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(57) ABSTRACT 

Apparatus and methods are disclosed for cleaning an object, 
such as a reticle or electron-optical component used in 
performing electron-beam microlithography, using an elec 
tron beam. The cleaning can be performed in the presence or 
absence of a treatment gas. When performed Without a 
treatment gas, an electron beam is directed to impinge on the 
object at an energy sufficient to volatilize contaminant 
deposits on the object. When performed With a treatment 
gas, the electron beam need not be directed at the object, but 
electrons from the beam have an energy sufficient to ionize 
molecules of the treatment gas. The ionized molecules 
volatilize the contaminant deposits for removal using a 
vacuum pump. For example, the beam can be directed to a 
scattering body that produces scattered electrons having 
sufficient energy to volatilize the contaminant deposits. 
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METHODS AND APPARATUS FOR CLEANING AN 
OBJECT USING AN ELECTRON BEAM, AND 

DEVICE-FABRICATION APPARATUS 
COMPRISING SAME 

FIELD OF THE INVENTION 

[0001] This invention pertains to apparatus and methods 
for fabricating microelectronic devices such as integrated 
circuits, displays, and the like, especially such methods and 
apparatus in Which the subject fabrication is performed in a 
“process chamber” (e.g., vacuum chamber). More speci? 
cally, the invention pertains to methods for removing con 
taminants adhering to a surface inside such a chamber, such 
as a surface of a reticle used in a charged-particle-beam 
microlithography apparatus. The invention also pertains to 
microelectronic-fabrication apparatus operable to perform 
removal of contaminants from a surface in a process cham 
ber of the apparatus. 

BACKGROUND OF THE INVENTION 

[0002] Fabrication of microelectronic devices (e.g., semi 
conductor integrated circuits, displays, magnetic pickup 
heads, image sensors, micro-machines) involves a large 
number of process steps each performed using a specialiZed 
apparatus. Certain fabrication steps are performed multiple 
times during fabrication of a device. For example, microli 
thography is performed multiple times (sometimes a hun 
dred times or more) in the fabrication of contemporary 
microprocessor chips and the like. 

[0003] Continuing further With microlithography as a rep 
resentative fabrication method, most microlithography still 
being performed is so-called “optical microlithography.” In 
optical microlithography, light (typically extreme UV light) 
is used as an energy beam With Which a pattern, de?ned on 
a reticle, is transferred onto the surface of a resist-coated 
Wafer or other substrate. In a related technique, termed 
“charged-particle-beam” (CPB) microlithography, the litho 
graphic energy beam is a charged particle beam such as an 
electron beam or ion beam. Whereas optical microlithogra 
phy need not be performed in a process chamber, CPB 
microlithography must be performed in a vacuum chamber. 

[0004] A disadvantage With process chambers in general, 
especially vacuum chambers, is their tendency to accumu 
late deposits of contaminants. Example contaminants that 
can accumulate in a vacuum chamber of a CPB microli 

thography apparatus include precipitated gas or gas-reaction 
products, deposits of resist released from the Wafer, and oil 
from the vacuum pump. Interaction of the deposits With the 
lithographic energy beam can produce deposits of hydro 
carbons and other substances at various locations throughout 
the process chamber and on certain components inside the 
process chamber. Contaminant deposits also can form on a 
reticle or mask. 

[0005] Especially in electron-beam microlithography 
apparatus and electron microscopes, irradiation of an elec 
tron beam over a long period of time can create conditions 
leading to increased rates of contaminant accumulation. 
Adhesion of contaminants to surfaces of electromagnetic 
lenses and the like can affect lens performance in an adverse 
manner. Adhesion of contaminants to a reticle can cause 

development of irregularities in the transmissivity of the 
reticle, Which can result in deviations from speci?cations of 
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the lineWidths and pro?les of projected patterns. This results 
in decreased accuracy of pattern transfer, and can result in 
production of devices that do not function to speci?cations. 
In addition, in an apparatus in Which a charged particle beam 
is used, charging of contaminant deposits by the beam can 
generate extraneous electric ?elds that undesirably have 
unpredictable behavior and alter the beam trajectory, thereby 
causing decreased apparatus performance. 

[0006] Current methods for removing contaminants from 
a surface (e.g., reticle, lens surface, or the like) in the process 
chamber typically involve removing the affected item from 
the process chamber and Wet-cleaning the item. Wet-clean 
ing normally is performed using a solvent. This method 
requires substantial time in Which to turn off the apparatus, 
open the process chamber, remove the affected item, clean 
the item, and replace it in the process chamber. Also, during 
cleaning, the apparatus is off and not performing useful 
Work. This doWn-time adversely affects throughput of the 
fabrication process performed using the apparatus. 

[0007] In an optical microlithography apparatus, a thin 
?lm knoWn as a “pellicle” usually is applied to the surface 
of the reticle to prevent adhesion of particulate contamina 
tion directly to the reticle. The pellicle keeps the contami 
nant particles out of the conjugate plane of the projection 
lens, thereby preventing formation of images of the particles 
on the surface of the substrate. With a CPB microlithography 
apparatus, in contrast, a satisfactory material useful as a 
pellicle has not yet been found. Thin-?lm materials are 
available that are transmissive to a charged particle beam. 
HoWever, passage of the beam through a thin ?lm usually 
affects the beam in an adverse manner. Hence, available 
materials cannot be used to any substantial degree. 

[0008] CPB microlithography apparatus that employ the 
so-called “cell-projection” approach generally utiliZe a 
small reticle that is not excessively expensive. A pellicle 
cannot be used With such a reticle. Nevertheless, the reticles 
are relatively inexpensive, so a contaminated reticle simply 
is discarded. 

[0009] Other CPB microlithography approaches utiliZe 
reticles that are substantially larger than the reticles used in 
cell projection. These large reticles are very expensive; 
hence, it is not practical simply to discard contaminated 
reticles. The conventional solution to this problem is to 
suppress, as much as possible, contamination of the reticle 
and other surfaces inside the process chamber. Unfortu 
nately, this approach frequently is not successful. For 
example, certain exposures are performed While scanning 
the reticle stage and Wafer stage of the apparatus at high 
velocity during exposure of the pattern. Such motions of the 
Wafer stage and reticle stage tend to generate ?ne particles. 
Also, ?ne particles can get into the process chambers from 
the outside environment during vacuum pump-doWn and 
venting. These problems cannot be avoided, and the intro 
duced particles tend to adhere to the reticle as contaminants. 
As a result, reticle cleaning is indispensable for ensuring 
accurate transfer of the reticle pattern to the substrate 
surface. Again, reticle cleaning by conventional methods as 
summariZed above undesirably reduces throughput. 

SUMMARY OF THE INVENTION 

[0010] In vieW of the shortcomings of conventional meth 
ods and apparatus as summariZed above, an object of the 
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invention is to provide methods and apparatus for removing 
contaminants adhering to the reticle or to any of various 
other components located in a “process chamber” of a 
process apparatus, Without adversely affecting the through 
put of the process apparatus. An exemplary process chamber 
is the vacuum chamber of an electron-beam microlithogra 
phy apparatus. 

[0011] To such end, and according to a ?rst aspect of the 
invention, contamination-removal devices are provided. An 
embodiment of such a device comprises a treatment cham 
ber, a chamber-evacuation pump, a gas-inlet, and an elec 
tron-beam irradiator. The treatment chamber de?nes an 
interior space in Which an object, having a deposit of a 
contaminant substance and requiring cleaning to remove the 
deposit, can be situated. The chamber-evacuation pump is in 
communication With the treatment chamber, and is con?g 
ured to evacuate the interior space. The gas-inlet is in 
communication With the treatment chamber, and is con?g 
ured to introduce a treatment gas into the interior space. The 
electron-beam irradiator is situated and con?gured to irra 
diate an electron beam in the interior space such that the 
electron beam ioniZes molecules of the treatment gas. The 
ioniZed molecules can react With molecules of the contami 
nant substance on the object so as to volatiliZe the contami 
nant substance from the deposit. The volatiliZed contami 
nant is removed using the chamber-evacuation pump. 

[0012] The treatment gas desirably is one or more of: 
Water vapor, oxygen, oZone, and oxygen radicals, Which 
have high reactivity When ioniZed by an electron beam. 

[0013] The treatment chamber can include a scattering 
body situated so as to be bombarded by the electron beam 
and form scattered electrons. The scattered electrons propa 
gate to regions in the treatment chamber that otherWise 
Would be dif?cult to reach using the electron beam directly, 
thereby facilitating rapid cleaning of such areas. 

[0014] The treatment chamber can be a process chamber 
in Which a fabrication process is conducted. Furthermore, 
the electron-beam irradiator can be the same as used to 
perform the fabrication process in the process chamber. For 
example, the electron-beam irradiator can be an illumina 
tion-optical system of an electron-beam microlithography 
apparatus. Alternatively, the electron-beam irradiator can be 
separate from an electron-optical system used to perform the 
fabrication process. 

[0015] According to another aspect of the invention, elec 
tron-beam microlithography apparatus are provided that 
include a process chamber and an electron-optical system 
situated in the process chamber and con?gured to irradiate 
a surface of a substrate in a selective manner With an 

electron beam from a source. An embodiment of such an 
apparatus includes a treatment-gas source connected to and 
con?gured to introduce a treatment gas into the process 
chamber. Also inside the process chamber is a separate 
electron-beam irradiation device that is separate from the 
electron-optical system. The electron-beam irradiation 
device is con?gured to produce a respective electron beam 
that impinges on the treatment gas in the process chamber so 
as to ioniZe molecules of the treatment gas. The ioniZed 
molecules are available to react With and volatiliZe a con 

taminant deposit in the process chamber. By including a 
separate electron-beam irradiation device used for contami 
nant removal, this embodiment effectively removes con 
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taminants from regions inside the process chamber not 
ordinarily irradiated by the electron beam from the electron 
optical system. 
[0016] According to another aspect of the invention, meth 
ods are provided for removing a deposit of a contaminant in 
a process chamber. In an embodiment of such a method, a 
treatment gas is provided that comprises molecules that 
become ioniZed When irradiated by electrons. The molecules 
of the treatment gas are introduced into the process chamber. 
When the process chamber contains molecules of the treat 
ment gas, the molecules of the treatment gas are irradiated 
With the electron beam to ioniZe the molecules of the 
treatment gas. The ioniZed molecules of the treatment gas 
are alloWed to react With and volatiliZe the deposit. Finally, 
the volatiliZed deposit is removed from the process chamber, 
such as by evacuating the process chamber. 

[0017] In another embodiment of the method, a treatment 
gas is provided as summariZed above. Molecules of the 
treatment gas are introduced into the process chamber. In the 
process chamber, an electron-beam irradiation device is 
provided that is con?gured to produce an electron beam. An 
electron-scattering body is placed in the process chamber 
such that the electron beam can impinge on the electron 
scattering body to produce scattered electrons. When the 
process chamber contains molecules of the treatment gas, 
the electron-scattering body is irradiated With the electron 
beam to produce scattered electrons that ioniZe the mol 
ecules of the treatment gas. The ioniZed molecules are 
alloWed to react With and volatiliZe the deposit. An advan 
tage of this method is that the scattered electrons can 
propagate to regions inside the process chamber that other 
Wise are dif?cult to reach using a directly impinging electron 
beam. In any event, using such a method, there is no need 
to remove contaminated objects from the process chamber 
or to disassemble the apparatus associated With the process 
chamber. Consequently, throughput is not adversely affected 
to a signi?cant degree. 

[0018] Another method embodiment is directed to meth 
ods for cleaning a reticle in a process chamber of an 
electron-beam microlithography apparatus. According to the 
method, the reticle is placed in an interior space de?ned by 
the process chamber. Asubatmospheric pressure (“vacuum” 
is applied to the interior space. An electron beam is directed 
to impinge on the reticle in the process chamber as electrons 
of the beam passing through the reticle are de?ected aWay 
from a resist-coated surface of a lithography substrate so as 
not to expose the resist. 

[0019] The electron beam impinging on the reticle for 
reticle cleaning desirably has an energy suf?cient to vola 
tiliZe a deposit of a contaminant on the reticle as the reticle 
is being irradiated With the electron beam. This cleaning 
energy desirably is greater than the energy of the beam used 
to expose the resist-coated surface of the substrate With the 
reticle pattern. 
[0020] The cleaning energy can be sufficient to confer a 
negative charge to the contaminant deposit and to cause the 
deposit to detach from the surface of the reticle. In this 
instance, it is desirable to provide a “dust collector” inside 
the process chamber. The dust collector is provided With a 
positive charge suf?cient to attract the detached deposit, and 
thus used to collect the detached deposit. 

[0021] According to another embodiment of a method, 
according to the invention, for performing microlithography, 
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the reticle and substrate are placed in the process chamber. 
The reticle is situated so as to be irradiated With an upstream 
electron beam and to produce a doWnstream electron beam 
carrying an image of the irradiated region of the reticle. The 
substrate is situated such that its resist-coated surface can be 
exposed With the image carried by the doWnstream electron 
beam. The process chamber is evacuated to produce a 
subatmospheric pressure in the process chamber. In a reticle 
cleaning mode of operation, the upstream electron beam is 
directed to impinge on the reticle While the doWnstream 
electron beam is directed aWay from the resist-coated sur 
face so as to avoid exposing the resist. In a substrate 
exposure mode of operation, the upstream electron beam is 
directed to irradiate a region on the reticle While the doWn 
stream electron beam is directed to a corresponding location 
on the resist-coated surface of the substrate so as to transfer 
the pattern from the reticle to the substrate. In the reticle 
cleaning mode, the electron beam desirably has a ?rst energy 
sufficient to volatiliZe a contaminant deposit on the reticle. 
In the substrate-exposure mode, the electron beam desirably 
has a second energy suf?cient to expose the resist. The ?rst 
energy desirably is greater than the second energy. 

[0022] Because the reticle is cleaned in situ inside the 
evacuated process chamber of the microlithography appa 
ratus, there is no need to break the vacuum of the process 
chamber to remove the reticle for remote cleaning. Hence, 
the reticle can be cleaned readily Without a signi?cant 
decrease in throughput. For example, the reticle can be 
cleaned before each use. 

[0023] In the foregoing method, the process chamber can 
be provided With a dust collector that is provided With a 
positive charge during the reticle-cleaning mode. Hence, 
during the reticle-cleaning mode, the electron beam imping 
ing on the reticle has an energy suf?cient to confer a negative 
charge to a contaminant deposit on the reticle and to detach 
the deposit from the reticle. The detached deposit thus is 
attracted to and collected by the dust collector. 

[0024] The foregoing and additional features and advan 
tages of the invention Will be more readily apparent from the 
folloWing detailed description, Which proceeds With refer 
ence to the accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] FIG. 1 is a schematic elevational depiction (With 
partial sections) of a contamination-removal device accord 
ing to a ?rst representative embodiment of the invention. 

[0026] FIG. 2 is a schematic elevational depiction (With 
partial sections) of an electron-optical lens column accord 
ing to the second representative embodiment. 

[0027] FIG. 3 is a schematic elevational diagram (With 
control aspects shoWn in block-diagram form) of an elec 
tron-optical lens column according to the second represen 
tative embodiment. 

[0028] FIG. 4 is a schematic elevational depiction (With 
partial sections) of certain aspects of an electron-beam 
microlithography apparatus according to the third represen 
tative embodiment. 

[0029] FIG. 5 is a schematic elevational depiction (With 
partial sections) of certain aspects of an electron-beam 
microlithography apparatus according to the fourth repre 
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sentative embodiment, including de?ection of the beam in a 
reticle-cleaning mode of operation. 

[0030] FIG. 6 is a schematic elevational depiction (With 
partial sections) of certain aspects of the electron-beam 
microlithography apparatus according to the fourth repre 
sentative embodiment, in a Wafer-exposure mode of opera 
tion. 

[0031] FIG. 7 is a schematic elevational section of a 
portion of a scattering-stencil type reticle used in the fourth 
representative embodiment, including carbon particles situ 
ated on the upstream-facing surface of the reticle. 

[0032] FIG. 8 is a block diagram of certain control rela 
tionships in the fourth representative embodiment. 

[0033] FIG. 9 is an elevational schematic diagram of an 
electron-beam microlithography apparatus, as described in 
the ?fth representative embodiment. 

[0034] FIG. 10 is an elevational schematic diagram of an 
electron-beam microlithography apparatus, as described in 
the sixth representative embodiment. 

[0035] FIG. 11 is an elevational schematic diagram of an 
electron-beam microlithography apparatus, as described in 
the seventh representative embodiment. 

DETAILED DESCRIPTION 

[0036] The invention is described beloW in the context of 
representative embodiments and examples that are not 
intended to be limiting in any Way. 

[0037] First Representative Embodiment 

[0038] This embodiment is depicted in FIG. 1, and is 
directed to a contamination-removal device 1 according to 
the invention. The device 1 of FIG. 1 comprises a process 
chamber 3 in Which the object 2 to be cleaned is situated, a 
vacuum pump 5 used to evacuate the interior of the process 
chamber 3, and a gas inlet 7 extending through a Wall of the 
process chamber 3. The gas inlet 7 is used for introducing a 
treatment gas into the interior of the process chamber 3. 
During cleaning, the object 2 is mounted or otherWise placed 
on a stage 11 situated inside the process chamber 3. The 
process chamber 3 can be the same chamber in Which an 
actual fabrication process (e.g., microlithography) is con 
ducted on the object 2, or can be a separate chamber 
dedicated to use for cleaning the object 2. In the latter case, 
the process chamber 3 can be termed a “treatment chamber.” 

[0039] The device 1 also includes an electron-beam-irra 
diation device 9 situated and con?gured to irradiate the 
object 2 With an electron beam. The electron-beam-irradia 
tion device 9 includes an electron gun 13 and an electron 
optical system 15 that are situated upstream of the stage 11. 
The electron gun 13 emits an electron beam 23 in the 
doWnstream direction. The electron-optical system 15 
includes multiple electron-lenses and de?ectors, and an 
aperture, that irradiate the object 2 on the stage 11 With the 
electron beam emitted from the electron gun 13. 

[0040] An evacuation outlet 17 extends from the process 
chamber 3 and is connected to the vacuum pump 5 for 
evacuating the atmosphere inside the process chamber 3. 
The gas inlet 7 is connected to a gas cylinder 21 via valves 
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19. The gas cylinder 21 provides a supply of a gas such as 
Water vapor, oxygen, ozone, or oxygen radicals, or a mixture 
of such gases. 

[0041] For cleaning, the object 2 is placed on the stage 11 
inside the process chamber 3. The vacuum pump 5 is turned 
on to evacuate the interior of the process chamber 3. After 
reaching a desired vacuum, the vacuum pump is turned off 
and the valves 19 are opened to alloW ?oW of the gas from 
the gas cylinder 21 through the gas inlet 7 into the process 
chamber 3. When the interior of the process chamber 3 is 
sufficiently ?lled With the gas, the electron beam 23 is 
directed in a doWnstream direction from the electron-beam 
irradiation device 9. The electron beam 23 ioniZes the gas 
molecules inside the process chamber 3. The ioniZed gas 
molecules oxidiZe molecules of the contaminants adhering 
to the object 2. As a result, the contaminants are broken 
doWn and volatiliZed. 

[0042] After irradiating the object 2 With the electron 
beam for a speci?ed period of time, the vacuum pump 5 is 
turned on again to evacuate the process chamber 3. This 
evacuation draWs volatiliZed contaminants from the process 
chamber 3. 

[0043] If the area of the object 2 is large, then electron 
beam 23 can be de?ected as required by a de?ector or the 
like of the electron-optical system 15 to direct the beam 23 
to various regions on the surface of the object 2. This 
de?ection can be in a scanning manner, or the stage 11 can 
be moved in a scanning manner in the horiZontal direction 
(in the ?gure), to alloW the entire surface of the object 2 to 
be irradiated With the electron beam 23. 

[0044] Second Representative Embodiment 

[0045] This embodiment is shoWn in FIGS. 2 and 3. 
Turning ?rst to FIG. 3, an electron-optical lens column 31 
is situated in an upper portion (in the ?gure) of an electron 
beam microlithography apparatus 30. The lens column 31 is 
a chamber that can be evacuated. To such end, a vacuum 
pump 32 is connected to the lens column 31. At the upper 
end (in the ?gure) of the lens column 31 is an electron gun 
33 that emits an electron beam in a doWnstream direction. 
From the electron gun 33, the beam passes through a 
condenser lens 34, passes a de?ector 35, and impinges on a 
reticle M, in that order. The condenser lens 34 converges the 
electron beam emitted from the electron gun 33. The elec 
tron beam is scanned in the lateral direction (in the ?gure) 
by the de?ector 35 to illuminate every region on the reticle 
M Within the optical ?eld of the electron-optical system. 

[0046] The reticle M is fastened by electrostatic adhesion 
or the like to a reticle chuck 40 installed on an upstream 
facing surface of a reticle stage 41. The reticle stage 41 is 
mounted to and supported by a base plate 46 or analogous 
support. The reticle stage 41 is driven by an actuator 42 
connected to the reticle stage 41. The actuator 42 is con 
nected to a controller 45 via a stage driver 44. A laser 
interferometer 43 is situated on one side (right side in the 
?gure) of the reticle stage 41. The laser interferometer 43 is 
connected to the controller 45. The laser interferometer 43 
produces data, concerning the position of the reticle stage 
41, that is input to the controller 45. Based on the data, the 
controller 45 routes commands to the stage driver 44 to 
operate the actuator 42 to drive the reticle stage 41 to a 
desired target position. 
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[0047] A “Wafer chamber”51 (another vacuum chamber, 
and representative of a process chamber) is situated doWn 
stream of the base plate 46. Avacuum pump 52 is connected 
to the Wafer chamber 51 (on the right side in the ?gure) to 
alloW evacuation of the interior of the Wafer chamber 51. 
Inside the Wafer chamber 51 are a projection lens 54, a 
de?ector 55, and a substrate (“Wafer”), in that order. The 
electron beam passing through the reticle M is converged by 
the projection lens 54 and de?ected by the de?ector 55 as 
required to form an image of the illuminated region of the 
reticle M in a speci?ed position on the Wafer W. 

[0048] The Wafer W is fastened by electrostatic adhesion 
or the like to a Wafer chuck 60 situated on the upstream 
facing surface of a Wafer stage 61. The Wafer stage 61 is 
mounted on a base plate 66 or analogous support. The Wafer 
stage 61 is movable as required by an actuator 62 connected 
to the Wafer stage 61. The actuator 62 is connected to the 
controller 45 via a stage driver 64. Alaser interferometer 63 
is situated to the side of the Wafer stage 61 (i.e., on the right 
side in the ?gure). The laser interferometer 63 is connected 
to the controller 45. The laser interferometer 63 produces 
data concerning the position of the Wafer stage 61. This data 
is routed to and input to the controller 45. The controller 45 
routes commands to the driver 64 to cause the actuator 62 to 
move the Wafer stage 61 to a desired target position. 

[0049] Turning noW to FIG. 2, the electron-optical system 
and reticle of the apparatus of FIG. 3 are shoWn in simpli?ed 
form. As noted above, the vacuum pumps 32, 52 are 
connected to the lens column 31 and Wafer chamber 51, 
respectively, of the apparatus 30. A gas inlet 71 opens into 
the lens column 31 or the Wafer chamber 51 (or both). The 
gas inlet 71 is connected to a gas cylinder 75 via valves 73. 
The gas cylinder 75 supplies a gas such as Water vapor, 
oxygen, oZone, or oxygen radicals, or a mixture of such 
gases. 

[0050] To remove contamination from the interior of the 
apparatus 30, a scattering body 77 can be placed on (for 
example) the reticle stage 41 or the Wafer stage 61. The 
scattering body 77 desirably has a plate con?guration and 
desirably is made of or plated With a “heavy” metal such as 
tungsten, tantalum, gold, or platinum. Even more desirably, 
the upstream-facing surface of the scattering body 77 de?nes 
multiple ?ne recesses and projections. The valves 73 are 
opened to introduce the gas from the gas cylinder 75 via the 
gas inlet 71 into the lens column 31 and vacuum chamber 51. 
After sufficiently ?lling the respective interiors of the lens 
column 31 and vacuum chamber 51 With the gas, the 
upstream-facing surface of the scattering body 77 is irradi 
ated With an electron beam 81. Such irradiation generates 
backscattered electrons 79. The upstream-facing surface of 
the scattering body desirably includes ?ne recesses and 
projections to facilitate scattering of electrons in all direc 
tions from the scattering body 77. 

[0051] The backscattered electrons 79 ioniZe molecules of 
the gas in the lens column 31 and Wafer chamber 51. The 
ioniZed gas molecules react With deposits of contaminants 
inside the chambers 31, 51, causing breakdoWn and vola 
tiliZation of the deposits. Since the backscattered electrons 
79 propagate in all directions inside the lens column 31 and 
vacuum chamber 51, regions that ordinarily are dif?cult to 
irradiate (e.g., lenses, de?ectors, and the doWnstream-facing 
surfaces of apertures) are irradiated by the backscattered 
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electrons. Thus, contaminant deposits on all surfaces inside 
the chambers 31, 51 are broken doWn and volatiliZed. After 
irradiating in this manner for a speci?ed period of time, the 
vacuum pumps 32, 52 are turned on to evacuate the lens 
column 31 and Wafer chamber 51 and remove the volatiliZed 
contaminants. 

[0052] Third Representative Embodiment 

[0053] This embodiment, directed to an electron-beam 
microlithography apparatus 30, is depicted schematically in 
FIG. 4. This embodiment includes an electron-beam 
(e-beam) irradiation device 83 used for removal of contami 
nants. The e-beam irradiation device 83 is situated inside the 
lens column 31 or Wafer chamber 51 (or both). The e-beam 
irradiation device 83 is separate from the electron gun 33 
used for lithographic exposure. The e-beam irradiation 
device 83 includes an electron gun 85 and an electron 
optical system 87. The electron-optical system 87 typically 
includes multiple lenses, de?ectors, and an aperture (not 
shoWn). Vacuum pumps 32, 52 are connected to the lens 
column 31 and Wafer chamber 51, respectively. A gas inlet 
71 extends into the lens column 31 or Wafer chamber 51, or 
both. The gas inlet 71 is connected to a gas cylinder 75 via 
valves 73. The gas cylinder 75 is ?lled With a gas such as 
Water vapor, oxygen, oZone, or oxygen radicals, or mixture 
thereof. 

[0054] To remove contamination from the interior of the 
apparatus 30, the interiors of the lens column 31 and Wafer 
chamber 51 are ?lled With the gas from the gas cylinder 75. 
The electron beam 81 from the electron gun 33 used for 
lithographic exposure is de?ected and scanned in the interior 
of the apparatus 30. Also, an electron beam 89 is emitted 
from the e-beam irradiation device 83. Desirably, the e-beam 
irradiation device 83 is situated such that the electron beam 
89 emitted therefrom is directed to locations that are beyond 
the irradiation range of the exposure electron beam 81, and 
that are most susceptible to contamination inside the lens 
column 31 and Wafer chamber 51. 

[0055] Gas molecules ioniZed by the electron beams 81, 
89 react With deposits of contaminants adhering to the 
interior surfaces of the chambers 31, 51. Thus, the contami 
nants are oxidiZed, broken doWn, and volatiliZed. Electron 
beam irradiation is continued for a speci?ed period of time, 
after Which the vacuum pumps 32, 52 are turned on to 
evacuate the lens column 31 and Wafer chamber 51. Thus, 
the volatiliZed molecules of the contaminants are removed 
from the chambers. 

[0056] Any of the various embodiments described above 
achieve removal of contaminants from the interior of a 
chamber of, e.g., a microlithographic exposure apparatus 
Without reducing throughput or having to disassemble or 
remove components from the apparatus. 

EXAMPLE 1 

[0057] The test object for cleaning Was a silicon stencil 
reticle With adhering deposits of hydrocarbon contaminants 
that accumulated during electron-beam irradiation of the 
reticle. The test object Was placed in the sample chamber of 
a scanning electron microscope, and Water vapor Was intro 
duced into the sample chamber. The contaminated test object 
Was scanned and irradiated With an electron beam, acceler 
ated across a voltage of 20 kV, in a 600-Pa atmosphere in the 
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sample chamber. Under such conditions, the contaminants 
adhering to the silicon stencil reticle Were removed success 
fully. 

EXAMPLE 2 

[0058] The test object for cleaning Was a silicon stencil 
reticle With adhering deposits of hydrocarbon contaminants 
that accumulated during electron-beam irradiation of the 
reticle. The test object Was placed in the sample chamber of 
a scanning electron microscope, and oxygen gas Was intro 
duced into the sample chamber. The contaminated test object 
Was scanned and irradiated With an electron beam, acceler 
ated across a voltage of 20 kV, in a 600-Pa atmosphere in the 
sample chamber. Under such conditions, the contaminants 
adhering to the silicon stencil reticle Were removed success 
fully. 

EXAMPLE 3 

[0059] The test object for cleaning Was a silicon stencil 
reticle With adhering deposits of hydrocarbon contaminants 
that accumulated during electron-beam irradiation of the 
reticle. The test object Was placed in the sample chamber of 
a scanning electron microscope, and oZone gas Was intro 
duced into the sample chamber. The oZone gas Was gener 
ated using an oZoniZer that converts oxygen into oZone. The 
contaminated test object Was scanned and irradiated With an 
electron beam, accelerated across a voltage of 30 kV, in a 
400-Pa atmosphere in the sample chamber. Under such 
conditions, the contaminants adhering to the silicon stencil 
reticle Were removed successfully. 

EXAMPLE 4 

[0060] The test object for cleaning Was a metal aperture, 
made of molybdenum, as used in an electron-optical system. 
The test object had adhering deposits of hydrocarbon con 
taminants. The test object Was placed in the sample chamber 
of a scanning electron microscope, and a mixture of Water 
vapor and oxygen gas Was introduced into the sample 
chamber. The contaminated test object Was scanned and 
irradiated With an electron beam, accelerated across a volt 
age of 30 kV, in a 600-Pa atmosphere in the sample chamber. 
Under such conditions, the contaminants adhering to the 
metal aperture Were removed successfully. 

EXAMPLE 5 

[0061] A scattering body Was con?gured as a tungsten 
plate. The scattering body Was placed on the Wafer stage of 
an electron-beam microlithography apparatus inside a Wafer 
chamber. Oxygen gas Was introduced into the Wafer cham 
ber. The scattering body Was irradiated With an electron 
beam, accelerated across a voltage of 100 kV, in a 1000-Pa 
atmosphere in the Wafer chamber. AfterWard, the interior of 
the Wafer chamber Was evacuated. Under such conditions, 
the contaminants adhering to various locations inside Wafer 
chamber and lens column of the electron-beam microlithog 
raphy apparatus Were removed. 

[0062] Fourth Representative Embodiment 

[0063] This embodiment is directed to cleaning of the 
reticle as used in a CPB microlithography apparatus. The 
reticle is cleaned in situ by the CPB microlithography 
apparatus operated in a “reticle-cleaning” mode. Reticle 
cleaning can be performed prior to operating the apparatus 
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in a “Wafer-exposure” mode, so as to prepare the reticle for 
use in exposure. During reticle cleaning, contaminants are 
removed by irradiating the reticle With a charged particle 
beam (e.g., an electron beam). 

[0064] An electron-beam microlithography apparatus 
according to this embodiment is shoWn in FIG. 5. The 
components used for exposure and for reticle cleaning are 
contained in a vacuum chamber 120. For exposure and 
reticle cleaning, the interior of the vacuum chamber 120 is 
maintained at a desired level of “vacuum” (subatmospheric 
pressure) by means of a vacuum pump 121. Under such 
conditions, it is possible to select either the Wafer-exposure 
mode or the reticle-cleaning mode Without having to change 
the vacuum. 

[0065] An electron gun 101 emits an electron beam 103 in 
a doWnstream trajectory at an acceleration voltage of, e.g., 
100 kV. Areticle 104 is placed on a reticle stage 105 situated 
doWnstream of the electron gun 101. The electron beam 103 
emitted from the electron gun 101 is collimated by an 
illumination lens 102 for irradiation of the reticle 104. At 
any given instant, the irradiation ?eld on the reticle 104 is, 
e.g., 1-mm square. 

[0066] The reticle 104 can be a scattering-stencil reticle 
comprising a reticle membrane made of a material that 
scatters incident electrons of the beam and that de?nes 
through-holes that are transmissive to the incident beam. 
The pattern of through-holes in the membrane de?nes the 
elements of the pattern to be transferred to a substrate 
(Wafer) 109. Alternatively, the reticle can be a scattering 
membrane reticle comprising regions of an electron-scatter 
ing material formed on the surface of a thin base membrane 
that is relatively transmissive to the incident beam. In either 
case, the electron-scattering portions of the reticle are suf 
?ciently thin to prevent signi?cant absorption of incident 
electrons, thereby preventing excessive heating of the reticle 
that otherWise Would occur by absorption of incident elec 
trons. By Way of example, in a scattering-stencil reticle 
con?guration, the reticle membrane is made of silicon With 
a thickness of 2 pm. 

[0067] The apparatus of FIG. 5 also includes a ?rst lens 
106 and a second lens 108 of a projection-lens system. The 
lenses 106, 108 are situated along an optical axis A at a 
spacing of 50 mm beneath the reticle 104. A “contrast 
diaphragm”107 is situated betWeen the lenses 106, 108. The 
contrast diaphragm 107 is made of a tantalum or other heavy 
metal plate having a thickness of, e.g., 1 mm and de?ning an 
axial aperture having a diameter of, e.g., 150 pm. The 
contrast diaphragm is situated in the vicinity of the Fourier 
plane of the reticle 104. The contrast diaphragm 107 blocks 
doWnstream propagation of scattered electrons so that only 
the electrons passing through the aperture propagate doWn 
stream of the contrast diaphragm. I.e., electrons scattered 
While passing through the reticle 104 are blocked by the 
contrast diaphragm 107. 

[0068] A movable Wafer stage 110 is situated in the loWer 
part (in the ?gure) of the depicted apparatus. A substrate 
(Wafer) 109 is mounted on the Wafer stage 110 for exposure. 
So as to be imprinted With an image of the pattern on the 
reticle 104, the surface of the Wafer 109 is coated With a 
resist, either directly or With an interposed insulating ?lm or 
conductive ?lm. 

[0069] At least one de?ector 112 is used to de?ect the 
electron beam 111 as required. During operation of the 
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apparatus in the reticle-cleaning mode, the reticle 104 is 
irradiated by the electron beam 111. Electrons of the beam 
passing through the reticle 104 are de?ected laterally by the 
de?ector 112 in a manner causing the electron beam 111 to 
enter a Faraday cup 123 situated on the Wafer stage 110. 
Thus, during such de?ection, the electron beam 111 does not 
irradiate the resist on the Wafer 109. The Faraday cup 123 
can be movable so as to be situated on the Wafer stage 110 
only in the reticle-cleaning mode. Alternatively, it is possible 
to actuate the Wafer stage 110 to move the Faraday cup 123 
thereon into a position at Which the Faraday cup 123 can 
capture the electron beam 111 more easily. 

[0070] In the reticle-cleaning mode, the electron beam 103 
irradiates the reticle 104 in the same sequence as in the 
Wafer-exposure mode. Either of the folloWing tWo methods 
may be used to remove contaminants adhering to the reticle 
104. In the ?rst method the contaminants are heated to a high 
temperature and volatiliZed. To such end, the beam intensity 
(current) of the electron beam 103 desirably is increased 
above the beam intensity used in the Wafer-exposure mode, 
so as to heat the contaminants to a high temperature as 
quickly as possible. For example, the beam intensity can be 
50 pA in the Wafer-exposure mode and 100 pA in the 
reticle-cleaning mode. The electron-beam irradiation time is 
described in detail later beloW. In the second method clean 
ing is accomplished by charging the contaminants adhering 
to the reticle 104 With a negative charge (by electron-beam 
irradiation). The contaminants are collected using a dust 
collector 122 ?anking the reticle 104 and energiZed With a 
positive potential. In either method, the microlithography 
apparatus shifts to the Wafer-exposure mode after the com 
pleting the reticle-cleaning mode. 

[0071] FIG. 6 depicts the electron-beam microlithography 
apparatus con?gured for operation in the Wafer-exposure 
mode. In this mode, the electron gun 101 emits the electron 
beam 103 in a doWnWard direction (in the ?gure), acceler 
ated under a voltage of, e.g., 100 kV. The electron beam 103 
emitted from the electron gun 101 is collimated by the 
illumination lens 102 for illumination of the reticle 104. Also 
shoWn are the ?rst and second projection lenses 106, 108, 
respectively, and the de?ector 112. During Wafer exposure, 
de?ned regions (“sub?elds”) of the reticle 104 are irradiated 
sequentially. MeanWhile, respective images of the irradiated 
sub?elds are formed at predetermined regions on the Wafer 
109. These exposure regions on the Wafer 109 are deter 
mined by the de?ector 112 such that, upon completing 
exposure of the reticle pattern onto the Wafer 109, the 
individual sub?eld images are “stitched” together properly. 
As each sub?eld images is projected onto the Wafer, the 
resist in the exposure location is imprinted With the portion 
of the overall pattern de?ned by the irradiated sub?eld. 
Usually, the siZe of the image as formed on the Wafer 109 is 
“reduced” (demagni?ed) relative to the siZe of the corre 
sponding pattern on the Wafer. For example, the reduction 
can be 1A. 

[0072] During Wafer exposure, exposure time is a function 
of exposure parameters such as the resist sensitivity, beam 
current, stage velocity, and other variables. For example, the 
resist can have a sensitivity of 5 pC/cmZ, and the exposure 
time for one sub?eld can be 62.5 psec at a beam current (on 

the reticle) of 50 MA. 
[0073] Beam intensity and irradiation time during the 
reticle-cleaning mode (in Which contaminants are removed 
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by heating using the electron beam) are discussed With 
reference to FIG. 7. In the ?gure, a scattering-stencil reticle 
104 is shoWn having membrane regions 114 and through 
holes 115. As representative particulate contaminants, car 
bon particles 117 are situated on the upstream-facing surface 
of the reticle 104. The particles 117 have a diameter of 0.4 
pm. The electron beam 103 directed onto the reticle 104 is 
scattered by the membrane regions 114 and transmitted by 
the through-holes 115. 

[0074] In the folloWing calculations, the carbon particles 
117 are approximated by cubes measuring 0.4 pm on each 
side. Assuming that the carbon particles 117 have the 
approximate density of graphite, the density of the particles 
is 2.27><106 g/m3, and the speci?c heat of the particles is 
0.669 J/gK. 

[0075] The absorption by the particles 117 of electron 
beam energy can be expressed using the Bethe equation: 

[0076] Accordingly, the amount of electron-beam energy 
absorbed by a carbon particle (having a thickness of 0.4 pm) 
is: 

[0077] Assuming that the electron beam is accelerated 
under a voltage of 100 kV, the ratio of the amount of energy 
absorbed by the particle to the acceleration energy is: 

[0078] Assuming a beam intensity of 100 MA, the total 
beam energy applied in one second to an irradiation area of 
1 mm2 is: 

[0079] Accordingly, the beam energy irradiated on a car 
bon particle measuring 0.4 pm on a side is: 

[0080] Since the energy absorbed by the carbon particles 
is 0.5% of the incident beam energy, the absorbed energy is 
8x10‘9 J. 

[0081] The mass of each carbon particle is determined 
from the density and volume of the particle: 

[0082] Since the carbon particles merely are resting on the 
surface of the reticle With minimal thermal contact With the 
reticle, it is assumed that no heat is conducted from the 
carbon particles to the reticle. In such a case, the temperature 
rise AT of the carbon particles is determined as folloWs: 

[0083] In other Words, if electron-beam irradiation of the 
reticle Were performed for 1 second under the conditions 
described above, the temperature of each carbon particle 
Would be increased by approximately 82,000 K. Since the 
vaporiZation temperature of carbon is approximately 4900° 
C., irradiation With the electron beam for approximately 60 
msec causes the temperature of the carbon particles to rise 
approximately 5500 degrees, Which causes the carbon par 
ticles to evaporate. Thus, as described above, reticle clean 
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ing can be accomplished in a short time by irradiating the 
reticle With the electron beam having a higher intensity than 
used for Wafer exposure. 

[0084] The reticle 104 shoWn in FIG. 7 is a scattering 
stencil reticle in Which only a small percent of incident beam 
energy is absorbed. The heat generated by this absorbed 
energy is conducted to the reticle stage. During reticle 
cleaning as described above, the temperature rise of the 
reticle is actually about the same as encountered by the 
reticle during the Wafer-exposure mode. Consequently, the 
reticle temperature does not increase to a level at Which the 
reticle could be damaged. Also, since the surfaces of par 
ticles of carbon and other contaminants normally are oxi 
diZed, conditions for poor heat conduction betWeen the 
reticle and the particles are fairly Well satis?ed if the 
thermal-contact resistance betWeen the reticle and the par 
ticles is taken into account. Furthermore, the electron-beam 
irradiation conditions are not limited to the speci?c condi 
tions described above; actual conditions should be deter 
mined based on the materials and dimensions of the reticle 
and the contaminants. 

[0085] The example described above Was in the context of 
carbon particles that exhibit loW absorption of the incident 
electrons of the beam. Metal particles, on the other hand, 
exhibit relatively high absorption of incident electrons. 
Consequently, metal particles Would be volatiliZed in a 
shorter time than carbon particles. 

[0086] In addition, the reticle-cleaning mode can be effec 
tive in removing contaminants (e.g., burned-on carbon-type 
contaminants) that cause local accumulations of charge that 
can affect the beam trajectory adversely. Whenever charge 
accumulation occurs, the electrical conductivity of the 
reticle tends to drop, Which results in poorer thermal con 
ductivity betWeen the particulate contaminants and the 
reticle. Under such conditions, the contaminants can be 
volatiliZed readily in the same manner as described above. 

[0087] A block diagram shoWing control relationships of 
this embodiment is shoWn in FIG. 8. The intensity of the 
electron beam emitted from the electron gun 101 is con 
trolled by an electron-gun controller 134 connected to a 
main controller 131. The operational parameters of the 
respective lenses 102, 106, 108 are controlled by a lens-coil 
poWer supply 140 also connected to the main controller 131. 
Similarly, the operational parameters of the de?ector 112 are 
controlled by a de?ector-coil poWer supply 141 also con 
nected to the main controller 131. 

[0088] The reticle 104 is mounted to the upstream-facing 
surface of the reticle stage 105. A reticle-stage controller 
133, also connected to the main controller 131, controls the 
position of the reticle stage 105. Respective position detec 
tors 135 (e.g., laser interferometers) detect the position of 
the reticle stage 105. Data produced by the position detectors 
135 are routed to the main controller 131 via respective data 
interfaces 136. Stage-control data from the reticle-stage 
controller 133 are input into a statistical calculator 132. The 
statistical calculator 132 is con?gured to optimiZe, from the 
results of statistical calculations performed by the statistical 
calculator, the relative positions of the reticle and Wafer. 

[0089] Similarly, a Wafer-stage controller 137, also con 
nected to the main controller 131, controls the position of the 
Wafer stage 110. Respective position detectors 138 (e.g., 
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laser interferometers) detect the position of the Wafer stage 
10. Data produced by the position detectors 138 are routed 
to the main controller 131 via respective data interfaces 139. 
Stage-position data from the position detector 138 and data 
from the Wafer-stage controller 137 are input into the 
statistical calculator 132. 

[0090] In the reticle-cleaning mode, the main controller 
131 controls the electron-gun controller 134 to cause the 
electron gun 101 to direct an electron beam toWard the 
reticle 104. The main controller 131 also controls the 
de?ector-coil poWer supply 141 so as to cause the de?ector 
112 to de?ect the electron beam (passing through the reticle 
104) sufficiently to cause the electron beam to intersect the 
Wafer plane outside an area coated With resist. The main 
controller 131 also causes a positive potential to be applied 
to the Faraday cup 123 so as to cause the electron beam to 
be conducted to the Faraday cup 123. 

[0091] In the alternative method in Which cleaning is 
performed by collecting particulate contaminants, released 
from the reticle, using a dust collector 122, the main 
controller 131 controllably operates the dust collector 122 in 
the reticle-cleaning mode. Speci?cally, at the time the elec 
tron beam is directed toWard the reticle 104, or immediately 
after such irradiation of the reticle, a positive potential is 
applied to the dust collector 122 so that negatively charged 
contaminants released from the reticle are attracted to and 
collected in the dust collector 122. In cases in Which dust 
collection is performed simultaneously With electron-beam 
irradiation of the reticle, the dust collector desirably is 
situated at a position that does not affect the trajectory of the 
beam. 

[0092] In the Wafer-exposure mode, the main controller 
131 controllably operates the electron-gun controller 134 to 
cause the electron gun 101 to direct the electron beam 
toWard the reticle 104. The main controller 131 also con 
trollably operates the de?ector-coil poWer supply 141 to 
cause the de?ector 112 to scan the electron beam over the 
resist on the Wafer so as to imprint the resist With the reticle 
pattern as projected onto the Wafer surface. 

[0093] Fifth Representative Embodiment 
[0094] FIG. 9 shoWs certain imaging and control relation 
ships of an electron-beam microlithography apparatus 
according to a representative embodiment. Although this 
embodiment employs an electron beam as a lithographic 
energy beam, it Will be understood that the principles of this 
embodiment can be applied With equal facility to use of an 
alternative charged particle beam, such as an ion beam. 

[0095] The apparatus of FIG. 9 comprises an illumina 
tion-optical system I05 and a projection-optical system POS 
arranged along an optical axis AX. The illumination-optical 
system IOS comprises optical components situated betWeen 
an electron gun 201 and a reticle 210, and the projection 
optical system POS comprises optical components situated 
betWeen the reticle 210 and a substrate 223. So as to be 
imprinted With the pattern as projected from the reticle by 
the projection-optical system POS, the upstream-facing sur 
face of the substrate 223 is coated With a suitable “resist,” 
thereby rendering the substrate “sensitive” to exposure by 
the electron beam. The substrate 223 can be any suitable 
material and con?guration, such as a silicon Wafer. 

[0096] At the extreme upstream end of the apparatus, the 
electron gun 201 emits an electron beam (“illumination 
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beam”) in a doWnstream direction through the illumination 
optical system IOS. The illumination-optical system com 
prises ?rst and second condenser lenses 202, 203, respec 
tively, a beam-shaping aperture 204, a blanking aperture 
207, an illumination-beam de?ector 208, and an illumina 
tion lens 209. The illumination beam from the electron gun 
201 passes through the condenser lenses 202, 203, Which 
converge the beam at a crossover C.O. situated at the 
blanking aperture 207. 

[0097] The beam-shaping aperture 204 is situated doWn 
stream of the second condenser lens 203. The beam-shaping 
aperture has a pro?le (e.g., rectangular) that peripherally 
trims the illumination beam as the beam passes through the 
beam-shaping aperture. Thus, the illumination beam is 
trimmed to have a transverse pro?le that is shaped and 
dimensioned to illuminate a single exposure unit (e.g., a 
single sub?eld) on the reticle 210. For example, the beam 
shaping aperture 204 trims the illumination beam to have a 
square transverse pro?le With side dimensions of slightly 
greater than 1 mm as incident on the reticle 210. A focused 
image of the beam-shaping aperture 204 is formed on the 
reticle 210 by the illumination lens 209. 

[0098] As noted above, the blanking aperture 207 is situ 
ated, doWnstream of the beam-shaping aperture 204, at the 
crossover CO. The blanking aperture includes an aperture 
plate 207p that de?nes an axial through-aperture 207a. 
During times When the illumination beam is “blanked” 
(prevented from propagating to the reticle 210), the blanking 
de?ector 205 de?ects the illumination beam off-axis as 
required to cause the beam to be incident on the aperture 
plate 207p rather than on the through-aperture 207a. Inci 
dence of the illumination beam on the aperture plate 207p 
blocks the beam from propagating to the reticle 210. 

[0099] The illumination-beam de?ector 208 is situated 
doWnstream of the blanking aperture 207, and is con?gured 
mainly for scanning the illumination beam in the X-direction 
in FIG. 9 to as to illuminate successive sub?elds on the 
reticle 210 in a sequential manner. The respective sub?elds 
that are illuminated per scan (“sweep”) of the beam are in a 
respective roW on the reticle located Within the optical ?eld 
of the illumination-optical system IOS. The illumination 
lens 209 is situated doWnstream of the illumination-beam 
de?ector 208. The illumination lens 209 is a condenser lens 
that collimates the illumination beam for impingement on 
the reticle 210. Also, as noted above, the illumination lens 
209 forms a focused image of the beam-shaping aperture 
204 on the upstream-facing surface of the reticle 210. 

[0100] In FIG. 9 only one sub?eld of the reticle 210 is 
shoWn, situated on the optical axis AX. In actuality, the 
reticle 210 comprises a large number of sub?elds, arrayed in 
the reticle plane extending in the X- and Y-directions (i.e., 
the X-Y plane). Typically, the reticle 210 de?nes the pattern 
for a layer of a microelectronic device, for example an 
integrated circuit. (The pattern for one layer need not be 
de?ned by only one reticle.) The pattern normally extends 
suf?ciently to occupy a “die” on the substrate 223. To ensure 
that the illumination beam illuminates a particular sub?eld 
on the reticle 210, the illumination-beam de?ector 208 is 
energiZed appropriately. 

[0101] The reticle 210 is mounted on a reticle stage 211 
that can be moved in the X- and Y-directions. Similarly, the 
substrate 223 is mounted on a substrate stage 224 that also 














