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(57) ABSTRACT 

An arrangement for generating plasma, the arrangement 
comprising a primary plasma source (1) arranged for gener 
ating plasma, a hollow guiding body (11) arranged for guid 
ing at least a portion of the plasma generated by the primary 
plasma Source to a secondary plasma source (25), and an 
outlet (14) for emitting at least a portion of the atomic radicals 
produced by the plasma from the arrangement. 
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PLASMA GENERATOR 

BACKGROUND OF THE INVENTION 

0001 1. Field of the Invention 
0002 The invention relates to an arrangement and method 
for removal of contaminant deposits, and in particular to a 
plasma generator for removing contaminant deposits. 
0003 2. Description of the Related Art 
0004. The accuracy and reliability of charged particle 
lithography systems is negatively influenced by contamina 
tion. An important contribution to contamination in Such 
lithography system is caused by the build-up of deposits of 
contaminants. Charged particle lithography systems generate 
charged particles such as electrons, and generate beams of 
charged particles which are focused, modulated and projected 
onto a wafer in the lithography process. The charged particle 
beams interact with hydrocarbons present in the lithography 
system, and the resulting Electron Beam Induced Deposition 
(EBID) forms a carbon-containing layer on surfaces in the 
system. This layer of carbon-containing material affects the 
stability of the charged particle beamlets. The charged par 
ticle beams and beamlets are typically formed using aperture 
plates, and they may also be focused and modulated by arrays 
of lenses and electrodes formed in aperture plates. A build-up 
of carbon-containing layers in and around apertures through 
which the charged particle beams or beamlets pass also 
reduces the size of the apertures and reduces transmission of 
beams or beamlets through these apertures. Removal of 
EBID. in particular in areas with relatively high hydrocarbon 
partial pressures and relatively high beam current densities, is 
therefore highly desirable. 
0005 Such deposits can be lessened or removed by atomic 
radical cleaning. This may be achieved using a plasma gen 
erator to produce a stream of atomic radicals that chemically 
react with the deposits, forming Volatile molecular com 
pounds. 

BRIEF SUMMARY OF THE INVENTION 

0006. The invention is directed to an improved plasma 
generator and an improved method for generating plasma. 
These may be of particular utility in cleaning contaminants 
Such as EBID, and in a charged particle lithography system. 
0007. In one aspect the invention provides an arrangement 
for generating plasma, the arrangement comprising a primary 
plasma source arranged for generating plasma, a hollow guid 
ing body arranged for guiding at least a portion of the plasma 
generated by the primary plasma Source to a secondary 
plasma Source, and an outlet for emitting at least a portion of 
the plasma or components thereof (e.g. atomic radicals) from 
the arrangement. This dual plasma Source design enables the 
plasma generator to have a larger primary plasma Source 
located remotely from the outlet and a smaller secondary 
plasma Source located close to the outlet, due to the interac 
tion between the two sources. This is particularly advanta 
geous in situations where there is limited space at the location 
where the plasma is required, e.g. for cleaning contaminant 
deposits on equipment located in a cramped space. The for 
mation of plasma in the secondary plasma source close to the 
outlet enables smaller loss of plasma due to decay of the 
plasma during transport from the remote primary chamber. 
This design also enables the heat load produced by the pri 
mary plasma Source to be located remotely from the outlet. 
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0008. The primary plasma source may comprise a primary 
source chamber in which the plasma may beformed and a first 
coil for generating the plasma in the primary source chamber, 
the chamber comprising an inlet for receiving an input gas, 
and one or more outlets for removal of at least a portion of the 
plasma from the source chamber and into the guiding body. 
The secondary plasma source may comprise a secondary 
Source chamber occupying at least a portion of the guiding 
body. The secondary plasma Source may omit a coil for 
enhancing or generating plasma. The secondary plasma 
Source may comprise a secondary Source chamber and the 
arrangement may be adapted to generate a high brightness 
plasma in the secondary Source chamber. 
0009. A plasma generator may operate by capacitive cou 
pling where an electric field is generated by a radio frequency 
(RF) voltage between two electrodes which induces the 
plasma formation, or by inductive coupling where a magnetic 
field is generated by an RF current through a coil which 
induces the plasma formation. In some embodiments, in 
operation, the primary plasma source may be adapted to 
generate a primary plasma via inductive coupling, and the 
secondary plasma source to generate a secondary plasma via 
capacitive coupling. The arrangement thus forms a hybrid 
plasma generator using both inductive and capacitive cou 
pling to generate plasma. The arrangement may further com 
prise an electrode located near the outlet of the arrangement, 
wherein, in operation, the coil of the primary plasma source is 
capacitively coupled to the electrode via the plasma generated 
by the primary plasma source and/or the secondary plasma 
Source. The electrode may be maintained at a fixed potential 
with respect to a Voltage Supplied to the coil of the primary 
plasma Source, or it may be grounded with respect to a Voltage 
Supplied to the coil of the primary plasma Source. 
0010. The arrangement may also comprise an aperture 
array near the outlet, and may also comprise an additional 
electrode arranged for repelling or attracting plasma ions in 
the guiding body. The plasma formed by the plasma generator 
includes ions and radicals, and this arrangement enables 
retention of ions in the plasma generator or reduction of their 
energy, while permitting emission of radicals from the plasma 
generator. 
0011. The primary plasma Source may comprise a primary 
Source chamber in which primary plasma is generated and the 
secondary plasma Source may comprise a secondary Source 
chamber in which the primary plasma is enhanced and/or 
secondary plasma is generated, the primary Source chamber 
being larger than the secondary source chamber. The primary 
Source chamber may have a larger cross-section than the 
secondary Source chamber, and may have a greater internal 
Volume. The larger primary Source chamber can then be 
located further from the outlet than the secondary source 
chamber, allowing constructions where the Smaller second 
ary Source chamber can fit into narrow restricted spaces close 
to the location where the plasma is required. 
0012. The arrangement may further comprise a pressure 
regulator for regulating pressure in the primary Source cham 
ber, and a flow or pressure restriction may be provided 
between the primary and secondary Source chambers. The 
restriction may be adapted to maintain an operating pressure 
in the secondary source chamber at a lower pressure than in 
the primary source chamber. The arrangement may also be 
adapted for regulating the pressure in the secondary Source 
chamber, or for regulating the pressure in both the primary 
and secondary source chambers. 
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0013 The secondary source chamber may have a length 
longer than the primary source chamber in a direction of the 
flow of plasma from the primary source chamber. The pri 
mary source chamber may have a diameter of 20 mm or more, 
and the secondary source chamber may have a diameter of 
less than 20 mm. The secondary Source chamber may have an 
end section for directing plasma in a desired direction. 
0014. The secondary source chamber may be arranged to 
generate plasma at a position close to an outlet of the arrange 
ment, and the primary plasma source may be located further 
from the outlet than the secondary plasma Source. This results 
in a design with a secondary plasma chamber closer to the 
outlet where the plasma is emitted, so that less of the plasma 
generated in the secondary chamber is lost by decay and other 
processes during transfer to the outlet. 
0015 The hollow guiding body may comprise a funnel 
section located at the outlet of the primary plasma Source 
arranged for guiding plasma generated by primary plasma 
Source into the guiding body. The guiding body may comprise 
a quartz material or an inner Surface comprising a quartz 
material, and the guiding body may be in the form of a tube or 
duct. The guiding body may have a bend or elbow to direct 
plasma from the outlet onto an area to be cleaned by the 
plasma. 
0016. The primary plasma Source may comprise a primary 
Source chamber in which the plasma may be formed, and an 
aperture plate positioned between the primary Source cham 
ber and the guiding body, the aperture plate having one or 
more apertures for permitting flow of the plasma from the 
primary source chamber into the guiding body. The arrange 
ment may further comprise an aperture plate at or near the 
outlet of the guiding body to confine at least a portion of the 
plasma in the guiding body from exiting through the outlet. 
0017. In another aspect the invention relates to a method 
for generating a plasma, comprising flowing an input gas into 
a primary Source chamber, energizing a first coil to form a 
primary plasma in the primary Source chamber, flowing at 
least a portion of the primary plasma into a secondary Source 
chamber, and generating a secondary plasma in the secondary 
Source chamber. The step of flowing the primary plasma into 
the secondary Source chamber may comprise flowing the 
plasma into a guiding body, at least a portion of the guiding 
body forming the secondary Source chamber. The first plasma 
may be flowed from the primary source chamber through a 
restriction into a secondary Source chamber. 
0018. The method may comprise forming the primary 
plasma in the primary Source chamber via inductive coupling, 
and generating the secondary plasma in the secondary Source 
chamber via capacitive coupling. 
0019. The secondary source chamber may omit a coil for 
forming a plasma. The method may further comprise regulat 
ing pressure in the primary source chamber and the secondary 
Source chamber, and the step of regulating the pressure may 
comprise maintaining a lower pressure in the secondary 
Source chamber than in the primary source chamber. The 
primary plasma may be a relatively low brightness plasma 
and the secondary plasma may be a relatively high brightness 
plasma. 
0020. The method may further comprise stabilizing the 
formation of plasma in the secondary Source chamber with 
the primary plasma flowing from the primary source cham 
ber, and may further comprise maintaining a lower pressure in 
the secondary source chamber than in the primary Source 
chamber. 
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0021. In another aspect the invention relates to a cleaning 
apparatus for cleaning contaminants from a Surface, the appa 
ratus comprising an arrangement for generating plasma as 
described herein, and means for directing the plasma onto the 
surface to be cleaned. 
0022. In yet another aspect the invention relates to a 
charged particle lithography machine, comprising a beamlet 
generator for generating a plurality of charged particle beam 
lets and a plurality of beamlet manipulator elements for 
manipulating the beamlets, each beamlet manipulator ele 
ment comprising a plurality of apertures through which the 
beamlets pass, the machine further comprising an arrange 
ment for generating plasma as described herein, adapted to 
generate plasma and direct the plasma onto a Surface of one or 
more of the beamlet manipulator elements. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0023 Embodiments of the invention will now be 
described, by way of example only, with reference to the 
accompanying schematic drawings in which: 
0024 FIG. 1 is a schematic diagram of an embodiment of 
a radio frequency (RF) plasma generator, 
0025 FIGS. 2A, 2B and 2C are schematic diagrams of an 
embodiment of a plasma generator including a guiding body; 
0026 FIGS. 3A and 3B are schematic diagrams of the 
embodiment of FIG. 2 in operation; 
0027 FIG. 4 is a schematic diagram of an embodiment 
including aperture plates and an electrode at the outlet; 
0028 FIG. 5 is a schematic diagram of another embodi 
ment including aperture plates and electrodes at the outlet; 
0029 FIG. 6 is a photograph of a plasma chamber with a 
guiding body showing plasma forming in the primary plasma 
chamber; 
0030 FIG. 7 is a photograph of the plasma chamber of 
FIG. 6 showing plasma forming in the guiding body; and 
0031 FIG. 8 is a schematic diagram of an embodiment of 
a charged particle lithography machine. 

DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

0032. The following describes certain embodiments of the 
invention, given by way of example only and with reference 
to the figures. 
0033 FIG. 1 shows a radio frequency (RF) plasma gen 
erator comprising a chamber 2 with an RF coil 4 around the 
outside of the chamber. An input gas such as oxygen or 
hydrogen or other Suitable gas is passed into the chamber via 
inlet 5 and the coil 4 is energized with an RF voltage to 
produce a plasma including radicals, such as oxygen atom 
radicals, which exit the chamber via one or more outlets 6. In 
the following description, except where the context indicates 
otherwise, the term plasma is used for simplicity to denote a 
plasma and/or radicals produced in Such a plasma generator. 
0034 Contaminants such as electronbeam induced depo 
sition (EBID), generally comprising carbon containing com 
pounds, form on Surfaces in a charged particle lithography 
system, such as the Surfaces of beamlet manipulator elements 
(such as beamlet modulators, deflectors, lenses, aperture 
arrays, beam stop arrays, etc.). For removing contaminants 
Such as EBID deposits, radicals, such as oxygen atom radi 
cals, may be used, reacting with carbon in the EBID deposits 
to form carbon monoxide. Plasma typically comprises a mix 
ture of gas molecules, ions, electrons, and atomic radicals. 
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For cleaning EBID deposits, atomic ions may also be used. 
However, due to their electrical charge, ions may be acceler 
ated by electric fields generated in or around the plasma 
generator system, and have sufficient kinetic energy to sputter 
the Surface to be cleaned. This can result in removing not just 
the contaminant deposits, but also part of the Surface under 
lying the deposits, so damaging the Surface. Uncharged radi 
cals generally have a lower kinetic energy. i.e. the thermal 
energy of the radicals, and are more Suitable in many cleaning 
applications for this reason. 
0035 Excellent cleaning rates of greater than 5 micron per 
hour can be achieved by atomic radical cleaning where there 
is a direct view from the plasma generator Source to the 
contaminated area to be cleaned. However, this method can 
not be easily implemented in situations where the deposits are 
formed on Surfaces with cannot be easily accessed and in 
which there is little room to locate the plasma generator with 
a direct line from the source to the area to be cleaned. The 
beam stop array and beamlet aperture array are areas that 
exhibit these problems, typically having a restricted space 
available above the surface of the beam stop of 5 mm of less. 
Typically, plasma Sources are constructed with a long tube of 
length 20 cm or more and a diameter of about 10 cm. 
0036. For example, for cleaning the beam stop array and 
beamlet aperture array in a charged particle lithography sys 
tem there is typically very limited space (e.g. about 10x10x10 
mm) available to implement a plasma source in the vicinity 
of these elements. The problem in designing a miniature 
plasma source for use in locations with very restricted space 
lies in the aspect ratio of the area to Volume of the plasma 
generator. For a large plasma Source this ratio is Small, but as 
the size of the plasma Source is reduced the ratio increases. 
This results in minor instabilities coupling into or out of the 
plasma in the source chamber via its surface, having an 
increasingly large effect. As a consequence, the plasma may 
be hard to ignite and easily extinguished due to these insta 
bilities. 
0037. Instead, a much larger source may be used (e.g. 
about 100x100x100 mm) to be situated at approximately 
200 mm from the elements to be cleaned. The plasma radicals 
must then be transported from the plasma generator to the site 
of the cleaning. 
0038. The present invention provides a plasma generator 
which permits direct access to the contaminated area even 
where only a limited volume is available at the cleaning site to 
locate the cleaning apparatus. A plasma source is placed near 
the contaminated area to be cleaned, and a guiding path is 
attached to the plasma generator and the plasma radicals 
produced are transported towards the area to be cleaned. 
0039 FIGS. 2A, 2B and 2C schematically show arrange 
ments for removal of contaminant deposits, in particular for 
removal of contaminants deposited on Surfaces that are 
located in areas with restricted or difficult access. The 
arrangements comprise a plasma generator similar to that 
shown in FIG. 1, further referred to as the primary source 
chamber 15, which functions as a primary plasma source 1. 
The arrangement further comprises a hollow guiding body 
11, Such as tube or duct, for guiding plasma towards a prede 
termined destination area. It will be recognized that various 
configurations are possible, and three possible configurations 
are shown, and features of any of these embodiments may be 
used in any of the other embodiments. The arrangement in 
FIG. 2A the guiding body 11 includes a funnel portion 10 
where the guiding body 11 is coupled to the primary Source 
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chamber 15, and the chamber end wall with outlets 6 function 
as an aperture plate to permit the plasma and radicals to enter 
the guiding body 11 from the chamber 15. The guiding body 
11 includes an elbow 12 near the end of the guiding body to 
direct plasma exiting the guiding body. The arrangement in 
FIG. 2B omits the funnel portion, the chamber end wall, and 
the elbow, so that a straight guiding body 11 having a Smaller 
cross section than the primary Source chamber 15 is coupled 
directly to the primary source chamber 15. The arrangement 
in FIG.2C features a continuous hollow body, a wider portion 
forming the primary source chamber 15 and a narrower por 
tion forming the guiding body 11. A hollow body having a 
uniform cross section may also be used, one portion of the 
hollow body functioning as the primary source chamber 15 
and another portion functioning as the guiding body 11. 
0040. The guiding body 11 may be straight or may com 
prise one or more bends such as an elbow 12 or bend 13 to 
direct the plasma in a desired direction. Preferably, the guid 
ing body 11 is as Straight as possible to increase the average 
lifetime of radicals being transferred through the tube. The 
guiding body has an outlet 14 which may be located in close 
proximity of the contaminant deposit to be reduced or 
removed. Typically, the outlet 14 is in direct contact with a 
vacuum environment. 
0041. The plasma and radicals generated in primary 
source chamber 15 of primary source 1 are guided towards the 
contaminant deposit to be reduced or removed via the guiding 
body 11. The guiding body 11 may be made of quartz, or with 
inner surface coated with quartz, to suppress extinction of the 
radicals when they interact with these parts of the device. 
Embodiments of the invention are described herein with ref 
erence to plasma formed from oxygen. However, it will be 
understood that the invention may also employ plasmas from 
other gases, such as hydrogen or nitrogen. 
0042 FIG. 3A shows the arrangement of FIG. 2A in 
operation. It will be understood that arrangements shown in 
FIGS. 2B and 2C may also be operated in a similar manner. 
Oxygen is supplied to the primary source chamber 15 and RF 
coil 4 is energized to inductively heat the oxygen, and a 
plasma 20 is generated in primary source chamber 15. The 
oxygen pressure may be adjusted, for example, to produce a 
relatively high pressure in the chamber 15. The plasma 20, 
and in particular radicals produced therein, may exit the pri 
mary source chamber 15 as schematically represented by 
dashed arrow 21 and flow into the guiding body 11. 
0043 Major losses of radicals are typically observed in 
these arrangements during transport from the primary Source 
chamber 15 to the outlet 14 at the site where the cleaning is to 
take place. Several processes will cause annihilation of the 
atomic radicals, such as Volume recombination, Surface 
adsorption and Surface recombination. The losses of Such a 
system are significant, e.g. using power of 600 W for the 
source chamber, the efficiency of transport of the radicals is 
only 0.4%. The losses in the guiding body 11 can be compen 
sated by using a more intense plasma source, but the thermal 
load caused by using Such high power for the plasma genera 
tor becomes a serious problem for many applications, par 
ticularly when used in a vacuum environment as required for 
lithography applications. By carefully designing the pressure 
and temperature of the primary source chamber and guiding 
body, the losses can be minimized. 
0044) The plasma generator may also be made more effec 
tive by more efficient transport of plasma through the guiding 
body 11, and/or generation of plasma in the guiding body 11 
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so that the guiding body is not merely conveying plasma 
formed in the primary source chamber 15, but additional 
plasma is formed in the guiding body, close to the location 
where it is needed for cleaning. In this case a secondary 
plasma source 25 is formed, with a portion of the guiding 
body functioning as a secondary Source chamber 16. 
0045. This may be accomplished in different ways. By 
adjusting pressure in the primary source chamber and pres 
Sure in the guiding body relative to the Surrounding environ 
ment, plasma may be guided from the primary source cham 
ber 15 into the guiding body 11 and through the guiding body 
to the outlet 14. The pressure should preferably decrease from 
the primary source chamber 15 to the guiding body 11 and to 
the environment outside the outlet 14 in order to promote flow 
of plasma from the chamber 15 to the outlet 14. Depending on 
the plasma formation, the pressure can be optimized through 
the device, e.g. by use of aperture plates (such as aperture 
plate 31 at the entrance to the guiding body 11 and aperture 
plate 32 at the outlet 14) and/or by adjusting the relative sizes 
and geometry of the primary Source chamber 15, guiding 
body 11 and the outlet 14. 
0046 By adjusting pressures in the primary source cham 
ber 15 and in the guiding body 11, plasma can be formed in 
the guiding body. The pressures may be adjusted to obtain 
conditions where a high brightness plasma is formed in the 
guiding body at a relatively lower pressure than the primary 
source chamber. This results in the formation of plasma in the 
guiding body closer to the location where it is needed to 
produce more effective cleaning. 
0047. The pressure in the guiding body 11 may be rela 

tively low in comparison to the primary source chamber 15, 
depending on the geometry of the tube and size of the outlet 
14, and the ambient pressure of the Surrounding environment. 
A relatively high pressure in the primary source chamber 15 
will displace more plasma into the guiding body 11, thus 
shortening the path for the radicals to reach the outlet 14 and 
the cleaning site, and thus reducing the loss of radicals due to 
recombination and other effects, and thereby increasing the 
cleaning rate. 
0.048. In a lithography machine cleaning application, the 
ambient pressure may be low inside the lithography machine 
vacuum chamber, e.g. 10 millibar or lower. The pressure in 
the guiding body 11 may be higher, e.g. 10' millibar, but 
lower than the pressure in the primary plasma chamber 15, 
aiding the formation of plasma in the guiding body itself, even 
though there is no RF coil around the guiding body. This may 
be due to the relatively lower pressure in the guiding body 11 
and may be assisted by the flow of plasma from the primary 
source chamber 15, conveying the effect of the RF coil at the 
primary source chamber, e.g. by capacitive coupling, into the 
guiding body. Plasma is an electrical conductor, and thus may 
conduct RF current resulting from excitation of the RF coils 
4 Surrounding the primary Source chamber 15, into the guid 
ing body 11 where it may generate more plasma. 
0049. The resulting effect is to generate plasma in the 
guiding body 11, a portion of the guiding body functioning as 
a “passive' secondary plasma Source 25. The guiding body is 
not merely conveying plasma formed in by primary plasma 
Source 1, but additional plasma is formed in a secondary 
plasma Source 25 in the guiding body 11, close to the location 
where it is needed for cleaning. By adjusting the relative 
pressures in the system, tuned by adjusting the entry pressure 
of the input gas to the primary source chamber 15, and adapt 
ing the dimensions of the guiding body 11 and outlet 14, the 
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plasma formed in the secondary plasma source 25 may be 
high brightness plasma Suitable for effective cleaning of the 
EBID deposits. FIG. 4 shows this effect in which plasma 20 is 
formed in the primary source chamber 15, plasma (or com 
ponents of the plasma) 21 flows into the guiding body 11, and 
plasma 22 is Subsequently formed in a secondary source 
chamber 16 in the guiding body 11. The plasma 21 acts as 
'seed plasma to enhance plasma formation in the secondary 
source chamber 16 near to the outlet 14, where it acts as a 
Source of atomic radicals close to the location where they are 
needed. 
0050. An alternative is to operate the system at a low 
pressure in the primary source chamber 15 and guiding body 
11 to reduce the loss of radicals by decreasing the recombi 
nation probability, and thereby increasing the cleaning rate. 
0051. The embodiment shown in FIG. 4 employs an 
optional aperture plate 31 between the primary source cham 
ber 15 and guiding body 11 at the exit of the primary source. 
The gas flow conductance of the aperture plate 31 can be 
adjusted (by adjusting the number and size of the apertures in 
the plate) to adjust the relative pressures in the source cham 
ber 15 and guiding body 11. The aperture plate 31 also oper 
ates to partly confine the plasma in the primary source cham 
ber 15 by reducing the quantity of ions flowing from the 
chamber 15 into the guiding body 11, due partly to recombi 
nation of ions and electrons due to collisions, while permit 
ting flow of radicals into the guiding body 11. The aperture 
plate 31 may be omitted altogether where maximum flow of 
plasma into guiding body 11 is desired to maximize forma 
tion of secondary plasma 22 in the guiding body 11. 
0.052 An optional aperture plate 32 may also be placed 
near the end of the guiding body 11 (as shown in the FIG. 5 
embodiment), preferably at the outlet 14. The aperture plate 
32 at the outlet 14 can be used to assist in regulating pressure 
in the guiding body 11, typically in conjunction with aperture 
plate 31. Aperture plate 32 may also operate to partly confine 
the plasma inside the guiding body 11, limiting the ability of 
high kinetic energy ions from Striking the area to be cleaned, 
or this function may be performed by the electrode 32. These 
high energy ions may sputter the top surface of the area to be 
cleaned and this can lead to damage of the part being cleaned. 
Furthermore, when both aperture plates 31 and 32 are used, 
the gas flow conductance of the aperture plates can be 
adjusted so that the pressure in both the primary Source cham 
ber 15 and the guiding body 11 (i.e. secondary source cham 
ber 16) is optimal, to improve the efficiency of the plasma 
generator. 
0053. Theaperture plates 31 and/or 32 may be made from 
a conducting material Such as a metal, or a non-conducting 
material Such as a plastic, ceramic or quartz. The aperture 
plate 32 may be made from a conducting material to function 
also as an electrode, which may be grounded or connected to 
a common Voltage. Alternatively, a separate electrode 30 may 
be installed near the outlet 14, as shown in the embodiment of 
FIG. 4, which may be grounded or connected to a common 
Voltage. 
0054. Such an electrode 30 (or grounded aperture plate 32) 
near the outlet 14 operates to generate plasma in the guiding 
body 11 and/or enhance plasma flowing into the guiding body 
11, through capacitive coupling. Plasma is a conductor, and as 
it flows from the primary source chamber 15 into the guiding 
body 11 towards the electrode 30, it creates a capacitive 
coupling between the RF coil 4 of the primary plasma source 
1 and the electrode 30 at the outlet 14 at the end of the 
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secondary source chamber 25. The RF voltage supplied to the 
RF coil 4 generates an electric field between the RF coil 4 and 
electrode 30 conducted by the seed plasma 21 flowing into the 
guiding body 11, which excites the plasma in the guiding 
body 11 between the RF coil 4 and electrode 30 which 
enhances or induces formation of plasma 22 in the guiding 
body 11. Plasma generation via Such capacitive coupling is 
typically difficult to achieve unless the guiding body is short, 
i.e. short distance from the primary plasma Source to the 
cleaning site, particularly when there is grounded metal near 
to the plasma generator, which is usually the case where the 
plasma generatoris Surrounded by otherequipment. The elec 
trode 30 may also operate to partly confine the plasma 22 
inside the guiding body 11, e.g. taking the form of a mesh or 
aperture plate. The electrode 40 also functions to avoid or 
reduce capacitive coupling between the RF coil 4 and the part 
being cleaned where the part is conductive and grounded. 
This can avoid damage to the part being cleaned where it is 
Vulnerable to stray electrical current, e.g. a beamlet modula 
tion array of a charged particle lithography machine. 
0055. However, a “hybrid” plasma generator, which uses 
both inductive and capacitive coupling to generate plasma as 
described herein, can overcome this difficulty. The system 
generates a primary plasma 20 in the primary source chamber 
15 using inductive coupling, where a magnetic field gener 
ated by an RF current through the coil 4 induces plasma 
formation, and a secondary plasma 22 in the guiding body 
11/second plasma chamber 16 using capacitive coupling, 
where an electric field is generated by an RF voltage between 
the coil 4 and electrode 30 induces plasma formation. The 
primary inductively-coupled plasma can 'grow’ in the guid 
ing body 11 towards the electrode 30 near the cleaning site, 
changing from inductively coupled to capacitively coupled. 
This process starts with a primary inductively-coupled 
plasma that can be formed in a grounded environment, i.e. 
where there are grounded conductors nearby. In Such a 
grounded environment, it is very difficult to Sustain a capaci 
tively-coupled plasma. The primary plasma 20 in the primary 
source chamber 15 heats the nearby volume in the guiding 
body 11, partly due to flow of hot plasma 21 into the guiding 
body, and the plasma grows a little more in the guiding body. 
The plasma is a conductor and its growth/formation in the 
guiding body extends the electric field from the RF coil 4 of 
the primary Source 1 further into the guiding body 11, aiding 
further plasma growth/formation. This process continues 
until the plasma reaches the electrode 30 and a high bright 
ness plasma can be formed in the guiding body 11/second 
plasma chamber 16. 
0056. The embodiment in FIG. 4 has a bend 13 at the end 
of the guiding body 11 near the outlet 14, rather than a 90 
degree elbow 12, while the embodiment of FIG. 5 has a 
straight guiding body 11. Any of the configurations shown in 
any of the drawings may be used with any of the embodi 
ments, with or without the funnel section 10 or aperture plates 
31 and/or 32 or electrodes 30 and/or 34. 

0057 The embodiment shown in FIG. 5 employs an addi 
tional electrode 34 to further reduce the quantity of atomic 
ions exiting the outlet 14 of the plasma generator and/or 
reduce their velocity. The additional electrode 34 may be 
energized with a Voltage V to repel or attract the ions, e.g. a 
positive Voltage to repel negative ions, or an RF Voltage 
opposite to the voltage supplied to the RF coil 4. Note that the 
electrode 30, aperture plate 32, and additional electrode 34 
may be used in various combinations to achieve the desired 
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results, i.e. to extend plasma formation into the guiding body 
11 while controlling the emission of energetic ions while 
permitting the emission of atomic radicals. These elements 
operate as a atomic radical/ion filter, to let radicals pass while 
reducing or preventing ion emission. 
0058. This new design provides an arrangement with two 
plasma Sources, a smaller secondary plasma Source 25 
located close to the plasma outlet 14 and a larger primary 
plasma source 1 further from the outlet 14, the arrangement 
including a guiding body 11 for guiding plasma generated by 
the primary plasma source 1 to the secondary plasma source 
25 to stabilize plasma formation by the secondary plasma 
source 25. The design is simple with very few parts, the 
secondary plasma Source 25 operating by capacitive coupling 
to an electrode 30/aperture plate 32. 
0059 FIG. 6 is a photograph of a plasma chamber in the 
center of the photograph, with an guiding body in the form of 
an extension tube extending towards the bottom of the pho 
tograph. Greenish low brightness plasma is flowing from the 
primary plasma chamber into the guiding body towards the 
outlet at the bottom of the photograph. 
0060 FIG. 7 is a photograph of the plasma chamber of 
FIG. 6 at the top of the photograph, with the guiding body 
extending towards the bottom of the photograph. The faint 
greenish low brightness plasma in the guiding body has been 
replaced by high brightness plasma which is forming in the 
guiding budy and exiting the outlet at the bottom of the 
photograph. 
0061 FIG. 8 shows a simplified schematic diagram of an 
electron-optical column of a charged particle lithography ele 
ment. Such lithography systems are described for example in 
U.S. Pat. Nos. 6,897,458; 6,958,804; 7,019,908; 7,084,414: 
and 7,129,502, U.S. patent publication no. 2007/0064213, 
and co-pending U.S. patent application nos. 61/031.573; 
61/031,594: 61/045,243: 61/055,839: 61/058,596; and 
61/101.682, which are all assigned to the owner of the present 
invention and are all hereby incorporated by reference in their 
entireties. 
0062. In the embodiment shown in FIG. 8, the lithography 
element column comprises an electron source 110 producing 
an expanding electron beam 130, which is collimated by 
collimator lens system 113. The collimated electron beam 
impinges on an aperture array 114a, which blocks part of the 
beam to create a plurality of sub-beams 134, which pass 
through a condenser lens array 116 which focuses the sub 
beams. The Sub-beams impinge on a second aperture array 
114b which creates a plurality of beamlets 133 from each 
sub-beam 134. The system generates a very large number of 
beamlets 133, preferably about 10,000 to 1,000,000 beam 
lets. 
0063 A beamlet blanker array 117, comprising a plurality 
of blanking electrodes, deflects selected ones of the beamlets. 
The undeflected beamlets arrive at beam stop array 118 and 
pass through a corresponding aperture, while the deflected 
beamlets miss the corresponding aperture and are stopped by 
the beam stop array. Thus, the beamlet blaker array 117 and 
beam stop 118 operate together to switch the individual 
beamlets on and off. The undeflected beamlets pass through 
the beam stop array 119, and through a beam deflector array 
119 which deflects the beamlets to scan the beamlets across 
the surface of target or substrate 121. Next, the beamlets pass 
through projection lens arrays 120 and are projected onto 
substrate 121 which is positioned on a moveable stage for 
carrying the Substrate. For lithography applications, the Sub 
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strate usually comprises a wafer provided with a charged 
particle sensitive layer or resist layer. 
0064. The lithography element column operates in a 
vacuum environment. A vacuum is desired to remove par 
ticles which may be ionized by the charged particle beams 
and become attracted to the source, may dissociate and be 
deposited onto the machine components, and may disperse 
the charged particle beams. A vacuum of at least 10 bar is 
typically required. In order to maintain the vacuum environ 
ment, the charged particle lithography system is located in a 
vacuum chamber. All of the major elements of the lithography 
element are preferably housed in a common vacuum cham 
ber, including the charged particle source, projector system 
for projecting the beamlets onto the Substrate, and the move 
able stage. 
0065. The invention has been described by reference to 
certain embodiments discussed above. It will be recognized 
that these embodiments are susceptible to various modifica 
tions and alternative forms well known to those of skill in the 
art without departing from the spirit and scope of the inven 
tion. Accordingly, although specific embodiments have been 
described, these are examples only and are not limiting upon 
the scope of the invention, which is defined in the accompa 
nying claims. 
What is claimed is: 
1. An arrangement for generating plasma, the arrangement 

comprising a primary plasma Source (1) arranged for gener 
ating plasma, a hollow guiding body (11) arranged for guid 
ing at least a portion of the plasma generated by the primary 
plasma Source to a secondary plasma source (25), and an 
outlet (14) for emitting at least a portion of the plasma and 
components thereof from the arrangement. 

2. The arrangement of claim 1, wherein the primary plasma 
source (1) comprises a primary source chamber (15) in which 
the plasma may be formed and a first coil (4) for generating 
the plasma in the primary source chamber, the chamber com 
prising an inlet (5) for receiving an input gas, and one or more 
outlets for removal of at least a portion of the plasma from the 
Source chamber and into the guiding body (11). 

3. The arrangement of claim 1 or 2, wherein the secondary 
plasma Source (25) comprises a secondary Source chamber 
(16) occupying at least a portion of the guiding body (11). 

4. The arrangement of any one of the preceding claims, 
wherein the secondary plasma Source (25) does not include a 
coil for enhancing or generating plasma. 

5. The arrangement of any one of the preceding claims, 
wherein the secondary plasma Source (25) comprises a sec 
ondary source chamber (16) and wherein the arrangement is 
adapted to generate a high brightness plasma in the secondary 
Source chamber. 

6. The arrangement of any one of the preceding claims, 
wherein, in operation, the primary plasma Source (1) gener 
ates a primary plasma via inductive coupling, and the second 
ary plasma Source (25) generates a secondary plasma via 
capacitive coupling. 

7. The arrangement of any one of the preceding claims, 
further comprising an electrode (30, 32, 34) located near the 
outlet of the arrangement, wherein, in operation, the coil (4) 
of the primary plasma Source (1) is capacitively coupled to the 
electrode via the plasma generated by the primary plasma 
Source and/or the secondary plasma Source. 

8. The arrangement of claim 7, wherein the electrode is 
maintained at a fixed potential with respect to a Voltage Sup 
plied to the coil (4) of the primary plasma source (1). 

Sep. 11, 2014 

9. The arrangement of claim 7, wherein the electrode is 
grounded with respect to a Voltage Supplied to the coil (4) of 
the primary plasma source (1). 

10. The arrangement of claim 9, further comprising an 
additional electrode (34) arranged for repelling plasma ions 
in the guiding body (11). 

11. The arrangement of any one of the preceding claims, 
wherein the primary plasma source (1) comprises a primary 
Source chamber (15) in which primary plasma is generated 
and the secondary plasma Source (25) comprises a secondary 
Source chamber (16) in which the primary plasma is enhanced 
and/or secondary plasma is generated, and wherein the pri 
mary source chamber is larger than the secondary source 
chamber. 

12. The arrangement of claim 11, further comprising a 
pressure regulator for regulating pressure in the primary 
Source chamber, and wherein a flow or pressure restriction is 
provided between the primary and secondary Source cham 
bers. 

13. The arrangement of claim 12, wherein, in use, the 
restriction is adapted to maintain an operating pressure in the 
secondary Source chamber at a lower pressure than in the 
primary Source chamber. 

14. The arrangement of any one of claims 11-13, wherein 
the arrangement is adapted for regulating the pressure in the 
secondary source chamber. 

15. The arrangement of any one of claims 11-14, wherein 
the arrangement is adapted for regulating the pressure in both 
the primary and secondary source chambers. 

16. The arrangement of any one of claims 11-15, wherein 
the primary source chamber has a diameter of 20 mm or more, 
and the secondary Source chamber has a diameter of less than 
20 mm. 

17. The arrangement of any one of claims 11-16, wherein 
the secondary source chamber has an end section for directing 
plasma in a desired direction. 

18. The arrangement of any one of claims 11-17, wherein 
the secondary Source chamber has a relatively small cross 
sectional area in comparison with the primary source cham 
ber. 

19. The arrangement of any one of claims 11-18, wherein 
the secondary source chamber is a tube. 

20. The arrangement of any one of claims 11-19, wherein 
the secondary source chamber has a length longer than the 
primary Source chamber in a direction of the flow of plasma 
from the primary Source chamber. 

21. The arrangement of any one of claims 11-20, wherein 
the secondary source chamber generates plasma at a position 
close to an outlet of the arrangement. 

22. The arrangement of any one of the preceding claims, 
wherein the primary plasma source (1) is located further from 
the outlet (14) than the secondary plasma source (25). 

23. The arrangement of any one of the preceding claims, 
wherein, in operation, at least a portion of the plasma gener 
ated by the primary plasma Source (1) travels through the 
guiding body (11) to the secondary plasma source (25) to 
stabilize the formation of plasma by the secondary plasma 
source (25). 

24. The arrangement of any one of the preceding claims, 
wherein the hollow guiding body (11) comprises a funnel 
section (10) located at the outlet of the primary plasma source 
(1) arranged for guiding plasma generated by primary plasma 
Source into the guiding body. 
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25. The arrangement of any one of the preceding claims, 
wherein the guiding body (11) comprises a quartz material or 
has an inner Surface comprising a quartz material. 

26. The arrangement of any one of the preceding claims, 
wherein the guiding body (11) is in the form of a tube or duct. 

27. The arrangement of any one of the preceding claims, 
wherein the guiding body (11) has a bend (13) or elbow (12) 
to direct plasma from the outlet (14) onto an area to be cleaned 
by the plasma. 

28. The arrangement of any one of the preceding claims, 
wherein the primary plasma Source (1) comprises a primary 
source chamber (15) in which the plasma may be formed, the 
arrangement further comprising an aperture plate (31) posi 
tioned between the primary source chamber and the guiding 
body (11) and the aperture plate having one or more apertures 
for permitting flow of the plasma from the primary Source 
chamber into the guiding body. 

29. The arrangement of any one of the preceding claims, 
further comprising an aperture plate (32) at or near the outlet 
(14) of the guiding body to confine at least a portion of the 
plasma in the guiding body from exiting through the outlet. 

30. A method for generating a plasma, comprising flowing 
an input gas into a primary source chamber, energizing a first 
coil to form a primary plasma in the primary Source chamber, 
flowing at least a portion of the primary plasma into a sec 
ondary Source chamber, and generating a secondary plasma 
in the secondary Source chamber. 

31. The method of claim 30, wherein flowing the primary 
plasma into the secondary source chamber comprises flowing 
the plasma into a guiding body, at least a portion of the 
guiding body forming the secondary source chamber. 

32. The method of claim 30 or 31, wherein the first plasma 
is flowed from the primary source chamber through a restric 
tion into a secondary source chamber. 
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33. The method of any one of claims 30-32, wherein the 
secondary source chamber is not provided with a coil for 
forming a plasma. 

34. The method of any one of claims 30-33, wherein the 
primary plasma is formed in the primary source chamber via 
inductive coupling, and the secondary plasma is generated in 
the secondary source chamber via capacitive coupling. 

35. The method of any one of claims 30-34, further com 
prising regulating pressure in the primary Source chamber 
and the secondary source chamber. 

36. The method of claim 35, wherein regulating the pres 
Sure comprises maintaining a lower pressure in the secondary 
Source chamber than in the primary source chamber. 

37. The method of any one of claims 30-36, wherein the 
secondary source chamber is Smaller than the primary Source 
chamber. 

38. The method of any one of claims 30-37, further com 
prising Stabilizing the formation of plasma in the secondary 
Source chamber with the primary plasma flowing from the 
primary Source chamber. 

39. An cleaning apparatus for cleaning contaminants from 
a Surface, the apparatus comprising an arrangement for gen 
erating plasma according to any one of claims 1-29, and 
means for directing the plasma onto the Surface to be cleaned. 

40. A charged particle lithography machine, comprising a 
beamlet generator for generating a plurality of charged par 
ticle beamlets and a plurality of beamlet manipulator ele 
ments for manipulating the beamlets, each beamlet manipu 
lator element comprising a plurality of apertures through 
which the beamlets pass, the machine further comprising an 
arrangement according to any one of claims 1-29 adapted to 
generate plasma and direct the plasma onto a Surface of one or 
more of the beamlet manipulator elements. 
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