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Generation of intense excimer radiation from high-pressure
hollow cathode discharges

Ahmed El-Habachi and Karl H. Schoenbach?
Electrical and Computer Engineering Department, Physical Electronics Research Institute,
Old Dominion University, Norfolk, Virginia 23529

(Received 2 April 1998; accepted for publication 15 June 1998)

By reducing the diameter of the cathode opening in a hollow cathode discharge geometry to values
on the order of 10um, we were able to operate these discharges in noble gases in a direct current
mode up to atmospheric pressure. High-pressure discharges in xenon were found to be strong
sources of excimer radiation. Highest intensities at a wavelength of 172 nm were obtained at a
pressure of 400 Torr. At this pressure, the vacuum ultravidlétV) radiant power of a single
discharge operating at a forward voltage of 220 V and currents exceeding 2 mA reaches values
between 6% and 9% of the input electrical power. The possibility to form arrays of these discharges
allows the generation of flat panel VUV lamps with radiant emittances exceeding 502W/cm

© 1998 American Institute of Physids$0003-6951(98)02633-3]

The increase of pressure in nonequilibrium discharges iThere are some indications of the first continuum, which
noble gases favors excimer formation, a three-body processextends from the resonance line towards longer wavelength.
The study of nonequilibrium discharge excimer lamps has sd@he second excimer continuum peaking at 172 nm appears at
far concentrated on barrier dischardeBarrier discharges higher pressures. At pressures greater than 300 Torr, it domi-
are pulsed discharges, operating on such a short time scatates the emission spectra up to the longest recorded wave-
that thermalization of the electrons is prevented. Excimefength of 800 nm.
emission efficiencies, defined as the ratio of optical to elec- In order to determine the absolute values of the excimer
tric power, of up to 10% were reportéd. radiation two methods were used. The first one is based on

A second type of nonequilibrium discharges are hollowcomparing the discharge emission with that of calibrated UV
cathode discharges. In these discharges the cathode openiurces, the second one on radiometric techniques. For mea-
has a diameter on the order of twice the width of the cathodéurements with calibrated sources, the lamps were mounted
fall and the negative glow. This range of operation can belirectly to the inlet of the monochromator in the same way as
extended to higher pressures by reducing the hole diametethe discharge.

A reduction of the diameter to 10@m has allowed us to The relation between the photomultiplier readiR@\),
operate direct current hollow cathode discharges in argofpr emission at a wavelength within a wavelength interval
and xenon up to atmospheric presstifithe emission of ex- d\, and the radiant power of the discharBg(\), or the
cimer radiation from microhollow cathode discharges depencalibrated sourc®g(\), is as follows:
dent on pressure and discharge current was reported in ear-
lier papers** however, the intensity of the excimer radiation
was obtained only in relative units. Absolute measurements 90L XENON i
of the vacuum ultravioletVUV) excimer radiation from
high-pressure xenon discharges are described in the follow-
ing. 70 L
The electrodes used in these measurements are molyb-

100 —

denum foils of 10Qum thickness, separated by a mica spacer ;?:; 60 - 7
of 200 um thickness, with circular electrode openings of 100 2 sp |-

um diam. Spectral measurements have been performed using g 1
a 0.5 m McPherson scanning monochromator, model 219, £ 40 - ]
with a grating of 600 G/mm blazed at 150 nm. The discharge 30 L i
chamber with a Mgkwindow was mounted directly to the

inlet of the monochromator. Before each experiment, the 20 7
chamber was evacuated to a pressure ®fl6° Torr and 10 | |
then filled with high-purity(99.95%)xenon. The VUV spec- o L (A0 Torr .
troscopic system is described in Ref. 3. 120 130 140 150 160 170 180 190 200 210 220

The xenon spectrum obtained with this discharge is
shown in Fig. 1 for various pressures. At 40 Torr, the 147 nm
xenon resonance line dominates the emission spectrurAlG. 1. Pressure dependence of the VUV emission spectrum of high-
pressure microhollow cathode discharges in xenon. The discharge voltage
for any of these measurements was between 215 and 235 V and the current
2Electronic mail: schoenb@rolls-royce.eng.odu.edu was kept at 3—3.3 mA.

Wavelength (nm)
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dRD,S()\) 10 T T T
Td)\:K()\)PD,S()\)d)\i (l) XENON —— ]
. @
whereK(\) is a coefficient which represents the transmis- 8 -
sion of the monochromator, the detector—scintillator sensitiv- e
ity, and the ratio between the total radiant power and that 2 s
incident on the monochromator inlet slit. < 6r i i
For our monochromator grating blazed at 150 nm, the 2
transmission of the instrument between 150 and 200 nm var- -§
ies within only a few percent. The scintillator response is E 4 -

Modeling Results ( Relative Units)

also almost flat over the spectral range between 150 and 200 . Radiometer Measurements

nm. It is, therefore, reasonable to assume ki a constant
in the range of xenon excimer emissidiThe photomulti- 2
plier reading is related to the radiant power of the source at a
given wavelength\y, in a wavelength intervah A, which

; . . . 0 ! | !
is determined by the resolution of the monochromator: 0 200 400 600 800

Rp.s(Ag) =KPp s(Ag)ANg. 2 Pressure (Tor)

Calibration Source Measurements
e Deuterium Lamp
&  Mercury Vapor Lamp

It is assumed that the calibrated source is a point SourCé:IG. 2. Measured and calculated efficiency of the xenon excimer radiation
vk pressure. The discharge current in these measurements was kept at 3—-3.5

and that the emission is isotropic. Then the radiant powef,5
P<s(\g) at a distanca’ from the source is related to the

calibrated irradiance of the souré&xo) by of the discharge obtained with this method is slightly higher

Ps(Ag)=4mr"2H(N\¢). (3)  than that obtained with the mercury standaFdy. 2), e.g.,
9% versus 7.5% at 400 Torr.
From Egs.(2) and (3), K can be calculated, and conse-  In a second method a calibrated radiome(kr1400)
quently, the absolute value of the excimer emisdtgnat a  with a calibrated detectaiSED185)was used. The detector
given wavelength\, can be obtained. was mounted on top of the discharge chamber at a distance
The total radiant poweP+ of the discharge is obtained r=2.5cm from the discharge. An air gap of 6.5 mm sepa-
by integrating over the excimer line profi(€ig. 1): rated the detector from the discharge window. Considering
N the discharge as a point source, the irradiance reading of the
Pr= J' ZPD()\)d)\, (4) radiometer was converted to a power reading W by multiply-
M ing it by 4 7r2. This power reading is related to the radiant

power Py of the discharge:
where A, and \, are the lower and upper bounds of the

excimer emission, respectively. The discharge efficiency is
defined as the ratio of the total radiant power to the input

electrical power, which is the product of the discharge cur- ) ) ) )
rent and voltage at a given pressure. whereT(\) is the transmittance of the Mgwindow, which

As one calibration source, we have used a mercury lamfp ~80% in the range betweer, and\,, D(A) is the de-
(UVP Pen Ray), which is calibrated at a wavelength of 253, #€Ctor responsivitya()) is the absorption coefficient of air,
nm. For the absolute measurements of the xenon emission 8pdZ s the air gap length. Only the oxygen absorption in the
172 nm, however, the 184.9 nm mercury line was used. Thalr gap was considered. Absorption of nitrogen is known to
intensity value of this line was obtained by comparing theP® negligible. _ , _
signals at the two wavelengths and taking the spectral trans- _ " order to solve folPp()) in the integral equatiopEq.
mission of the system into account. The ratio of the intensity(®)}: @ fitted function for the relative spectral distribution
of the 253.7 nm to the 184.9 nm line was found to be 25(Fig- 1), Pr(A), was used,
which is in agreement with values provided by the Xy
manufacturef. The radiant power of the excimer emission ~ W= Pof Pr(OMT(N)D(N)e™ *Mady, (6)
was calculated using Eq&) and (4). M

The efficiency versus pressure using this diagnostic techwhere P, is a conversion factor from relative power values
nigue is shown in Fig. 2. It increases with pressure ando absolute ones. Integrating over the excimer line profile
reaches a maximum of 7.5% at 400 Torr. A single discharg¢Eq. (4)] provided the value of,, and consequently, the
at a pressure of 435 Torr, with a current of 3.12 mA and aotal radiant power.
forward voltage of 218 V, emits-53 mW of VUV radiation Again, the efficiency shows a similar pressure depen-
concentrated in the spectral range from 150 to 190 nm.  dence as obtained by means of the calibration source method

Similar experiments were performed with a deuterium(Fig. 2), however, it is lower by approximately 15%. This is
lamp (Oriel BJ2775)with a calibrated spectrum from 160 to possibly due to water vapor absorption in the air gap, which
400 nm! The deuterium emission at,=170 nm was used was neglected in our calculation.
as the standard to determine the radiant power of the micro- In order to explain the observed pressure dependence of
hollow cathode discharges excimer radiation. The efficiencyhe radiant power of the excimer emission, a simple steady-

A2
=f Po(M)T(N)D(N)e™ *™Mzdy, (5)
A
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state rate equation model has been used. The two rate equa 7

tions describing the generation of excited xenon atoms Xe e o ° .D.~"U‘ 80
and molecules X& are 6 e o’
L = o
d[Xe,*] Xey* L L o
72 T xe* 21 — ® e
o5 u|
diXe] P’ oo X e ST E
T_W_[Xe I Xefkg— 71 =0, (8) g - = =
g o 192

where P’ is the deposited power in a unit volume of the E ( ® a ‘GE)
dischargew is the mean energy necessary to produce one ® . =
excited xenon atonkg, is the rate coefficient for the three- 3r 557 XENON 120
body collision[~5x 10~ %2 cmf/s (Ref. 8)], 7, is the appar- o 435 Torr
ent lifetime of the excited xenon atorfrs 1 us (Ref. 3)], and , | EFFP
7, is the lifetime of the xenon excimer stdte’0.1 us (Ref. L%E;;ﬂ
8)]. Diffusion is neglected. o 1' t ' ' L 0

The xenon excimer concentration is derived from Egs. 2 3 4 5
(7) and (8): Current (mA)

P’ kR[Xe]2 FIG. 3. Intensity of the xenon excimer radiation at 172 nm vs discharge
Xe,* 1= — 9 current and corresponding efficiency. Shown values were measured using
[Xer* 1=+ ©)

the radiometric technique.

ke[ Xel?+ !
rl Xe] "

If we assume that each excited xenon excimer will decay The possibility to generate arrays of microhollow cath-

radiatively, the efficiency can be calculated as ode dischargé8 will allow us to fabricate scalable flat panel
. 1x ) excimer lamps. Preliminary results of experiments have
_ [Xe,* I*hv/ 7 _ KrP *hy (10) shown that the hollow cathodes can be spaced at distances
P’ W(kgp?+k*T?/ 1) ’ equal to the hole diametét.Under these conditions and as-

where[Xe* ] is expressed in terms of the presspresing suming that 50% of the radignt power can be used to irradi-

the ideal gas law, ankiT is the thermal energy. a_te a target, the _radlant emittance obtainable based on the
The curve obtained this way is shown in Fig. 2. It fol- Single hole result is 65 Wichn

lows the experimental values up to 400 TorrTat 300 K.

Absolute values, however, differ considerably from experi-

mental ones. If we, e.g., assumgwa‘actor three times the  yion This work is supported by the U.S. Department of En-

t_hr_esholq energy for the generation of excited states, the efe'rgy, Advanced Energy Division.

ficiency is calculated as 30%-40%, compared to 6%—9%

obtained experimentally. This difference in absolute values

as well as the deviation between the two curves may be due

to diffusion losses, which were neglected in our calculation.*U. Kogelschatz, B. Elliasson, and W. Egli, Proceedings of the XXIlIrd

Another reason for these discrepancies is photoionization of '1”5;3'7”6}23:::; ggngfi;e’gj e Phenomena in lonized Gases, Toulouse,

the Xez* exqmerﬁ which is not cor_15|dered_|n_our_ mOdeI_' 2B. Eli,asson and ﬂ K‘c)gelscﬁatz, Appl. Phys. B: Photophys. Laser Chem.

The emission of the xenon excimer radiation is, besides 46, 299(1988).

on the gas pressure, also dependent on the discharge curreff. El-Habachi and K. H. Schoenbach, Appl. Phys. L&g, 22(1998).

For a discharge at 435 Torr the discharge efficiency and theK: H. Schoenbach, A. El-Habachi, W. Shi, and M. Ciocca, Plasma

int it f th . diati lotted di Sources Sci. Technof, 468(1997).
Intensity o € excimer radiation are plotied versus ais-sg Schoeffel, McPherson, Inc., Chelmsford, Mgrivate communication).

charge current in Fig. 3. Typical sustaining voltages are Spatrick Lewis, UVP, Inc., Upland, CAprivate communication).

220 V; these voltage values are lower by a factor of 2 com-'J. Ametepe, College of William and Mary, Williamsburg, Vilrivate

r revi m rements in xehdinis r ionin communication).
pha efd o pre OFS easurements © d- S Educ.t ONIN 557k Rice and A. W. Johnson, J. Chem. Ph§8, 5235(1975).
t e- O-rward voltage, and an observed _mcrease IN €XCIMEBp, 5 Eckstrom, H. H. Nakano, D. C. Lorents, T. Rothem, J. A. Betts, M.
radiation at lower pressures, was obtained through carefulE. Lainhart, D. A. Dakin, and J. E. Maenchen, J. Appl. P&, 1679
cleaning and conditioning procedures. The radiation intensit¥0(1988)- _
increases linearly with the current and the efficiency strongly E'ygzefvcshk?eﬂzﬁfhﬁ@svﬁ?t%‘;pi%’(Igggfsmw' F. E. Peterkin, and W. W.
increases with current up to 1 mA and then stays in the rangeyw. shj and K. H. Schoenbach, Conference Record of the IEEE Interna-

between 5.5% and 7% for higher currents. tional Conference on Plasma Scier@@OPS), Raleigh, NC, 1998, 283.
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