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We have made a detailed comparison of the atomic and ionic debris, as well as the emission features of Sn and SnO;
plasmas under identical experimental conditions. Planar slabs of pure metal Sn and ceramic SnO, are irradiated with
1.06 um, 8 ns Nd:YAG laser pulses. Fast photography employing an intensified charge coupled device (ICCD), optical
emission spectroscopy (OES), and optical time of flight emission spectroscopy are used as diagnostic tools. Our results
show that the Sn plasma provides a higher extreme ultraviolet (EUV) conversion efficiency (CE) than the SnO; plasma.
However, the kinetic energies of Sn ions are relatively low compared with those of SnO,. OES studies show that the Sn
plasma parameters (electron temperature and density) are lower compared to those of the SnO; plasma. Furthermore, we
also give the effects of the vacuum degree and the laser pulse energy on the plasma parameters.
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1. Introduction

Extreme ultraviolet (EUV) sources based on laser-
produced plasma (LPP) are believed to be capable of meet-
ing basic EUV lithography (EUVL) requirements, which are
high EUV conversion efficiency (CE) and cleanliness of the
source.!"=#1 It is well known that the laser properties, the target
material, as well as the buffer gas affect the LPP EUV radia-
tion. The main mechanism of the absorption in laser—target in-
teraction is the inverse bremsstrahlung (IB) absorption, which
is inversely proportional to the laser wavelength. Due to the
shorter wavelength of the Nd:YAG laser, more laser energy is
absorbed by the plasma, and the critical density of the plasma
is larger compared with that of the CO; laser (~10%! cm ™3 for
1.06 um and ~10' cm™3 for 10.6 um). Nd:YAG laser pro-
duced plasma EUV sources can be used as metrology light
sources,!® while CO, laser produced plasma EUV sources
are used as high volume manufacturing (HVM) sources. 6!
Moreover, the Nd:YAG laser has a better optical beam qual-
ity, which results in a higher power density than that of the
CO; laser and creates highly-ionized species. A number of
different target materials are considered for EUV sources, in-
cluding Li, F, Sn, and Xe.[""!!] Among these analyzed targets,
Sn has been found to be the most promising target material
for 13.5 nm wavelength with a high CE of > 2%.[!213] To ob-
tain a higher CE, researchers have come up with new ideas
for the Sn target. Hayden ef al.'"*l used ceramic slab targets
doped with 5% and 6% Sn and an Nd:YAG laser for the EUV
source. The results showed that the 5% (i.e., low density) Sn
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doped ceramic target had a maximum EUV CE of over 2.5% at
the laser pulse intensity of 1.91 x10'! W.cm™2, but the EUV
CE of the Sn doped target was not always higher than that
of pure Sn, because the EUV CE also varied with the laser

power density. Xin et al.l!3]

compared the EUV radiation sig-
nals from Nd: YAG laser produced plasmas in Sn and low den-
sity SnO,/CNTs nano-composites using an AXUV-100 silicon
photodiode. They found that the EUV radiation signal of the
pure Sn target was quite strong at high laser pulse energy com-
pared to that of the low density SnO,/CNTs nano-composites
target, while the emitted EUV signals were approximately the
same at low laser pulse energy. Tao et al.!'] also investigated
the properties of EUV emission from pure Sn, 59% SnO,,
and 23% SnO, targets using an Nd:YAG laser. Their results
showed that the EUV emission was increased with an increase
in the fraction of Sn at a fixed laser intensity. Apart from high
EUV CE, the ion and atom debris also affect the generated
plasma emission. However, the plasma plume expansion and
ion debris were not studied in detail.

To further study the Sn-based EUV source in this paper,
we present a complete analysis of the parameters of the plasma
generated from two planar slab LPP targets (metal Sn and ce-
ramic SnO;) under identical experimental conditions. The Sn
and SnO; plasmas are generated by an Nd:YAG laser with a
pulse width of 8 ns (FWHM) at the wavelength of 1.06 um
producing a maximum energy of 216 mJ in vacuum condi-
tions. Time-integrated EUV image spectra are obtained and
analyzed using a grazing incidence flat-field spectrograph cou-
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pled with an x-ray CCD camera. The EUV CE is deduced
under different vacuum degrees. The plasma plume emission
and expansion dynamics are estimated by means of fast gated
photography using a fast gated intensified charge coupled de-
vice (ICCD) imaging system. Moreover, the Faraday cup (FC)
measurements permit us to obtain the time of flight (TOF) sig-
nals. Optical emission spectroscopy (OES) measurements are
performed in the visible range and reveal detailed information
about the dynamics of spectral emission. Temporal evolution
of the plasma parameters (electron temperature and density)
has been determined by the Boltzmann plot method and Stark
line broadening. In addition, the effects of the different vac-
uum degrees on the plasma parameters are studied.

2. Experiment setup

The experimental apparatus is shown schematically in
Fig. 1. The chamber and the EUV detection system were evac-
uated to a pressure of 103 Pa with a turbo-molecular pump.
An Nd:YAG laser (Innolas, SpitLight Compact 200) operated
at 1 Hz, 1.064 um was focused onto the target at the center
of the chamber using a plano-convex lens (f = 100 mm) with
an angle of 45° to the target surface normal. The estimated
spot size at the target surface was 100 um and the maximum
power density at the target surface was 3x 10'! W-cm~2. The
5 mm thick and 100 mm diameter planar slabs of metal Sn
and ceramic SnO; were used as the targets. The purity of ma-
terials was higher than 99.5%. The target was mounted on a
mechanically rotated XY translational stage, which provided
fresh surface exposure for each measurement.

A grazing incidence flat-field spectrograph with a peri-
odically ruled concave gold coated flat-field grating of radius
5649 mm (fabricated by Hitachi, Ltd.) was built to detect
the EUV emission from LPP. The detector was a 1340x400
pixel array back-illumination-type x-ray CCD (Princeton In-
struments), which recorded the EUV emission normal to the
target surface. Zr film filters with a thickness of 500 nm were
used to block visible light and pass EUV radiation for the spec-
trograph. The transmittance of the Zr filters at 13.5 nm was
about 20%.

For fast-gated imaging, the integrated visible emission
from the expanding plasma was collected through a quartz
window normal to the direction of expansion using an ICCD
(Princeton Instruments) camera. A Nikon lens (f = 105 mm,
F/2.8 D) was used to image the plume region onto the camera
to form a two-dimensional image of the plume intensity. The
gate width was set at 7 ns. The temporal evolution of plasma
could be tracked by the delay of the ICCD’s gate.

Tons from LPP were monitored by an FC placed at a dis-
tance of 160 mm from the target at an angle of 30° with respect
to the normal. The FC consisted of two electrically isolated
copper concentric cylinders and the aperture of the FC was

6 mm. To minimize the impact of the secondary electron cur-
rent, the inner cylinder was negatively biased at —20 V with
respect to the grounded outer cylinder. The IC output signal
was acquired across a 50 Q load resistor using a 350 MHz
storage oscilloscope (Agilent, DSO-X 3034A).

The emission from the plasma was collected by an opti-
cal fiber normal to the direction of the plasma expansion. The
optical fiber was connected to the entrance slit of a Princeton
SP2750i spectrograph with a focal length of 750 mm equipped
with a 300 grooves/mm grating. The spectrograph used in
the experiment was an Acton SP2750i with a focus length
of 750 mm. The optimum resolution was obtained at the slit
width of 20 um. The spectrograph and ICCD combination
provided a maximum resolution of 0.012 nm. An ICCD (PI-
MAX-1300) camera was installed at the exit of the spectro-
graph.

vacuum chamber

B,

x-ray ICCD

Fig. 1. (color online) Schematic of the experimental setup (L1, L2: lens;
SM: spherical mirror; FM: flat mirror).

3. Results and discussion
3.1. EUV emission features

Laser pulses of 216 mJ and a fixed spot size of 100 um
are used to obtain the EUV emission from Sn and SnO, plas-
mas. Figures 2(a) and 2(b) show the measured EUV emis-
sion spectra from both targets with the increase of the gas
pressure. The EUV spectra of Sn and SnO, plasmas exhibit
similar line structures and the peaks in the spectra are around
13.5 nm, because the principal quantum number of the transi-
tions (the 4d to 4f transitions between Sn3* and Sn!3* ions)
does not change. The difference in the spectra lies in that the
EUV emission from the ceramic SnO, target has a narrower
bandwidth than that from the Sn metal target. Similar spec-
tral narrowing was observed in Sn compound targets.!!”] Tt is
concluded that less dense Sn ions in an Sn-based target result
in lower EUV generation. Moreover, the intensity of the EUV
spectrum decreases with increasing background gas pressure

035202-2



Chin. Phys. B  Vol. 25, No. 3 (2016) 035202

and most of the EUV radiation photons are absorbed when the
pressure is higher than 10 Pa.
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Fig. 2. (color online) EUV emission spectra from (a) metal Sn and (b)
ceramic SnO; targets measured by a flat-field grating spectrograph.
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Fig. 3. (color online) EUV CE at 13.5 nm of plasmas formed from pure
Sn target and ceramic SnO, target varies with the vacuum degree. The
smooth curves represent best fits obtained with exponentially saturating
curve fitting.

The dependence of the in-band EUV CE on the vacuum
degree is evaluated for both plasmas, as shown in Fig. 3. Gen-
erally, the EUV CE is estimated by the following equation: 8]

E_ Nhv
MMMN4E’

where N is the total photon counting; / is the Planck constant;

ey

L is the laser frequency corresponding to the wavelength of
13.5 nm; 1 is the transmission efficiency of extreme ultra-
violet; 7 is the grating diffraction efficiency; 13 is the light

acceptable percentage of the spherical mirror; 74 is the con-
version efficiency of CCD; and E is the incident laser pulse
energy.

As can be seen from Fig. 3, the Sn plasma provides a
higher CE, reaching a peak level of 1.03%, as opposed to a
peak of 0.69% for the SnO, LPP plasma at the ambient pres-
sure of 1073 Pa. The EUV CE of both plasmas is decreased
with an increase in the gas pressure, because the radiation is
absorbed by the gas in the chamber.

3.2. Plasma plume expansion

In addition to radiating the 13.5 nm in-band light, numer-
ous neutral particles are produced by the plasma expansion.
We use fast gated imaging employing ICCD for capturing
hydrodynamic expansion features of Sn and SnO, plasma
plumes at various vacuum degrees. Typical intensity normal-
ized images obtained after the laser irradiation are shown in
Fig. 4. The radiation from the plasma is recorded integrally in
a wavelength range from 300 nm to 900 nm. The colors in the
ICCD camera images indicate different radiation intensities.
The white color region in the center of the plume may corre-
spond to the areas of highest temperature and particle density
in the plasma plume. The observed forward movement of
both Sn and SnO; plasma edges increases as the pressure
decreases at the same delay. This is because the collisions
between the plasma ions and the gas particles in the vacuum

(a) 1 Pa

(b) 10! Pa (c) 1073 Pa

136 ns

-

Fig. 4. (color online) Raw ICCD images of Sn and SnO; plasma plumes
with different vacuum degrees ((a) 1 Pa, (b) 107! Pa, (¢) 1073 Pa) and
laser pulse energy of 216 mJ. Timing starts when the laser reaches the
targets. A gate width of 7 ns is used for obtaining these ICCD images.
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chamber result in the reduction of the velocity and the kinetic
energy of the plasma ions. From these images, it is obvious
that both plasma plumes show a spherical geometry. While
the SnO, LPP plumes are found to expand with a stronger for-
ward bias in directions normal to the target surface. The light
mass of O ions may cause the higher expansion speed of the
SnO; plasma. With the same laser pulse energy, the mass ab-
lation in the case of the SnO, target is greater than that of the
Sn target, thus the diameter of the plasma emission from the
SnO; plasma is larger than that from the Sn plasma.

(a) 1 Pa

24 ns

(b) 10-! Pa (c) 1073 Pa

Fig. 5. (color online) Raw ICCD images of SnO, plasma plumes with
different vacuum degrees ((a) 1 Pa, (b) 107! Pa, (¢) 1073 Pa) and laser
pulse energy of 216 mJ. Timing starts when the laser reaches the targets.
A gate width of 7 ns is used for obtaining these ICCD images.

Figure 6 shows the maximum kinetic energy (KE) under
different vacuum degrees recorded at a delay of 52 ns after
the onset of plasma formation. The KE is computed by mul-
tiplying the half atomic mass with the square of the ion speed
obtained from the front position change within the time delay.
The mass is that of atomic Sn. It is apparent that, with the
increase of the pressure, the ion kinetic energy gradually de-
creases due to the collision with the air molecules. With the
increase of the delay time or the pressure, the kinetic energy

would decrease non-linearly.
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Fig. 6. (color online) KEs of Sn and SnO; plasmas as a function of the
vacuum degree.

3.3. Ion analysis

Similar results are observed in the ion debris analysis.
We compare the ion emissions from Sn and SnO, plasmas us-
ing an FC. TOF ion profiles obtained are shown in Fig. 7. In
these measurements, the laser is maintained at an intensity of
3x 10" W/em?, the spot size is 100 um, and the pressure is
103 Pa. The ion TOF profile is characterized by a fast peak at
the time close to zero, followed by a broad and higher peak.
The fast and lower peak in the ion signal is caused by the
photoelectric effect, and can be used as a zero-time marker.
The broad and higher peak is resulted from the Sn ions of the
plasma and a kinetic energy distribution of the Sn ions causes
the broad peak and its long tail. It can be seen that the Sn
ions possess a narrower kinetic profile compared to the SnO,
ions. The total number of ions emitted from the SnO; plasma
is larger than that from the Sn plasma. For the Sn plasma, the
peak of the broad ion collection signal corresponds to those
ions with an intensity of 0.4 V, compared with a peak ion col-
lection signal of 0.63 V for the SnO, plasma.

— Sn

— Sn0O,
> 10-3 Pa
~ 216 mJ
<
a
)
k7
O
o9

1 1 1 1
30 40

Time/us

Fig. 7. (color online) Typical ion TOF signals obtained from FC for
various target materials (Sn and SnO,).

The maximum probable KEs as well as the ion fluxes of
Sn and SnO» plasmas at different vacuum degrees are shown
in Fig. 8. For both Sn and SnO, plasmas, the peak KEs and
the ion fluxes show an exponential decay trend due to plasma
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shielding and absorption. Comparing the ion peak kinetic en-
ergies of Sn and SnO, plasmas, one can notice that the peak
kinetic energies are always higher in the SnO; plasma, e.g., the
ion peak KE of the Sn plasma is 1.63 keV and that of the SnO,
plasma is 2.5 keV at the pressure of 1073 Pa. These results can
be attributed to the amount of mass removed from the sample
and the optical parameters of the plasma. As the concentra-
tion of O ions in the plasma increases from pure Sn metal to
pure SnO; ceramic, the number of ion debris increases and
the ion kinetic energy of the SnO, plasma becomes higher.
These results are in agreement with the experiment results of
the plasma plume in the previous section. The ion flux can be

written as!?]

=" 2)

where jp (A/cmz) is the peak ion current density, T (s) is the
FWHM of the ion signal, and e is the electron charge (1.6 x
10712 C). For Snions, jpis 1.12x 1072 A/em?, 7is2x 10~ s,
so the ion flux is calculated to be 1.4 x 10'! jons/cm?. Amano
et al.”% studied the ion flux of Xe assuming a charge state of
+2. Verbraak et al.”'! studied the energy distributions of Sn
ions with the assumption of a constant ionization level. So in
our experiment, we assume that the Sn ions are in the same

charge state.
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Fig. 8. (color online) (a) The maximum probable KEs and (b) the ion
fluxes of Sn and SnO; plasmas as a function of the vacuum degree. The
smooth curves represent best fits obtained with an exponentially satu-
rating curve fitting. The ion flux is calculated assuming the same charge
state for all ions.

3.4. Emission spectrum

All the spectra in the wavelength region of 200-700‘nm
are collected and the time evolution spectra from laser-
produced Sn and SnO; plasmas are observed in two spec-
tral regions (330-430 nm and 500-600 nm), monitored at 100
ns delay with a fixed gate width time of 7 ns, as shown in
Figs. 9(a) and 9(b). The targets and experiment conditions
in the emission measurement are practically identical to those
described above. It shows that the emission spectrum of the
SnO; plasma mainly consists of transition lines of O I and O
IL, covering the range of 330-430 nm, and the central wave-
length is set to 380 nm. Both emission spectra reveal that Sn
I and Sn II lines are mainly observed between 500 nm and
600 nm and the central wavelength is set to 550 nm. In these
figures, the atomic/ionic line positions and relative intensities
of OL, O 1I, Sn I, and Sn II are listed according to the NIST
atomic spectral database.[??!
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Fig. 9. Emission spectra of Sn and SnO, plasmas generated by Nd: YAG
laser at a delay time of 100 ns: (a) 330-430 nm spectral region, (b) 500—
600 nm spectral region.

Using OES, we estimate the electron temperature and
density of laser ablation plumes. At early time, most of the
emission is the continuous spectrum from plasma. As time
evolves, the line spectrum dominates the whole spectrum, the
temperature and density can be estimated for the entire dura-
tion of the expansion of the plume. The plasma electron tem-
perature is obtained from singly ionized Sn emission lines by
the Boltzmann plot method, while the electron density mea-
surements are made using the Stark broadening method.?3]
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Figure 10 shows the temporal evolution of electron temper-
ature and density for both plasmas. It is observed that the
electron density and electron temperature have the maximum
values at the delay of 73 ns, which might be due to that
the absorbed energy is converted into the internal energy of
the plasma and the intensities of the lines are strong over
this period. For the Sn plasma, the measured electron tem-
perature and density decrease from 18.7 eV to 1.78 eV and
from 9.66x10'7 cm™3 to 2.63x10'7 cm™3, respectively, as
the delay time increases from 73 ns to 143 ns. For the SnO,
plasma, the measured electron temperature and density de-
crease from 20.4 eV to 1.87 eV and from 17.4x10'7 cm™3 to
2.8x10'7 cm™3, respectively, when the delay time increases
from 73 ns to 143 ns.
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Fig. 10. (color online) Temporal variation of the electron temperature
and density of both plasmas produced by Nd:YAG laser of 216 mJ at
1073 Pa.

Moreover, the impacts of the vacuum degree on the
plasma parameters are investigated. Figure 11 shows the max-
ima of electron temperature and density of both plasmas at
the pressure ranging from 1073 Pa to 10 Pa with the incident
laser energy of 216 mJ. In general, the electron temperature
decreases with the pressure increasing. At the pressure of
1073 Pa, the highest temperature (up to 43 eV) is obtained.
We compare the pressure effects on the electron densitys; it is
found that the initial rising trend is quite similar for all circum-
stances. The enhancement in electron density and temperature
at higher pressure can be explained as follows: the shielding
effect and the confinement of plasma by the background gas
are dominated at higher pressure, resulting in an increase in
energy gain in plasma from the incident laser pulse and the
chance of the electron—ion collision increased. Therefore at
higher pressures, denser and hotter plasmas with high temper-
ature and high electron density are observed. Under identi-
cal experimental conditions, the plasma parameters of Sn are
lower than those of SnO,. These results in the electron tem-
perature may be attributed to the power absorbed by the ex-
panding plasma from the incident laser pulse. The difference
of SnO; and Sn plasma electron densities may be attributed to
the ion density.
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Fig. 11. (color online) Variation of electron temperature and density
with vacuum degree. The incident laser pulse energy is 216 mJ.
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Fig. 12. (color online) Variation of maximum electron temperature and
density with incident laser pulse energy. The pressure in the chamber is
1073 Pa.

The electron temperature and electron density are consid-
ered to be two of the most important parameters of plasma, as
other parameters are highly dependent on them. So we also
investigate the effect of the laser pulse energy on the elec-
tron temperature and density of both plasmas. The laser en-
ergy can be changed from 50 mJ to 216 mJ by adjusting the
quartz attenuation. Figure 12 shows the resulting variation in
the maximum electron temperature and density with different
incident laser pulse energies at a pressure of 107> Pa. It is ob-
served that both plasma parameters are increased with increas-
ing laser pulse energy. This is because the incident laser pulse
can provide more energy to plasma when its energy is higher.
With increasing laser pulse energy, more excited species, ions,
and free electrons are generated that interact with the incoming
laser photon, leading to further heating and ionization and re-
sulting in an increase in the absorption of the laser energy. The
plasma parameters (electron temperature and electron density)
are 7.88 eV and 9.98 x 10'7 cm™3 with the laser pulse energy
of 130 mJ for the SnO; plasma, whereas they are 6.15 eV and
4.23 x 10'7 cm™3 for the Sn plasma. The plasma parameters
of the SnO, plasma are higher than those of the Sn plasma.
These results may be attributed to the power absorbed by the

expanding plasma from the incident laser pulse.
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4. Conclusion

We have conducted a comprehensive comparison of EUV
emission, plume expansion, ion debris features, and optical
spectrum of Nd:YAG laser produced metal Sn and ceramic
SnO; plasmas under identical experimental conditions. More-
over, the influence of the vacuum degree on both plasmas has
been studied in the experiment.

The EUV spectra of Sn and SnO; plasmas possess sim-
ilar line structures with the peak emission occurring at about
13.5 nm, and a narrower spectral bandwidth is obtained from
the ceramic SnO, target compared to that from the pure Sn
metal target. The intensity of the EUV spectrum decreases
with increasing background gas pressure. For fixed laser pulse
energy and pressure, the EUV radiation from the ceramic
SnO, target is lower than that from the metal Sn target, which
is primarily due to the low density of Sn ions. The Sn plasma
reaches a peak CE of 1.03%, the peak SnO, CE is 0.69%, both
at the pressure of 1073 Pa, and both EUV CEs decrease with
the increase of the gas pressure.

The hydrodynamic expansion features of the plasma
plume under different vacuum degrees are investigated using
ICCD imaging fast photography. The wave front boundaries
and shapes of the plasma plumes are differet. Under the same
delay and pressure, the SnO; ion plasma plume has a much
broader ion profile and an increased boundary distance com-
pared to those of the Sn plasma plume. The calculation results
show that the kinetic energies of both plasmas decrease with
increasing background gas pressure and the ion kinetic energy
of the SnO; plasma is higher than that of the Sn plasma under
the same pressure.

The total number of ions emitted from the SnO, plasma is
larger than that from the Sn plasma. The peak ion kinetic en-
ergies and ion fluxes of the Sn and SnO; plasmas are observed
to be dependent on the gas pressure, and display an exponen-
tially saturating trend. The SnO, plasma is found to have a
larger kinetic energy and, as a result, larger ion debris when
compared with the Sn plasma. The SnO;, plasma has been
found to be more damaging to multilayer mirrors (MLMs) due
to the higher peak KEs and greater ion fluences.

The optical emissions generated by the Nd:YAG laser
with Sn and SnO, have also been investigated using time-
resolved OES measurements. Under the identical experiment
condition, the emission lines of the SnO;, plasma are much
stronger than those of the Sn plasma, which depend on the
thermodynamic properties of the target material. The tempo-
ral variations of the plasma parameters (electron temperature
and density) have also been investigated. It is observed that
the electron temperature and density of the SnO, plasma are
higher than those of the Sn plasma. The difference in the SnO;

and Sn plasma temperatures may result from the power ab-
sorbed by the expanding plasma, and the ion density depends
on the electron density of the plasma. Furthermore, strong en-
hancements of the plasma parameters with increasing pressure
are observed. As the vacuum degree increases, the electron
density and electron temperature increase. Furthermore, the
effect of the laser pulse energy on the plasma parameters has
also been investigated. The results show that the electron tem-
perature and density of both plasmas increase with the increase
of the laser pulse energy. Under the identical experiment con-
dition, the plasma parameters of the SnO; plasma are higher
than those of the Sn plasma because of more energy being ab-
sorbed from the higher incident laser pulse.

In conclusion, both the total amount of ions and the ki-
netic energy are higher in the SnO; plasma, while the EUV
conversion efficiency is lower, compared with the Sn plasma.
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