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Abstract. The emission spectra of krypton plasma in the range of 
8 – 14 nm upon excitation of a pulsed gas jet by 1.06-mm Nd : YAG 
laser radiation with a pulse energy of 0.85 J, pulse duration of 5.2 ns, 
and repetition rate of 10 Hz are investigated. The krypton emission 
spectrum is a wide (8 – 14 nm) band, peaking at 10.3 nm, which is 
formed by a series of much narrower lines. The observed lines are 
identified, and the fraction of laser pulse energy converted into the 
(8 – 14)-nm emission band and emitted into half-space (2p sr) is 
determined. The maximum conversion efficiency is found to be 21 %. 
The expected throughputs of lithographic systems with sources 
based on Sn, Xe, and Kr ions for different wavelengths, correspond-
ing to the emission peaks of ions of these materials, are compared.

Keywords: laser spark, krypton plasma, extreme UV radiation, 
pulsed gas target, conversion efficiency, lithography.

1. Introduction

Progress in the field of microelectronics is closely related to 
the reduction of chip characteristic sizes. For example, 10-nm 
resolution was achieved in classical lithography [1], and stud-
ies aimed at further improving the resolution (in particular, 
applying short-wavelength lithography) are actively under way. 
The extreme UV (EUV) lithography using the wavelength l = 
13.5 nm provides a resolution within 7 – 10 nm under labora-
tory conditions [2, 3]. However, as was discussed in [4], further 
attempts to increase resolution meet very serious problems in 
increasing the numerical aperture of the EUV objective even 
to NA = 0.5. In this context, the decrease in the wavelength 
of next-generation projection lithography is a very urgent task.

Previously the prospects of implementing a lithographic 
process at l = 6.7 nm were considered in [5, 6], and the specific 
features of using radiation with this wavelength in lithogra-
phy were analysed in detail in [7]. It was shown that, with 
allowance for the reflectance of multilayer La/B4C mirrors 
[8], the X-ray source efficiency, and the photoresist sensitivity 
[9 – 11], the throughput of a lithographic process at l = 6.7 nm 
is an order of magnitude lower than that at l = 13.5 nm.

Based on the experimental data on the efficiency of Xe- 
based laser-plasma source [12 – 14] and the reflectances of 
multilayer mirrors Mo/Be [15] and Mo/Sr, Ru/Sr [16], it was 
shown that a lithographic process with a throughput compa-
rable with that obtained at l = 13.5 nm can be implemented at 
l = 11.2 and 10.8 nm. It was noted that, to confirm these sug-
gestions, one must measure the exact values of the laser energy 
conversion efficiency into EUV radiation and determine the 
real reflectances of Be- and Sr-based multilayer mirrors.

An analysis of the emission spectra of xenon ions under 
pulsed laser excitation and measurements of the conversion 
efficiency using a calibrated X-ray power meter were per-
formed in [17, 18]. A pulsed gas-jet target was used [19]. The 
laser conversion efficiency into soft X-rays (SXR) was about 
1.6 % in the lithographer transmission band peaking at l = 
10.8 nm and about 1 % at l = 10.2 nm. Later on, these values 
were confirmed in [20, 21]. Thus, the xenon source conversion 
efficiency turned out to be almost several times lower than 
that of the tin source [22]. Another drawback of the source 
based on xenon is the high cost of this gas.

The interest in the SXR source based on inert gas ions has 
significantly increased in view of the development of maskless 
X-ray lithography, where throughput is not a critically impor-
tant parameter. The ranges of application of maskless lithog-
raphy are mainly related to the research in the field of science 
and technology and to the small-scale production; important 
factors in these applications are high resolution, availability 
of equipment, and its low operation cost [23 – 26]. Advantages 
of inert gases for lithography of this type are the absence of 
contaminations of optics with tin and a shorter working wav-
elength, due to which the spatial resolution can be signifi-
cantly increased in comparison with the lithography using a 
wavelength of 13.5 nm.

In this study we investigated the emission from ions of 
krypton, which is known to be a heavy inert many-electron 
gas and have a complex of favourable properties to be used as 
an efficient target in laser-plasma SXR sources. One can state 
that the emission properties of krypton in the SXR range 
have been scarcely studied. In particular, there are no data in 
the literature on the laser energy conversion efficiency into 
SXR. For example, a wide emission band at 8 – 14 nm and a 
high-intensity band peaking near 10.3 nm were shown to exist 
for krypton [19]. The emission of highly ionised krypton upon 
laser excitation was also investigated in [27]. Thus, the main 
purpose of this study was to measure the conversion effici-
ency, analyse the influence of different parameters (such as 
the gas pressure at the capillary inlet and the distance from 
the laser spark to the capillary edge) on the conversion effi-
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ciency, and search for the experimental conditions providing 
maximum conversion efficiency of laser radiation into X rays. 

2. Experimental

Emission spectra were studied on an experimental setup who-
se schematic is shown in Fig. 1 [28]. It consists of a solid-state 
pulsed laser, a gas jet former (a radiation source), and an 
RSM-500 spectrometer with a spherical grating and power 
meter (calibrated in the SXR range) [29]. The laser beam is 
introduced into a vacuum chamber and focused on pulsed gas 
jet, which is formed by a pulsed valve. A breakdown with the 
formation of high-temperature plasma occurs in the region of 
the laser beam focus. The laser spark radiation is recorded 
simultaneously by a spectrometer and a power meter.

A laser spark was excited using a NL300 EKSPLA pulsed 
laser with a radiation wavelength of 1.06 mm, laser pulse ene-
rgy of 0.85 J, pulse duration of 5 ns, and pulse repetition rate 
of 10 Hz. The laser beam was directed into the vacuum cham-
ber using a prism, and then focused by a lens on the axis of a 
pulsed gas target. The average laser power was measured by 
an IMO-2N power meter. Because of the loss in the optical 
system, the laser pulse energy in the spark region amounted to 
0.56 J.

Krypton was fed using a high-speed pulsed valve (syn-
chronised with the laser); it effused through a capillary 0.4 mm 
in diameter. The concentration of krypton atoms in the laser-
spark formation region was about 1018 cm–3 [18, 30]. The max-
imum krypton pressure reached 5 bar; it was limited by the 
characteristics of the pumping system in use. The gas-jet sou-
rce was described in more detail in [31]. The design of the 
setup made it possible to orient the gas jet perpendicular to 
the spectrometer optical axis, due to which the self-absorp-
tion of the radiation generated in the plasma affected the 
measurement results to a lesser extent. The measurements 
were carried out in the spectral range of 4 – 20 nm, and the 
spectral resolution was 0.04 nm. The radiation at the mono-
chromator output arrived at a CsI photocathode to generate 
an electron current, which was detected using a chevron asse-
mbly of two microchannel converters (VEU-7). The spec-
trometer was evacuated by two cryosorption pumps and, 
additionally, a turbomolecular pump with a pumping rate of 
100 L s–1. The experiments were performed at a pressure of 

2 ́  10–5 Torr in the detector chamber and 1 ́  10–3 Torr in the 
radiation source chamber. To estimate the possible influence 
of plasma absorption lines on the measurement results, we 
performed additional measurements of krypton emission spe-
ctra in the geometry with spectrometer optical axis coinciding 
with the gas nozzle axis. A Czerny – Turner spectrometer [32] 
was applied.

The conversion efficiency of laser radiation into SXR was 
measured using a calibrated power meter (Fig. 1). The X-ray 
power was determined by applying a set of free-standing thin-
film filters and a silicon photodiode, which directly recorded 
SXR. The photodiode sensitivity was calibrated in the entire 
spectral range on the BESSY-II synchrotron source [33]. The 
spectral characteristics of the filters were measured with a 
reflectometer [34] at characteristic emission lines. There was a 
possibility of introducing one or two free-standing Mo/ZrSi2 
filters; they were mounted on a special holder and could be 
replaced automatically during an experiment. The operation 
principle and design features of the power meter were des-
cribed in more detail in [35]. To obtain the maximum conver-
sion efficiency, we first found the optimal time of valve open 
state top (it turned out to be 300 ms) and the optimal delay 
time tdel between the instants of valve opening and laser pulse 
arrival (found to be zero). These parameters remained invari-
able in subsequent experiments. The residence time of valves 
in the open state greatly exceeds the settling time for a steady-
state gas flow.

3. Krypton emission spectra

Figure 2 shows the krypton emission spectra measured in the 
range of 8 – 14 nm for different krypton pressures at the capil-
lary inlet.

The distance from the laser breakdown region to the cap-
illary outlet is 0.5 mm. One can see a wide strong band in the 
range of 8 – 14 nm, which is due to the 3d9 – 3d84p fine-struc-
ture transition for Kr9+, the 3d10 – 3d94p transition for Kr8+, 
and the 4s –3d94s4p transition for Kr7+ [36, 37]. The emission 
observed is due to the recombination processes occurring in 
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(l = 1064 nm)
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Figure 1. Setup for studying the emission characteristics of laser-excit-
ed krypton: 
( OPM ) calibrated power meter; ( S1 – S3 ) slits; ( F ) short-wavelength 
filter; ( M ) mirror; ( SDR ) spherical diffraction grating; ( XRD ) X-ray 
detector VEU-7 ( chevron type microchannel converter ).
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Figure 2. Emission spectra of krypton at different pressures at the cap-
illary inlet. The spectrometer axis is oriented perpendicular to the jet 
axis.
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the laser plasma. An increase in the krypton pressure signifi-
cantly increases the intensity of emission spectra, whereas 
their shape changes only slightly.

One of the key factors affecting the results of measuring 
the conversion efficiency of laser energy (or energy of any 
other type) into X-rays is the absorption of the emerging radi-
ation by plasma and surrounding gas. To estimate this effect, 
we compared the shapes of the spectra recorded in two geom-
etries: with the spectrometer axis oriented (i) perpendicular to 
the jet axis (providing minimum absorption) and (ii) along the 
jet axis (providing maximum absorption). The spectra in Fig. 3 
were recorded (at a pressure of 4 bar at the nozzle inlet and at 
a distance of 0.5 mm from the discharge zone to the capillary 
edge) in two geometries: with the spectrometer optical axis 
oriented perpendicular and parallel to the capillary axis [cur-
ves (1 ) and (2 ), respectively]. Curve (3 ) is the spectral depen-
dence of krypton absorption at a pressure of 1 Torr for a 
length of 1 cm. It can be seen that the krypton emission spec-
tra recorded under different conditions have a similar shape. 
The differences are due to the larger background in the RSM-
500 spectrometer and poorer resolution of the Czerny – Turner 
spectrometer. This fact indicates that the self-absorption is 

insignificant for krypton in a gas jet. This situation radically 
differs from that with xenon used as a gas target, where the 
self-absorption affects both the spectral shape and the mea-
sured signal amplitude [35].

It is of interest to compare the emission spectra of xenon 
and krypton. Figure 4 shows the normalised krypton and 
xenon emission spectra [curves (1 ) and (2 ), respectively], rec-
orded under the following conditions. For xenon, the pres-
sure at the capillary inlet is 2 bar and the distance from dis-
charge region to the capillary edge is 0.5 mm; for krypton, the 
pressure at the nozzle inlet is 4 bar and the distance from the 
discharge region to the capillary edge is 0.5 mm. The intensity 
is shown for the same detector sensitivity; the peak in the kry-
pton spectrum is blue-shifted, which is an advantage for litho-
graphic applications and indicates good prospects of sources 
of this type.

4. Measurements of the laser conversion  
efficiency into the krypton emission band

To determine the conversion efficiency of the laser pulse ene-
rgy into short-wavelength radiation, we used a power meter 
(see Fig 1) allowing for measuring the total SXR energy inci-
dent on it. At the same time, the spectral dependence of radia-
tion intensity was determined using a grating monochroma-
tor. A free-standing thin-film Mo/ZrSi2 filter was also moun-
ted at the spectrometer-monochromator input to suppress the 
background. In the absence of self-absorption in the plasma 
and gas, and with allowance for the measured spectral depen-
dences of diffraction grating efficiency, specular reflectances, 
free-standing filter transmittances [18], and detector sensitiv-
ity [38], the spectra at the power meter input were recon-
structed. Figure 5 shows an emission spectrum illustrating the 
application of this method for determining the conversion eff-
iciency. Curve (1 ) corresponds to the reconstructed spectrum 
at the power meter input, and curve (2 ) is the spectrum of 
radiation incident on the semiconductor detector after pass-
ing through the double Mo/ZrSi2 filter. Since the silicon dete-
ctor sensitivity in the range of 4 – 14 nm barely depends on 
wavelength [33], the power meter signal is determined by the 
integral over curve (2 ), and the total X-ray energy is deter-
mined by the integral under curve (1 ).
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Figure 3. ( 1, 2 ) Krypton emission spectra for the spectrometer optical 
axis oriented ( 1 ) perpendicular and ( 2 ) parallel to the capillary axis and 
( 3 ) the spectral dependence of krypton absorption.
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Figure 4. Emission spectra of ( 1 ) krypton and ( 2 ) xenon.
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Figure 5. Reconstructed spectra, illustrating the method for determin-
ing the conversion efficiency ( 1 ) in the absence of filter and ( 2 ) after 
passing radiation through a double Mo/ZrSi2 filter ( 2 ).
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The conversion efficiency into half-space in the spectral 
range of 8 – 14 nm can be found from the following relations. 
The power W of SXR source per unit solid angle in the spec-
tral range of 8 – 14 nm is given by the expression

W @ 
ST
KV

I
I
totW

[W  sr–1], (1)

where V is the detector signal (in volts), W is the solid angle 
within which the radiation is collected (7.5 ́  10–4 sr), S is the 
detector sensitivity (0.21 A W–1), T is the transmittance of 
double Mo/ZrSi2 filter at l = 10.3 nm (centre wavelength of 
the emission band), I is the intensity in the spectral range of 
8 – 14 nm, Itot is the total intensity, and K is the amplifier sen-
sitivity (10–6 A V–1). On the assumption of isotropic emission, 
the conversion efficiency of laser power Plas into the SXRs 
emitted into half-space (2p sr) is found from the relation

CE = 2p
P
W
las

100 [%], (2)

where CE is the conversion efficiency. Thus, we obtained dep-
endences of the laser radiation conversion efficiency in SXR 
on the pressure and distance from the spark to the capillary 
edge. The corresponding results for a pure krypton jet are 
presented in Fig. 6.

Note that an increase in the gas pressure at the capillary 
inlet leads to an increase in the conversion efficiency to 21 % 
at a krypton pressure of 5 bar at the capillary inlet and a dis-
tance 0.5 mm from the laser spark to the nozzle edge. The 

obtained values of the conversion efficiency show that a laser-
excited krypton jet may be an efficient SXR source for differ-
ent applications.

5. Comparison of the characteristics  
of lithographic systems operating  
at different wavelengths

The study of the emission spectrum and conversion efficiency 
CE of krypton made it possible to perform a comparison with 
the corresponding characteristics of other SXR sources, such 
as the tin-ion source working at a wavelength of 13.5 nm [39] 
and the xenon-ion source operating at wavelengths l = 10.8 
and 11.2 nm [18]. The chosen multilayer structures for each 
wavelength were briefly discussed above; a more complete 
analysis can be found in [18]. In this paper we restricted our-
selves to multilayer mirrors with maximum theoretically att-
ainable reflectances for the chosen wavelength. The measure of 
the efficiency of system was taken to be the quantity PLPos, 
found in the following way. First we determined the EFos 
value, which is the ratio of the area under the rocking curve 
Iopt of a multimirror system to the area under the emission 
band Il; it characterises the fraction of the emission band cap-
tured by the optical system:

EFos = Iopt /Il. (3)

Then

PLPos = RNEFos CE [%], (4)

where R is the maximum reflectance of a single mirror (in 
absolute units) and N is the number of mirrors in the system. 
Figure 7 presents the source spectrum [curve (1 )] and the 
spectral dependence of the reflectance of five mirror systems 
based on the multilayer Rh/Sr structure [curve (2 )].

Table 1 contains the calculated characteristics of a five-
mirror optical system. It can be seen that the calculated char-
acteristics of both xenon- and krypton-based lithographic sys-
tems are 3 to 4 times worse than those of a lithographer with 
an EUV source based on tin ions (l = 13.5 nm).

Note that the efficiency of the Kr-based source (l = 10.3 nm) 
even slightly exceeds that of the Xe source at l = 10.8 nm. Due 
to the technical simplicity and purity (absence of drops and 
other solid-state products of tin erosion) and low cost of kry-
pton (as compared with xenon), the krypton source is of great 
interest, primarily for the X-ray maskless lithography, where 
the throughput is not a key parameter. Obviously, concerning 
practical applications, the wavelength (and, correspondingly, 
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Figure 6. Dependences of the conversion efficiency CE in the (8 – 14)-nm 
band for pure krypton on the gas pressure, at different distances be-
tween the laser spark and capillary edge.

Table 1. Characteristics of a five-mirror optical system implemented on different multilayer mirrors.

Mirror l/nm Dl/nm Target EFosСЕ (%) R5 PLPos (%) References

Mo/Si 13.5 0.27 Sn 5 0,023 0.115 [35]

Ru/Be 11.2 0.208 Xe 0.42 0.292 0.122 [18]

Rh/Sr 10.8 0.247 Xe 1.65 0.220 0.363 [18]

Rh/Sr 10.8 0.247 Kr 0.89 0.220 0.023 This paper

Rh/Sr 10.3 0.209 Kr 1.31 0.234 0.040 This paper

Rh/Sr 9.85 0.17 Kr 1.01 0.211 0.024 This paper
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the radiation source) can be chosen only after obtaining exp-
erimental data on the reflectance of multilayer mirrors in a 
given spectral range.

6. Results and discussion

The study of the emission spectra of krypton plasma con-
firmed on the whole the main regularities observed by other 
researchers, in particular, the fact that the emission maximum 
corresponds to the wide (8 – 14 nm) band (which is due to the 
3d9 – 3d84p fine-structure transition for Kr9+ ions and to the 
3d10 – 3d94p and 4s – 3d94s4p transitions for Kr8+ and Kr7+ ions, 
respectively). The emission band is peaking at a wavelength of 
10.3 nm.

The dependences of the laser energy conversion efficiency 
in the spectral range of 8 – 14 nm (emitted into half-space) on 
the krypton pressure at the pulsed-valve inlet and on the dis-
tance between the spark region and capillary edge were mea-
sured. The maximum conversion efficiency turned out to be 
21 %, which is indicative of a very high degree of conversion 
of laser radiation into EUV, approaching 50 % in 4p sr. Using 
this measurement result and the emission spectrum, one can 
determine the SXR energy in the transmission band of the 
optical system; in particular, compare the characteristics of 
lithographic systems based on different radiation sources and 
multilayer mirrors. This comparison showed that, despite the 
fact that the throughput of the lithographic process with a 
krypton source at a wavelength of 10.3 nm is worse by a fac-
tor of about 2.8 than that for a tin-based source at l = 13.5 nm, 
it somewhat exceeds the throughput of the xenon source at 
l = 10.8 nm. Note that this decrease in wavelength improves 
the lithography resolution (limited by diffraction) by a factor 
of 1.3. This radiation source may be of interest for the litho-
graphic processes where the emphasis is on the availability of 
equipment, low cost, and simplicity of exploitation rather than 
on the throughput. This primarily holds true for X-ray mask-
less lithography.

We should note an emission line at a wavelength of 9.85 nm, 
which is constantly present in the krypton emission spectrum. 

Therefore, the lithography operating wavelength may be shi-
fted to the range below 10 nm. Note also that the resulting 
conversion efficiency did not reach saturation in terms of inc-
reasing the gas pressure at the capillary inlet. In our case the 
maximum pressure of 5 bar is a limit determined by the pump-
ing system potential; therefore, one would expect a further 
increase in CE with an increase in the krypton pressure.

Finally, an unsolved problem is the determination of the 
limiting possibilities of Sr-based multilayer mirrors. In par-
ticular, in the early studies the reflectance of Mo/Sr mirrors 
under normal incidence conditions was found to be ~50 % 
(the theoretical limit is 74 %) [16]. Therefore, to determine the 
prospects of (10 – 11)-nm lithography, one must analyse the 
limiting possibilities of multilayer Sr-based X-ray mirrors, as 
well as alternative multilayer mirrors based on phosphorus 
compounds [40].
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Figure 7. ( 1 ) Emission band of a krypton-based SXR source and ( 2 ) 
the spectral dependence of the reflectance of five-mirror system based 
on a multilayer Rh/Sr structure.
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