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Abstract. Extreme ultraviolet (EUV) lithography sources expel Sn debris. This debris deposits on the collector
optic used to focus the EUV light, lowering its reflectivity and EUV throughput to the wafer. Consequently, the
collector must be cleaned, causing source downtime. To solve this, a hydrogen plasma source was developed to
clean the collector in situ by using the collector as an antenna to create a hydrogen plasma and create H radicals,
which etch Sn as SnH4 . This technique has been shown to remove Sn from a 300-mm-diameter stainless steel
dummy collector. The H radical density is of key importance in Sn etching. The effects of power, pressure, and
flow on radical density are explored. A catalytic probe has been used to measure radical density, and a zerodimensional model is used to provide the fundamental science behind radical creation and predict radical
densities. Model predictions and experimental measurements are in good agreement. The trends observed in
radical density, contrasted with measured Sn removal rates, show that radical density is not the limiting factor in
this etching system; other factors, such as SnH4 redeposition and energetic ion bombardment, must be more
fully understood in order to predict removal rates. © 2017 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.
JMM.16.2.023501]
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1 Introduction
For decades, the semiconductor industry has doubled the
number of transistors per area on integrated circuits every
two years. This phenomenon is known as Moore’s law.1
As part of the facilitation of Moore’s law, the semiconductor
industry typically shrank the wavelength of light used to pattern photoresist in lithography. However, since 2001, this
wavelength has stagnated at 193 nm,2 while the minimum
feature size in high-volume manufacturing (HVM) is, at
present, 14 nm.3 The ability to create features far below the
lithographic wavelength has been made possible through
techniques such as immersion lithography and multiple
patterning. However, with every feature shrink, multiple
patterning becomes more time-consuming and expensive.
Thus, it is desirable to finally shrink the wavelength of
light used in lithography.
The most promising candidate for next-generation lithography is 13.5-nm extreme ultraviolet (EUV) lithography,
which has been the subject of much research. EUV sources
have been demonstrated to successfully pattern wafers;
however, they cannot yet do so quickly enough and reliably
enough to be economically viable for HVM. Two key parameters that must be increased are the source power and tool
availability. While a great deal of progress has recently been
reported with regards to these and other parameters, EUV
lithography is still not yet at target levels for HVM insertion.
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Additionally, even once industrial adoption of EUV has
taken place, source power will need to be continually
increased as the minimum feature size is reduced even
further.4
In contrast to conventional lithography, which focuses
laser light with transparent lenses, EUV lithography produces light with a dense, energetic Sn plasma (T e ∼ 20 eV,
ne ∼ 1019 cm−3 ) and focuses it with synthetic Bragg
reflectors known as multilayer mirrors (MLMs).5–7 The
mirrors consist of alternating bilayers of Mo/Si, each
∼6.9-nm-thick, covered with a protective “capping” layer
a few nanometers in thickness.8,9 The first MLM, known
as the collector optic, is exposed directly to the EUV-producing plasma; it must collect the EUV light and send it to the
rest of the optical chain. One of the many factors negatively
impacting both EUV power and source availability is collector contamination with Sn.10 Since the collector is exposed
to the Sn plasma, source operation causes Sn to deposit on
the collector, reducing its EUV reflectivity. This, in turn,
results in lower EUV power at the wafer, necessitating longer
exposure times to provide the necessary exposure dose.
Eventually, the collector must be either cleaned or replaced,
causing source downtime.
An ideal technique for cleaning the collector would do so
in situ, obviating the need for venting. Optimally, this technique would also create etching species at the collector surface without any sort of delivery system, maximizing the use
of the etchants and allowing for the potential of continued
EUV source operation even during collector cleaning. Such
a cleaning technique has been developed at the Center
1932-5150/2017/$25.00 © 2017 SPIE
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Fig. 1 XCEED is shown with the collector installed. For etching
experiments, the chamber (on the cart at left) was attached to the
former EUV source (at right). The collector was driven with 300-W
13.56-MHz RF power through an electrical feedthrough, which
allowed for electrical connection to the electrically isolated dummy
collector.

for Plasma–Material Interactions (CPMI) of the University
of Illinois. This technique, detailed in a separate paper,11
uses the collector itself as a hydrogen plasma source. By
attaching an RF supply to the collector, a capacitively
coupled hydrogen plasma can be created, creating radicals
near the collector surface. These radicals etch Sn by forming
gaseous SnH4 according to
SnðsÞ þ 4HðgÞ → SnH4 ðgÞ:

EQ-TARGET;temp:intralink-;e001;63;453

(1)

This technique has been demonstrated at CPMI. A 300mm-diameter stainless steel dummy collector has been fully
cleaned with removal rates of ∼1 nm∕ min, and EUV reflectivity has been restored to Sn-coated MLM samples on the
dummy collector surface.11
Previously published work has focused on successful
experimental demonstration of the cleaning technique at
65 mTorr and 500 sccm of H2 .11 However, adoption in a
real EUV source will require scaling up to higher pressures
and flowrates. In order to understand how best to maximize
the removal rate, the fundamental processes underlying
Sn removal must be understood. One of those processes is
hydrogen radical creation. This paper will focus on the
science of radical creation in this plasma source. A zerodimensional (0-D) plasma chemistry model has been developed to predict radical densities. This model will be shown to
be in good agreement with results from a catalytic radical
probe, validating the data measured by the probe. Trends in
radical densities will be explored as a function of power,
pressure, and flow. When compared to measured Sn removal
rates, these trends will make clear that radical creation is not
the limiting factor governing Sn removal in this plasma
source. The results of this paper will show that, in order
to maximize Sn removal, the effects of other factors such
as SnH4 redeposition and energetic ion bombardment will
need to be understood.
2 Experimental Setup
Plasma experiments were performed in the xtreme commercial EUV exposure diagnostic (XCEED) chamber. XCEED is
attached to an XTS 13-35 Xe-fueled z-pinch EUV source
and was originally used to diagnose the source output.12,13
J. Micro/Nanolith. MEMS MOEMS

Fig. 2 (a) The collector is installed with electrically isolating Teflon
clamps. (b) The collector driving a hydrogen plasma, with the collector
itself acting as the antenna.

However, for this paper, XCEED was repurposed to hold
a 300-mm-diameter stainless steel dummy collector, which
was used to drive a capacitively coupled H2 plasma. The collector was isolated from chamber ground and was supplied
with 300-W of 13.56-MHz power. XCEED, the collector,
and a circuit diagram are shown in Figs. 1–3. Further information about the source setup is provided in Ref. 11.
Two in situ plasma diagnostics were used in obtaining
the data presented in this paper. A single RF-compensated
Langmuir probe is used to measure electron density (ne )
and electron temperature (T e ). These measurements were
used as inputs to the plasma chemistry model. Theory and
operation of the Langmuir probe are described in Ref. 14.
A catalytic probe was used to measure the radical density.
The catalytic probe consists of a thermocouple welded
onto a small piece of Au, which has a recombination coefficient of 0.18 for H radicals.15 Recombination reactions on
the surface yield heat; eventually, a steady state is reached
where heating equals cooling. At this point, the plasma is
turned off, and the recombination heat is removed. The cooling rate at this point is assumed to equal the radical heating
rate, and power delivered by radicals is equated to the power
due to the temperature change in time

Fig. 3 A circuit diagram of the plasma source setup is shown.
The collector is isolated inside XCEED and is attached to a 300-W
13.56-MHz RF supply. A matching network serves to minimize
reflected power.
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Fig. 4 The Langmuir probe and catalytic radical probe are placed
very close together, effectively measuring conditions at the same
point. Both are suspended from a transfer arm, which can translate
the probes in the axial (z) direction.

1
n v
dT
;
P ¼ Wγ H th Aprobe ¼ mcp
2
dt
4

EQ-TARGET;temp:intralink-;e002;63;586

(2)

where W is the energy yield per recombination, γ is the
recombination coefficient, vth is the thermal velocity of
H radicals, Aprobe is the probe area, m is the mass of the
probe, cp is the specific heat of the probe material, and
dT∕dt is the rate of change in probe temperature immediately
after plasma shutoff. The only unknown is the radical density
nH which can then be calculated. It should be noted that this
method does not take heating by hot ions and neutrals into
account. More details about the probe can be found in
Refs. 16–18.
Both probes were positioned in front of the collector
approximately halfway between the inner and outer radii
and were attached to a transfer arm which allowed translation
in the axial direction (z-direction), as diagrammed in Fig. 4.
For Sn removal experiments, the dummy collector, along
with Si witness plates, was coated with Sn in a magnetron
deposition system. Exposure to the H2 plasma in XCEED
was then carried out for 2 h, and the remaining thickness
of Sn was measured by a profilometer, yielding Sn removal
rates. These experiments were carried out similarly to those
detailed in Ref. 11; the only difference was the variation of
pressure and flow.
3 Zero-Dimensional Plasma Chemistry Model
3.1 Model Setup
To validate the radical probe and understand the science
behind radical creation, a simple model was developed.
Plasma chemistry modeling is often used to predict densities
of species in plasmas. However, a full two-dimensional
plasma chemistry model involves (at the least) solving
coupled mass continuity equations for every species;
momentum balance equations and an electron energy equation are often involved, as well. This kind of modeling is
computationally intensive; performing it in a system such as
XCEED, in which the pumps do not lie in the same plane as
the source, would require even more-intensive 3-D modeling.
Such an approach is beyond the scope of a simple model.
A common alternative to provide density predictions with
less computational burden is to use a “0-D” model, in which
rate equations are solved for plasma species within a given
domain. Volumetric reactions provide gains and losses in species density, as do surface boundary conditions, as shown in
J. Micro/Nanolith. MEMS MOEMS

Fig. 5 The domain for the model is shown. Inside the domain, the
plasma is assumed uniform. The collector is approximated as a flat
surface, and the electron density and electron temperature were measured with the Langmuir probe. The plasma was observed to vary
much more sharply in the axial direction than the radial direction, and
it was assumed to be uniform in regards to rotation about the center of
the collector. Thus, as it was assumed that no net flux occurred across
faces of the domain except those in the axial direction (as shown by
the arrows in the zoomed-in picture). The method of determining the
domain length L, as well as the axial fluxes, is described.

EQ-TARGET;temp:intralink-;e003;326;552

dn
¼ ðgain from reactionsÞ − ðloss from reactionsÞ
dt
X Aboundary
−
Γboundary ;
V
boundary

(3)

where n is the density of the particular species, V is the
domain volume, A is the boundary area, and Γboundary is the
flux of particles out of the domain across a particular boundary
(in the case of an influx, this term is negative).
However, 0-D models require various assumptions. Often,
densities are taken to be uniform in the entire chamber.19 In
yet another type of 0-D model, some densities are assigned
certain nonuniform profiles (e.g., the ion densities are
assigned parabolic profiles), but the electron density is
still left uniform.20 Additionally, in this latter method,
only volume-averaged densities are calculated. Meanwhile,
in order to calculate the boundary fluxes, simple chamber
geometries must generally be used.20–22
XCEED does not easily fit these approaches. The plasma
is very localized at the collector surface, and the chamber is
very large; no charged species density, including the electron
density, can be approximated as uniform throughout the
chamber. Additionally, the geometry does not easily conform
to common simple designs. Neither the diameter nor the
length of XCEED is significantly larger than the other, the
collector (and, thus, the plasma created on its surface) does
not extend all the way to the walls of the chamber, and there
is a hole in the center of the collector. Thus, constructing
a 0-D model that would actively predict radical densities at
the surface would prove difficult if the model was applied to
the entire chamber. However, uniformity can be approximated
for small dimensions, and requirements for a 0-D model
should be met if the model is constrained to a small domain.
Thus, a small box in front of the collector was chosen as
the domain. In this box, the plasma is assumed uniform. The
collector is approximated as a flat surface. The electron density and temperature within the box were determined by
Langmuir probe measurements. A diagram of the domain
is shown in Fig. 5. Arrows indicate net fluxes to/from the
plasma across surfaces; equal opposing arrows indicate no
net flux. This will be explained below.
It was necessary to consider boundary conditions and
the uniformity approximation when choosing the size of

023501-3

Apr–Jun 2017

•

Vol. 16(2)

Downloaded From: https://www.spiedigitallibrary.org/journals/Journal-of-Micro/Nanolithography,-MEMS,-and-MOEMS on 6/13/2018 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

Elg et al.: Modeling and measurement of hydrogen radical densities of in situ plasma-based. . .

the domain. Much stronger variation was observed in the
z-direction than the r-direction, and the plasma was assumed
to be uniform with regards to rotation about the center of the
collector. Thus, it was assumed that approximately no net
diffusion occurred across the walls of the domain in the
nonaxial directions. The only surface losses (or gains) were
assumed to occur at the collector surface and through the
opposing surface. Since the net fluxes across the other surfaces were thus set to 0, this approximation also simplified
the choice of domain size by allowing the nonaxial dimensions to be arbitrary. The size of the domain only enters the
A
Γboundary
model through area-to-volume ratios in the boundary
V
terms of Eq. (3). Since the only nonzero terms will be from
the collector surface and the opposing face, the area-tovolume ratio in all nonzero terms will simply be 1∕L,
where L is the axial length of the domain.
L was determined by considering a measured axial
electron density profile with 1-cm increments. In order to
decouple the domain from other cells, it was necessary to
determine an effective “cutoff length” such that the plasma
density at smaller lengths could be approximated as uniform
and the electron density at larger lengths could be approximated as 0. To take a real, nondigital profile and approximate
it with an “on” region and an “off” region, the length was
chosen to be the point at which the slope of the density
was steepest, signaling a sharp change from high density to
low density. According to this procedure, L was set to 9 cm
for the 65-mTorr simulations, 6 cm for the 97.5-mTorr
simulations, and 5 cm for the 130-mTorr simulations.
3.2 Volumetric Reactions
With the assumptions set, a 0-D model was implemented by
solving reaction rate equations inside the domain to predict
densities of hydrogen radicals and ions. Each reaction occurs
with a different rate constant k, which is dependent on T e .
The values of k can be found in the literature either directly
or by integrating known cross sections over the electron
energy distribution (assumed here to be Maxwellian, with
T e measured by the Langmuir probe). The reactions considered, along with the sources used for the rate constants, are as
follows (Table 1).
These reactions produced gains and losses inside the
domain, to be plugged into rate equations of the form of
Eq. (3). While this is not an exhaustive set of all possible
reactions in a hydrogen plasma, this set was chosen as the
most relevant because of comparatively high reaction rate
constants within the experimental parameter space. It should
be noted that reactions R4, R5, and R8 use different reaction
rates for production of H radicals at different excitation levels. Excitation states were not tracked in this model; therefore, it was implicitly assumed that excited products undergo
relaxation before undergoing more collisions. However,
it was necessary to consider the rates in reactions R4, R5,
and R8 to accurately model the total H atom creation rate.
3.3 Surface Gains and Losses
At this point, only the surface loss and gain terms were left to
consider. Due to the assumptions discussed earlier, the only
surface loss considered is loss of particles to the collector and
through the face opposite of the collector, beyond which the
electron density is assumed to be 0. At the collector, radicals
J. Micro/Nanolith. MEMS MOEMS

Table 1 Volumetric reactions considered in the 0-D model are
shown, along with references from which the rate constants k were
either calculated directly or derived.

Reaction number

Reaction
k1

(R1)
(R2)

Hþ
2 þ e→2H

(R3)
(R4)
(R5)

H2 þ e→2H þ e

(R6)

H þ e→Hþ þ 2e

26

(R7)

þ
Hþ
3 þ e→2H þ H þ e

k7

26

(R8)

H2 þ e→2H þ e

k8

25,27,28

þ

H2 →Hþ
3

Source

Hþ
2

þH

23

k2

24

Hþ
3 þ e→H2 þ H

k3

24

H2 þ e→2H þ e

k4

25

k5

25

k6

will be lost to the wall via recombination, which will occur
with a probability γ
2H þ Wall → H2 :

(4)

EQ-TARGET;temp:intralink-;e004;326;486

The value of γ was chosen to be 0.07, in agreement
with the general range for γ that is cited in the literature.20
Additionally, the radicals reach the surface through isodirectional thermal motion. Thus, the flux of radicals lost to the
collector will be as shown in
1
Γradical loss to collector ¼ γ nH vH :
4

(5)

EQ-TARGET;temp:intralink-;e005;326;400

Ions do not reach the collector by random motion. Rather,
they are accelerated toward the collector by the plasma
sheath and presheath, causing a directed ion flux. Ions are
assumed to be lost with a probability of 1. Thus, the ion
loss flux to the collector is given by
Γion loss to collector ¼ ni vB :

(6)

EQ-TARGET;temp:intralink-;e006;326;304

In this equation, vB is the Bohm velocity, given by
sﬃﬃﬃﬃﬃﬃﬃﬃﬃ
T i qi
vB ¼
;
mi

EQ-TARGET;temp:intralink-;e007;326;262

(7)

where T i is the ion temperature (assumed to be room temperature), qi is the ion charge, and mi is the ion mass.
While ions are lost when they hit the collector, the mechanism of loss can vary. Ions can implant, stick to the surface,
or be reflected. Reflection of Hþ
2 simply produces neutral H2 .
22
However, reflections of Hþ and Hþ
3 occur according to
Hþ þ Wall → H;

(8)

Hþ
3 þ Wall → H þ H2 :

(9)

EQ-TARGET;temp:intralink-;e008;326;144

EQ-TARGET;temp:intralink-;e009;326;112

Equations (8) and (9) represent radical gain mechanisms.
Reflection probabilities were determined by the Monte
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Table 2 Reflection of incident Hþ [Eq. (8)] and Hþ
3 [Eq. (9)] produces
H radicals. Reflection coefficients, determined by SRIM, are shown at
different pressures.

Pressure (mTorr)

Eq. (8)

Eq. (9)

65

0.30

0.34

97.5

0.30

0.35

130

0.31

0.35

EQ-TARGET;temp:intralink-;e013;326;697

Carlo code known as the stopping and range of ions in matter
(SRIM).29 Ion energies were assumed to be the difference
between the plasma potential and the average collector voltage, as measured by a high-voltage probe. At 65-mTorr, the
energy was 350 eV. At 325 mTorr, the energy was 150 eV.
For pressures between those two values, the energy was
assumed to vary linearly with pressure. For the dissociative
reflection of Hþ
3 , the reflection coefficient was determined to
be the coefficient of an incident Hþ ion with 1/3 of the
energy. Reflection coefficients for Eqs. (8) and (9) are
shown in Table 2 for the different pressures used in the 0D model.
Reflection causes positive radical fluxes into the domain
according to
Γradical gain due to Eq:ð8Þ

A
¼ RHþ nHþ vHþ ;Bohm ;
V

Γradical gain due to Eq:ð9Þ

A
¼ RHþ3 nHþ3 vHþ3 ;Bohm :
V

EQ-TARGET;temp:intralink-;e010;63;458

EQ-TARGET;temp:intralink-;e011;63;418

1
Γion loss across axial boundary ¼ ni vthi :
4

(11)

(12)

Radicals present a somewhat different picture. Once radicals leave the domain through the axial surface, there is only
one volumetric method of radical destruction (R6), but since
the model assumes an electron density of 0 beyond the surface, R6 cannot proceed. This means that radicals can be lost
only to recombination on the walls. The walls are far away
from the domain, and the recombination coefficient is very
small, causing most radicals to be reflected. For the purposes
of this model, it is, therefore, assumed that the radical density
is approximately flat near the domain; thus, approximately
no radicals are lost across the axial surface.
3.4 Final System of Equations
Rate equations of the form of Eq. (3) were then solved
for the densities of radicals, Hþ and Hþ
3 . The density of
Hþ
2 was calculated by assuming quasineutrality, which states
that the sum of the ion densities is equal to the electron
density, which was set as an experimentally determined
J. Micro/Nanolith. MEMS MOEMS

EQ-TARGET;temp:intralink-;e014;326;604

dnH
¼ k1 nH2 nHþ2 þ 2k2 ne nHþ2 þ k3 ne nHþ3 þ 2ðk4 þ k5 ÞnH2 ne
dt
1 nH vH;th
þ 2k7 ne nHþ3 þ 2k8 nH2 ne − k6 nH ne − γ
L 4
1
1
þ RHþ nHþ vHþ ;Bohm þ RHþ3 nHþ3 vHþ3 ;Bohm ;
(13)
L
L
dnHþ
1
1 nHþ vHþ ;th
¼ k6 nH ne þ k7 ne nHþ3 − nHþ vHþ ;Bohm −
;
L
L
dt
4
(14)
dnHþ2

EQ-TARGET;temp:intralink-;e015;326;550

dt
EQ-TARGET;temp:intralink-;e016;326;510

dnHþ3
dt

¼ ne − nHþ − nHþ3 ;

(15)

¼ k1 nH2 nHþ2 − k3 ne nHþ3 − k7 ne nHþ3
−

(10)

Fluxes across the surface opposite the collector must also
be considered. According to the approximation that there is
no plasma beyond that surface, no ions can diffuse from the
far side of the surface into the domain. Thus, the surface simply sees an ion loss flux. Since the surface is not a physical
wall, there is no sheath, and the ions simply travel isodirectionally at the thermal velocity, as shown in
EQ-TARGET;temp:intralink-;e012;63;304

constant based on Langmuir probe measurements. Since
the predominant species, by far, is neutral H2 , the density
of neutral H2 was assumed to be a constant dictated
by the gas pressure. The final system of equations is shown
in

1
1 nHþ3 vHþ3 ;th
nHþ3 vHþ3 ;Bohm −
:
L
L
4

(16)

These equations were solved in MATLAB by running
ode15s until convergence at steady state.

3.5 Model Calibration and Error
At 65 mTorr and 300 W, simultaneously solving Eqs. (13)–
(16) yielded the following values for the four dependent variables: nH ¼ 4.21 × 1012 cm−3 , nHþ ¼ 2.50 × 105 cm−3 ,
nH2þ ¼ 1.56 × 108 cm−3 , and nH3þ ¼ 7.96 × 109 cm−3 . At
this point, it is appropriate to comment on the choice of γ ¼
0.07 as the recombination coefficient. Sources in the literature present a wide range of values for γ from 0.01–0.2. To
ensure simulation consistency, only one value from this
range must be chosen; however, due to this large range,
the choice of γ can have a large effect on the simulated
radical density. The value of 0.07 falls in the middle of
this range; additionally, Refs. 30 and 31 cite 0.07 exactly
as the recombination coefficient for H radicals on stainless
steel. Finally, γ ¼ 0.07 yields a very close match between
experimental and model radical densities at this condition
(4.3 × 1012 cm−3  4 × 1011 cm−3 versus 4.21 × 1012 cm−3 ,
respectively). Thus, the choice of γ was informed by and is in
strong agreement with both the literature and experiments.
Once set to 0.07, γ was held constant throughout all
simulations. For the purposes of error analysis, γ will be
assumed to be a set, fixed constant. Model error presented
as error bars on radical density graphs will be due to parameters that are not set but instead are measured variables. Most
error is due to small uncertainties (ranging from 0.25 to
0.5 eV) in T e , since T e enters Eqs. (13)–(16) through an
exponential in the Maxwellian electron energy distribution
used to calculate the reaction rate coefficients.
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4 Results and Discussion
Radical probe experiments were carried out for variations
in power, pressure, and flow. For each experiment, radical
densities were measured with the catalytic probe, while
electron density and electron temperature were measured
with the Langmuir probe; the measured ne and T e values
were then plugged into the model, which calculated predicted radical densities.
The base conditions were 300-W RF power, 65 mTorr,
and 1000 sccm of H2 flow. While a given parameter was
varied, the other parameters were left at their base values,
unless otherwise noted. Additionally, Sn removal rates
were carried out at 325 mTorr at flow rates of 1000 and
3200 sccm. These will be compared to results published
in another paper at 65 mTorr and 500 sccm H2 flow.11
4.1 Power Variation
Power was varied among 100, 200, and 300 W. Power
variation was carried out at two different pressures: 65 and
97.5 mTorr. Experimental and model results at 65 mTorr
are compared in Fig. 6.
As expected, experimental nH is approximately linear
with power. Additionally, extrapolating the trend backward
would yield approximately 0 radicals at 0-W power. These
two facts suggest that the catalytic probe is working as
expected. The proper functioning of the probe, as well as
an understanding of the science behind radical creation,
is confirmed by the agreement between the model output
and experiment data. The agreement at 100 and 300 W is
particularly close given the level of approximation inherent
in a 0-D model.
To further demonstrate the versatility of the model, power
variation experiments were also carried out at 97.5 mTorr
and are presented in Fig. 7. As with power variation at
65 mTorr, the model is in good agreement with the experimental data.

Fig. 6 The predicted and experimental radical densities are shown as
a function of power at 65 mTorr. The experimental data are approximately linear with power, as would be expected. The model predictions are in good agreement with the experimental results.
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Fig. 7 The predicted and experimental radical densities are shown as
a function of power at 97.5 mTorr. As at 65 mTorr, the experimental
data are approximately linear with power, as would be expected.
Agreement with experiments at a higher pressure suggests that
the fundamental science behind radical creation has been captured.

4.2 Pressure Variation
With a constant 300 W of RF power, the pressure was varied
among 65, 97.5, and 130 mTorr. Model results are contrasted
with experimental results in Fig. 8.
Once again, the model agrees well with experiments.
Both model and experimental data show that radical
density increases with pressure. The agreement between
experiment and model shown in Figs. 6–8 confirmed that
the probe is working correctly and is a reliable experimental
diagnostic.
Increasing the pressure above 130 mTorr reveals that the
increase of radical density with pressure is not linear, as
shown in Fig. 9. This is due to the fact that the main source
of radical creation is the dissociation of H2 by electrons.
While nH2 obviously increases with the pressure, ne experiences a decrease. Thus, the increase of nH with pressure is
not linear. At pressures above 130 mTorr, only experimental
results are provided, since increasing the pressure above

Fig. 8 The predicted and experimental radical densities are shown as
a function of pressure at 300 W. When power is varied, the model
results agree well with experimental data when pressure is varied.
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Fig. 9 As pressure increases, radical density generally increases,
though not linearly. This is due to decreases in ne at high pressures.
At 195, 260, and 325 mTorr, all radical probe results were effectively
the same.

130 mTorr caused the Langmuir probe sheath to become collisional, leaving the collisionless regime where the model
inputs of ne and T e can be easily measured with standard
collisionless Langmuir probe theory.
4.3 Flow Variation
At 325 mTorr and 300 W, radical densities were measured
for flow rates of 1000, 1500, 2000, and 3200 sccm (with
3200 sccm being the maximum flow rate possible while
maintaining a pressure of 325 mTorr). However, no measurable variation of radical density was visible with flow
variation, with the density always being equal to the value
presented in Fig. 9 at 325 mTorr (5.2 × 1012 cm−3 
1 × 1012 cm−3 ). This confirmed that, within this range of
flow rates, increases in flow did not cause removal of any
measurable number of radicals. This agreed with an implicit
assumption in the 0-D model, since the model did not
account for any method of affecting the radical density by
means of flow variation. This assumption was validated by
the experiments that showed no change in radical density as
a function of flow.
4.4 Ion Densities
It should also be noted that the model can also predict ion
densities. As an example, ion and radical densities are plotted
against electron temperature at 65 mTorr in Fig. 10. At this
condition (65 mTorr, 300 W), the electron density was
8.12 × 109 cm−3 , and the electron temperature was 1.55 eV.
The ion density results in Fig. 10 show that, at physically
relevant values of T e , virtually all ions are Hþ
3 . This
agrees with other research performed on hydrogen plasma
chemistry23 and helps confirm that the model is operating
as expected.
4.5 Sn Removal Rates
As seen in Sec. 4.4, radical densities rose when the pressure
was increased, though they did not rise linearly. A simple
J. Micro/Nanolith. MEMS MOEMS

Fig. 10 The model can also predict ion densities. Here, an example is
shown at 65 mTorr, 300 W as a function of T e , which was experimentally measured to be 1.55 eV. At this condition, the measured electron
density was 8.12 × 109 cm−3 . Thus, this graph indicates that almost
all ions are Hþ
3 . This is consistent with other hydrogen plasma chemistry models in this pressure region.23

etching model based solely on radical densities would,
therefore, predict an increase in Sn removal rates at higher
pressures.
However, this was not the case. Etching experiments and
etch rate measurements performed in Ref. 11 showed an
average etch rate of ∼1.1 nm∕ min at 65 mTorr, 300 W,
and 500 sccm. In this paper, the same procedure was used in
an attempt to measure removal rates at 325 mTorr, 300 W,
and 1000 sccm. Briefly, witness plates (1 cm2 ) were placed
on the collector, which was coated with a-50 nm Sn film by
magnetron sputtering in a separate chamber. The samples
were masked such that half of each sample was coated with
Sn, while half was not. Deposition thickness was measured
with a quartz crystal monitor. The collector was then moved
into XCEED for etching. Witness plate masks were rotated
for etching, such that an exposed Sn surface was next to an
exposed bare Si surface on each witness plate. Etching was
carried out for 2 h. Afterward, the Sn thickness remaining
was determined using a surface profilometer by measuring
the step height between the exposed Sn and the exposed
Si on the witness plates. More information on this setup
and procedure is provided in Ref. 11.
At 325 mTorr, 300 W, and 1000 sccm, it was difficult to
obtain a consistent and reliable measurement of removal rate
with the profilometer. The step size was below the size of
the error range (20 to 30 nm). The error of the profilometer
is 20 to 30 nm; therefore, the range of error was larger
than the measurement. This places an upper bound of
0.25 nm∕ min on the etch rate. Secondary electron microscopy images of the as-deposited Sn and the plasma-etched
Sn in Fig. 11 do show that the plasma has altered the Sn
structure somewhat, however, cleaning has not completed.
To further explore this effect, an etching experiment was
performed at 325 mTorr using 3200 sccm, the maximum
flow rate that could be handled by the pumping system
at that pressure. However, the removal rate was still not
measurable by the profilometer. This leads, once again, to
an upper bound of 0.25 nm∕ min.
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Fig. 11 (a) The witness plate surface is coated with Sn before etching. (b) After 2 h of etching at 325
mTorr and 1000 sccm of H2 flow, some Sn has been removed, but some is still on the surface. This
indicates an incomplete etch.

When compared to the previous 65 mTorr results of
1.1 nm∕ min,11 it is clear that etching at 325 mTorr occurs
far slower than at 65 mTorr, even though the radical density
does not decrease as the pressure is increased between these
two values. Thus, the radical densities measured in this paper
show that Sn removal is not a function of radical density
alone, and radical density is not the limiting factor within
this parameter space. In order to determine what limits Sn
removal rate, an investigation into other factors must be performed. One potential factor is redeposition. SnH4 is known
to be unstable and dissociate at room temperature upon collision with a wall.32,33 As the pressure is increased, the mean
free path for SnH4 molecules will be decreased, subjecting
them to more frequent collisions and making it more likely
that they will simply be reflected back onto a wall rather than
pumped out. Another potential factor is ion bombardment.
Energetic ions are known to accelerate etching by breaking
surface bonds and allowing etchant species to bond to the
surface atoms.34 Decreases in the ion energy and ion current
to the surface at high pressures could cause decreases in the
removal rate. Studies of these processes will be presented in
a future paper. Additionally, a more sensitive measurement
technique will need to be used to more fully characterize the
low etch rates at high pressures.
5 Conclusions
An investigation of the science behind radical creation in a
capacitively coupled plasma source for in situ EUV collector
cleaning has been developed. This source constitutes a
plasma etching source to remove Sn by reaction with H radicals. A 0-D plasma chemistry model was created to predict
H radical densities in the nontraditional plasma chamber
geometry of XCEED. This model was shown to agree with
catalytic probe experiments, validating the catalytic probe as
a reliable experimental technique. Experiments were carried
out on radical density variation as a function of power, pressure, and flow. Radical densities were observed to increase
linearly with power, increase nonlinearly with pressure, and
remain constant with flow rate for the ranges explored in
this paper.
It was also observed that Sn removal rates did not track
radical densities. An increase in pressure caused the removal
J. Micro/Nanolith. MEMS MOEMS

rate to drop from 1.1 nm∕ min at 65 mTorr to a level below
the error bar of the measuring instrument (0.25 nm∕ min) at
325 mTorr, despite providing a modest increase in radical
density. Based on these results, H radical density is shown
not to be the limiting factor in Sn removal. It is thought that
the decrease of etch rate at high pressure is caused by an
alteration in the etching process (such as a decrease in ion
energy and ion current) or the dissociation of SnH4 upon
wall impact (and subsequent redeposition of Sn). Thus,
having provided an understanding of radical creation in this
paper, future research will focus on understanding SnH4
removal.
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