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Target optimization of a water-window liquid-jet laser—plasma source
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We optimize the water-window x-ray flux and debris deposition for a liquid-jet laser plasma source
by varying both the target diameter and the jet material. For two target liquids, methanol and
ethanol, measurements of the=3.37 nm Cvi x-ray flux and the debris deposition rates are
presented as function of the jet diameter. It is shown that the effective carbon debris deposition is
more than 1 order of magnitude smaller for methanol, while the x-ray flux is reduced-@9o.

The reduction in carbon debris deposition may be explained by reactive ion etching by oxygen from
the plasma. Thus, the methanol water-window source may be operated at & Bgdlter flux
without increasing the debris deposition. The optimization potentially allows a reduction of the
exposure time of compact soft x-ray microscopy or other water-window applications based on such
sources without increasing damage to sensitive x-ray optics20@8 American Institute of Physics.
[DOI: 10.1063/1.1602571

I. INTRODUCTION dominated by the hydrogen and helium-like carbon emission
at \=3.37 and 4.03 nm, respectively. The major source is-
Carbon-target laser plasmas are suitable compact so$ues of importance for pursuing applications are the flux
x-ray sources for many water-window applications. Liquid-and/or brightness for short exposure times, the long-term
jet targets using ethanol have previously demonstrated londamage of fragile x-ray optics by debris, and the stability and
operating times and large reduction of debris compared teeliability for user friendliness. As regards the stability and
conventional target systems. In many applications it is im+eliability we have often chosen to operate the source in the
portant to maximize flux while minimize the debris deposi- liquid-jet mode as opposed to the droplet m8ddereby the
tion on x-ray optics. In the present article we investigate fluxstability increases by avoiding fluctuations in the x-ray flux
and debris as a function of target liquid and jet diameter andlue to droplet drift® A nozzle fabrication method, based on
show that methanol jets of larger diameters significantly in-glass capillarie$! allows the operation of ethanol jets at
crease the flux while still keeping debris low. higher pressure and larger jet diameters. This makes liquid
Laser plasmdsare attractive compact soft x-ray sourcesjet operation possible without nozzle damage since the
due to their small size, high brightness, and high spatial starozzle—plasma distance may be increased to several mm.
bility. Regenerative targets based on liquid droptétr lig- In the present article we focus on the flux and the long-
uid jets"® provide fresh target material at high density for term debris-induced damage to optics for carbon-emission
full-day operation without interrupts and it allows the use ofwater-window liquid-jet laser plasmas. Here the nozzles al-
high-repetition-rate lasers, thereby having potential for higHow optimization of both target diameter and target liquid
average power. Furthermore, it reduces debris productiowith respect to the laser pulse. Below quantitative measure-
several orders of magnitude compared to conventionaments of the debris deposition at different direction from the
target§ and for certain liquids the debris deposition is prac-plasma and the x-ray flux are presented for two different
tically eliminated®® Thus, the effective photon flux may be target liquids: methanol and ethanol. Somewhat surprisingly,
increased a few orders of magnitude compared to converihe effective debris deposition rate is significantly lower for
tional targets since collection optics may be used reasonablyethanol than for ethanol. Thus, the x-ray flux can be sig-
close to the plasma. By choosing a suitable target liquid andificantly increased by increasing the methanol jet diameter
correct plasma conditions, the emission wavelength may bwithout exceeding the currer(ethano) debris deposition
spectrally tailored to suit different applications, e.g., the extates.
treme ultraviolet (EUV) (~0.1 keV, e.g., EUV
lithography,”~® soft x rays(~1 keV, e.g., microscopy and
reflectometry,>3°>1° and hard x rays(~10 keV, e.g.,
diffraction).™* A schematic arrangement of the liquid-jet laser—plasma
Ethanol-based water-window liquid-jet laser—plasmax-ray source is shown in Fig. 1. The liquid jet is created by
sources have been used for compact subvisible-resolutiofdrcing ethanol or methanol through a capillary nozzle at a
x-ray microscopy”*and reflectometrf and have potential pressure of 100 bars resulting in a speed=80 m/s. In the
for, e.g., x-ray photoelectron spectroscdpylhis source is  current experiments the jet diameter is varied between 10
and 50um. A 600 I/s turbo pump in combination with a cold

aAuthor to whom correspondence should be addressed; electronic maiffap for excess target liquid keeps the pressure in the' (fham'
oscar.hemberg@biox.kth.se ber to typically 102 mbar. To generate the x-ray-emitting

II. EXPERIMENTAL ARRANGEMENT
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FIG. 1. Experimental arrangement.

plasma the beam fro a 3 ns,A =532 nm 100 Hz Nd:YAG
laser(Coherent Infinity is focused with a 50 mm lens onto
the liquid jet, typically 3—4 mm from the nozzle tip. The
energy on target is-65 mJ/pulse, which results in an inten-
sity of ~2x 10" W/cn? given the full width half maximum
(FWHM) of ~15 um in the focus. The laser plasma is opti-
mized by adjusting the jet for maximum photon flux at the
filtered x-ray diode(Hamamatsu G-1127-02The diode is
located at at+45° angle to the incident laser beam and ou
side the chamber, separated from the vacuum by a 350 n
Ti/200 nm SN, filter and 6 mm of air. With this filter the
x-ray signal is dominated by the=3.37 nm CvI emission
line, the line we presently use for our major application,
microscopy.

Ill. DEBRIS MEASUREMENTS
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FIG. 2. Quantitative debris deposition for methanol and ethanol as function
of the jet diameter for four different positions.

since the optical method has a high throughput and is sensi-
tive (a minimum measurable thickness of 2 nm corresponds
to an absorption difference of 0.5%Furthermore, the
method is especially advantageous when the edge between
the protected and unprotected part is not sharp enough to
provide distinct data from the profilometer. However, the op-
tical method has to be used with care. Different plasma pa-
rameters(due to, e.g., a different laser pulse lengtould
change the optical absorption coefficiéfit?® Therefore a
careful calibration for each laser—plasma experiment is al-
ways necessary.

m The optical absorption method is calibrated with a pro-
filometer (KLA-Tencor P15. We performed the calibration
for three different experimental conditiares 1 hexposure to

a 22 um diam ethanol-jet plasma, a 1/2 h exposure to a 41
pum ethanol-jet plasma, dna 2 hexposure to a 22um
methanol-jet plasma. The resulting profilometer measure-
ments of thickness (11910, 80+10, and 1510 nm, re-
spectively correspond to the following optical absorption

In this section we discuss the procedure to measure deoefficients: (2.90.5)x10%, (2.5+0.5)x10%, and (3.2
bris and present experimentally determined debris depositiorr 2)x 10* cm™!, respectively. The last optical absorption
rates for ethanol and methanol. Finally, we speculate on theoefficient has a large uncertainty, since the measured debris
reason for the more than 1 order of magnitude lower debriayer thickness is in the same order as the surface roughness
deposition rates of methanol. of the substraté~5 nm). Combining the three measurements

For characterization of the emitted debris, carefullyresults in an optical absorption coefficient of 8.5
cleaned glass microscope slides are positioned in the vacuum10%) cm™1. This value is well within the range of optical
chamber approximately 25 mm from the plasma. Figure labsorption coefficient found in literature for hydrogenated
shows the different position$—IV ). Glass plate IV is placed amorphous carbortbetween 18 and 16 cm™1).18-2° The
below the plasma. On each slide a reference area is protectéatge variation in the optical absorption coefficient discussed
from the plasma by a small glass mask. The typical exposuri the literature is caused by the dependence of the absorp-

times at continuous 100 Hz operations are H @&1h for
ethanol and methanol, respectively. For theu methanol

tion coefficient on the ratio osp? and sp® bonds in the
amorphous carbon. This ratio is strongly dependent on the

jet where the exposure time is 4 h, since the debris depos#eposition conditions.

tion rate is very low. The signal from the filtered x-ray diode

The results of the debris measurements as a function of

is logged to ensure that for 95% of the pulses the x-ray fluxhe jet diameter are depicted in Fig. 2 for the four different
is at least 80% of the maximum value. For both methanopositions I, II, Ill and IV (cf. Fig. 1). The error bars are
and ethanol, the pulse-to-pulse fluctuations are typically 12%letermined by calculating the standard deviation of the de-
and the long-term drift is<2%. bris thickness for five random measurement points on the
For the thickness measurement of the deposited carbodebris plate. Typically the standard deviation is around 20%
debris layers we used the optical absorption method desf the average debris thickness. This deviation is caused by
scribed in Ref. 6. We preferred the optical absorption meathe variation of the debris deposition. In addition, the debris
surements before profilometer measuremefufs below)  deposition varies systematically so that it has a maximum in
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the plane of the jet and the incoming laser beam and de- j

creases further away from this plane. ao} oo Ethandl »
As can be seen from Fig. 2, the debris deposition for -~ “

ethanol at positions | and I(behind the jet decrease for o AN

large jet diameters. This effect is probably due to shielding of 30t el .

ionic debris by the jet itself since the large-diameter jets

constitute a thick target. Given the relatively low pulse en-

ergy and that the focus size is smaller than the jet, the back

part of the plasma and the wings will consist of compara-

tively cold and dense target material that may block most of A

the high-energy carbon debris ions. For position 1lI, a fit to i

~d3, whered is the jet diameter, is inserted. In principle this

behavior should occur in all four directiorisinced? in the 0

first approximation is proportional to the heated target mass 10 15 20 25 30 35 40

but, as stated above, we believe the debris in other directions Jet diameter (m]

is reduced by shielding by cold parts of the jet. FIG. 3. Photon flux for the @ A=3.37 nm line as function of the jet
The most surprising observation in Fig. 2 is the 1 orderdiameter for liquid methanol and ethanol jet target.

of magnitude difference between the effective debris deposi-

tion rate for methanol and ethanol. Based on the carbon con- . o .

tent, methanol should only result in a 37% reduction of de_suremer_1ts, the debris layer in direction Il get thinner as the

bris. For example, in position I, the debris deposition from angle with the laser beam decreases.

L These experiments show that oxyg@md possibly hy-
a 40 um methanol jet is 28 10 pg/(sr pulse) compared to X : .
650+ 150 pg/(sr pulse) for a 4Qum ethanol jet and 21 drogen etching occur and that the lower debris deposition

+10 pg/(sr pulse) for a 1@m ethanol jet. Position Il is of f?r trhne n:fethrz?lnolhtiarg?t IS pr?/\tl)abllg Suein?/O I\? 3el5}cleanr|]r119
special interest since this is the direction of multilayer con-Prasma. 11 ony this process wou € Involved, the same

denser mior n urcutent xray microscofenese data (o<t 10U b€ Shianed i sl
are somewhat higher than previous measurerfidnis still T e .
e : . 1 as well. For a 40um jet the debris in direction Il is
within the error bars. Another important difference between .
. -, reduced according to the hypothefisom 650+ 150 to 30
methanol and ethanol is the deposition of large clusters. In-

spection of the debris slides by optical microscopy and me =15 pg/(srpulse)], while the debris in direction Il remains

. ; o he unchanged within the measurement accuférom 530
surements in the profilometer reveal significant amounts o .
. . o +150 to 710= 150 pg/(sr pulse)]. The reason for this is not
clusters(diameter typically 0.1—Jm) for ethanol jet diam- . :
; . clear to us. One may speculate that the properties of the ion
eters larger than 2@m diameter, while no clusters can be

. . __emission from the plasm@.g., lower temperatuyes direc-
gteetrected for the methanol target regardiess of the jet dlam[Tonally nonuniform or that cluster formation is more impor-

A plausible explanation for the large diffezrlence in debristant on the backside of the jet,
could be reactive ion etchin@RIE) by oxygen:™ Since the
C/O ratio is 1 for methanol and 2 for ethanol, this processlv' PHOTON FLUX MEASUREMENTS
should be much more effective for methanol than for ethanol.  In this section we compare the=3.37 nm x-ray flux of
Hydrogen etching is also well known but the C/H ratios dif- the methanol and ethanol as function of the jet diameter.
fer only 20% between methanol and ethanol. Note that th&pectra at a-45° angle to the incident laser beam, are re-
typical plasma temperature of the soufoa the order of 100 corded with a 10000 lines/mm free-standing transmission
eV) is in the same range as the typical oxygen ion energy igrating in combination with a cooled, thinned, back-
an RIE dry etcher. To determine whether the properties of thdluminated 1024 1024 pixel charge coupled device array
emitted ions from the plasma are appropriate for oxyger(SI003B.22 To suppress the scattered green light a filter is
etching, commercially available glass plates coated with 20@laced in front of the gratin200 nm Al combined with 450
nm of carbon were placed at position Il and IIl. Although thenm of cellulose nitrate The relative flux of the\
carbon on the glass plates is much softeore graphite like ~ =3.37 nm Cvi line was determined for a range of jet diam-
than the amorphous carbon on the debris plates, any redueters, from 10 to 4Qum, by integrating over the full line
tion of the carbon layer thickness should still gives an indi-(>10% of peak intensity
cation of a possible mechanism. The results of the flux measurements are shown in Fig.

After 1 h of continuous operation of a 2&m methanol 3. The measurements are taken in direction 11l to be compa-
jet, the carbon layers in direction Il and Ill are indeed re-rable with the discussion of the debris deposition. Note the
duced by 4610 and 10610 nm, respectively, which cor- saturation at larger jet diameters due to the limited laser
responds to etch rate between 150 and 400spgllse. The  pulse energy. The x-ray flux for methanol is on average ap-
etch rate in direction Il is strongly dependent on the angleproximately 40% lower than the flux from ethanol. This is in
with the incoming laser beam. The smaller the angle, theccordance with the carbon content, which is 37% loghgr
larger the etch rate: for an angle of 30° around 150 nm carvolume in methanol compared to ethanol. No effort was
bon is removed. This is in agreement with the debris meamade to perform accurately calibrated quantitative flux mea-

20} . /’,

X-ray flux [arb. units]
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100 with previous results. However, larger-diameter-jet plasmas
: 5‘2312% ’ make the illumination less sensitive to thermal drifts. Thus,
§ larger jets giving shorter exposure times with a slightly
higher debris deposition may be preferred when operating
applications. Furthermore, we have previously deemed the
; debris deposition from a 1gm ethanol jet to be acceptable
< in our current x-ray microscope, therefore methanol jets up
] to 40 um could be used. This would reduce the debris a
........... factor of 2 and increase the photon flux a factor of 3 com-
e pared to the current situation.

[0.23
o

=]
o

40t

Debris per flux [atoms/photon]

St I o ] In applications where imaging optics are used as con-
g densers, optical brightness is of greater importance than ab-
of e . omme® ] solute photon numbers for reducing exposure times. This is,
10 15 20 25 30 35 20 e.g., the case for microscopy. However, measurements on 11,
Jet diameter [um] 14, and 20um jets show a constant source diameteithin
10% FWHM) independent of jet diameter. This is supported

FIG. 4. Debris divided by photon flux for the @ A=3.37 nm line ex- . .
pressed in numbers of debris atoms per emitted photon. by previous measurements with the same laser type on larger

jets and other target materidfs*2?* These results indicate

that the optical brightness will scale almost linearly with the
surements since the scope of the present article is on thgbsolute photon flux. Given the results in Fig. 3 this would
relative differences between ethanol and methanol. Howevemean the exposure times could indeed be reduced by opera-
it should be noted that a rough estimate of the absolute phajon with methanol instead of ethanol also for these applica-
ton flux [maximum: 4x 10 ph/(srx pulsexline)] can be tions.
made provided one accepts a large accumulated calibration |n summary, we have shown that methanol is preferred
error (~factor of 2. This number is consistent with previous over ethanol as target liquid for carbonous liquid-jet target
quantitative datd” when taking the different laser energy laser plasmas since the effective debris deposition rate is
and pulse width of the present experiment into account.  significantly reduced. Although the x-ray flux is somewhat

lower for similar jet diameters, the large difference in debris
V. DISCUSSION AND CONCLUSIONS allows the use of larger diameter jets, providing an increase

When the liquid-jet laser—plasma source is operated iin the x-ray flux. Since the plasma size hardly increases with
an application, e.g., an x-ray microscope, the deposited dd€t diameter, the optical brightness should increase at the
bris per exposure is more important than absolute debri§@Me rate as the photon flux. This could lead to either a
deposition number discussed in Sec. I1l. In most applicationdonger lifetime of the x-ray optics or to a reduction in expo-

a fixed number of photons are required for a good exposuré!™® times when using liquid-jet laser plasmas as sources for

and the debris-induced damage to optics is therefore linear f3PPlications.
the number of exposures. Damaging debris deposition be-
tween exposures can mostly be avoided by shutters. To getACKNOWLEDGMENTS
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