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ABSTRACT

Tin contamination of the collector mirror surface remains one of the crucial issues of EUV (Extreme Ultraviolet) sources, directly impacting
the availability of the tool. Hydrogen plasma-based tin removal processes employ hydrogen radicals and ions to interact with tin deposits to
form gaseous tin hydride (SnH4), which can be removed through pumping. An annular surface wave plasma (SWP) source developed at the
University of Illinois—Urbana Champaign is integrated into the cone and perimeter of the collection mirror for in situ tin removal.
The SWP is characterized by high ion and radical densities, low electron temperature, and local generation where etching is needed. This
method has the potential to significantly reduce downtime and increase mirror lifetime. Radical probe measurements show hydrogen radical
densities in the order of 1019 m−3, while Langmuir probe measurements show electron temperatures of up to 6 eV and plasma densities on
the order of 1017–18 m−3. The generated ions are essential to the tin cleaning and have sufficiently low energy to cause no damage to the col-
lector capping layer. Tin etch rates of up to 270 nm/min were observed in a variety of experimental conditions, including various powers,
pressures, flowrates, and temperatures. The high etch rates demonstrated in this study exceed the expected contamination rate of the
EUV source.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0094375

I. INTRODUCTION

Extreme ultraviolet lithography (EUVL) has recently been
incorporated in high-volume manufacturing after decades of
research and development. Extreme ultraviolet light is generated
when molten tin (Sn) droplets are hit by a CO2 laser to produce
the hot laser-produced-plasma (LPP), ionizing tin up to the 12+
state.1,2 The 13.5 nm EUV photons, which are released during the
Sn de-excitation process, are collected and directed toward the
lithography exposure tool via collector optics.3 In order to be reli-
able, the EUV sources must meet specifications of five parameters:
power, spectral content, etendue, dose stability, and collector life-
time.4,5 While EUVL has reached high-volume manufacturing,
tools still have engineering issues to resolve.

Among such issues is tin deposition which contaminates the
EUV source and decreases the reflectivity of the collector mirror.6

Contamination occurs in the following process: once the plasma is
created by the laser, atomic tin vapor is created and has to go

somewhere. This tin vapor collects on surfaces and builds up.
Sometimes, the molten tin gets thick enough in some places to fall
and deposit in even more major quantities, but generally unmiti-
gated deposition would be on the order of a few nm per minute.
Additionally, high-energy ions and neutrals from the plasma can
bombard the collector and damage the multilayer mirror (MLM).7

EUV mirrors have a reflectivity of less than 70%; thus, strict
requirements are followed in order to maintain uptime of the
machine because collector lifetime is related to cost-of-ownership
and economic viability. Even 1 nm of tin on a collector can degrade
the reflectivity by 10%. The current target for EUV sources is
30 000 h of undisrupted operation.8,9 The conversion efficiency of
EUV light is directly related to collector lifetime because reflectivity
loss impacts the rest of lithographic process, hindering the tool’s
ability to manufacture chips.5

To mitigate tin debris inside the source, very high flow rates of
hydrogen gas are needed. Hydrogen gas pressure, usually around
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200 Pa, determines tin-ion stopping power3,10 and attempts to
direct the tin vapor away from the mirror. Hydrogen gas has a sec-
ondary role, acting as a buffer gas to reduce ion energy and flux
from reaching the mirror surface.11,12 Nevertheless, tin accumulates
over time, contaminating the EUV source.13 Current methods of
tin mitigation in an EUV source consist of replacing the collector
and cleaning it remotely with the help of hydrogen radicals.14

While this method works, it significantly contributes to the down-
time of the EUV machine. The continued increase in demand for
manufactured chips requires that lithography tools have the capa-
bility to operate with minimal disruption.

A new cleaning technique developed at University of Illinois
has shown promising results due to its ability to generate hydrogen
radicals in situ, eliminating the need to replace the collector in
EUV source.15 This technique utilizes a surface wave plasma
(SWP), which generates high densities of hydrogen radicals and
ions, yielding an etch rate up to 270 nm/min, far exceeding tin dep-
osition rates on the source surfaces.16 The advantage of the surface
wave plasma is the ability to generate hydrogen radicals and atoms
at the desired etching locations, thus enabling in situ etching in the
EUV source during operation. Semi-circular SWP sources were
used to determine tin etch rates and radical densities in order to
maximize etch rates. A series of tests were conducted with semi-
circular antennas in a coupon collector to understand plasma
expansion along the collector surface with respect to power, hydro-
gen flow rate, and collector surface temperature. In addition, a sec-
ondary arc antenna is integrated in the perimeter of the collector
and tested with varying pressure. At lower pressure regimes,
plasma coverage increases; given adequate input power, the goal is
to eventually cover the entire collector surface with SWP.

II. EXPERIMENTAL

The Tin Removal Experiment (TREX) chamber is an ASML
NXE:3100 EUV source chamber in which etch experiments were
conducted under real EUV source conditions. The TREX chamber
is equipped with four dry pumps capable of pumping 44 SLM each
and a 1600 l/s turbo-molecular pump. A linear motion feedthrough
is attached via a 4.5-in. flange which holds a Langmuir probe and
radical probes used for plasma diagnostics along radial directions.
The system can flow 150 SLM of hydrogen and has a base pressure
in the low 10−4 Torr range. Flow is directed from the center of the
collector also known as the cone and from the perimeter of the col-
lector. Figure 1 shows the chamber schematics and chamber.
Outside the TREX chamber, the SWP antennas are connected to
microwave power supplies capable of delivering 100W each.
Microwave power delivery is optimized by using a stub tuner as a
manual matching network. A back flange holds the NXE:3100
coupon collector which is equipped with three cooling channels
which spiral in opposite directions from and into the center of the
collector. Cooling channels help control the temperature of the col-
lector surface. An annular ring antenna is integrated in the cone
area of the coupon collector and another arc antenna is integrated
in the perimeter of the collector. Both antennas have an inner con-
ductor covered by an alumina. The annular antenna in the cone
consists of two semi-circular antennas to generate plasma all
around the cone and the arc antenna in the perimeter of the

collector, as the name suggests, consists of only an arc. The con-
struction of SWP antenna is as follows: two macor (machinable
ceramic) rings are machined in a circular shape with a groove in
the middle to accommodate the inner conducting copper rings.
Two macor rings are closed and their inner surfaces flush against
each other to create a seal. An upper outer aluminum ground
casing is threaded to a bottom outer aluminum ring in order to
enforce the seal of two macor rings as well as to force plasma to
radiate only radially. The aluminum ground casing is mounted in
the cone of the collector, and it is precisely machined to a snug fit,
see Figs. 2 and 3(a). RG 401, a semi-rigid coaxial cable, is responsi-
ble to deliver power to the antenna. The microwave power supply
is located outside the chamber, and it is connected to a stub tuber
which acts as a matching network. The stub tuner is connected to
an N-type cable, and the N-type cable is connected to the RG401
launcher via a custom-made N-type connector. RG401 enters
the TREX chamber via ¼-in. ultra-torr feedthrough mounted in a
3 in.-thick Plexiglas slab which is bolted to the main collector
flange, see Fig. 3(b). Finally, the RG401 is stripped on the other

FIG. 1. (a) TREX chamber schematics with coupon collector. (b) A picture of
the TREX chamber setup.
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end and feed in between the two macor rings to minimize connect-
ing points and, thus, increase delivery efficiency. The RG 401 is
connected via threading to the bottom outer aluminum case to
minimize any potential gas in which plasma can strike, refer to
Fig. 3 for more visual details. Note that this construction ensures a
50Ω load throughout, and the match is set such that the reflected
power is for all intents and purposes, zero, or at least below 0.1W.
Tin-coated silicon samples are placed radially from the cone
(r = 0 cm) to the perimeter (r = 23 cm). Figure 2 shows the annular
SWP antenna in the cone and the half-masked samples installed
before an etch test. Etch tests were conducted with varying pres-
sure, power, flow rate, and surface temperature. Each test lasts
about 15 min with some exceptions.

A compensated Langmuir17 and radical probes18,19 scan radi-
ally to measure electron density, ion density, electron temperature,
and hydrogen radical density at each sample location, see Fig. 4 for
the circuit schematics of compensated Langmuir probe. Silicon
samples are coated in a magnetron sputtering chamber at CPMI
(Center for Plasma and Material Interactions). Tin deposition on
silicon samples occurs before etch test takes place to avoid the crea-
tion of oxide layers on tin film. Etch step is measured using a 3D
optical profilometer, and post-processing of the data occurs imme-
diately after the etch is tested to minimize the formation of the
oxide layers.

III. RESULTS AND DISCUSSION

Several tests were carried out in the Illinois NXE:3100
EUV source vessel in order to determine the etch rates and to diag-
nose plasma parameters such as hydrogen electron, ion, and radical
density by varying pressure, power, flow rate, and temperature.
This experimental setup replicates very closely real EUV source
conditions but without the laser system. In Figs. 5(a) and 5(b),
two semi-circular antennas were integrated in the cone by

using ceramic to case the conducting antenna wires. Note that the
plasma coverage extends all the way around the cone. In Figs. 5(c)
and 5(d), an arc antenna was installed in the perimeter of the col-
lector in addition to one semi-circular cone antennas facing the arc
antenna. In an actual application to an EUV source, eight antennas
would be needed for complete coverage—two in the central cone
and six around the perimeter. That number is determined by the
etching results as a function of distance from the source as
described later in this section. The difference between (5a) and (5b)
[and (5c) and (5d)] is the operating pressure—1.3 and 1.5 Torr,
respectively. The values were chosen to mimic those used in a real
source. Only a very slight difference is discernable in the two cases.
Slightly less plasma coverage is seen at the higher pressure cases.
Figure 6 schematically shows the location of the samples to be
etched and the placement of the antennas for the subsequent
experimental results.

Plasma characterization tests were conducted without the tin-
coated samples being present. Six sample locations along the radius
of the collector were measured with Langmuir and radical probes.
The first set of tests was run with varying pressure, going from 0.25
to 1.5 Torr with 0.25 Torr increments while keeping the flow rate
and power constant. The second set of tests was run with varying
power, going from 25 to 100W with 25W increments while
keeping the pressure and flow rate constant. The third set of tests
was run by varying flow rate, going from 5 to 70 SLM while
keeping the pressure and power constant. These values are the total
flow rate in the chamber which is the sum of flow rate going
through the cone of the collector and the perimeter of the collector.
The 5 SLM case is considered to be a zero flow case since the
pumps cannot be throttled completely and some flow must be
maintained to keep the pressure constant The total flow rate of a
EUV system is on the order of 500 SLM. The fourth set of tests was
run by varying collector surface temperature while keeping flow
rate, power, and pressure constant. Temperature-dependent tests

FIG. 2. Annular SWP antenna installed in the coupon col-
lector with a few half-masked tin-coated silicon samples
installed.
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were considered only for tin etching experiments and not for
plasma diagnostics since the substrate temperature does not affect
ion densities and electron temperature. It is worth noting that
Langmuir probe measurements were obtained only in the areas
closest to the antenna where the SWP is located. Further away in
the radial direction there is no visible plasma, and the probe could
not collect sufficient current for an accurate measurement.

Langmuir probe measurements of ion density and electron
temperature with varying power are shown in Fig. 7. In these

measurements, the Langmuir probe is located in the visible plasma
region close to the antenna. As power increases from 25 to 100W,
the electron temperature increases from 1.3 to 2.6 eV. Also, an
increase in electron density is observed with power increase since
more power delivered creates more plasma and it expands it over a
large surface area. Figure 8 shows the plasma parameters with
varying hydrogen flow rate, and as has been observed before, there
is not much change when flow rate goes from 5 to 70 SLM.
Electron temperature is 2.5 eV. Plasma density has a nonsignificant

FIG. 3. Schematics of semi-circular SWP antenna which is used in the center cone structure.
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increase with increasing flowrates. Finally, Fig. 9 shows Langmuir
probe measurements with0 varying pressure. Electron temperature
decreases with pressure increase since the mean free path decreases
and electrons undergo a higher number of collisions and lose
energy in the process. Higher energy electrons will generate more
ionization and a larger plasma radius so the plasma density
decreases with pressure as well.

Radical probe measurements were carried out for all six
sample locations since radicals created by the intense plasma
diffuse beyond visible plasma. Figure 10(a) shows radical density
with varying power while flow rate is set at 20 SLM and pressure is
constant at 1.5 Torr. When power increases from 25 to 100W,
hydrogen radical density increases by an order or magnitude at the
closest antenna location. As the distance from the antenna
increases, so does the radical density for all four power cases. It is
observed that for the 100W case, the plasma coverage is larger, and
density decreases slowly compared to other cases and it is an inter-
esting phenomenon that radical probes detect radicals far away
from visible plasma at 23 cm. Figure 10(b) shows the behavior of
radical density with varying hydrogen flow rate. As the case of
Langmuir probe measurements, there does not seem to be any rela-
tionship between flow rate and radical density besides the fact that
being further away from plasma, density drops exponentially.
Figure 10(c) shows the hydrogen radical density with varying pres-
sure going from 0.25 to 1.5 Torr. At lower pressure regimes, plasma
coverage is increased, and, thus, the radical density is higher at
locations further down in the collector showing a direct relation-
ship with etch rates.

After plasma characterization was complete, etch tests were
carried out under the same experimental conditions. A series of
tests were conducted with two semi-circular antenna configura-
tions. The first case was where two semi-circular antennas were

embedded in the cone. Figure 11(a) shows the relationship of etch
rate with power. The etch step was measured via 3D optical profil-
ometry in all the samples. In the analysis process, we measured
the average height of three different areas in the etched part of the
sample and the average height of three different areas in the
non-etch part of the sample. The average difference between
the etched and non-etched is regarded as the step height. At higher
powers, etch rate is higher and it has a behavior similar to hydro-
gen radical density case with respect to power. Highest etch rate of
208 nm/min is observed at 100W with sample location closest to
the antenna. It is significant to note that 25W increments yield
substantial increase in etch rate with the lowest power of 25W gen-
erating 42 nm/min etch rate at r = 0 cm. The etch rate decreases
exponentially with radius increase and this behavior is observed for
all experimental settings. Figure 11(b) shows etch rates with
varying flow rate, and as was the case for Langmuir probe and
radical probes, no changes are noticed. The highest etch rate of
226 nm/min being for the 50 SLM case. Figure 11(c) shows the
relationship of etch rate with pressure. The highest etch rate for all
test cases is 274 nm/min at 0.25 T for r = 0 cm. As the pressure and
radius increases, the etch rate decreases for each pressure range.

Figure 11(d) shows etch rate with respect to collector surface
temperature. Note that material migration through Sn being turned
into SnH4 and then redepositing is not expected to be a major
problem on clean surfaces as long as temperatures are below
40 °C.20 As previously explained in the surface temperature kinetic
etch model,21 the hotter the collector surface the smaller the etch
rate is. While keeping pressure, power, and flow rate constant,
the difference between the lowest and hottest temperatures is
40 nm/min. The etch rate difference is maintained for the first four
samples and the last two do not show any change as it is the behav-
ior for all cases when the etch rates take place further away from

FIG. 4. Circuit schematics of compensated Langmuir Probe.
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the antenna. Figure 12 shows the tin etch rate measurements using
one semi-circular SWP antenna and a perimeter arc antenna with
varying pressure. While the visible SWP did not cover the entire
surface area between the cone and perimeter of the collector, there
was significant etching all the way across. Cone and perimeter
antennas were set at 100W and the etch rate displays a convex
shape behavior, going from a high etch rate near the cone, decreas-
ing in the middle, and then going up near the collector perimeter.
From previous experience, it is known that higher power yields
higher etch rates and no changes are observed with varying flow
rate.21 Therefore, only cases with varying pressure are considered.
Similar to results of Panici et al.,22 at lower pressure regimes, the

etch rate is higher since plasma surface coverage increases;
however, it not sufficient to cover the entire collector with visible
plasma. Etch rates of around 200 nm/min are observed for both
ends of the collector when pressure is 1.5 Torr and the etch rate in
the middle sample is increased such that even at 1.5 Torr, the etch
rate is around 40 nm/min. Thus, a sufficient etch rate can be
achieved over the entire collector.

IV. MODELING OF SURFACE WAVE PLASMA

A COMSOL model was built to validate the experimental find-
ings of the surface wave plasma with respect to electron density,

FIG. 5. Operating annular SWP source in the NXE3100 chamber at Illinois on a “Coupon” collector at power 100 W per launcher and a hydrogen flow rate of 20 SLM. (a)
Dual SWP antenna embedded in the cone operating at 1.3 Torr. (b) Dual SWP antenna embedded in the cone operating at 1.5 Torr. (c) Single semi-circular cone antenna
and a single perimeter arc antenna operating at 1.3 Torr. (d) Single semi-circular cone antenna and a single perimeter arc antenna operating at 1.5 Torr. Note that the
plasma extends all the way around the cone in cases (a) and (b). Also note that the higher pressure cases show just slightly less plasma coverage.
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electron temperature, and hydrogen radical density. Utilizing the
geometry builder in COMSOL, a cross-sectional view is built, see
Fig. 13(a), where the grounded collector is located on the bottom
part of the picture shown with the same gray color as the upside
L-shaped grounded aluminum casing. Aluminum is chosen as the
material for the collector extending for half the distance of the col-
lector. The antenna ring is the small brown circle encompassed by
the macor rings shown in white and the blue colored area is the
domain for which the model is solved. The inner conductor is the
1/8-in. copper ring similar to the actual antenna. The domain is

meshed using triangular elements with more emphasis along the
boundary conditions, see Fig. 13(b). Minimum element size for the
mesh is 5 × 10−7 m and the maximum element is 0.05 m.
PARADISO direct solver is used to run the simulation. COMSOL
was used since it allows user defined functions and has been used
extensively in our previous work.

In terms of physics, the electron density is calculated by
solving coupled drift-diffusion equations where mass and energy
transport are separated into electrons and non-electron particles.
Due to their smaller mass, electrons respond faster to the incoming

FIG. 6. Antenna configurations for SWP sources: (a) two semi-circular cone antennas and (b) one semi-circular cone antennas with one perimeter arc antenna. These are
the schematics for the plasma shown in Fig. 5.

FIG. 7. Langmuir probe measurements of electron temperature and ion density
with varying power at 1.5 Torr of hydrogen and a 20 SLM flow rate.

FIG. 8. Langmuir probe measurements of electron temperature and ion density
with varying hydrogen flow rate at 100 W and 1.5 Torr of hydrogen.
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RF waves whereas ions respond only to bulk electric field which is
determined by the plasma space charge,23

@

@t
ne þ ∇ � [�ne(μe � E)� De � ∇ne] ¼ Re, (1)

@

@t
nε þ ∇ � [�nε(με � E)� Dε � ∇nε]þ E � Γε ¼ Rε, (2)

De ¼ μeTe, με ¼
5
3
μe, Dε ¼ μεTε, (3)

ρ
@wi

@t
þ ρ(u � ∇)wi ¼ ∇ � ji þ Ri, (4)

σ ¼ neq2

me(νm þ jω)
, (5)

where Re is the electron source, Re is the energy loss due to inelastic
collision, “e” represents the electron transport equation, and “ε”
represents the electron energy. μ is the electron mobility/energy
mobility, Γ is the electron flux, and D is the electron diffusivity/
energy diffusivity. Equation (3) shows that electron mobility can be
used to calculate electron diffusivity, energy mobility, and energy
diffusivity. In this model, plasma is assumed to be collisional and
gas is weakly ionized for a given pressure of 1 Torr of hydrogen.
Ionization fraction is less than 1% since maximum plasma density
is around 1018/m−3 and total gas density is on the order of
1022/m−3. In terms of non-electron species, Eq. (4) is used to solve
for mass fraction of each individual species i, where u is the fluid
vector, ji is the diffusive flux vector, Ri is the rate term, and wi is
the mass fraction. The plasma physics is closely related to the EM
since surface wave plasmas are basically described by EM
theory.24,25 Maxwell equations26–28 are used to describe the plasma
module and plasma conductivity is given by Eq. (5), where σ is the

FIG. 9. Langmuir probe measurements of electron temperature and ion density
with varying pressure at a power of 100 W and flow rate of 20 SLM.

FIG. 10. Hydrogen radical density with varying (a) power, (b) flow rate, and (c)
pressure.
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plasma conductivity, me is the electron mass, q is the electron charge,
and νm is the momentum transfer of background hydrogen and elec-
trons. The aluminum ground casing, collector, and the ring are set as
perfect conductors. An input power of 100W and the 650MHz fre-
quency are fed in the ring and the RF wave propagates in a TEM
mode in a circular direction since the domain is a cross-sectional
view of the cylindrically symmetric 3D system. The electrostatic field
is solved via Eq. (6) and space charge density ρ is computed from
the plasma chemistry in the model which is this case is taken from
Table I. In addition, surface reactions are shown in Table II,

�∇ � ε0εr∇V ¼ ρ: (6)

The Local Field Approximation (LFA) helps to solve for ion
temperature, which otherwise would have been determined from
the gas temperature. Piskin et al.37 shows LFA assumes local
velocity distribution of species is balanced with local electric
field such that quantities such as ion temperature or mobility
can be written with respect to a reduced electric field Er as
shown in Eq. (7), and ion temperature can be solved by imple-
menting LFA, see Eq. (8),

FIG. 11. Tin etch rate measurements of two semi-circular SWP sources embedded in the cone with varying (a) power, (b) flow rate, (c) pressure, and (d) surface
temperature.

FIG. 12. Tin etch rate measurements of one semi-circular SWP sources in the
cone and a perimeter arc antenna with varying pressure. Note that the entire
surface of the collector can be etched at a rate of at least 40 nm/min.
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μr
1

V � s � cm
� �

¼ 4:411 � 1019
e{0:33ln[1þe1:5ln(7:721� 10�3Er )]}

, (7)

Ti ¼ T þ Mi þMn

5Mi þ 3Mn

� �
Mn

kb
(μe � E) � (μe � E): (8)

Here, Mi is the ion mass, Mn is the mean mass of plasma, kb is
the Boltzmann constant, and T is the gas temperature. Equation (8)
can be used when the reduced electric field is greater than 1000 Td,
in which case it will have a different temperature value compared
to the background gas temperature.

Next, laminar flow is added to the model by using computa-
tional fluid dynamic module in COMSOL. In the model, Navier–
Stokes equations were used to solve single fluid flow for pressure

and velocity profiles in the chamber domain. It is assumed that the
flow is laminar because Reynolds number is small for small veloci-
ties, less than 7 μm/s and fluid is assumed to be incompressible for
such small velocities as well,

∇ρ � u ¼ 0, (9)

ρ
@

@t
uþ ρ(u � ∇)u ¼ ∇ � [�pI þ μ(∇uþ (∇u)T)]þ F: (10)

Equations (9) and (10) are Navier–Stokes equations of conti-
nuity and momentum, respectively, where F is the volume force
vector and μ is the fluid viscosity. Mass conservation necessitates
an inlet and outlet ports in the domain. The right and upper

FIG. 13. (a) Cross-sectional view of the simulation domain for semi-annular surface wave antenna. The domain has a size of 15 × 7.5 cm2. (b) COMSOL free triangular
generated mesh for semi-annular antenna.

TABLE I. Reaction rates of hydrogen plasma used in modeling setup and reaction rate constants are determined cross-sectional values and electron temperature.

Hydrogen reactions Rate coefficients (cm3s−1) Reference

Hþ e ! Hþþ2e (1) k1 ¼ 6:5023� 10�9 � T0:489 31
e � e�12:893 65/Te 29

H2 þ e ! HþþHþ 2e (2) k2 ¼ 2:9962� 10�8 � T0:444 56
e � e�37:728 36/Te 30

Hþ
2 þe ! HþþHþ e (3) k3 ¼ 1:0702� 10�7 � T0:048 76

e � e�9:690 28/Te 30 and 31
Hþ

2 þe ! HþþHþþ2e (4) k4 ¼ 2:1202� 10�9 � T0:313 94
e � e�23:298 85/Te 32 and 33

Hþ
2 þH ! H2 þHþ (5) k5 = 9.0 × 10−10 32 and 33

H2 þHþ ! Hþ
2 þH (6) k6 = 1.19 × 10−22 32 and 33

H2 þ e ! Hþ
2 þ2e (7) k7 ¼ 3:1228� 10�8 � T0:171 56

e � e�20:077 34/Te 32 and 33
Hþ

3 þe ! Hþ
2 þHþ e (8) k8 ¼ 4:8462� 10�7 � T�0:049 75

e � e�19:165 65/Te 32 and 33
Hþ

2 þe ! HþþHþ e (9) k9 ¼ 1:88� 10�13 � T�0:39
e � e�28:82/Te 32 and 33

Hþ
2 þH2 ! Hþ

3 þH (10) k10 = 2.6 × 10−9 29, 34, and 35
Hþ

3 þe ! 3H (11) k11 ¼ 2:19� 10�15 � T0:8
e 30 and 29

Hþ
3 þe ! H2 þH (12) k12 ¼ 7:3� 10�16 � T0:8

e 32, 33, and 30
H2 þ e ! 2Hþ e (13) k13 ¼ 1:7527� 10�7 � T�1:236 68

e � e�12:592 43/Te 32, 33, and 30
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surfaces of the hydrogen domain, see blue area in Figs. 5 and 7, are
set as inlet ports and the outlet port is the left surface of the hydro-
gen domain with the condition that the pressure is 1.5 Torr. Next,
temperature is a factor that must be taken into account in the
process of building the model and for this a heat transfer module is
coupled in order to solve for the conservation of energy in all
domains by utilizing conduction, convection, and radiation as the
main heat transfer mechanics,

ρCp
@

@t
T þ ρCpu � ∇Tþ ∇ � [�k∇T] ¼ Q: (11)

Equation (11), when coupled with flow velocity determines
the temperature in each domain. Here, Cp is the pressure dependent
heat capacity, k is the thermal conductivity, ρ is the density of a
given material domain, and T is the temperature. Q is the total heat
source in the model which is generated from plasma heating, elec-
tromagnetic heating, and heating from rate reactions. For the solid
domains, which represent the entire system besides hydrogen
domain, the second term ρCpu � ∇T goes to zero because there is
no flow. An open boundary condition is set at top and right sur-
faces, also those surfaces are set to be as scattering boundary condi-
tions because the modeled domain is smaller than the entire
chamber. An initial temperature is set at 293 K, and a temperature
profile is generated at the end of the simulation. Also, a heat source
is considered at the interface of hydrogen and solid domains where
ions bombard and heat the solid surface as result of plasma–surface
interactions.

The first validation test of the simulation is related to the
behavior of surface wave plasma. Initially, the log of the electric
field (V/m) radiates volumetrically as a conventional antenna until
the critical density is achieved, and then the plasma is collapsed
within the sheath behaving as evanescent EM waves. Figure 14(a)

TABLE II. Hydrogen surface reactions considered in the simulation.

Surface reactions
Cross-sectional/rate
coefficient reference

Hþþsurface ! H (1) 29
Hþ

2 þsurface ! H2 (2) 29
Hþ

2 þsurface ! HþH2 (3) 30
2Hþ surface ! H2 (4) 36

FIG. 14. (a) The log of the electric field (V/m) at t = 10−8 s. (b) The log of the electric field (V/m) at critical density at t = 4.7 × 10−7 s. (c) Behavior of the log of the electric
field (V/m) once it collapses to evanescent waves at t = 4.641 × 10−7 s. (d) Behavior of the log of the electric field (V/m) in surface wave plasma mode simulation where
the electric field is contained in the plasma sheath of the surface wave plasma at t = 10−5 s.

Journal of
Applied Physics ARTICLE scitation.org/journal/jap

J. Appl. Phys. 132, 113302 (2022); doi: 10.1063/5.0094375 132, 113302-11

Published under an exclusive license by AIP Publishing

https://aip.scitation.org/journal/jap


shows the initial formation of the electric field from the antenna,
and the highest electric field radiates from the antenna at the
center of the alumina ring which acts as a coaxial cable. Next, at
around 1 μs, critical density is reached at which the maximum vol-
umetric field is achieved at the given frequency before it collapses,
see Fig. 14(b). Figure 14(c) shows the behavior of the electric field
in the process of collapsing in order to be confined by the plasma
sheath. Finally, Fig. 14(d) shows the electric field in the surface
wave plasma mode as it propagates along the surface.

The electric field simulation indicates clearly that surface
wave plasma is generated in the hydrogen domain. Next, the elec-
tron temperature is shown at the moment when the critical
density is reached, see Fig. 15(a). Figure 15(b) shows the behavior
of the electron density during the surface wave plasma
mode. Electron temperatures vary from 1 to 4 eV, with the higher
values being along the surface since electron with higher energy
are generated in between the critical density contour and the wall.
This is also the region where the electric field is at the highest
peak.

FIG. 15. (a) Simulation of electron temperature at the formation of critical density at t = 4.7 × 10−7 s. (b) Electron temperature of the semi-annular antenna in the surface
wave plasma mode with peak temperature of 6.19 eV along the surface at t = 10−5 s.

FIG. 16. The induced magnetic field at the end of simulation.

FIG. 17. (a) The behavior of the electron density simulation at the critical
density at t = 4.7 × 10−7 s. (b) The peak electron density is along the wall sur-
faces at the end of the simulation in the surface wave plasma mode at
t = 10−5 s.
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Another important factor in the simulation process is the induced
magnetic field generated by the incoming microwave. Magnetic
field is indicated by Maxwell’s equations, see Eqs. (2.11)–(2.14),
and this induced magnetic field modifies the mobility tensor for
the electrons and ions in the plasma which allows for peaks of the
electron temperature.38 Figure 16 shows the induced magnetic
field at the end of simulation. Magnetic field is stronger closer to
the antenna and since it modifies the tensor of the electron mobility,
such behavior is expected.

Thee simulation of electron density of the surface wave plasma
is shown in Fig. 17(b). The peak electron density is along the sur-
faces of the wall and the antenna since the density must be the
highest at the skin depth of the incident wave where the power is
deposited. The maximum density value is around 6 × 1017 m−3,
which agree very well with measured density via Langmuir probe.

FIG. 18. Radical density distribution in the semi-circular antenna simulation.

FIG. 19. COMSOL simulations and Langmuir probe measurements comparison plotted against antenna distance. (a) Electron density, (b) electron temperature, and (c)
hydrogen radical density.
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Figure 17(a) shows the simulation behavior at the critical density
before the plasma collapses.

Finally, hydrogen radical density, see Fig. 18, is simulated
which shows the peak around the area of the antenna and
expanding alone the surfaces. This occurs because neutral mole-
cules are split in order to generate radicals in the bulk plasma.
Radicals also stick on the wall surfaces covered with tin in order
to etch the tin. The peak radical density is around 5 × 1019 m−3

which corresponds with the measured values via radical probes.
The results of COMSOL simulation seem to be in good agreement
with the measured values for electron temperature and electron
density. The behavior of the electric field indicates accuracy of the
model since in the beginning the field has a volumetric distribu-
tion until the critical density is reached, after which the electric
field collapses and it is confined in the sheath. Finally, compari-
son plots of electron density, electron temperature, and hydrogen
radical density are shown in Fig. 19. Electron density and temper-
ature are plotted for only first data points since the plasma model
did not extend further. Model values overlay very well with exper-
imental values, but it is worth to note that at r = 0 cm, the model
values are lower for all three graphs, however, still within the
error bars. The model of the hydrogen radical density also
extends for only the first four points. This comparison between
measured and modeled values indicates great credibility to the
COMSOL model and it can serve as an important tool for future
experimental design for surface wave plasmas in order to mini-
mize use of resources.

V. SUMMARY AND CONCLUSIONS

EUV lithography technology is projected to take chip manu-
facturing below 7 nm node. One of fundamental issues of EUV
lithography tools is the availability of the machine. Availability
depends on a few parameters, such as mask contamination, compu-
tational lithography, resists, and collector contamination. This
study focused on solving the problem of tin contamination. SWP
technology is an in situ method in which etching occurs simultane-
ously while the machine is operating. The advantage of this
method is the ability to generate hydrogen radicals and ions at the
desired etching surface as well as high etch rates which surpass the
contamination rate by a factor of 20. The objective of this study
was to determine the feasibility of surface wave plasma technology
in real EUV source conditions and characterize plasma parameters,
such as the role the ions and radicals exhibit in the etching process.

The first experiment was to have two semi-circular antennas
with two individual power feedthroughs. Each antenna is capable
of running at 100W maximum power and plasma covers the entire
cone area, generating 360° of surface wave plasma. This antenna
configuration underwent the most tests with varying pressure,
power, flow rate, and surface temperature. Tin etch rate went from
48 nm/min at 25W up to 270 nm/min at 100W at the sample
closest to the antenna. Again, flow rate was not a significant factor
when going from 5 to 70 SLM, however, the general trend of etch
rates dropping further away from the plasma is observed. In the
case of varying pressure, the highest etch rate is at 0.25 Torr and
the lowest at 1.5 Torr. At the lower pressure regimes, the slope of
etch rate drop is smaller since there is more plasma coverage

compared to higher pressure ranges in which the plasma shrinks.
In terms of surface temperature, higher etch rates are observed in
lower temperatures and this behavior has been observed in linear
SWP source as well. Surface temperature is not a factor in the
plasma characterization in terms of ion and radical density. In the
final set of tests, an additional arch antenna is installed in the outer
perimeter of the collector. The goal was to create SWP in both ends
of the collector and cover the entire surface between the antennas.
While a bright visible plasma did not bridge between two sources
due to low power input, etch rates were similar at both antennas
giving a convex shape to the etching profiles. The etch rate in the
middle of the collector was higher compared to the case when only
cone antennas were present obtaining at least 40 nm/min at all
locations. This is about 20 times greater than the expected deposi-
tion rate. If the power per source could be raised, the cleaning effi-
ciency would be increased even further. This work shows that an
EUV collector can be kept free from tin contamination by attaching
a total of eight SWP sources (two to the inner cone and six to the
outer perimeter). Adoption of this technique could in principle
extend the collector lifetime indefinitely and, therefore, maintain
high mirror reflectivity and increase EUV tool availability.
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