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We present the results of the low-melting liquid metal droplets generation based on excited Rayleigh
jet breakup. We discuss on the operation of the industrial and in-house designed and manufactured
dispensing devices for the droplets generation. Droplet diameter can be varied in the range of
30-90 µm. The working frequency of the droplets, velocity, and the operating temperature were in
the ranges of 20-150 kHz, 4-15 m/s, and up to 250 ◦C, respectively. The standard deviations for
the droplet center of mass position both their diameter σ < 1 µm at the distance of 45 mm from
the nozzle. Stable operation in the long-term (over 1.5 h) was demonstrated for a wide range of the
droplet parameters: diameters, frequencies, and velocities. Physical factors affecting the stability of
the generator operation have been identified. The technique for droplet synchronization, allowing
using the droplet as a target for laser produced plasma, has been created; in particular, the generator
has been successfully used in a high brightness extreme ultraviolet (EUV) light source. The operation
with frequency up to 8 kHz was demonstrated as a result of the experimental simulation, which
can provide an average brightness of the EUV source up to ∼1.2 kW/mm2 sr. Published by AIP
Publishing. [http://dx.doi.org/10.1063/1.4964891]
I. INTRODUCTION

The main reason for the development of a liquid metal
droplet generator (DG) has primarily arisen in connection with
the development of a mass limited target as fuel for high
frequency laser produced plasma (LPP) extreme ultraviolet
(EUV) sources for EUV lithography,1–4 which replaced the
traditional optical lithography. Such type of laser target allows
also to creation of LPP sources with large collection angles of
EUV radiation.5 One of the main requirements imposed on the
LPP source is minimizing the plasma reaction products and
fragments (debris) from the target,6 which are deposited on
the collection optics and limit its lifetime. This requirement
is made partly feasible by using mass limited target-droplets7
with a diameter close to the diameter of the focused laser spot
(about 100 µm). Typically, tin has been used as the fuel in LPP
sources where plasma is efficiently emitted at λ = 13.5 nm.1–3
Another important requirement for LPP sources is the stability
of the droplet-target position and its size.8 The usual stability
of the droplet position, characterized by standard deviation, is
σ ≈ 5 µm at frequency up to 100 kHz and velocity more 50 m/s
in the DG used in the LPP sources for high volume manufacturing (HVM) in EUV lithography.9,10 Unlike HVM technology
in the LPP sources for actinic mask inspection (AMI), the laser
frequency usually not higher than 10 kHz,8 while it is known
that DG stably operates at droplet frequency of several tens
kHz;2 therefore, in the AMI technology it is possible to use
smaller droplets velocity, than in HVM technology.9 In Ref. 10
the tin droplet positional stability has been measured in two
mutually perpendicular directions normal to the droplet train
of σ = 5-8 µm in the DG used in the LPP sources for AMI.

We have also developed a DG mainly for using it as a
target producer in the high brightness LPP source intended
for AMI. The reliability and no-failure of the actinic EUV
source depend on the reliability of its main components: laser
and DG. In turn, the reliability of the DG depends on the
reliability of the dispensing device operation. In our research,
we used the dispensing device, which by means of a circular
piezoelectric actuator was carrying out droplets generated with
the given frequency. It is logical to assume that the lower the
operating temperature of the dispensing device, and, particularly in piezoelectric actuator, the higher the reliability of its
operation, as most suitable piezoelectric materials of actuator
ensure reliable operation at temperatures only up to 200 ◦C.11
It is also important to note that the energy dissipation in the
piezo ceramics is nonlinearly increased with the increasing
temperature. Lower operating temperature of the DG also
contributes to more stable operation of the DG, as in this case it
is easier to maintain stable parameters of the DG (temperature
and gas pressure).
Therefore, in order to increase the time of no-failure operation of the DG, we decided to use the low-temperature In/Sn
eutectic alloy with mass structure of 52%/48% and the operating temperature below 140 ◦C instead of >232 ◦C for pure
tin. It was expected that the softer DG operation conditions
would lead to a significant increase in the time of continuous
operation of the device. Also, we believed that the use of
low-temperature fuel instead of pure tin would dramatically
decrease the solubility of the DG construction materials in the
fuel and the appearance of solid intermetallic compounds, and,
as a result, would improve the stability characteristics of the
DG. Moreover the use of eutectic indium-tin alloy justified
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not only by the low operating temperature but also because
of the alloy laser produced plasma is capable to radiate in
band λ = 13.5 nm almost as well as pure tin plasma. The
twofold decrease in the percentage of tin in the fuel does not
greatly reduce the efficiency of radiation fuel plasma in EUV
range.12,13
In this work we also have used the second way of increasing reliability. We have developed a method of generating
droplets, in which the piezoelectric element of dispensing
device is located outside of the hot DG at room temperature. It was expected that use of “cold” piezoelectric element
would lead to a significant increase in the time of trouble-proof
continuous operation of the device.
Previously, we used the DG in Droplet on Demand (DoD)
mode, when investigating the interaction of tin-containing
droplets with a femtosecond laser pulse.14 In the DoD mode,
the gas pressure is sufficient only for the formation of a
meniscus of a fuel on the nozzle orifice but is insufficient for
the formation of a jet. In this case the DG can operate stably
with a small frequency f ≤ 100 Hz. The DoD mode may be
useful, in particular, in the study of interaction of single droplet
with the laser radiation or corpuscular beams.
In the paper, we report results of investigation of the DG
designed for high frequency operation in jet breakup mode,
which may be used as in the LPP EUV source and in other
areas of physics.
II. EXPERIMENTAL SETUP
A. Droplet generator

The scheme of the DG consisting of two tanks is shown
in Fig. 1. The upper tank was designed to accommodate a
cartridge with solid fuel, which was subsequently melted and

forced through a coarse filter to the bottom tank. The fuel from
the bottom tank was fed through a fine filter to the nozzle
unit where jet was formed by means of pressurized gas. The
DG has been mounted on the upper flange of the vacuum
chamber, so that the jet was directed downwards. The collector
with a receiving cartridge was installed in the bottom of the
vacuum chamber. Thus, we can use the same volume of fuel
in experiments many times.
The jet velocity depends on the gas pressure. Due to
technical limitations of our system, the maximal pressure was
10 bars which corresponds to a jet speed ∼15 m/s. The thin jet
breaks up into droplets at a certain distance from the nozzle due
to Plateau-Rayleigh instability. This breakup can be controlled
by external excitation to obtain uniform droplets.2 Two types
of the nozzles with a conical profile were used in experiment:
an industrial MJ-SF-01 dispensing device (convergence angle
∼35◦, orifice diameter 20-50 µm) and in-house designed and
manufactured nozzle (convergence angle ∼10◦, orifice diameter 15, 30 µm). Two methods of the jet excitation were used:
by an original annular piezoelectric actuator which is located
in the hot zone and by a piezo-stack which is located at the
room temperature, excitation transmitted to the nozzle via a
rod waveguide. Both methods are shown in Fig. 1, and in
experiments they were used separately.
The piezo element of the MJ-SF-01 dispensing device
has the fuel working temperature (140 ◦C), which has a negative impact on its reliability and lifetime. The advantage of
the waveguide approach is that the piezo element is located
outside the hot tank, which dramatically increases its reliability and lifetime. When the generating droplets method
from the annular piezoelectric actuator was used, the rod waveguide was absent in the lower tank.
B. Droplet visualization and synchronization systems

The shadow photography was applied for the droplets
diagnostics. The droplets registered at the distance of 45 mm
from the nozzle. The diode laser IL30C with wavelength λ
= 850 nm and pulse duration ≈30 ns (FWHM) was used as
a backlight. Microscope DistaMax Model K2, CCD camera Manta MG-145B and narrow band filter with ∆λ = 850
± 5 nm were used for image recording. The droplet parameters
(size, velocity, and spatial stability) were calculated after
image processing. The camera field of view was 2.9 × 2.2 mm,
resolution—2.3 µm/px. The photographs were taken in the
direction perpendicular to the optical axis of main laser. The
still image of the droplet train was on the computer screen
due to the stroboscopic effect. The droplet spatial stability
measurements were carried out in two directions with respect
to the vector of droplet velocity—longitudinal (drop-to-drop
jitter) and transverse (lateral droplet displacement).
The synchronization of the backlight laser with the droplets was carried out using the radiation of continuous wave
(CW) laser with λ = 662 nm. The CW laser focused on droplet
train, and the focal spot diameter was less than distance between droplets; the photodiode catches the scattered light. The
maximum of signal corresponds to the moment when droplet
crosses the center of focal spot, i.e., the droplet is at certain
position in space. This periodic signal then processed in terms

FIG. 1. Schematic of the droplet generator with two methods of generating droplets: by annular piezoelectric actuator and piezo-stack with rod
waveguide.
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FIG. 2. Shadowgraphs of droplet train. Scale bar on all shadowgraphs corresponds to 500 µm. Near nozzle zone: (a) no excitation; (b) 40 kHz. 45 mm from
nozzle: (c) no excitation; (d) 20 kHz; (e) 40 kHz; (f) 80 kHz; (g) 125 kHz.

of detection the maximum, which results in synchro pulses.
Synchro pulses were used to trig elements of the droplet diagnostics: backlight laser and CCD camera. The drop-to-drop
jitter (the direction of the droplets velocity vector) and lateral
droplet displacement were calculated as a result of processing
the registered frames.
III. EXPERIMENT AND DISCUSSION

In this section we describe our results on droplet generation in jet breakup mode and discuss effects and efforts which
should be done for stable operation. Also we describe our own
design of dispensing device and its advantages.
A. Droplets sizes, jet modulation,
and frequency limits

In experiment the range of stable operation of the DG in
terms of excitation frequency was defined. The stable operation is one in which droplet spacing is equidistant and droplet
frequency is equal to excitation frequency. Examples of such
operation for 30 µm nozzle and 10 bars tank pressure are

shown in Figs. 2(e)-2(g). Figures 2(a) and 2(b) show free
falling jet and 40 kHz excited jet, respectively, at the near
nozzle zone. The droplet trains with droplet diameters in range
of 53-90 µm at the 45 mm distance from the nozzle are shown
on Figures 2(c)-2(g).
One of the main uncertainties in droplet generation is
the definition of the droplet size through the shadow images.
For that reason calibration has been made. The solid droplets
(56.0 and 95.8 µm in diameter) were placed on transparent
substrate and then their images were obtained both through
the shadowgraph and optical microscopes. Figure 3(a) shows
the gray value intensity profiles (in arbitrary units) along the
line crossing the center of droplet images. As it can be seen
from Fig. 3(a), the intensity profiles for shadow images (gray
lines) are wider than those obtained with optical microscope
(black lines). We found from experiment that the real droplet
diameter corresponds to a full width at ∼0.75 maximum of
shadow image intensity profile.
The droplet diameter and spacing decrease with increasing an excitation frequency at the constant tank pressure
(Figs. 2(e)-2(g)). Fig. 3(b) shows the dependences of the
droplet diameter d on the excitation frequency for different

FIG. 3. (a) Intensity profiles of droplet images; (b) droplet diameter as function of excitation frequency for different tank pressures.
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tank pressures P and 30 µm nozzle. Volumetric flow of liquid
metal can be calculated as
Q = Vd f ,

(1)

where Vd —droplet volume and f —excitation frequency. Since
the flow is constant, d ∝ f −1/3 (dashed curves on Fig. 3(b)).
The frequency range, in which jet is sensitive to external
excitation, is in good agreement with classical theory of jet
stability. The upper frequency limit is defined by the equation15
kd/2 < 1 or the same : f < v j /πd = 4Q/πdS,

(2)

where v j and S jet are the velocity and area of the cross section,
respectively, Q is the volumetric flow rate, and k is the wave
vector of disturbance. Threshold frequencies calculated via
(2) marked as dashed vertical lines on Fig. 3(b). Based on
classic theory, the disturbance with arbitrarily small frequency
will grow up. However, the lower limit of frequency in our
consideration defined as that the one droplet is formed on the
one pulse of modulation. Figure 2(d) shows the case that two
droplets are formed per one pulse of modulation.
B. Jet velocity and its sensitive to pressure
and temperature

The jet velocity v j can be estimated through the volumetric
flow rate if taking into account that the jet cross section does
not differ from a nozzle orifice diameter,
Q = Vd f = v j S.

(3)

Calculated through (3) values of the jet velocity plotted
on Fig. 4(a) as a function of excitation frequency for different
tank pressures, P. As it can be seen from figure, the jet velocity
remains constant within the measurement error. The peaks in
Fig. 4(a) can be explained as acoustic resonances in capillary
of the nozzle. The acoustic resonance is defined by the number
of half-waves on resonator length,
nλ/2 = L, or f n = (cs /2L)n,

(4)

where L is the resonator length and cs is the sound speed
in liquid metal. Sound speed in liquid tin is 2.7 km/s,16 the
resonator length is 3.7 cm, and these give us values for the

resonant frequencies: f 1 ≈ 36.5 kHz and f 2 ≈ 73 kHz. These
frequencies marked as dashed vertical lines on Fig. 4(a) are
close to peaks on experimental data.
The jet velocity is plotted in Fig. 4(b) as a function of tank
gas pressure (dots). Dependence of jet velocity on pressure can
be figured out from the simple Bernoulli law,
v j 2 = 2[∆P/ρ] − v02 ≈ 2 ∆P/ρ,

(5)

∆P = Pgas + Ptin − σ/r − ∆Pη ,

(6)

where v0 is the velocity in a capillary, Pgas is the tank gas
pressure, Ptin is the pressure of tin column, ∆Pη is the pressure losses due to viscosity, includes both losses in filter and
capillary, and σ/r is pressure in jet due to surface tension.
Capillary diameter much larger than nozzle orifice capillary
diameter and thus v02 can be neglected. The similar equation
can be found in Ref. 17, where jet velocity dependence on
tank pressure, temperature, and pressure losses in a capillary
because of the viscosity and the surface tension is also marked.
The jet velocity calculated through Eqs. (5) and (6) in
assumption that ∆Pη = 0 plotted in Fig. 4(b) as a solid line.
The pressure losses (difference between experimental points
and solid line at the same velocity) constitute ∼1–2 bars in
studied pressure range, as it can be seen from Fig. 4(b). In
contrast to Ref. 18, where velocity was changed only by 6%
in the pressure range of 5-20 bars, in our case the velocity was
changed by 67% even at a smaller pressure range of 4-10 bars.
Thus the DG is able to operate at relatively low tank pressures.
We assume this fact is due to lower pressure losses primarily
in the fine filter.
As it can be seen from (6), the jet velocity directly depends
on tank pressure, also note here that to maintain the constant jet
velocity, the tank pressure should increase during the long time
work of droplet generator to compensate pressure losses due
to tin column decreasing. For example pressure of tin column
in our system is 70 mbar (h ∼ 10 cm), thus δv j /v j = 1/2 δP/P
∼ 10−3.
The jet velocity dependence on temperature is given
implicitly by (6) through the temperature dependences of
physical properties of liquid metal. To comment on this in
more details, let us consider how properties like density,

FIG. 4. Jet velocity as function of (a) excitation frequency for different tank pressure and (b) tank gas pressure.
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surface tension, and viscosity change than temperature
changes, for example, on 2 K. The values for density and
surface tension for Sn-In alloy and also its temperature dependences (at 140 ◦C) can be found in Ref. 19: ρ = 7056 kg/m3,
σ = 560 mN/m, (∂ ρ/∂T) P = 0.57 kg/(m3 K), (∂σ/∂T) P
= 0.072 mN/(m K), which are close to values for pure tin and
indium.20,21 These values give us δ ρ/ρ|(δT =2K) = 1.6 × 10−4,
δσ/σ|δT =2K = 2.5 × 10−4, thus δv j /v j ∼ 10−4 both for density
and surface tension variations.
Viscosity has a stronger, exponential dependence on
temperature. According to Refs. 22 and 23, η ≈ 1.7 mPa s and
(∂η/∂T) P ≈ 1.2 × 10−3 mPa s/K. This gives us δη/η|(δT =2K)
= 1.4 × 10−3. Due to the Hagen–Poiseuille equation, ∆Pη ∝ η,
thus δv j /v j ∼ 10−3. The above estimates indicate that jet
velocity depends on temperature mainly through temperature
dependence of pressure losses due to viscosity.
Droplet parameters such as diameter and velocity depend
on jet parameters, namely, jet velocity. Droplet diameter depends on jet velocity as d ∝ v 1/3 since flow and f are constant
(see (3)). Dependence of droplet velocity on jet velocity is
more complicated and can be found, for example, in Refs. 24
and 25. It is clear that to maintain constant droplet diameter
and velocity, one should guarantee the constant jet velocity.
As it would be shown further, the variations of droplet
velocity that can be observed by the measurement system
lie in the range of above estimates. In the experiment the
fluctuations of droplet velocity and its diameter were detected
(not shown in this article) caused by temperature variations
on 3 K and pressure drift on 100 mbar. Below we consider
results of measurement droplet diameter and spatial stability
(or the same velocity) when the accuracy of temperature and
pressure maintenance was ±0.1 K and not worse ±20 mbar,
respectively.

Rev. Sci. Instrum. 87, 103304 (2016)

C. Measuring the droplet mass uniformity
and spatial stability

As discussed above, the main requirements on the droplet
as target for laser produced plasmas are mass uniformity and
spatial stability. The principle of active synchronization was
given in Sec. II B and was described in details in Refs. 12
and 13. Here we present results of such operation. Fig. 5(a)
shows shadowgraphs of droplet train and scattered light of
CW laser, and Fig. 5(b) shows oscillograms for corresponding
signals. The CW laser is focused on droplet train, and the signal
from photodiode which catches the scattered light is shown in
the upper oscillogram of Fig. 5(b). The maximum of signal
corresponds to the moment when droplet crosses the center of
focal spot, i.e., the droplet is at certain position in space. This
periodic signal is then processed in terms of the detection of
the maximum which results in synchro pulses. These pulses
can be used for triggering backlight in our case or the laser for
plasma production as shown on Fig. 5(b). The time needed for
detection the maximum is 8 µs, which is why scattered light
and droplet are separated in space in Fig. 5(a).
In the experiment, the droplet images with 1 fps were
recorded and then processed in terms of droplet size and
displacement of its center of mass in two perpendicular directions (along and cross droplet trajectory). The accuracy of
measurements was defined by recording same characteristics
for the several tens µm fixed object (hole). The standard
deviation for these measurements is ∼0.2 µm and thus minimum variation of droplet velocity that can be observed is δv
≈ 0.2/8 = 0.025 m/s (δv/v ∼ 10−3).
The results of mass uniformity and spatial stability measurements during long term (over 1.5 h) for 3.75 bars tank pressure and 40 kHz excitation frequency are shown in Figs. 6(a)

FIG. 5. Active synchronization. (a) Shadowgraph of droplet train and reflected laser light; (b) oscillograms of signals.
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FIG. 6. Droplet spatial stability and mass uniformity: (a) Droplet center of mass position; (b) droplet diameter 42 µm, f = 40 kHz; (c) studied regimes of droplet
generator, nozzle orifice diameter of 30 µm.

and 6(b). Fig. 6(c) shows a variety of the studied regimes in
terms of general parameters of droplet, namely, diameter, mass
uniformity, and spatial stability. The data are given as standard
deviation of parameters in percentage of droplet diameter for
x and y directions, cross and along droplets train accordingly.
As it can be seen from Fig. 6(c), for all studied regimes
the displacement of the droplet center of mass both diameters is extremely stable. The standard deviation of parameters
is about 0.5%-1% of droplet diameter that corresponds to
∼0.3–1 µm for all studied regimes. We suppose that main limit
of the stable operation is the presence of solid particles (oxide
film, intermetallic compounds) in a molten fuel. The influence
of this factor was minimized by using of a three-stage filtration
of the fuel with a minimum filtration fineness of 5 µm.
To our knowledge, the spatial stability achieved with
our droplet generator is the best among the similar devices
described in the literature. Such stability in the droplet position
can be explained by the combination of the following reasons:
precise maintenance of temperature and pressure (which is
achieved easier with the lower fuel temperature), thorough fuel
filtering and special configuration of the active synchronization system.
D. Extended nozzle designs

Active synchronization system allows minimizing the
droplet position fluctuation in y direction (along the droplet

train). The fluctuation in x direction (perpendicular to the
droplet train) is uncontrollable and defined by intrinsic jet
fluctuations. In assumption that nozzle convergence angle
plays an important role in intrinsic jet fluctuations, we have
designed and manufactured nozzle with smaller convergence
angle which can be mounted on Microfab’s capillary.
Figures 7(a) and 7(b) show shadowgraph of original
Microfab nozzle with 35◦ convergence angle and manufactured nozzle with about 10◦ convergence angle, respectively.
Figure 7(c) shows the result on X position measurement; all
other conditions are the same: tank pressure of 3 bars, nozzle
orifice diameter of 30 µm, excitation frequency of 12.8 kHz,
and droplet diameter of 73 µm. As it can be seen from Fig. 7(c),
the fluctuation of droplet position in x direction is 1.5 times
smaller for nozzle with 10◦ convergence angle.
As we noted in the Introduction, the serious restriction for
the Microfab nozzle is temperature which limits the operation
by 250 ◦C, which is close to the melt of pure tin. During the
high frequency operation, the annular piezoelectric actuator
piezo element heats up by itself which leads to increasing its
temperature higher than 250 ◦C. This fact significantly limits
the lifetime of nozzle. To avoid this problem, we have designed
and manufactured another type of jet excitation. The piezo
element is located at cool zone (at room temperature) and
disturbances are transmitted to the jet through the rod waveguide. The same principle of the jet excitation was described
in details in Refs. 26–28. With the use of this type of the

FIG. 7. (a) Original nozzle profile, ∼35◦ convergence angle; (b) nozzle with ∼10◦ convergence angle; (c) results on X position measurement.
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FIG. 8. Jet excitation with the rod waveguide: (a) spatial stability; (b) mass uniformity.

jet excitation, there are no limitations on fuel temperature.
We have combined it with the own nozzle design. Results on
droplet mass uniformity and spatial stability in this case for
tank pressure 5.5 bars, nozzle diameter 15 µm, and excitation
frequency 38 kHz are shown in Figs. 8(a) and 8(b).
As it can be seen from Fig. 8, in case of the rod waveguide
and the own nozzle design, the results on stability and mass
uniformity are still extremely high; thus, this approach can be
used for high precision dispensing of high melting fuel.
E. The droplet generator applications

The DG described in this article is a table top setup which
is useful for laser ablation studies of different materials as
in applied researches and fundamental physics. For example
these studies allow probing a region of the phase diagram
which may offer interesting physics of far from-equilibrium
conditions like explosive boiling.14,29 Over the last decade,
however, development of liquid tin droplet generation technique is driven by needs of extreme ultraviolet lithography.1–4

Previously we report on the EUV emission properties
of In/Sn laser produced plasma. The average conversion efficiency (CE) of 2.8%/2π sr was demonstrated using 10 Hz
Nd:YAG laser (intensity on the target 4 × 1011 W/cm2) and
78 µm droplet.12,13 In this section we focus on the DG as a
part of the stable high-brightness EUV light source.
Figure 9 shows shadowgraphs of the droplet train (droplet
diameter 78 µm) from two mutually perpendicular directions
at the moment 1.3 µs after the Nd:YAG laser pulse. A laser
pulse propagates from right to left in Fig. 9(a), and at angle
73◦ to the plane of figure in Fig. 9(b). As can be seen from the
figures, the droplet transforms into a thin disc. The bright white
spots, presented in figures, correspond to the hot plasma emission at, and immediately after, the laser pulse (captured by the
camera due to its long exposure window). As can be seen from
Fig. 9, plasma is also formed on the surface of the neighboring
droplets, located above and below the droplet-target.
Since in the mask metrology EUV sources the laser
frequency is usually less than 10 kHz, and the stable operation of the DG requires the use of several tens kHz, the

FIG. 9. Shadow images of droplet-target deformation: (a) perpendicular direction view to laser beam axis (from right to left), (b) close to front direction view
to laser beam axis at 17◦ to the plane of the drawing, d = 78 µm, f = 33 kHz, delay 1.3 µs.
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“working” droplets typically are separated by several “nonworking” droplets. This is a positive feature because the
“working” droplet plasma affects the closest droplets, leading to their deformation. The deformed droplets will protect
the subsequent droplet-target from the plasma radiation and
ion bombardment of the previous droplet-target. As experiments have shown, the fourth and subsequent droplets are
already not subject to deformation from debris and plasma of
droplet-targets.
Also it was found that the effect of droplet-target debris
on the DG synchronization system is the main mechanism
limiting the maximum frequency of the source in the EUV
source. The maximum laser frequency of stable operation
was determined by means of experimental simulation of highfrequency mode, namely, the method of double laser pulses.
The delay between the double laser pulses modeled the frequency of laser pulses. We have shown that the debris did
not affect the stability of the operation of the EUV source
up to the delays corresponding to frequency of 8 kHz at our
experimental conditions, so the EUV signal from the second
laser pulse was close to the EUV signal from the first laser
pulse.12,13 All experiments with the interaction of laser beam
with a droplet target were carried out at a distance of 45 mm
from the nozzle.
Our experiments have shown that the stability of the
droplet-target of σ ≈ 1 µm at f ≥ 30 kHz is more than enough
for the stable operation of the LPP source with a laser pulse
frequency up to 8 kHz. Taking into account the demonstrated
CE, the sizes of diameter of plasma image in EUV band
(∼80 µm),12,13 and the results of the experimental simulation
of the high-frequency mode, we can extrapolate the results
up to 8 kHz. It is possible to estimate that brightness of the
source of ∼1.2 kW/mm2 sr is quite accessible in the presence
of Nd:YAG laser with intensity 3-4 × 1011 W/cm2 conserved
with frequencies up to 8 kHz. The brightness of the source,
apparently, still can be increased by reducing the diameter of
the droplets-target to the focal spot size of the laser (50 µm).
The experimental results indicate the possible use of the DG
in the source for EUV metrology.

droplet stability depends on the contamination level of the fuel
as well as temperature and pressure fluctuations in elements of
the DG. The permissible fluctuations of these parameters have
been determined. Both methods of generating droplets, the
annular piezoelectric actuator and piezo-stack with rod waveguide, give the similar results on the stability and reliability
at using the low-melting alloy as fuel, but using a pure tin or
more high-temperature fuel, the waveguide method is more
attractive. A method of active stabilization of droplets was
developed based on the reflected laser signal from the droplet.
The DG has been successfully tested for the production of
a droplet-target in the high brightness LPP source based on
low-melting eutectic alloy In/Sn. The CE = 2.8%/2π sr was
demonstrated at laser intensity not less 3-4 × 1011 W/cm2,
which makes it possible to create a source with brightness up
to 1.2 kW/mm2 sr at laser frequency more than 8 kHz with use
of low-temperature fuel.
In the DG, other substances may be used as fuel, for
example, low-melting metals and their alloys and liquid media,
where the working temperature does not exceed 250 ◦C.
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