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s as a low melting point liquid
metal for repetition-pulse-laser-induced high
energy density state toward compact pulse EUV
sources†

Christopher Stephen Andrew Musgrave, ‡ Nan Lu, Rie Sato and Keiji Nagai *

Here, we show the easy-handling of a liquid gallium–tin alloy (Ga : Sn) as a laser target source for 13.5 nm

light generation. The alloys have �30 �C freezing points according to a differential scanning calorimetry

cooling process. A Nd:YAG laser (1064 nm, 1 ns, 7.1 � 1010 W cm�2) ablated the alloys, obtaining

a similar extreme ultraviolet emission intensity to Sn despite a small quantity of Sn. Finally, we

demonstrate a liquid metal alloy jet and droplets using a plastic nozzle for high-repetition target supply.
Liquid metals have generated interest in relation to electronics
due to the possibilities of producing exible circuitry, moldable
parts, and stretchable electrodes.1 Liquid metals can dissolve
other metal ions, oen further lowering the melting point
through bond disruption.1b In particular, gallium has shown
strong potential as it exists readily in a liquid state at room
temperature, with a non-oxygenated bulk and non-toxic prop-
erties. For example, gallium-based catalysts are exciting in
terms of CO2 reduction.1c

A cruder, but no less interesting, way of using liquid metals
is in laser plasma generation. Laser plasma sources are of
interest in elds such as extreme ultraviolet lithography (EUVL)
and quantum beam generation.2 EUVL generation is a process
whereby a material, typically tin, is heated by a high-intensity
laser pulse to �100 eV. The energy losses from the laser pulse
(IL) are excess heating to high ionization (Iion), greater kinetic
energy of ions and electrons (Ikin), and out-of-band radiation
(Ioobrad) as follows:2e

IL ¼ Ikin + Iion + Irad + Ioobrad (1)

In order to obtain the most favorable wavelength of 13.5 nm
for the lithography optics, tin is the best element with the
highest Irad under optimized conditions.2e

The light produced by this heating will be applied in the high
volume manufacturing of semiconductors as a lithographic
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process. Currently, commercial EUVL sources are supplied as
a test tool for lithography; powers at the intermediate focus are
ever increasing (>125 W), and the source is highly available
(>80%).3 However, more is needed from EUVL sources due to
the need for higher throughput.4 Furthermore, practical issues
remain problematic, such as the durability issue of the reective
optics.4,5

In addition to EUVL, compact EUV sources with different
target sources, such as gas puff targets6 and low-density mate-
rials,7 are becoming attractive. These sources should be low
cost, allowing exploration of different applications such as
surface modication of materials8 and time-resolved ultraviolet
photoelectron spectroscopy (UPS) studies, etc. By combining
high-power laser compactness9 and emerging target materials
and technologies,7e,10 reliable quantum beam sources can be
developed. Overall, laser plasma target materials play an
important role in producing very high temperature plasmas, X-
ray and higher quantum beam emission.

To date, many works have focused on the technical optimi-
zation of EUV, such as the laser and target parameters.10,11

However, optimizing the target source could be just as bene-
cial for EUV and other laser plasma sources; for example clever
target design can improve laser conversion efficiency (CE).11f

This area is rmly established with the chemical synthesis of
these low-density targets.7f,10,11b,11f The plasma generated from
well-dened low-density targets have lower self-reabsorption
than full-density targets.11a Dilution of tin is also an effective
method for obtaining a high CE by-polymer,11d and lithium
dilution.11f One criticism of minimum mass and well-dened
low-density targets is that large laser systems would require
a substantial design modication in order to be accommo-
dated. However, an alternative dilution by a liquidmetal droplet
source would not suffer the same issues as liquid tin. This could
be easily adapted to existing EUV design protocols, and should
RSC Adv., 2019, 9, 13927–13932 | 13927
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be considered for larger laser plasma sources. Furthermore,
construction of new generations of EUV sources based on a low
melting point liquid alloy would be simpler than liquid tin. Low
melting point metals such as gallium or indium have caught the
interest of EUV researchers.12 One alloy that heavily utilizes
gallium, commercially known as Galinstan®, is typically
composed of Ga (62–95%), In (5–22%) and Sn (0–16%), and has
a strong emission of 13.5 nm light due to the presence of Sn.12a

Therefore, Galinstan® could be highly desirable as a target source
for EUVL given the very low reported melting point of �19 �C.
However, low CE and the broad and at shaped EUV spectrum
due to the presence of indium (�15/16 nm) and gallium (�11/12
nm) restricts Galinstan® to metrology applications.12b For EUV,
the choice between utilization of gallium or indium is a decision
for researchers. Such as a 50 : 50% Sn : In alloy has the same
density as liquid Sn, and a melting point of �155 �C.13 On the
other hand, gallium has a lower melting point than indium,
meaning that alloys of gallium–tin could remain liquid at
temperatures less than 100 �C. Although gallium has been
mentioned on patents,14 there is a lack of accessible experimental
data to assess the viability of gallium alloys as an EUV source.

The aim of this work was to demonstrate that Ga : Sn alloys
are an easy-handling liquid metal alternative to Sn as a laser
plasma target source. Ga : Sn alloys of differing atomic (at%)
ratios were synthesized, then characterized using differential
scanning calorimetry (DSC) and scanning electron microscopy
Table 1 Ga : Sn alloy composition (at%), estimated melting points (�C), a

Ga : Sn composition

Melting p
Atomic%
prepared

Atomic% ratio
measured by EDS

0 : 100 N/A 232a

100 : 0 N/A 29a

90 : 10 90 : 10 � 2 22
80 : 20 89 : 11b � 2 30
70 : 30 74 : 26 � 3 30
60 : 40 66 : 34 � 4 30

a Literature value. b EDS mapping struggled to correlate well to the prep
composition was obtained.

Fig. 1 SEM image (left) and EDS maps (Ga, middle and Sn, right) from a G
composed of tin, surrounded by gallium. Unlike the SEM images, the ligh
in each case.

13928 | RSC Adv., 2019, 9, 13927–13932
(SEM) with X-ray dispersive spectroscopy (EDS). A Nd:YAG laser
(1 ns, 2 mJ) was used to generated EUV under similar conditions
to previous work,15 with a grazing incidence spectrometer (GIS).
As an example, we show that EUV emission intensity for the
Ga : Sn alloy was equal to bulk Sn, depending on the alloy
composition. The CE for the Ga : Sn alloy was also estimated in
comparison with bulk tin using a calorimeter. We also show the
emission properties of the alloy irradiated by 10 Hz exposure in
order to demonstrate the potential as a practical and exible
laser plasma target source. Finally, our progress developing
Ga : Sn jets and droplets is shown.

DSC data shown in Fig. S1–S4† exhibit consistency with the
phase diagram reported;16 the endothermic peak on the liq-
uidus and exothermic peaks at the solidus (27 �C), and super-
cooling solidus from the metastable state (–25 �C) are shown in
Table 1.

In order to utilize the alloy as a laser target, more detailed
characterization is necessary, such as the microstructure of the
metastable phase and stability. SEM was used to image the 10
at% Ga : Sn alloy surface structure, while the EDS probe
measured the elemental composition (at%). SEM revealed the
globular alloy microstructure (Fig. 1), which appeared as
a distinctive light (tin) and dark (gallium) spotted pattern. More
examples of such architectural features can be found in the
ESI.† The island-sea-like globular microstructure of the alloy is
one of several typical structures formed by alloys. Here, the
nd conversion efficiency (CE) (%) at 13.5 nm 2% bandwidth

oint (�C) Freezing point (�C) CE (%)

1.3 1.3
0.5 0.5
�9 0.8
60, �25 1.0
80, �25 1.3
90, �25 1.3

ared atomic percentage, however the EUV data suggested the correct

a : Sn ¼ 90 : 10 at% alloy on a glass substrate. The globule islands are
ter grey patterning represents the element measured by the EDS probe

This journal is © The Royal Society of Chemistry 2019
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globular structure is composed of heterogeneous sized ‘islands’
of tin surrounded by a gallium ‘sea’. These tin ‘islands’ typically
vary from 20 mm to 200 mm in diameter. We were required to
apply additional carbon tape to image the lower tin at% con-
taining alloys due to electron beam charge up, and difficulties
associated with imaging semi-molten samples.

From the phase diagram, the SEM images at room tempera-
ture (Fig. S5–S8†) are characterized as eutectic phases with an
island-sea structure. On the whole, the alloys were in a meta-
stable semi-molten state on the surface of the glass substrate at
25 �C. The molten alloy was easy to handle, and unreactive in air.
This is because of the properties of the mother metals, which is
an attractive quality of the alloy. Furthermore, the sub 100 �C
melting point meant that plastic nozzles could be used for the
injection systems. For high-repetition (kHz) EUV generation,
a further study examining the alloy debris properties is pertinent.

The EDS probe revealed the elemental at% composition,
which is consistent with the ratio of Sn and Ga (Fig. S9–S12†
and Table 1). One small issue we had during characterization
was measuring the at% elemental composition data for the
Ga : Sn 80 : 20% alloy. The SEM images showed the alloyed
regions, and mapped tin in a higher quantity than 90 : 10%, yet
the EDS measurement was performed multiple times on several
samples and could not resolve 80 : 20% at%. The reason for this
was uncertain, other than potentially insufficient EDS probe
resolution. On the other hand, the EUV data indicated that the
correct alloy ratio was fabricated due to the intensity of the
spectra obtained in comparison to lower and higher Sn% alloys.
If the incorrect ratio was synthesized, it would have been
evident from the EUV intensities. However, the EUV intensity of
80 : 20% Ga : Sn was measured between the intensities of
90 : 10% and 70 : 30% Ga : Sn (Fig. 2).

Fig. 2 shows the overlaid EUV spectra for all the Ga–Sn alloys,
and Sn and Ga reference metals. Tin EUV emissions have been
Fig. 2 Spectra overlay of the relative EUV emission intensities of the Ga
1010 W cm�2.

This journal is © The Royal Society of Chemistry 2019
described as an unresolved transmission array (UTA) from Sn8+

to Sn21+ from 4d–4f transmissions.17 Gallium UTA emission in
the 13.5 nm region arises from Ga8+ to Ga11+ from 3p–3d tran-
sitions, and 3d–4p transitions of Ga8+.12a In the case of the
Ga : Sn alloys, a large UTA across 11–15 nm was observed with
a distinctive peak at 13.5 nm arising from tin transmissions, as
detailed above.

The emission intensity at 13.5 nm reached a plateau at 30%
tin content, as shown in Fig. S13.† We conrmed this by
observing that there was very little difference between the
intensities of 30% and 40% Sn content and bulk Sn. The Ga EUV
emissions for the alloys containing 30% and 40% tin can still be
seen in the �11–13 nm region. This established that the alloys
were ablated in the alloyed region instead of a tin island, which
we would expect to be devoid of strong Ga emissions.

The increasing intensity of the peak at 13.5 nm as the tin
content increased was an expected trend. Based on this, we
anticipated that a feasible EUV source could be composed of
a Ga : Sn alloy with as low as 30–40% Sn content. This alloy
would also have the advantage of keeping the liquid metal
target source at around 40 �C. On the other hand, galliummetal
had a signicantly lower CE at 13.5 nm (0.5% vs. 1.3% Sn). This
was expected given the low relative intensity of the emission at
13.5 nm 2% bandwidth. We did not investigate alloys with more
than 50% tin content due to the increasing melting point,
without corresponding increases in the EUV intensity at
13.5 nm.

We were concerned with the ‘island-sea’ heterogeneity of the
alloys, not only the SEM images but also in generating EUV.
Developing a low melting point alloy with inconsistent EUV
emission properties would not be practical. Generally, alloy
heterogeneity was not an issue we encountered, but it was
possible to obtain such inconsistent emission intensities aer
trial and error (Fig. 3(a) and (b)). In each case, the spectrum was
: Sn alloys and reference metals ablated using a laser intensity of 7.1 �

RSC Adv., 2019, 9, 13927–13932 | 13929
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Fig. 3 Single shot EUV emission of a Ga : Sn alloy in two different locations (a) and (b), and a 10 Hz emission (c) of the same target. An auto-stage
was used to ensure fresh target was ablated during a 10 Hz exposure at 2.5 � 1010 W cm�2. The shifting speed of the target was 2 mm s�1.
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View Article Online
dominated by one metal rather than emission properties from
both metals. For the gallium-dominated emission (Fig. 3(a)),
there was still a distinctive emission at 13.5 nm which can be
attributed to the solvated tin atoms present (0–10% at% Sn
content) in the gallium. We considered that the laser spot
ablated a very small alloyed region. The tin-dominated spectra
(Fig. 3(b)) had a strong emission around 13.5 nm due to large
volume of tin ablated. To further test the alloy, we performed
10 Hz exposure experiments using an auto-stage to ablate the
fresh alloy during laser exposure (Fig. 3(c)). The resulting EUV
emission was more representative of the higher tin content
alloys rather than ablating a large region of a single metal. We
conrmed the location of the 10 Hz emission by SEM (Fig. 4).
The laser spot encompassed the alloyed region of the alloy,
deforming the surface approximately to the diameter of the
laser spot size. The consistency of the 10 Hz emission was
encouraging for higher repetition EUV emission. A rened
synthesis of the alloy would reduce any inconsistency relating to
emission intensity. This would therefore retain high-power
output at the intermediate focus, while retaining a sub 100 �C
melting point.

Alloy oxidation generally was an issue for EUV generation,
even though oxidation occurs aer sample preparation from the
surface.11f,15 Oxygen has a characteristic EUV peak at 17 nm, that
only grows with increasing Sn content (Fig. 2). In fact, this peak
was not observed during the 10 Hz experiments. Perhaps the
gallium oxide layer was signicantly thinner than tin oxide, and
Fig. 4 SEM micrograph of the ablation trace on a Ga : Sn alloy using
10 Hz exposure from a Nd:YAG laser region.

13930 | RSC Adv., 2019, 9, 13927–13932
thus did not affect EUV generation until higher Sn content was
reached.

Although the reduced melting point is a step forward for
handling the alloy target source, SEM revealed that all alloys
had a heterogeneous globular structure. Our concern for this
alloy as an EUV light source material stems from its practical
use. For example, producing inconsistent power at the inter-
mediate focus due to ablation of larger amounts of one metal in
the alloy is very undesirable. Exploring improved synthesis
processes to produce a more homogeneous globular structure
would be highly attractive. Finally, we used a polytetrauoro-
ethylene (PTFE) nozzle (inner diameter of 150 mm) and syringe
pump to produce Ga : Sn droplets or a liquid Ga : Sn jet. To
achieve Ga : Sn droplets or a jet we controlled the pump rate of
the apparatus between 1.1 mL min�1 and 2 mL min�1, respec-
tively (Fig. 5). This is an important aspect of laser plasma
generation, especially where requirements range from Hz to
kHz speeds, depending on the application.3 Ablation of alloy
droplets could suit slower repetition rates, whereas a jet could
satisfy higher repetition needs. From a practical perspective,
PTFE nozzles were necessary due to gallium amalgam chem-
istry. Amalgamation of common metal nozzles such as
aluminum could risk damage to the nozzle, or target supply
contamination with the amalgamated metal. Moreover, the low
melting point of the alloys opened up the possibility of using
plastic components. This is difficult currently due to the high
temperature required for maintaining liquid tin (232 �C). This
could be attractive on a more industrial scale for laser plasma
generation.

In summary, we showed that liquid metal Ga : Sn alloys are
promising as a laser plasma target source. The Ga : Sn alloys
have a wide metastable temperature region when compared
with liquid tin (>30 �C vs. > 232 �C). An area of future focus
would be to reduce alloy eutectic issues that could affect
performance as a source of EUV light. By selecting the alloy
ratio, we could obtain the EUV emission properties without
signicant loss of performance compared with bulk tin. Our
data indicated that 30 at% content was necessary for an esti-
mated melting point of �30 �C and CE of 1.3% (vs. 1.3% bulk
tin), striking an ideal balance between the two metals. We
performed 10 Hz exposures, and plastic nozzle injection tests
demonstrated the potential for this material from a practical
This journal is © The Royal Society of Chemistry 2019
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Fig. 5 CCD camera images of Ga : Sn capturing below 100 mm of a syringe containing the Ga : Sn (a) at 10 �C and (b) at 30 �C. The exposure
time was 0.1 ms and the duration among the image was 10 ms for (b). The nozzle of the syringe was PTFE with inner and outer diameters of 150
mm and 760 mm, respectively.
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point of view as a laser plasma target source for quantum beam
sources.
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