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In double pulse cross-laser irradiation configuration, we measured the extreme ultraviolet (EUV) spectral
purity and emission energy around 6.x nm wavelength in laser produced Gd plasmas. It was found that the
spectral purity of 4.1% within a 0.6% bandwidth (∆λ = 6.74 - 6.78 nm) at 6.76 nm to the total emission between
wavelengths of 5 - 9 nm was improved by producing a low-density Gd plasma target, compared to the spectral
purity of 1.6% for solid-Gd target plasma. A low-density plasma must be produced before the main heating laser
pulse to enhance the spectral purity. We also reported the delay time dependence of the spectral purity irradiated
by the 6-ns, 1-µm main laser pulse irradiation under the cross-laser-injection scheme.
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1. Introduction
Extreme ultraviolet (EUV) lithography for semicon-

ductor high-volume manufacturing (HVM) is a critical in-
dustrial technology [1]. The source in the EUV exposure
tool is based on a laser-produced plasma formed on a tin
(Sn) droplet that emits strongly in the 13.5-nm spectral re-
gion [2]. An unresolved transition array (UTA) emission
due to n = 4 to n = 4 transitions emitted from highly
charged open 4d subshell Sn ions is an essential optical
transition for 13.5-nm wavelength. A higher numerical-
aperture (NA) optical system and a higher power EUV
source are indispensable if greater resolution is to be ob-
tained on the silicon substrate in the exposure tool. Ac-
cording to the recent “International Roadmap for Devices
and Systems (IRDSTM),” the next technologies will require
a higher NA of 0.55 or operate at a shorter EUV wave-
length, so-called beyond EUV (B-EUV) with a wavelength
of 6.x nm [3].

Potential B-EUV sources have been studied to investi-
gate their spectral structure and conversion efficiency (CE).
Note that the CE is defined as the ratio of in-band B-EUV
emission energy to incident laser energy. The CEs re-
ported were typically 0.3% - 0.4%, and the spectral pu-
rity (SP) or spectral efficiency, defined as the ratio of the
emission within a 0.6% bandwidth (∆λ = 6.74 - 6.78 nm)
at 6.76 nm to the total emission between wavelengths of
5 - 9 nm was 2.4% at a main laser wavelength of 1 µm
(Nd:YAG laser) [4, 5]. On the other hand, the CE and SP
were 1.2% and 4.3%, respectively, at a main laser wave-
length of 10.6 µm (CO2 laser) [6, 7]. The SP for a lower
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critical density plasma produced at a laser wavelength of
10.6 µm is thus higher than that of a denser plasma pro-
duced at a laser wavelength of 1 µm due to small optical
thickness for the EUV wavelength.

The bandwidth (BW) of the collector (C1) mirror for
B-EUV emission around 6.x nm is narrower than that for
the 13.5-nm EUV Mo/Si multilayer mirror with a BW of
2%. High-power EUV sources are instrumental in enhanc-
ing in-band emission and suppressing out-of-band emis-
sion, thereby increasing the SP. This is crucial to avoid
thermal effects, optical distortion, and critical dimension
errors caused by out-of-band emission. The three main
factors that determine CE are the absorption rate of the
laser energy by the plasma, the CE to radiation, includ-
ing EUV emission, and the SP. Therefore, we should tune
the peak wavelength at 6.x nm and the emission spectrum
bandwidth with high SP.

In the solid-state 1-µm laser-produced rare-earth ele-
ment plasmas, such as the Gd and Tb plasmas, the spec-
tral bandwidths are broader than that of the 10-µm laser-
produced plasmas [6, 7]. Therefore, controlling the crit-
ical density related to the optical thickness is of signifi-
cance. Under optically thin conditions by the pre-plasma
production, the spectral bandwidth at a peak wavelength of
6.76 nm, which was attributed to the Gd18+ ions, was nar-
rower when the 1-µm laser pulse was irradiated. We have
achieved the narrow bandwidth emission spectrum using
the solid-state laser-produced Gd plasma by means of the
double pulse irradiation scheme [8]. The highest SP was
5.1% for the sub-ns (150-ps), 1-µm main laser pulse irra-
diation. However, there is no spectral behavior of the delay
time dependence between the 16-ns, 1-µm pre laser pulse
and the 6-ns, 1-µm main laser pulse under the cross-laser-
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injection configuration. Compared to the sub-nanosecond
main laser, the nanosecond main laser’s plasma is opti-
cally thicker, potentially causing self-absorption that af-
fects the spectral response. For instance, the spectral dip
at 6.76 nm in Gd plasmas has been linked to optical thick-
ness [9]. The cross-laser-injection configuration with the
1-µm main laser pulse enables us to investigate the cause
of this dip. In this paper, we generate the spectral dip at
6.76 nm in the Gd plasma under the cross-laser-injection
configuration. We also report on the dependence of the SP
and emission energy on time separation between the 16-ns,
1 µm pre-pulse and the 6-ns, 1-µm main laser pulse irradi-
ations.

2. Experimental Condition
Figure 1 shows a schematic diagram of the experimen-

tal setup under the cross-laser-injection configuration. Two
Q-switched Nd:yttrium-aluminum-garnet (Nd:YAG) lasers
operating at a wavelength of 1064 nm for the pre-pulse and
main pulse were employed. The two laser systems were
synchronized using a pulse delay oscillator (Stanford Re-
search Systems Inc., DG645) with a jitter of less than one
ns. The pre-plasma was generated on the edge of a planar
Gd target with a width of 1 mm.

The intensity of the 16-ns pre-pulse was 4.5 ×
108 W/cm2 and a loose focal spot diameter of 2.5 mm. The
beam was loosely focused to produce a large volume of
pre-formed plasma (pre-plasma). The pre-pulse irradiated
the target at normal incidence and at 90◦ to the main laser
axis. The main laser irradiated the pre-plasma at a distance
between z = 70 - 500 µm above the target surface at a delay
time of ∆τ = 10 - 200 ns after the pre-pulse laser irradia-
tion. The main laser intensity was kept at 2.4×1012 W/cm2

with a pulse duration of 6 ns. The transmittance was mea-
sured by the energy meter in Fig. 1. The transmittance was
defined the ratio between the transmitted laser pulse energy
through the pre-plasma and the incident laser pulse energy.

The B-EUV emission spectra were measured by a
flat-field grazing incidence spectrometer with an unequally
ruled 2400 grooves/mm grating. The spectrometer was
positioned at 30◦ with respect to the incident main laser
axis. Time-integrated B-EUV spectra were recorded by a

Fig. 1 Schematic diagram of the experimental setup.

thermoelectrically cooled back-illuminated x-ray charge-
coupled device (CCD) camera (Andor Technology Inc.).
The typical spectral resolution was better than 0.01 nm
[10]. The pressure inside the vacuum chamber was kept
at 1 × 10−4 Pa.

3. Experimental Results and Discus-
sion

3.1 Spectral comparison at different optical
thickness conditions

We compared the time-integrated B-EUV spectra un-
der optically thick and thin plasma conditions. We pro-
duced optically thick condition by the 1-µm laser pulse ir-
radiation to the planar solid Gd target (red line) in Fig. 2.
The main laser pulse intensity was 2.4 × 1012 W/cm2. The
critical density was 1×1021 cm−3, and the effective B-EUV
emission region was expected to be originated from the ex-
panding plasma surface at the electron density of the order
of 1019 cm−3 [11]. The observed spectrum was broader,
attributed to the multiple highly charged Gd ions, with a
dip at a wavelength of 6.76 nm. The SP was 1.6%. On
the other hand, we observed the narrow spectrum (SP =
3.9%) under optically thin conditions produced by the pre-
formed Gd plasma (pre-plasma) at a main focal position
of z = 70 µm and the delay time of ∆τ = 20 ns (see the
red line in Fig. 2). The spectral peak under optically thin
condition (blue line) was in good agreement with the spec-
tral dip under optically thick (red line). We believe that the
dip at 6.76 nm appeared due to the self-absorption process
(weak opacity effect) of the B-EUV emission by the dense
Gd plasma. We need the numerical calculation of the radi-
ation hydrodynamic simulation with the atomic process in
plasmas [2].

3.2 B-EUV emission spectra and SP behav-
iors

Figure 3 shows the peak-intensity-normalized time-
integrated B-EUV spectra at different delay times of ∆τ =
20 - 60 ns at z = 70 µm in Fig. 1. The peak wavelength

Fig. 2 Spectral comparison for the optically thick (red) and op-
tically thin (blue) conditions.
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Fig. 3 The normalized time-integrated B-EUV spectra at three
different delay times of ∆τ = 20 - 60 ns at z = 70 µm.

Fig. 4 Dependence of spectral purity on distance from the target
at each delay time.

remains at 6.76 nm. Note that the gray band corresponds
to the reflection bandwidth of 0.6% of the multilayer mir-
ror for the 6.x-nm B-EUV emission in Fig. 3. The SPs are
3.9% at ∆τ = 20 ns, 2.8% at ∆τ = 40 ns, and 2.5% at
∆τ = 60 ns.

It is important to understand the spectral behavior,
which is coupled with the narrow reflection bandwidth of
the multilayer collector mirror. Under the optically thin
pre-plasma condition imposed, this peak, which is mainly
due to the 4d10 1S0 − 4d94f1P1 [n = 4 − n = 4 (∆n = 0)]
transition of Pd-like Gd18+ overlapped with 2F − 2D lines
of Ag-like Gd17+ near 6.76 nm [12,13]. A similar structure
has also been observed in a discharge-produced plasma
[12], which, like CO2-laser-produced Gd plasmas [6, 7], is
optically thin due to its relatively low critical density of
1 × 1019 cm−3. Note that the spectral features shorter than
6.76 nm originate from higher than Gd19+ and arise from
n = 4 − n = 5 transitions.

We plotted the spatiotemporal SP behavior in Fig. 4,
and the corresponding in-band B-EUV emission energy is
shown in Fig. 5. The maximum SP was 4.1% at the delay
time of 20 ns and the main laser pulse focal position of
100 µm, as shown in Fig. 4. The in-band B-EUV emission
is almost maximized at the delay time of ∆τ = 20 ns and
the spatial region of z = 50 - 100 µm, as plotted in Fig. 5.
In addition, we show the transmittance of the main laser

Fig. 5 Dependence of in-band B-EUV energy on distance from
target at each delay time.

Fig. 6 Dependence of transmittance of the main laser pulse on
distance from the target at each delay time.

pulse in Fig. 6. The transmittance laser was measured to
be about 5% at the delay time of ∆τ = 20 ns and the spatial
region of z = 50 - 100 µm in Fig. 6.

Past delays of ∆τ = 20 - 60 ns, the longer wavelength
emission decreased with the increase of the time delay due
to successively lower plasma densities resulting from pre-
plasma expansion. At shorter delays, the plasma emission
was reduced either as a consequence of reduced plasma
size or increased opacity in the smaller, denser plasma vol-
ume. A simple plasma expansion can explain the SP be-
havior of the delay time dependence. The time taken for
the density of the pre-plasma expanding at sound velocity
to decrease to its critical density for maximum absorption
of the main laser pulse was evaluated to be in 50 ns, which
almost agrees well with the observed optimum delay time
of ∆τ = 20 - 60 ns, under the present set of experimental
parameters with an evaluated sound velocity of 8×102 cm/s
at the present pre-pulse laser intensity and an estimated
electron temperature of 6 eV. Subsequently, the effective
number of Gd ions emitting the 6.7-nm B-EUV emission
decreased with increasing scale length of the density and
temperature gradients as the time separation increased.

In detail, there are two different conditions to maxi-
mize the SP and the in-band B-EUV emission at the de-
lay time of ∆τ = 20 ns and the spatial region of z = 50 -
100 µm and at the delay time of ∆τ = 50 ns and the spatial
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region of z = 100 - 150 µm. The transmittances of the main
laser pulse are T = 5% - 20%. This means that the laser
absorption in pre-plasma is more significant. The present
scheme can dramatically improve the SP, effectively cou-
pled with the narrow-in-band multilayer B-EUV mirror. To
optimize the condition for an efficient B-EUV source, we
again need a more detailed numerical calculation of the ra-
diation hydrodynamic simulation with the atomic process
code in plasmas [2].

4. Summary
In summary, we have described the B-EUV spectral

purity and emission energy of Gd laser plasma under the
cross-laser-injection configuration. The spectral dip at
6.76 nm in the Gd plasma was observed. We believe that
the reason why the dip at 6.76 nm had appeared was by
the self-absorption process (weak opacity effect) of the B-
EUV emission by the dense Gd plasma. The spectral pu-
rity of 4.1% was maximized by producing a low-density
Gd plasma target, compared to the spectral purity of 1.6%
for solid-Gd target plasma. The maximum SP was 4.1%
at the delay time of 20 ns and the main laser pulse focal
position of 100 µm. In near future, we will run the numer-
ical simulation to understand the spectral behavior of the
laser-produced plasma B-EUV source.
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