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One of the problems in extreme ultraviolet (EUV) lithography is the deterioration in the reflectivity of the
EUV mirror owing to the deposition of tin (Sn) debris. Such Sn adhesion films can be etched by hydrogen ions
and atoms through a chemical reaction, forming a volatile SnH4 gas. In this study, the dependence of the hydrogen
ion energy on the Sn etching was investigated. Samples covered by Sn thin films and with various applied bias
voltages were exposed to hydrogen plasmas. The etched thicknesses of the Sn films were quantitatively analyzed
using X-ray fluorescence. As a result, it was found that the threshold ion energy is approximately 7 eV, and that
the peak of the Sn atom yield per hydrogen ion, which is the value indicating the efficiency of the reactive ion
etching, is obtained at a hydrogen ion energy of approximately 14 eV.
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1. Introduction
Extreme ultraviolet (EUV) lithography, employing a

light wavelength of 13.5 nm, has been successfully applied
in the mass production of semiconductors using 7-nm node
processes [1]. EUV lithography uses emissions from mul-
tiply charged tin (Sn) ions, as generated by the laser ir-
radiation of tin droplets with diameters of approximately
20 μm. Currently available sources for EUV lithography
systems are typically based on high-density hot Sn plas-
mas [2, 3]. Sn droplets bombarded by lasers produce Sn
debris adhering to the surface of the collection mirror, re-
sulting in the deterioration of the reflectance. Therefore, it
is necessary to efficiently decompose the Sn debris adhered
to the mirror surface.

Studies have proposed etching the Sn debris through
a chemical reaction between a Sn atom and four hydrogen
atomic radicals, thereby producing the volatile molecule
SnH4 [4, 5]. Ugur [5] produced hydrogen atoms using a
hot filament method, and introduced them to the surface
of Sn thin films. The decrease in the thin films was quan-
titatively measured, and it was found that approximately
90 000 hydrogen atoms were necessary to produce one
SnH4 molecule [5]. In a real EUV system, EUV pho-
tons (energy 92 eV) dissociate hydrogen gas, which fills
the EUV source chamber at approximately 10 Pa; the gen-
erated SnH4 molecules from the Sn etching are evacuated
from the chamber, together with the hydrogen gas. Elg
et al. [6] proposed an additional Sn removal system based
on using an EUV mirror as a powered electrode, and pro-
duced a hydrogen plasma using a radio frequency power
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source at a frequency of 13.56 MHz. The plasma could di-
rectly supply hydrogen atoms to the surface of the EUV
mirror. Subsequently, Elg et al. also claimed [7] that reac-
tive ion etching, which utilizes hydrogen ion energy, can
more efficiently remove Sn films adhered on an EUV mir-
ror surface than etching using hydrogen atoms alone. In
their experimental device, a self-bias voltage of approxi-
mately −300 V appeared at the powered electrode simulat-
ing the EUV mirror, and the average hydrogen energy was
estimated to be more than 300 eV [6].

Reactive ion etching has already been investigated as
a method for removing carbon (C) thin films deposited on
an EUV mirror surface [8–10]. The method utilizes the
synergistic effects between hydrogen atoms and argon or
hydrogen ions to etch C and generate CH4 (or other volatile
hydro-carbon molecules).

In this C etching, the bond energy of the C is approx-
imately 7 eV, and it has been found that the etching pro-
gresses as the ion energy increases [8, 10]. In contrast, the
bond energy of Sn is as low as approximately 3 eV (as de-
scribed later); therefore, the hydrogen ion energy depen-
dence of the Sn etching is considered as different from
that of the C etching. The authors obtained a much higher
Sn etched thickness per minute than those obtained by Elg
et al. [7]. We used a very high-frequency (VHF) hydrogen
plasma, and samples with Sn thin films (hereafter referred
to as “Sn samples”) were set on a grounded electrode [11].
The hydrogen ions impinging on the Sn sample through
the ion sheath should have had energies of approximately
10 eV.

Based on the above, we investigated the dependence
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of the hydrogen energy on the Sn etching. We applied var-
ious bias voltages to Sn samples, and arranged the plasma
so as to be at a stable space potential, so that we could
examine the threshold hydrogen ion energy for Sn etching
(currently thought to be a few eV).

2. Experimental Setup and Methods
The Sn samples were Si substrates with an area of

15×15 mm2 and thickness of 0.625 mm. The samples were
covered by deposited Sn thin films, each with a thickness
of approximately 100 nm. The etched thicknesses of the
Sn thin films were quantitatively measured via X-ray flu-
orescence (XRF) analysis. The details of the analysis will
be described later.

A schematic diagram of the experimental device is
shown in Fig. 1 (a). The vacuum chamber was divided into
upper and lower spaces by a metal partitioning plate with a
thickness of 3 mm. The side wall of the upper space was a
quartz glass tube with an inner diameter of 62 mm. The up-
per surface of the upper space was the powered electrode,
and the spacing between the powered electrode and par-
titioning plate at the ground potential was approximately
30 mm. A VHF power source at a frequency of 60 MHz

Fig. 1 (a) Schematic of the experimental setup. (b) Schematic
of the side view of the DC bias structure.

supplied a power of 15 W to the powered electrode, and
the hydrogen plasmas were produced in the upper space.

The lower space was formed in a stainless-steel block
with an outer radius of 112 mm. The lower space had a ra-
dius of 56 mm and cutting depth of 16 mm. The ceiling of
this space comprised the partitioning metal plate. As the
stainless-steel block was grounded, the lower space was
surrounded by a circular side wall at the ground voltage.
At the bottom of this lower space, a structure was installed
to apply DC bias voltages to the Sn samples. The height of
the surface of the Sn sample was 3 mm from the bottom.
The electron density and electron temperature were mea-
sured using a Langmuir probe at 4 mm above the Sn sur-
face (7 mm above the bottom surface). The measuring part
of the probe comprised cylindrical tungsten with a length
of 10 mm and diameter of 0.5 mm. The probe was inserted
through a port hole provided on the side wall with a di-
ameter of 6 mm (the center height was 7 mm from the bot-
tom). There were three other holes with the same diameter,
which were used for gas pressure monitoring, H2 gas intro-
duction, and lead wire introduction for the DC bias voltage.
At the outside of the vacuum chamber, a small resistor was
inserted into the lead wire circuit, and the voltage across
the resistor was measured to determine the current flowing
into the Sn sample. In addition, the voltage on the sample
side was measured. A port hole with a diameter of 12 mm
was also provided on the side wall, through which the vac-
uum chamber was evacuated.

A hole with a diameter of 26 mm was made in the cen-
ter of the partitioning metal plate, and two metal meshes
were attached to both the upper and lower surfaces of the
partitioning metal plate. The VHF hydrogen plasma gen-
erated in the upper space passed through these meshes by
diffusion, and by the gas flow owing to the evacuation from
the lower space. The Sn sample was exposed to the hydro-
gen plasma that entered the lower space in this way. As
described above, the lower space was surrounded by the
metal of the grounded potential, and therefore, the fluc-
tuation of the space potential of the plasma in the lower
space was much smaller than that of the plasma in the up-
per space, where the potential fluctuation was large. As
a result, the potential of a Sn sample surface potentially
floated with respect to the chamber could be determined
using the bias voltage. In fact, fluctuations of approxi-
mately ±0.1 V appeared in the floating voltages of the Sn
samples. Simultaneously, the mesh spacing (1.55 mm) and
wire diameter (0.2 mm) were adjusted to secure the elec-
tron density in the middle of 1015 m−3, so that sufficient Sn
etching would occur.

Over 20 holes (each with a diameter of approximately
3 mm) were made around the hole with the diameter of
26 mm on the partitioning metal plate. We intended to sup-
ply the hydrogen gas supplied to the lower space to the up-
per space as well, i.e., through the hole with a diameter
of 26 mm and these small holes. Under a gas pressure of
30 Pa, no hollow cathode discharge occurred in these small
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holes, i.e., there was no plasma supply to the lower space
through these holes.

As shown in Fig. 1 (b), the lower space was provided
with a structure for applying a bias voltage to the Sn sam-
ple. From the bottom of the lower space, the following ele-
ments were layered in order: a metal base plate (thickness
1 mm), mica plate (thickness 0.2 mm) for insulation, metal
substrate holder surrounded by a Teflon spacer (both thick-
nesses 1.5 mm), Sn substrate (0.62 mm buried in the sub-
strate holder and approximately 0.12 mm above the sub-
strate holder surface), press metal plate (thickness 0.1 mm)
at the bias voltage, Teflon spacer (thickness 0.3 mm), and
grounded metal plate (thickness 0.1 mm). These elements
were then fixed with screw rods and nuts at the four cor-
ners. A 12 × 12 mm2 area square hole was drilled in the
center of the press metal plate, Teflon spacer, and grounded
metal plate. As described above, the sample holder was
connected to a DC power supply, so that a bias voltage
could be applied from the outside.

After evacuating the vacuum vessel to 4×10−2 Pa, hy-
drogen gas was flowed at a rate of 40 sccm using a mass
flow controller, and was adjusted with a butterfly valve to
maintain the pressure at 30 Pa. All measurements in this
study were performed at this gas pressure.

For some Sn samples, the actual film thickness was
measured by the crystal oscillator method; these were used
as calibration samples. As the thickness of the Sn film
(target value 100 nm) varied by ±10%, the Sn Lα signal
of the XRF was calibrated using the calibration samples.
First, the film thicknesses of the Sn samples were mea-
sured before exposure to the hydrogen plasma. Then, the
film thicknesses were measured again after the experiment,
to quantify the amount of Sn removed by the plasma expo-
sure.

3. Experimental Results and Discus-
sion
As described in Sec. 2, the electron density and elec-

tron temperature above the Sn sample were measured using
a Langmuir probe, and an example of the current-voltage
characteristic curve is shown in Fig. 2. The electron tem-
perature was evaluated as Te = 2.8 eV from a logarith-
mic plot of the electron current with respect to the volt-
age. From the ion saturation current at the floating voltage,
the electron density was evaluated as ne = 5 × 1015 m−3.
The floating voltage of the Sn sample was Vf = 3.2 V.
Under the experimental conditions of this study, most of
the hydrogen ions were H3

+ when calculated according to
Ref. [12], so it was assumed that all hydrogen ions were
H3
+. The measured value of the plasma potential Vp was

7.5 V when evaluated from the current-voltage character-
istics using an Sn sample. As the electrons of the diffused
plasma were collected by using the 12-mm square Sn sam-
ple as a probe, it is highly possible that the plasma was dis-
turbed. According to probe theory, the difference between

Fig. 2 Probe characteristic I - V curve.

Fig. 3 Decomposed thickness of Sn film after plasma exposure
of 15 minutes as a function of the DC bias voltage.

Vp and Vf can be expressed as follows [13]:

|Vp − Vf | = (Te/2)(1 + ln(mi/(2πme))), (1)

where mi is the mass of the hydrogen ion (3 amu), and me

is the mass of the electron. From this, we can evaluate
|Vp − Vf | = 10.9 V; in the following, we consider Vp =

14.1 V.
The DC bias voltage Vb was varied at 7.5, 5, 0, −10,

−30, and −50 V, and was applied to the Sn samples. The
Sn samples were exposed to hydrogen plasma for 15 min,
and the Sn etched thicknesses were examined. The results
are shown in Fig. 3. The error bars in the figure illustrate
the standard deviations from the results of five to six mea-
surements at each bias voltage.

The current flowing into the Sn sample at each DC
bias was also measured. The results are shown in Fig. 4.
This result is basically a current-voltage characteristic
curve of the saturated ion current, based on using the Sn
sample as a planar probe. On the negative side of the DC
bias voltage of −10 V, there is no influence of the electron
current, i.e., it is purely ion current. Because the measure-
ment points for the DC bias voltages −10, −20, and −30 V
are on one straight line, the fitted line (shown in Fig. 4 by
a red line) was extended to 3.2 V (floating voltage) to es-
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Table 1 Values to evaluate Sn etching efficiency for each DC bias voltage. The last row shows the resultant efficiency as the number of
removed Sn atoms per one hydrogen ion.

Fig. 4 Current flowing into Sn sample during plasma exposure
as a function of the DC bias voltage.

timate the ion currents, as in the probe analysis. Table 1
shows the value of the ion current obtained in this way as
an underlined value with respect to the DC bias voltage.
Table 1 also shows the thickness of the ion sheath ds. The
following equation was used for this calculation [13]:

ds = 0.47λD(2V0/Te)0.75, (2)

where λD is the Debye length, and V0 is the voltage applied
to the ion sheath (= Vs − Vb).

As mentioned in Sec. 2, the plasma exposure area of
the Sn sample is limited to 12 × 12 mm2 by the grounded
metal plate. The Sn sample surface is 0.5 mm lower than
the metal plate surface. At a floating voltage of 3.2 V, the
sheath thickness ds = 0.39 mm; therefore, the area of the
ion sheath can be considered as 12× 12 mm2. The ion cur-
rent is estimated as a product of the Bohm flux, elemen-
tary charge, and surface area of the sheath. The ion current
value obtained in this way is 0.66 mA, which is in good
agreement with the ion current value of 0.74 mA at a float-
ing voltage of 3.2 V (Table 1). The situations are the same
for Vb = 5 and 7.5 V; therefore, both ion current values are
considered as 0.74 mA, as shown in Table 1.

The last row of Table 1 shows the Sn atom yield which
is the number of Sn atoms removed per hydrogen ion, and
this value is considered to indicate the efficiency of the re-
active ion etching. The values of the Sn yield are obtained
from the total amount of removed Sn atoms as evaluated
from Fig. 3, divided by the total amount of hydrogen ions
after 15 min of plasma exposure. At a bias voltage of 0 V,
the Sn yield has the maximum value, meaning that one Sn

atom is removed per (approximately) 70 hydrogen ions.
The Sn etched thickness using hydrogen atoms alone

was investigated, under the condition that the influence of
the hydrogen ions was almost eliminated. Specifically,
a grounded metal mesh was placed approximately 2 mm
above the grounded metal plate, and a +7.5 V bias was ap-
plied to the Sn sample. As a result, the Sn etched thickness
(removed after 15 min of plasma exposure) was 1.2 nm on
average for the four measurements. Considering the re-
ported fact [5] that 9 × 104 hydrogen atoms are necessary
to remove one Sn atom, the hydrogen atom density can be
evaluated as 8 × 1018 m−3 (dissociation degree of approx-
imately 0.1%) from this etched thickness. It can be seen
from Fig. 3 that the Sn etched thicknesses for bias voltages
below 5 V are more than 10 nm. Therefore, it was con-
firmed that etching involving hydrogen ions is at least an
order of magnitude more dominant than that using atoms
alone.

We also can consider the binding energy of Sn in a
metal bond. The standard sublimation enthalpy of metallic
β phase tin is 302.1 kJ/mol, and the tin metal has a body-
centered cubic structure with four bonds between atoms.
The binding energy per Sn atom can be obtained from
the standard sublimation enthalpy [8]; as calculated in eV
units, the value is 3.1 eV, i.e., 0.78 eV per bond.

As mentioned in the introduction, reactive ion etching
has been examined for the removal of C films deposited
on an EUV mirror [8–10], and Hoph’s model [8] has been
proposed as the mechanism. According to the model, when
the bond between carbons (bonding energy 7.4 eV) is bro-
ken by the energy of the ions, a bond between the carbon
and hydrogen is formed by the flux of the hydrogen atoms,
which is more than two orders of magnitude higher than
the ion flux. From this chemical reaction, volatile and sta-
ble hydrocarbon molecules (CH4, etc.) are generated. In
the experiments of Hoph et al. [8], argon ion energies in the
range of 20 - 800 eV were investigated, and it was found
that the erosion yield of the carbon increased monotoni-
cally with the argon ion energy. Sputtering occurs depend-
ing on the energy of argon ions, and even if hydrocarbon
molecules are formed relatively deep from the surface, the
stable hydrocarbon molecules diffuse to the surface, and
are discharged into the gas phase. Such a process has been
examined theoretically [10], and comparisons with exper-
imental results have shown the usefulness of this model.
Similar results were obtained by Dolgov et al. [9] using
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hydrogen plasma (hydrogen ion energies 20 - 100 eV).
In contrast, the Sn decomposition is not a monoton-

ically increasing function of the hydrogen ion energy, as
shown in the last row of Table 1. A bias voltage of +7.5 V
(hydrogen ion energy of approximately 7 eV) is the thresh-
old for Sn etching, and the Sn yield becomes maximum
between a bias voltage of 0 V and floating voltage of 3.2 V
(hydrogen ion energy of approximately 10 - 14 eV). At
higher hydrogen ion energies, the Sn yield drops, or re-
mains at a nearly constant value. One reason for the hydro-
gen ion-energy dependence of the Sn yield is that the dif-
ference in mass between an H3

+ ion and Sn atom is large.
When considered as a simple head-on collision between
rigid spheres, the energy that H3

+ ions (mass 3 amu) can
give to Sn atoms (mass approximately 119 amu) is approx-
imately four times the mass ratio, i.e., approximately 10%
of the ion energy. Moreover, 10% of the threshold energy
of the Sn decomposition is equal to the energy of one Sn
metal bond. Another reason could be that SnH4 is an un-
stable molecule. It has been shown by Tamaru [14] that the
activation energy for the dissociation of SnH4 on a Sn sur-
face is approximately 0.4 eV per molecule. Therefore, the
exothermic reaction of SnH4 → Sn + 2H2 spontaneously
proceeds, even at room temperature. Furthermore, as SnH4

is 10 times heavier than CH4, it is difficult for SnH4 to
escape via diffusion from the inside of the Sn film to the
surface. The reactive ion etching for Sn decomposition is
considered to occur only at a very shallow position from
the surface of the Sn film. When a penetration depth of the
H3
+ ions into the Sn film is calculated using the “Stopping

and Range of Ions in Matter” code [15], most of the ions
penetrate to a depth of 2 nm or more from the film surface,
at an ion energy of 30 eV or higher. The contribution of
these ions to the Sn decomposition may be small.

4. Conclusion
In this study, we investigated the ion energy depen-

dence of Sn reactive ion etching by hydrogen atoms and
ions. The Sn atom yield per hydrogen ion did not increase
with the ion energy (contrary to the results reported for C-

film etching) and became constant or decreased with hy-
drogen ion energies of approximately 30 eV or more. The
threshold ion energy for Sn etching was 10 eV or less, and
the peak of the Sn yield appeared when the ion energy was
approximately 10 - 14 eV. This means that it is efficient to
use the floating voltage in hydrogen plasma when remov-
ing the Sn film adhered to an EUV mirror, which is electri-
cally insulating. This result is quite favorable for the actual
decomposition of Sn debris films from EUV mirrors.
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