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Mo/Si multilayer mirrors are used for extreme ultraviolet (EUV) lithography. The formation of hydrogen-
induced blisters in the Mo/Si multilayer is a problem that reduces the reflectance of the mirror. To evaluate the
blister-resistance of EUV mirrors, the blister formation processes of Mo/Si multilayers with a capping layer were
investigated using a high-frequency hydrogen plasma system as a hydrogen ion source under varying hydrogen
ion exposure conditions. As a result, it was observed that blister formation by low-energy hydrogen ion irradiation
of about 10 eV increases the blister-occupied area, depending on the amount of the ion dose. Furthermore, the
sample was heated to promote the diffusion of hydrogen atoms, and the activation energy of blister formation
was examined using the Arrhenius plot of the ion dose required for blister formation with respect to the heating
temperature. The analysis showed that when the ion flux is known, the blister formation time can be predicted.
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1. Introduction
It is well known that exposure to hydrogen and helium

ions forms blisters on fusion reactor walls, causing metal
impurity contamination of the fusion plasma [1–4]. Similar
problems occur with collector mirrors in extreme ultravio-
let (EUV) lithography systems [5–9]. The collector mirror
has a Mo/Si multilayer on the surface to reflect and con-
dense EUV radiation at a wavelength of 13.5 nm, and its
reflectivity is approximately 70% [7, 10]. This reflectivity
must be maintained during the operation of EUV systems
with hundreds of billions of shots or more. Hydrogen gas
flows into the vessel of the EUV lithography system at a
pressure in the order of 10 Pa to maintain the cleanliness
of the inner wall of the vessel and the surface of the col-
lector mirror. Hydrogen gas is activated by EUV radiation
to generate hydrogen ions and radicals. The hydrogen ions
and radicals react with contaminants in the vessel, and the
formed hydrogenated gas is exhausted to the outside of the
vessel. However, the hydrogen induces blistering in the
Mo/Si multilayer mirrors [11–17]. The mechanism of blis-
ter formation is as follows [14, 18, 19]. Hydrogen atoms
permeated into the multilayer are trapped in the defects at
the layer boundary, where they recombine into hydrogen
molecules. When the amount of hydrogen atoms is suf-
ficiently permeated, hydrogen molecules accumulate caus-
ing high pressure to form blister. Hydrogen-induced blister
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formation shortens the lifetime of Mo/Si multilayer mirrors
and causes a decrease in availability of EUV lithography.
Therefore, elucidation of the relationship between blister
formation periods and hydrogen exposure conditions is im-
portant for EUV lithography development. Most previous
research on blistering focused on Mo/Si multilayer mirrors
without a capping layer [11–17]. However, the Mo/Si mul-
tilayer on EUV mirrors must include a capping layer on top
of the multilayer to prevent oxidation and damage from tin
debris [20–24]. Blistering formation on the Mo/Si multi-
layer with a capping layer was reported in [20], though the
dependence on exposure conditions was not clear.

In this study, we investigated the blister resistance of
Mo/Si multilayers with a capping layer. In the actual EUV
light source vessel, as described above, the hydrogen gas
in the vessel is ionized by EUV light, and plasma with
an electron density of ∼1016 m−3 and a lifetime of several
µs is generated with high repetition (10 - 100 kHz) near
the surface of the EUV mirror [6]. The high photon en-
ergy (93 eV) of EUV light may form relatively high-energy
electrons and ions, but these high-energy ions and elec-
trons are thermally relaxed in about 10 ns. Finally, the ion
temperature approaches the gas temperature and the elec-
tron temperature becomes 1 - 2 eV. A hydrogen ion sheath
is formed on the mirror surface. As described in Sec. 3,
the voltage applied to the sheath is about three times the
electron temperature. Therefore, hydrogen ion irradiation
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on the mirror surface from plasma is dominated by low-
energy ions of 10 eV or less.

It is difficult to evaluate the blister formation pro-
cess directly using an EUV lithography system because
the multilayer is affected by the oxidation and damaged
by the tin debris. For this reason, we attempted to inves-
tigate the blister formation process using systems of ca-
pacitively coupled plasmas (CCP) of radio frequency (RF,
13.56 MHz) and very high frequency (VHF, 30 MHz). The
blister formation depends on exposed hydrogen ion en-
ergy, sample temperature, and ion dose. The self-bias
voltage that appears in the powered electrode of the CCP
plasma was used to generate high-energy hydrogen ions.
Multilayer samples with and without a capping layer were
placed on the powered electrode and irradiated with high-
energy hydrogen ions, and the difference in the blister for-
mation process between the two cases was investigated.
For low-energy hydrogen ion exposure, the blister for-
mation process was investigated with samples fixed on a
ground electrode. In this case, the diffusion process of
hydrogen atoms in the sample is important for blister for-
mation, hence this ground electrode was provided with a
mechanism that enables heating up to 180◦C. The results
showed that the blister formation time can be estimated
based on the temperature of the Mo/Si multilayer mirror
sample with a capping layer, which leads to the prediction
of the lifetime of the mirror.

2. Experimental Setup and Methods
Samples used in this experiment had multilayer stacks

consisting of 60 Mo/Si bilayers deposited on a polished
Si (100) substrate (surface roughness was ∼0.2 nm). The
samples were 7 × 7 × 0.6 mm3 and a pair of Mo/Si layers
was about 7 nm thick. For the investigation, two types of
multilayer samples were prepared: one was capped with a
metal oxide layer and the other was uncapped.

The multilayer samples were exposed to hydrogen
ions by the CCP. A schematic of the hydrogen CCP system
is shown in Fig. 1. The vacuum exhaust port was located at
90◦ in the same plane as the gas filling port of the vacuum
vessel. The ultimate pressure in the vacuum vessel was
∼2 × 10−2 mTorr. The hydrogen plasma generation condi-
tions were an RF discharge (13.56 MHz) with a hydrogen
pressure of 100 mTorr and a VHF discharge (30 MHz) with
a hydrogen pressure of 500 mTorr. The hydrogen gas flow
rate and supply power were 60 sccm and 20 W. The elec-
tron density (ne) and electron temperature (Te) were mea-
sured using a Langmuir probe to evaluate the ion flux on
the sample surface [25]. The measuring part of the probe
tip was columnar tungsten with a length of 10 mm and a
diameter of 0.5 mm. For the high energy hydrogen ion
exposure, multilayer samples were exposed to hydrogen
ions by placing them on top of the powered electrode (di-
ameter = 80 mm) of the RF discharge. The samples were
exposed to hydrogen ions accelerated by a negatively self-

Fig. 1 Schematic of the capacitively coupled plasma (CCP) de-
vice for hydrogen exposure.

biased voltage. The self-bias voltage and voltage wave-
form were measured with a high voltage probe. The energy
distribution of hydrogen ions was calculated using a simple
mechanical model of acceleration by an electric field and
collisions between particles. The temperature of the pow-
ered electrode was measured by a thermocouple attached
from the atmosphere side. The temperature of the sample
fixed to the powered electrode was assumed to be equal
to the electrode temperature. For investigating the process
of blister formation by the low-energy ion exposure, the
sample was placed on the ground electrode (diameter =
24 mm) inserted from the side of the vacuum vessel toward
the plasma on the powered electrode, as shown in Fig. 1. In
this case, the sample is exposed to voltage-accelerated ions
generated in the ion sheath formed on the ground electrode.
A heating option was provided on this ground electrode.
The electrode was heated by a heater, the temperature was
measured by a thermocouple, and the on/off switch of the
heater was controlled to maintain a constant heating tem-
perature. The sample temperature during hydrogen ion ex-
posure was varied in the range of 50 - 180◦C. The max-
imum temperature control error was ± 5◦C. Blisters in
the samples were characterized by a high-resolution scan-
ning electron microscope (SEM, JEOL, JSM-6510LA) and
a transmission electron microscope (TEM, JEOL, JEM-
ARM200F). Hydrogen depth profiles were measured by
secondary ion mass spectrometry (SIMS, PHI, ADEPT-
1010) to verify hydrogen implantation.

3. Results and Discussion
3.1 Exposure of samples to RF discharge

The plasma parameters of the RF discharge were mea-
sured from the probe currents in the same phase of the
RF period for each probe voltage. The evaluated values
of ne and Te were 1× 1015 m−3 and 2.1 eV. Figure 2 shows
typical SEM images of the surface of the multilayer sam-
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Fig. 2 Typical SEM images of blisters in Mo/Si multilayers
with a capping layer. Exposure times were (a) 10 min,
(b) 20 min, (c) 40 min, and (d) 80 min. The hydrogen
plasma was produced by RF discharge at a frequency of
13.5 MHz.

Table 1 Hydrogen exposure conditions for RF discharge and
blister coverages by SEM measurements.

ples with a capping layer after hydrogen exposure with
the RF discharge, with exposure times of (a) 10 min, (b)
20 min, (c) 40 min, and (d) 80 min. Table 1 shows the
exposure conditions and blister area ratio obtained from
the SEM images. The ion dose in Table 1 is evaluated by
the exposure time ne and the Bohm velocity of ions at the
sheath end formed on the surface of the powered electrode;
the Bohm velocity is given by (κTe/Mi)0.5, where κ is the
Boltzmann constant, Te is the electron temperature in K,
and Mi is the mass of the ion. According to Ref. [26], un-
der the experimental conditions in this study, most of the
hydrogen ions are H+3 . As shown in Table 1, the 20-min
exposure of Fig. 2 (b) increased the blister area ratio com-
pared to the 10-min exposure of Fig. 2 (a). However, in
the 40-min exposure of Fig. 2 (c), the blister area ratio de-
creased and a black area showing non-uniformity of the
surface layer appeared. In Fig. 2 (d), the blister area ratio
increased again. Regarding this series of changes, it can be
understood that the capping layer disappeared completely
by ion sputtering between 20 and 80 min, and blisters ob-
served at 80 min were newly formed in the Mo/Si multi-
layer after the disappearance of the capping layer. Addi-
tionally, the sample temperature changed to 35◦C at 10 min

Fig. 3 Calculated ion energy distribution for RF discharge at
13.5 MHz (gas pressure 100 mTorr) and VHF discharge
at 30 MHz (500 mTorr).

and 49◦C at 40 min and above. The cause seems to be
heating caused by the impact of the hydrogen ion beam.
It has been reported in Ref. [14] that the blister area in-
creases as the sample temperature rises, and the correlation
between hydrogen ion dose and hydrogen blister formation
becomes unclear. Therefore, it can be concluded that RF
discharge is not suitable for the investigation of the blister
resistance of the capping layer because the capping layer
disappears owing to ion impact sputtering at the same time
that the sample is heated.

To investigate whether the ion energy distribution of
the RF discharge causes sputtering of the capping layer, the
kinetic energy distribution of the ions on the electrode sur-
face was calculated. For comparison, the same calculation
was performed for the VHF discharge with a frequency
of 30 MHz. The model was calculated using the Monte
Carlo method until the ions starting from the sheath end
reached the electrode surface while repeating elastic col-
lisions with hydrogen molecules in an oscillating electric
field that had a negative self-bias voltage. From the mea-
surement of each discharge using the high voltage probe,
the self-bias voltage of the RF discharge was −250 V and
the self-bias voltage of the VHF discharge was −55 V. The
amplitude of the discharge voltage waveform is only a few
volts higher than these bias voltages. Here, the incident
ion was calculated as H+3 , as described above. Figure 3
shows the calculation results, from which it can be seen
that most ions have an energy of 200 - 300 eV in the case
of the RF discharge. The sputtering of the capping layer
at this energy was investigated with the TRIM code [27].
H+3 ions exist only in the gas phase and contribute as a neu-
tral H2 or H atom in collision cascade formation in solids.
As a result, in the case of RF discharge, the capping layer
may disappear by sputtering in several tens of minutes. In
contrast, in the case of VHF discharge, most of the ion
energy was 70 eV or less, and the sputtering yield calcu-
lated by the TRIM code was less than a few hundredths of
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that in the case of RF discharge. Consequently, the blis-
ter resistance can be evaluated correctly by using the VHF
discharge plasma, as sputtering of the capping layer is not
a problem.

3.2 Exposure of samples on the powered
electrode to VHF discharge

The Langmuir probe measurement of VHF discharge
plasma used the method described in Ref. [25]. As a re-
sult, ne was evaluated as 3.7 × 1015 m−3 and Te was evalu-
ated as 2.9 eV. Figure 4 shows typical SEM images of the
multilayer sample surfaces after the VHF hydrogen plasma
exposure on the powered electrode. Figures 4 (a) and (b)
depict the samples with and without a capping layer, re-
spectively, after a 4-h exposure. The formation of a blister
with a maximum diameter of 15 µm or more was observed
in Fig. 4 (a). This blister was formed at the boundary be-
tween the capping layer and the Mo/Si multilayer (See
Fig. 7 (a) in the next section). Contrarily, no blister forma-
tion was observed in the sample without a capping layer.
Table 2 shows the plasma exposure conditions and blister
area ratios obtained from the SEM images. In addition, the
sample temperature did not rise, remaining at 25◦C, which
matched the room temperature. The blisters in the capped
sample took 1 h to form; however, the blister area ratio did
not increase over 1 h, as shown in Table 2. From this re-
sult, the effect of these blisters on the reflectance of the
mirror is limited. Although the blister area ratio is largest
when the exposure time is 1 h in Table 2, this is caused by
the variation and does not imply that the blister area ra-

Fig. 4 Typical SEM images of blisters in Mo/Si multilayers, (a)
with capping layer and (b) without capping layer. The
hydrogen plasma was produced by RF discharge at a fre-
quency of 30 MHz.

Table 2 Hydrogen exposure conditions for the VHF discharge
and blister coverages by SEM measurements.

tio decreases after 1 h. We consider that the reason why
the blister area ratio does not increase with time is that
a channel for passing hydrogen, such as a microcrack, is
formed on the blister, causing hydrogen gas to be released
from the channel. The blister in this case occurs in a de-
fect between the capping layer and Mo/Si multilayer, and
it is considered that the defect is formed by high-energy
ions. The multilayer without the capping layer had no blis-
ter formation and showed high blister resistance, although
it was exposed to a higher hydrogen-ion dose than the ex-
periment in Ref. [17]. Even if the Mo/Si multilayers have
the same structure, the blister resistance differs depending
on the layer formation conditions of the multilayer. We
considered that the multilayer in this study had fewer de-
fects than that in Ref. [17] because of the progress of layer
formation technology.

3.3 Exposure of samples on the ground elec-
trode to VHF discharge

In this section, we discuss the results of exposure to
hydrogen plasma by arranging the multilayer sample on
the ground electrode inserted from the side of the vessel
toward the plasma, as shown in Fig. 1. As the plasma
is the same as that in Sec. 3.2, its parameters are ne =

3.7 × 1015 m−3 and Te = 2.9 eV. The surface of the mul-
tilayer sample, with or without capping, is an insulating
wall. A sheath is formed between the surface of the insu-
lating sample and the plasma. The voltage applied to this
sheath is determined by the mass ratio of ions (H+3 ) and
electrons and the electron temperature [28]. In this case,
the sheath voltage is 10 V, which is obtained by multiply-
ing the electron temperature in eV units by 3.4. Accord-
ingly, the energy of hydrogen ions (H+3 ) that pass through
the sheath from the hydrogen plasma and enter the surface
of the multilayer sample is 10 eV.

Typical SEM images of multilayer samples exposed to
plasma on the ground electrode are shown in Fig. 5 (a) for
the case with the capping layer, and Fig. 5 (b) for the case
without the capping layer. The conditions for both are a
heating temperature of 150◦C and an exposure time of 4 h.
In the sample with the capping layer, blisters with a size
of approximately 1 µm are clearly formed. Even when the

Fig. 5 Typical SEM images of blisters in Mo/Si multilayers on
ground electrode with 4-h exposure and 150◦C heating
(a) with capping layer, (b) without capping layer.
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Table 3 Hydrogen exposure on the ground electrode with the
heating system and blister coverages by SEM measure-
ments.

Fig. 6 Plots of blister area ratio versus exposure time on ground
electrode with 150◦C and 180◦C heating.

sample was exposed to plasma on the ground electrode,
blisters were more likely to form in the multilayer with
the capping layer than in that without the capping layer, as
was the case on the powered electrode. In the image with-
out the capping layer, one small blister was exceptionally
observed.

Table 3 shows the exposure conditions of the exper-
iments on the ground electrode and the blister area ratios
measured from the SEM images. For hydrogen exposure
on the ground electrode, it is unlikely that ions with a low
energy of 10 eV formed defects. Therefore, it is presumed
that the cause is the damage generated during the sputter
film formation of the capping layer. From Table 3, it can
be seen that the blister area ratio increases as the heating
temperature increases, even with the same exposure time.
From this fact, it can be seen that hydrogen permeation is
promoted by heating.

Figure 6 is a graph showing the relationship between
the exposure time and blister area ratio when heated at
150◦C and 180◦C. The blister area increases as the ex-
posure time increases, as opposed to the case on the pow-
ered electrode. To compare the details of the blister for-
mation position and size when exposed on the ground and
powered electrodes, the cross section of the sample sur-
face after exposure was examined by TEM analysis. Fig-

Fig. 7 Cross-sectional TEM images of blisters in Mo/Si multi-
layers with capping layer: (a) 4-h exposure on the pow-
ered electrode, (b) 4-h exposure with 150◦C heating on
the ground electrode.

Fig. 8 Hydrogen concentration by SIMS measurement (blue
line) and calculations by the TRIM code (red line).

ure 7 (a) shows a TEM image of the sample with the cap-
ping layer exposed to plasma for 4 h on a powered elec-
trode (the same sample as Fig. 4 (a)), and Fig. 7 (b) shows
a TEM image of the sample with the capping layer exposed
to plasma for 4 h with heating at 150◦C on the ground
electrode (the same sample as in Fig. 5 (a)). In Fig. 7 (a),
the blister was formed under the capping layer, whereas
in Fig. 7 (b), it was formed under the first Mo layer in the
Mo/Si multilayer. In Ref. [17], it was shown that a blis-
ter formed under the Mo layer in which hydrogen does not
easily pass through in the Mo/Si multilayer. Similarly, in
this study, we confirmed that the blister in the multilayer
sample placed on the ground electrode was formed under
the Mo layer, as shown in Fig. 7 (b), not under the capping
layer where hydrogen easily passed through.
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Figure 8 shows the hydrogen depth profile measured
by SIMS when the sample with the capping layer was
heated to 50◦C and exposed to 10-eV ions (blue line), and
the depth profile calculated 10-eV ion penetration by the
TRIM code (red line). Through SIMS, a high hydrogen
concentration was measured up to a depth of 18 nm, al-
though TRIM calculations show that hydrogen ions only
reach a depth of 2 - 3 nm. These suggest that blisters are
formed by accelerating hydrogen penetration by heating.

Thermal diffusion of hydrogen atoms is considered to
be the main mechanism of blister formation in thin films,
and in Ref. [29], the activation energy for blister formation
was obtained by using the Arrhenius plot. Similarly, as
shown in Fig. 9, the hydrogen ion dose required to form
blisters in the capped sample was Arrhenius plotted against
the heating time. The hydrogen ion dose was calculated by
multiplying the hydrogen ion flux (3.8 × 1019 m−2 s−1) by
the time until a blister was formed. From the figure, the
activation energy is about 0.3 eV (3550 K in the figure).
When the sample temperature is 50◦C (1000/T = 3.1 K−1),
the hydrogen ion dose that forms the blister is read as 2 ×
1024 m−2 on the extension of the broken line in the figure.
According to Ref. [6], the hydrogen ion flux generated by
EUV light is about 4 × 1018 m−2 s−1. Assuming that this
hydrogen ion flux is incident on a collector mirror made of
a multilayer with the same properties as that used in this
study under a surface temperature condition of 50◦C, the
blister formation time is estimated to be 137 h.

As aforementioned, the blister formation time was de-
termined by the dose amount of hydrogen ions. Here, we
describe the contribution of hydrogen atoms to the forma-
tion of blister. First, we estimate the hydrogen atom flux
incident on the surface of the ground electrode inserted
into the VHF plasma. A bright disk-shaped plasma re-
gion with a thickness of about 10 mm is formed on the
electrode with a cathode sheath (thickness: 10 mm) in
between. Because of the occurrence of the electron im-

Fig. 9 Arrhenius plot of blister formation ion dose as a func-
tion of reciprocal temperature of multilayer samples with
capping layer.

pact dissociation of hydrogen molecules, the generation
rate of hydrogen atoms is calculated. The value is deter-
mined by the product of hydrogen molecular density at
500 mTorr (the gas temperature is assumed at 400 K), elec-
tron density (3.5 × 1015 m−3), rate coefficient of dissocia-
tion (2 × 1015 m3 s−1 at Te = 2.9 eV [30]), and volume of
this region. The loss rate of hydrogen atoms is determined
by the diffusion of hydrogen atoms to the surface of the
electrode 10 mm away, where they are adsorbed or recom-
bined. The hydrogen atom density, which is determined
by the balance between the generation and loss of hydro-
gen atoms, is about 1× 1019 m−3. When a thermal velocity
of 400 K is applied, the flux of hydrogen atoms incident
on the multilayer sample on the ground electrode becomes
3×1022 m−2 s−1. Hydrogen atoms are chemically adsorbed
on the solid surface. The adsorbed hydrogen atoms must
exceed a potential barrier on the order of 1 eV to penetrate
into the solid [31]. Kuznetsov et al. conducted comparative
experiments on the formation of blister on Mo/Si multilay-
ers for a mixed flux of hydrogen atoms and hydrogen ions
and a flux of only atoms [14]. According to the results, the
penetration rate of hydrogen atoms was about 10−5 of hy-
drogen ions at the multilayer temperature of 200◦C. Con-
sidering the results, the flux of hydrogen atoms that actu-
ally permeated into the Mo/Si multilayer in this study was
3 × 1017 m−2 s−1. Compared to the aforementioned hydro-
gen ion flux, the hydrogen atom flux was on the order of
1% and was negligible.

4. Conclusion
This study demonstrated that VHF plasma can be used

to evaluate the blister resistance of multilayer samples with
a capping layer for EUV mirrors. In particular, by using the
powered electrode and the ground electrode, it was sug-
gested that the blister formation process differs depending
on the ion energy incident on the sample. Furthermore, in
the formation of blisters by hydrogen ion exposure with
low ion energy, the Arrhenius plot of the ion doses with re-
spect to the heating temperature suggested that the blister
formation time can be predicted.

In the current EUV lithography system, debris depo-
sition and oxidation of the mirror surface determine the
decrease in reflectance of the mirror. The capping layer is
formed on the mirror surface as a countermeasure for the
decrease; however, it was found in this study that the cap-
ping layer reduces the blister resistance of the Mo/Si mul-
tilayer. It is expected that the method used in this study
will be used to evaluate blister resistance for various types
of capping layers and film formation methods, and that an
optimal capping layer will be developed.
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