
charge volume inside the hollow. Flowing allows the use oftograph on the right is due to am imperfection at the cathode surface.
these discharges as plasma reactors, for thermal manageméHft'aining discharge voltage vs discharge current. The inset shows the cross
. . section of the electrodes, and the current pattern in the normal glow dis-
(cooling of electrodes and for the replenishment of gas con- ¢parge mode.
taminated by sputtered or evaporated electrode material. The
use of a third, positively biased electrode placed at the anode
side of microhollow cathode discharges, has allowed us t¢he average power, and consequently extend the power range
utilize the microhollow cathode discharge as an electrorwithout causing thermal damage to the sample. Nanosecond
emitter and as a plasma cathode, respectively, for glow digaulsing provides a means to increase the electron energy
charges between the MHCD and the third electrfdgtable  with negligible gas heatintf
glow discharges with dimensions of up to centimeters, even Diagnostic studies of microhollow cathode discharges in-
in atmospheric pressure air, could be generated with thislude measurements of the current—voltage characteristics,
method? temporally resolved photography of the discharges in both
The electrodes used for plasma cathodes and for exciméhne visible and the ultravioletUV), measurements of the
source studies described in the following, consist of two mo-€lectron density(in argon discharges measurement of the
lybdenum foils with circular openings separated by a dielecgas temperaturéin air), and observations of the emission
tric film. In earlier experiments the electrodes were separategpectrum, mainly in the UV and vacuum UWUV). The
by a mica layer of 20Qum. In more recent experiments we spectral measurements in the UV and VUV, which were per-
have used 100-25@m thick alumina (A}O3;) because it formed for rare gases and rare gas-halide mixtures, have fo-
withstands higher temperatures. The cylindrical holes in theused on the spectral range of excimer emission.
cathode and the mica have been varied between 80 and 700 The voltage and the appearance of microhollow cathode
pm. Holes with a diameter of less than 1aéh were drilled  discharges changes with increasing current as described in
by means of an excimer laser, larger holes can be drillethe introduction. For argon, end-on VUV photograpfe.
using mechanical tools. The discharges were either operatetfa)] and the voltage—current diagraig. 2(b)] show the
dc or pulsed, with pulse durations either in the ms range or imlevelopment of the discharges in the predischarge mode, the
the nanosecond range. The ms pulses with duty cycles dfollow cathode discharge mode, and the normal glow dis-
0.007 allow us to increase the peak power without increasingharge mode. The cross section of the electrodes and a draw-
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ing, which depicts the current pattern for the normal glow
mode, are shown in the insert in Figlb2 For low current,
the plasma is located in the center of the Hélig. 2(a), 0.55
mA]. It fills the hollow when the discharge is operated in the /OI

34 e AT+ O, (0.4%)
—— Ar (flow)

hollow cathode discharge modeegative differential con- o 2]

ductancg and for higher currents, expands into the area out- < NI

side the holgFig. 2(a), 2.5 mA]. When it reaches this state, 2 /

voltage and current density stay constant with increasing cur- 2 NI
- o . 0 |

rent, which is characteristic for normal glow discharges. - /

Electron density measurements in microhollow cathode
discharges in argon with small admixtures of hydrogen have
been performed utilizing Stark broadening of the hydrogen
Balmers line at 486.1 nnf> For argon pressures of 760 Torr iy :
with 1% hydrogen added, electron densities of°tin 3 120 140 160 180 200
were measured for currents of 3 mA. The electron density Wavelength (nm)
increases linearly with current to values of x40"°cm™ 3 at
a current of 10 mA. With 10 ns pulses of 600 V amplitude Fie. 3. Argon excimer spectrum for row_ing gas operat{@B0 Torp, and a
applied to the electrodes, peak electron densities of gne emission spectrum obtained by adding 0.4% oxygen to 1100 Torr argon.
X 10'%cm™2 were measured. This value is at least one order
of magnitude higher than that obtained for any other high-
pressure, nonthermal glow dischafge. repulsive ground state, which means that reabsorption pro-

The gas temperature in microhollow cathode dischargesesses are negligible; the plasma and excimer gas is optically
has been measured for atmospheric air as working gas Bjin for excimer radiation.
evaluating the rotational0—0 band of the second positive Previous results, mainly with xenon as excimer gas, oper-
system of nitrogeR® For air, the temperature in the micro- ated dc, have been discussed in a review artfcldere we
hollow varies between 1700 and 2000 K at discharge curfocus on some more recent results, particularly the effect of
rents between 4 and 12 mA. The temperature in rare gagnpurities on the excimer emission and results of pulsed dis-
microhollow cathode discharges has not yet been measureefiarge operation. It is known that even small concentrations
but it is assumed that it is considerably less than the temper®f impurities are detrimental to excimer sources. It is there-
ture in atmospheric pressure air discharges. fore important to use only highly purified gases, evacuate the
discharge chamber thoroughly before operation, and use only
materials for the discharge chamber with low gas emission.
Even small leaks and/or sputtered or evaporated electrode
material will limit the lifetime of an excimer source consid-
erably. The 1¢ decay time of excimer emission in static

Hollow cathode discharges are known for an electron enXenon was, e.g., measured as 580 fiia.way to overcome
ergy distribution which contains a high concentration ofthe contamination problem to a large extent is to work with
high-energy electrons. Using spectral diagnosfiestarding ~ flowing gas. Whereas the VUV spectrum in static argon is
field analyzerg! and probeg® electron energies well over 10 dominated by impurity radiation, particularly atomic oxygen
eV have been measured. Although all these measuremerf@gdiation at 130.5 nm, by flowing the gas, the impurity ra-
have been performed at low pressures, similar electron erliation could be largely suppressed.
ergy distributions can be expected at high pressures. The On the other hand, impurities such as oxygen have a place
high-energy tail in the electron energy distribution is respon-as line emission sources for radiation in the VUV. Small
sible for the measured high density of electfdrand for the  additions of oxygen to argon at high press¢t¢00 Torj
high number density of excited atoms. have allowed us to increase the oxygen line emission at

In rare gas and rare gas-halide discharges, excited rare g430.5 nm to values of 13 mW, at the expense of the argon
atoms serve as precursors for excimers. The high-pressuf&cimer emissiori: The argon excimer emission, without
operation favors three-body processes, such as excimer fopxygen added, was measured as 16 mW. The spectrum of an
mation. It can therefore be expected that high-pressure margon discharge with 0.4% oxygen added is shown in Fig. 3
crodischarges, operated dc or pulsed, will serve as strongPmpared to an argon excimer spectrum in flowing argon.
sources of excimer radiation. For xenon, one of the most his strong line emission, which is assumed to be due to
thoroughly studied excimer gases, the reaction equation is resonant energy transfer from argon dimers or argon dimer
precursors to atomic oxygen, might have applications for
VUV photolithography. Similar resonant energy transfer
from neon dimers to atomic hydrogen (H Lymantine
emission at 121.6 njrhas been observed by Beclatral >
with a rate constant ofk=5x10 *2cm®/s at room The excimer efficiency, defined as the ratio of optical
temperaturé® The excited dimers decay radiatively into a power in the spectral range of the excimer emission to the

[ll. MICROHOLLOW CATHODE DISCHARGE
ULTRAVIOLET LIGHT SOURCES

Xe* + Xe+ Xe— Xe5 +Xe
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TaBLE |. Parameters of microhollow cathode discharge ultraviolet sources.

Current(mA) Efficiency (%)
Pressure Voltage ——~ Wavelength

Excimer (Torr) V) dc  ms pulses (nm) dc/ms pulses ns pulsesRef.

Xe <760 220 1-8 <70 172 6-9 20 4,12,33,
34,37

Ar} <1100 200 1-10 — 128 6 3-5 4,23,34

Ars(Ar+1% Q) <1100 300 1-10 — 130.5 <1 — 31

XeCl* <1000 190 1-8 <200 308 3 — 38

ArfF* <760 200 1-8 — 193 1 — 12

electrical power, was measured as 6% for flowing argon. Thév. MICROHOLLOW CATHODE DISCHARGE
measurement was performed with a calibrated photodiodARRAYS
detector(SXUV-100 supplied by IRID and isotropic optical
emission was assumed. With applied voltages of 200 V and Most applications of microdischarges require the arrange-
currents of 3 mA at the transition between hollow cathodement of these discharges in arrays. Placing them in series
discharge and normal glow discharge phase, the total excillows us to increase the intensity, as has been shown by
mer emission is 35 mW. Because of the assumed isotropiglacing two XeCl discharges in a tandem configuraffon.
emission, only half of it reaches the observer. This value iglowever, generating a line of excimer sources using this
slightly less than that obtained for xenon, which was meamethod requires aligning 10@8m holes in a multiple sand-
sured as 6%—9% for dc operatidtbut higher than obtained wich (metal—dielectric—metalstructure, a technically diffi-
for ArF and XeCl excimer radiation, which was found to be cult task using laser drilling. Using etching methods in sili-
1% and 3%, respectively. For all the gases, the excimer con as electrode material seems to allow the manufacturing
intensity was found to increase linearly with current at con-of larger systems. However, even in this case, the system was
stant voltagegnormal glow and constant pressutéThe in-  limited to three discharges in seri&s.
tensity (power per areaon the other hand, which for xenon Placing the discharges in parallel, as required, for ex-
at atmospheric pressure was measured as 2 isnn the  ample, for flat panel excimer lamps, is easier. For discharge
normal glow discharge mode independent of current. This isnodes where the current voltage characteristic has a negative
due to the fact that with increasing current the total powerslope (hollow cathode discharge moder is flat (normal
and the area of emission both increase line&rly. glow discharge modeit is possible to generate arrays of
The total excimer emission and the excimer intensity aralischarges by using distributed resistive ballast. This has
strongly dependent on pressure. For xenon, the excimdyeen demonstrated by using semi-insulating silicon as anode
power was found to peak at a pressure of 400 Tofthe  material If operated in discharge modes where the current
intensity, however, increased linearly for currents higher tharvoltage characteristic has a positive slope, the discharges can
1 mA up to the highest pressure of 760 Torr, for a dischargde arranged in parallel without individual ball&sBperating
operated in the normal glow mod®This is due to the fact in the predischarge mode requires reducing the current to
that the emitting plasma area decreases with pressure.  small values such that space charge effects are negligible
Modeling results in high pressure glow discharges showedgenerally<<1 mA). Operation in the abnormal glow mode
that the application of pulses on the order of, or less than, theequires limiting the cathode surface area. For the cathode
electron relaxation timéhe time of energy equilibration be- dimensions on the order of mm or le@ea of the cathode
tween the electrons and the neutral)gaiows electron heat- outside the microholloyvused in our studies, currents on the
ing without considerable gas heatiffgExperiments with xe-  order of 10 mA were required for abnormal glow operation.
non microhollow cathode discharges have confirmed this An example of an electrode structure with limited cathode
hypothesis’ By applying pulses of 20 ns duration with volt- area is shown in Fig. 4inserd. A series of 30 20Qum diam
ages of up to 750 V, not only the excimer emission could beholes are placed along a line, with distances of 350 be-
increased up to 2.75 W, at an intensity of 15 W#cbut also  tween hole centers. The cathode area is limited by a dielec-
the efficiency reached values of almost 20%. Pulsed medric (aluming to a 250um wide strip. The anode was placed
surements in 10 ns pulsed argon discharges, on the othen one side on top of the 250m thick dielectric. The gas
hand, showed that the power of a single discharge could b&as a mixture of 1.5% Xe, 0.06% HCI, 0.03%, Hand
increased to 250 mW, but not the efficiency. 98.41% Ne. When a voltage of 190 V was applied, the mi-
Whereas our studies have focused on xenon and argon asodischarges turned on, one after another, until the entire set
rare excimer gases, and gas mixtures which lead to ArF andf discharges was ignitedFrig. 4). When all discharges were
XeCl excimer emissioiiTable I), Beckeret al. have studied ignited, the current—voltage characteristic turned positive
discharges with the same electrode geomgfig. 1(b)] in since all discharges were now operating in an abnormal glow
neon and helium and have recorded neon excimer radiatiomode. The excimer intensity in the abnormal glow mode
at 84 nm and even helium excimer radiation at 75%m. (>25 mA) increases linearly with current up to values, where
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196 7

um diam cathode opening the volume is .80 8 cn®. The
volume power density is consequently on the order of
10° W/cm®. This allows us to utilize such microdischarges as
plasma reactor® Also, with power densities that high con-
ditions for lasing should be achievable when multiple such
discharges is arranged in series.
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