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Abstract Removal of X-ray-induced carbon contamina-
tion on beamline optics was studied using radio-frequency
plasma with an argon/hydrogen (Ar/H,) mixture. Experi-
ments demonstrated that the carbon removal rate with Ar/
H, plasma was higher than that with pure hydrogen or
argon. The possible mechanism for this enhanced removal
was discussed. The key working parameters for Ar/H,
plasma removal were determined, including the optimal
vacuum pressure, gas mixing ratio, and source power. The
optimal process was performed on a carbon-coated multi-
layer, and the reflectivity was recovered.
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1 Introduction

Under X-ray irradiation, residual hydrocarbons in a light
source beamline will split into dissociated carbon atoms,
which will deposit on the surface of optics to form con-
tamination [1, 2]. This deposited carbon will result in a
severe degradation of the reflectivity. X-ray sources have
been developed to provide high energy, high power, and a
strong pulse for third-generation synchrotron radiation
sources [3, 4] and X-ray free-electron laser (XFEL) facil-
ities [5]. The improvement in the source has in turn brought
a serious challenge to the life of the X-ray optics due to
carbon contamination. In order to extend the life of the
X-ray optics, high efficiency carbon contamination
removal methods should be implemented. This study is
devoted to investigating the feasibility of high efficiency
carbon removal with low-pressure plasma.

Practically, it is necessary to remove the carbon with
reasonable efficiency, while the multilayer optics should
not be harmed. Atomic hydrogen has been employed to
solve the carbon removal problem [6, 7], but the removal
rate of carbon contamination with atomic hydrogen is quite
low, limiting its practical use. Therefore, radio-frequency
(RF) plasma carbon removal technology has been widely
studied [8-11]. Pellegrin et al. [8] investigated hydrogen
and oxygen plasma removal of carbon-deposited specimens
and determined that the removal efficiency with oxygen
plasma was much higher than that with hydrogen plasma.
However, there is also a risk of oxidation of the optics
material and deterioration of the optical characteristics.
Alternatively, the hydrogen plasma removal method could
become the preferred one if its removal efficiency can be
enhanced. The addition of argon to the RF hydrogen
plasma is a promising way to improve the removal rate
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[8, 11]. The mechanism of this enhancement was specu-
lated in Ref. [8], which proposed that argon improves the
transport of hydrogen, while Pradhan et al. [12, 13] argued
that the enhancement was the result of kinetic effects.

In this study, carbon removal experiments using pure
hydrogen, pure argon, and Ar/H, plasma were conducted
separately to compare the removal rates with different
methods. The optimal parameters for enhanced removal
conditions with Ar/H, plasma were determined through a
series of experiments. This optimal process was performed
on a carbon-coated multilayer. Based on these experi-
mental results, a possible removal mechanism has been
proposed to explain the enhancement with Ar/H, plasma.

2 Experimental

In most cases, the type of deposited carbon induced by
X-rays is amorphous. Therefore, magnetron-deposited
carbon has frequently been used as a model for X-ray-
induced carbon growth [3, 8, 14]. Thus, experiments were
performed on a quartz wafer and multilayer optics coated
with an amorphous carbon film with a thickness between
25 and 75 nm. The carbon film was deposited by a com-
mercial magnetron sputtering source with a polycrystalline
graphite target. For the specimens, the changes in the
carbon thickness of the carbon-coated quartz wafers were
monitored to demonstrate the removal efficiency. In addi-
tion, optimal parameters were determined using the quartz
wafers. The change in reflectivity on the multilayer drives
the study of the feasibility of carbon removal using an Ar/
H, plasma.

As a plasma source, a commercially available RF
plasma generator (Model GV10X “Downstream Asher”,
IBSS, San Francisco, CA, USA) was employed that uti-
lized inductively coupled plasma (ICP). Relative to the
specimens in the cleaning chamber, the plasma is generated
in a separate volume upstream. The volume of the cleaning
chamber is 28L, which is about 1000 times larger than that
of the plasma chamber. A small orifice is located between
the plasma chamber and the cleaning chamber, with a
diameter of only 1 mm. The pressure in the cleaning
chamber can be controlled with a gate valve, while the
pressure in the discharge chamber can be adjusted with a
throttle valve if necessary. This arrangement facilitates
plasma generation at a higher pressure within the plasma
operation pressure regime [15, 16], while a larger mean
free path length of the reactant is produced in the cleaning
chamber at lower pressure. The pressure gradient between
these two chambers is helpful for the distribution of radical
species across the cleaning chamber, which is compatible
with the size of the optics. This “Downstream” style is
shown in Fig. 1.
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As shown in Fig. 2, the experimental apparatus includes
a turbomolecular pump, backing pump, quartz crystal
microbalance (QCM), vacuum gauge, plasma source, and
residual gas analyzer (RGA). The high vacuum environ-
ment of the chamber is achieved through these pumps, and
the mass flow controllers (MFC) not only control and
display the gas flow of hydrogen and argon, but also adjust
the ratio of the mixing gas. The RGA is used to detect the
density of the residual gases in the chamber. The carbon
removal rates and the change in carbon thickness are
monitored by the QCM on the quartz wafers.

3 Results and discussion

3.1 Comparison of removal using Ar/H, and pure
gas plasmas

Experiments with specimens were conducted to inves-
tigate carbon removal using an Ar/H, plasma. The removed
thickness of carbon was monitored through the QCM. First,
a pure hydrogen flow of 1 sccm was set by the MFC, and
the plasma was ignited at a vacuum chamber pressure of
1 x 107 mbar by adjusting the gate valve (equivalent to
changing the pumping speed of the turbomolecular pump).
The surface of the carbon-coated quartz wafer was exposed
to the hydrogen plasma, as shown in Fig. 3a. Next, the
hydrogen flow of 1 sccm was preserved, while an argon
flow of 2 sccm was introduced to ensure a gas ratio of 1:2.
A vacuum chamber pressure of 1 x 107> mbar was
maintained by adjusting the gate valve. The carbon-coated
specimen was treated with the Ar/H, plasma, as shown in
Fig. 3b. Finally, the carbon-coated specimen was treated
with pure argon plasma at the same vacuum pressure, as
shown in Fig. 3c.

The temperature sensor indicated that the temperature of
the sample surface changed slightly during the above
process and was slightly higher than room temperature.
There was no difference in temperature among the three
types of gas discharge plasma, as the plasmas were all
under lower pressure. As mentioned above, the chamber
pressure for all three types of gas discharge was adjusted
close to 0.001 mbar by the gate valve. The power was
supplied identically by the GV10X at 90 W. Therefore, the
procedures shown in Fig. 3 were conducted under the same
conditions (plasma generator, experimental apparatus,
pressure, temperature, and power), and their differences lie
only in the gas type and resulting plasma.

In Fig. 4, the changes in the carbon thickness have been
shown only under stable conditions, and the non-steady
testing results have been excluded. To compare the changes
in the removal rates for the three steps in Fig. 3 more
intuitively, both the initial carbon thickness and the start
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Fig. 2 Conceptual layout of the carbon removal apparatus (QCM
quartz crystal microbalance, TV throttle valve, VG vacuum gauge,
TMP turbomolecular pump, EV electro valve, BP backing pump, GV

time of the three steps have been adjusted to zero in Fig. 4.
It can be seen from Fig. 4 that the removal rates of the pure
H, plasma, pure Ar plasma, and Ar/H, plasma were
0.048 nm/min, 0.09 nm/min, and 0.408 nm/min, respec-
tively. The removal rate with the combined Ar/H, plasma
is approximately four times larger than the sum of the
separate plasmas at a power of 90 W with the GV10X RF
gun and a total pressure of 0.001 mbar. The carbon
thickness removed versus time curve clearly demonstrates

(’GDV‘V
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Motor

>

Rotation feedthrough

gating valve, LV leaking valve, TS temperature sensor, MV manual
valve, RGA residual gas analyzer, GDV gas dosing valve, MFC mass
flow controller, GP gas purifier, PR pressure reducer)

the synergistic effect of the Ar/H, plasma. Compared with
the removal of carbon using pure H, or Ar plasma, the
efficiency was improved by the addition of argon to the
hydrogen plasma. It is necessary to discuss the removal
mechanism of the enhancement using Ar/H, plasma. The
mechanism for carbon removal includes two aspects:
physical sputtering and chemical erosion.
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Fig. 3 (Color online) Photographs of RF plasma observed through a
quartz window (colored): a H, plasma, b Ar/H, plasma, and ¢ Ar
plasma

3.1.1 Physical sputtering

In the mechanisms leading to the erosion of plasma,
physical sputtering [17, 18] is capable of removing surface
atoms from a solid due to the impact of energetic particles,
which results in elastic energy transfer from the incident
particles to target atoms. When the energy transferred to
surface atoms is below the threshold energy, Eg, the
sputtering yield is zero. However, when the energy of the
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Fig. 4 (Color online) Carbon thickness removed curve versus time

incident particles is greater than the threshold energy,
surface atoms can be ejected. Ey, is related to both the
surface binding energy of carbon and the mass of the
incident particles.

The sputtering mechanism can be described by
momentum transport in a collision cascade initiated by the
incident particles. This removal mechanism is mainly
related to the energy carried by the particles. Physical
sputtering is a well-investigated erosion mechanism for the
dominant processes. The Bohdansky formula, an empirical
equation based on experimental data, is widely used [19].
The sputtering yields of six gases (hydrogen, argon, fluo-
rine, oxygen, nitrogen, and helium) have been calculated
using simulation software [20] based on the Bohdansky
formula. As shown in Fig. 5, the sputtering yield of the
above particles is very low. As with nitrogen, fluoride, and
oxygen, the carbon threshold energy is higher than that of
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Fig. 5 (Color online) Energy dependence of the sputtering yield and
the energy thresholds of different species on carbon by the Bohdansky
formula [18]



Enhanced removal of X-ray-induced carbon contamination using radio-frequency Ar/H, plasma

Page 5 of 9 26

argon, hydrogen, and helium. Pure Ar plasma is widely
used in ion beam etching (IBE) to polish the surface of
mirrors [21], but IBE is not suitable for multilayers owing
to the potential for serious damage to the upper layers. As
for low-pressure plasmas, no accelerating process exits,
and thus the energy of the atoms is not very high (less than
300 eV) [22]. However, Ar, as an inert gas, can avoid
introducing unnecessary chemical products and facilitate
plasma ignition. In other words, the removal rate of the
pure Ar plasma in Fig. 4 is mainly attributable to the
sputtering effect. In contrast, however, the sputtering effect
of the hydrogen plasma and Ar/H, plasma on the carbon
removal is negligible, and the enhanced removal is caused
by the chemical erosion mechanism.

3.1.2 Chemical erosion

Chemical erosion [23] is the formation of volatile
molecules on the target surface. The interaction between
species in the hydrogen plasma and the deposited carbon
can be divided into two steps: hydrogenation and desorp-
tion. Generally, the deposited carbon is amorphous, and the
orbital hybridization state of the carbon atoms is sp>. When
the hydrogen atoms arrive at the surface, hydrogenation
occurs, and the orbital hybridization state of the carbon
changes from sp® to sp’ [24]. When hydrogenation is
complete, the orbital hybridization state of carbon is
transformed to sp’. When the hydrocarbon molecules
accumulate enough energy from collision with the species
in the plasma, they will desorb from the surface and escape
into the gas. Both hydrogenation and desorption have an
effect on the removal rate.

During hydrogenation, radical H atoms first adsorb on
the surface and then react with carbon atoms. In a pure
hydrogen plasma, the following chemical reaction can
occur on the surface:

H (ads) + H (gas) — H, (gas), (1)

where (gas) represents atoms or molecules in the gas phase,
and (ads) indicates atoms or molecules adsorbed on the
surface. In the presence of the above recombination reac-
tion, the reaction efficiency between the adsorbed hydrogen
atoms and the deposited carbon is significantly affected.
The composition of the species in the plasma is closely
related to the reaction efficiency, and thus, it is necessary to
investigate the plasma differences using diagnostic tech-
niques. Mass spectrometry is a common plasma diagnostic
technique. RGA was utilized to diagnose the different
plasmas by detecting the ion current, which corresponds to
the density of species. Different masses represent different
types of species in the plasma. The main mass spectra of
the different plasmas are shown in Fig. 6. In the pure
hydrogen plasma, the primary species is HI, corresponding
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Fig. 6 (Color online) Mass spectra of different plasmas obtained with
RGA

to a mass number of 3, which coincides with the results
given in Ref. [14]. However, the density of radical H atoms
is very small, which is consistent with the efficiency of
carbon removal.

Compared to the pure hydrogen plasma, the density of
radical H atoms is increased by about one order of mag-
nitude in the Ar/H, plasma, as shown in Fig. 6. Annemie
et al. [26, 27] suggested that the production of radical H is
enhanced in the Ar/H, plasma according to reactions (2)—
(5), but particularly through reaction (2) by the
metastable Ar atom (Ar},) due to the Penning effect.

Quench and dissociation of Hj:

Ar; +H, — 2H + Ar. (2)
Charge transfer:

Ar+H" — Arf + H. (3)
Recombination:

e +ArH" — Ar+H (4)

Hy +e¢” — H+H. (5)

As shown in Fig. 6, compared to pure H, or Ar plasma,
the density of the polyatomic ArH" ion corresponding to a
mass of 41 is increased significantly in the Ar/H, plasma.
The formation of ArH" can occur in two ways, as given
below. Annemie et al. [25] determined that the ArH™ ions
were mainly created through reaction (6).

H-atom transfer:

Art +H, — ArH' + H. (6)
Proton transfer:
Ar + Hz+ — ArH" 4+ H. (7)

Unlike physical sputtering, the transport of active par-
ticles and reaction products is the primary aspect of
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chemical erosion. It is believed that the polyatomic ArH™
ion may transport hydrogen radicals as a gas carrier in the
removal of carbon contamination.

In ion-enhanced gas—surface chemistry, Coburn and
Winters [23] attributed the mechanism responsible for the
Ar"-enhanced F,-Si reaction rate to adsorption and des-
orption. This mechanism has been widely accepted in the
field of chemical kinetics and surface processes. It is
believed that adsorption and desorption are very important,
and in many cases, either of these reactions is the rate-
limiting step for a surface process, especially at low
energies [24]. The hydrogen—carbon system is very similar
to the fluorine—silicon system, and thus, the removal of
carbon contamination by an Ar/H, plasma can be described
by the following sequence: (1) non-dissociative adsorption
of gas-phase species on the surface; (2) reaction between
the polyatomic ion and deposited carbon atoms and for-
mation of adsorbed product molecules; (3) recombination
of the residual ions; and (4) desorption of the product
molecules. These steps are illustrated schematically in
Fig. 7.

The enhanced removal with Ar/H, plasma is related to
the steps shown in Fig. 7. Chemical adsorption often
occurs on the atomic clean surface, but may not occur on
the same surface adsorbed with monolayer gas. The spec-
imen was exposed to the atmosphere before removal was
carried out. The gas in the air (mainly nitrogen and oxygen)
was thus adsorbed on the surface of the specimen. This
adsorption layer cannot be completely removed even under
vacuum, but it is removed under the ionic bombardment of
the Ar/H, plasma, which is helpful for the adsorption of
ArH™ or hydrogen atoms in the plasma.

C(deposited)

ArH " (ads)+C

H(ads)+C

Ar(gas)

CXH_\,(gas)

Fig. 7 Flowchart of the reaction between ArH™ and deposited carbon
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As mentioned above, the adsorption layer hinders the
reaction of active particles with the deposited carbon.
Therefore, the desorption step is important for improving
the removal efficiency. The adsorption and desorption of
particles on the surface exist in a dynamic equilibrium [28],
and the conversion direction of the equilibrium is affected
by the vacuum condition, temperature, and other particles.
The vacuum situation and temperature of the removal
process remain almost unchanged. However, as shown in
Fig. 7, argon ions (Ar") promote desorption of the prod-
ucts and residual argon atoms. Therefore, for the arrival of
active particles on the carbon surface and the removal of
volatile products, argon plays a catalytic role in the species
transmission.

As mentioned above, there are several approaches by
which Ar/H, plasma can improve the removal rate of
carbon contamination: (1) increasing the concentration of
radical hydrogen atoms; (2) expediting the adsorption of
hydrogen radicals on the surface of the optics; and (3)
increasing the desorption of reaction products.

3.2 Optimized parameters for removal using Ar/H,
plasma

To remove carbon contamination with a higher effi-
ciency using Ar/H, plasma, the optimal parameters should
be determined for practical application, including the
vacuum pressure, RF output power, and gas mixing ratio.

The carbon removal rates obtained with various process
parameters at a feedstock gas mixing ratio of 35% H, and
65% Ar are summarized in Table 1. As the experimental
data in Table 1 indicate, at different source powers, higher
removal rates are obtained at a total pressure of 1 x 107>
mbar, while the removal rates increase with the power at
different pressures. In addition, the highest rate of 0.41 nm/
min is obtained at a pressure of 1 x 107> mbar and RF
power of 90 W. From observation of the experimental
results, when the pressure is below 2 x 1074 mbar, it is
difficult to produce plasma because there are fewer mole-
cules in the plasma region to create a cascade that would
strike the plasma. The pressure indicates the mean free path
of species in plasma. When the pressure is decreased, the
mean free path of the radicals increases. Although more
radicals are produced at higher pressure, the number of
radicals available for removal is increased by lowering the
pressure. This is why the GV10X was designed in the
“Downstream” style [15, 16].

The gas mixing ratio has a strong effect on the efficiency
of the removal rate. With a chamber pressure of 1 x 1073
mbuar, a series of experiments with different source powers
and gas mixing ratios was carried out, and the results are
shown in Fig. 8.
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Table 1 Carbon removal rates at different total pressures and source powers (with a feedstock gas mixing ratio of 35% H, and 65% Ar)

Source power (W) Removal rate (nm/min)

2 x 10~* mbar 5 x 107* mbar 1 x 1072 mbar 5 x 1073 mbar 1 x 1072 mbar
30 - 0.13 0.17 0.1 0.13
60 0.26 0.25 0.31 0.24 0.26
90 0.3 0.35 0.41 0.34 0.37

T T T T T T T T T T T T
—=—H, 10% Ar 90%

0409 | —e—H,20% Ar 80%
—a— H, 35% Ar 65%
—v—H, 50% Ar 50%
—e—H, 70% Ar 30%

0.32

0.24

Removal rate (nm/min)

30 40 50 60 70 80 90 100
Power (W)

Fig. 8 (Color online) Carbon removal rate curves with varying gas
ratio and power

The relationship between the removal rate and the power
can be interpreted as the removal rate increasing with
increasing power. Higher RF power means that more
energy is applied to the particles. With increasing RF
power, the energy of the species will increase, which will
enhance the desorption of reaction products and result in an
improvement in the removal rate.

However, the relationship between the removal rate and
the gas mixing ratio was different. When the hydrogen
proportion is less than 35%, the removal rate grows con-
tinuously with increasing proportion of hydrogen. How-
ever, when the proportion of hydrogen exceeded 35%, the
reaction rate no longer increased and even decreased. The
increase in the proportion of H, corresponds to a decrease
in the proportion of Ar, and thus, the catalytic effect of Ar
on the removal will be weakened. In addition, in the low
power range (< 60 W), the gas mixing ratio has little effect
on the removal rate, while in the high power range
(> 60 W), its effect on the removal rate is obvious. It is
believed that when the power is higher than 60 W and the
proportion of H, is greater than 35%, the density of the
polyatomic ArH" ion will decrease because the energy of
the plasma is too high.

3.3 Optimal removal on the multilayer

As in the experimental results mentioned above, the
optimal removal parameters are a total pressure of
0.001 mbar, source power of 99 W (the maximum power
of the GV10X), and an H,/Ar mixing ratio of 1:2. A Mo/Si
multilayer on a silicon substrate is widely used to improve
the reflectivity of X-rays on the beamline [29], as shown in
Fig. 9a. For the specimen, a Mo/Si multilayer was coated
with amorphous carbon with a thickness of 40 nm, as
shown in Fig. 9c. The optimal carbon removal process was
performed on the carbon-coated Mo/Si multilayer with half
of the specimen shielded, as shown in Fig. 9b. The carbon
removal process was performed on two carbon-coated
specimens using processing times of 100 min and 60 min.
As shown in Fig. 10, the near-normal incident reflectivity
of the specimens was detected using an X-ray spectrome-
ter. The results show that compared to the Mo/Si multi-
layer, the reflectivity of the carbon-coated specimen
decreased by about 22.5%. After 100 min of processing,
the reflectivity of the specimen is close to that of the pure
multilayer films, while the reflectivity of the shielded part
is close to that of the carbon-coated multilayer. If the
processing time is not adequate, e.g., 60 min, the reflec-
tivity of the specimen exposed to the plasma is only par-
tially recovered. This is consistent with previous
experimental results using quartz wafers. Under the opti-
mal removal process, for a carbon layer with a thickness of
40 nm, at least 100 min is required at the removal rate of
about 0.4 nm/min.

4 Conclusion

The enhanced removal process of X-ray-induced carbon
contamination using RF Ar/H, plasma was experimentally
investigated in this study. The enhanced carbon removal
using Ar/H, plasma occurs in the following ways: (1)
increasing the concentration of radical hydrogen atoms; (2)
expediting the adsorption of hydrogen radicals on the
surface of the optics; and (3) increasing the desorption of
the reaction products. The optimal removal parameters
using Ar/H, plasma were determined experimentally. The
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Fig. 9 Carbon-coated Mo/Si
multilayer treated with Ar/H,
plasma

(a) Mo/Si
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Fig. 10 (Color online) Reflectivity of a carbon-coated Mo/Si mul-
tilayer with Ar/H, plasma treatment

optimal removal process was performed on a carbon-
coated Mo/Si multilayer, and the reflectivity was success-
fully recovered by removing the carbon contamination.
This approach is feasible for use in synchrotron radiation
beamlines, X-ray free-electron laser facilities, and even
extreme ultraviolet lithography. Further efforts will focus
on the realization of in situ carbon removal.
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