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(57) ABSTRACT 

An electron beam lithography system has an electron gun 
(73) Assignee; APPLIED MATERIALS, INC including at least one laser that is operable in a ?rst mode to 

generate electrons for lithography. The electron beam lithog 
(21) Appl, No,: 10/055,869 raphy system is operable in a second mode to regenerate the 

photocathode of the electron gun by application of the laser. 
22 Filed: Jan. 22, 2002 The hotocathode includes a la er of cesium telluride. P y 
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ELECTRON BEAM LITHOGRAPHY SYSTEM 
HAVING IMPROVED ELECTRON GUN 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] The present application claims priority from US. 
Provisional Application Serial No. 60/265,272, ?led Jan. 31, 
2001, Which is hereby incorporated by reference in its 
entirety as if fully set forth herein. 

BACKGROUND OF THE INVENTION 

[0002] 1. Field of the Invention 

[0003] The present invention relates to electron beam 
lithography and, in particular, an electron beam lithography 
system having an improved electron gun. 

[0004] 2. Description of the Related Art 

[0005] The greatest limitation on electron beam lithogra 
phy systems has been their speed of operation, or through 
put. Multiple electron beam technology holds the potential 
for greatly improving throughput in the next generation (sub 
100 nm) of lithography. In this approach, multiple electron 
beams are formed by focusing an array of independently 
modulated light (laser) beams onto a photocathode in trans 
mission mode. Electron beams are emitted if the energy of 
the photon beam is greater than the Work function of the 
photocathode material. Once created, the electron beams are 
accelerated, focused and scanned across the Wafer or mask 
using an electron-optical column. In such systems, the 
selection of the photocathode material is an important per 
formance-limiting factor. 

[0006] For an electron gun employing a photocathode 
source, the total current that can be delivered to the Wafer of 
substrate is limited by the quantum ef?ciency (QE) of the 
photocathode and the transmission of the electron column. 
The QE is the ratio of the number of emitted electrons to the 
number of incident photons and is largely an intrinsic 
property of the material. The column transmission is related 
to the energy distribution of the emitted electrons, such that 
a Wider energy distribution results in a loWer column trans 
mission. 

[0007] Many photocathode materials have been used. 
These include metallic ?lms such as gold; semiconductor 
materials such as gallium arsenide; and semiconductor mate 
rials Whose surfaces have been treated With cesium and 
oxygen, referred to as negative electron af?nity (NEA) 
photocathodes. 
[0008] Generally, the highest quantum ef?ciencies are 
produced With NEA photocathodes (as large as 30% With an 
energy of 100 meV). HoWever, the QE of NEA photocath 
odes is very sensitive to vacuum contaminants (e.g., a 
vacuum of 10'11 Torr is generally required to maintain a 
high QE). Further, the QE of NEA photocathodes degrades 
With time as current is emitted from the surface. This 
degradation is caused by a loss of cesium from the surface 
due to desorption. 

[0009] Gold photocathodes, on the other hand, are much 
less sensitive to vacuum conditions and can operate under 
high vacuum conditions. HoWever, gold photocathodes typi 
cally exhibit loW QE, Which ultimately Would result in loW 
throughput. 
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[0010] There is therefore a need for an electron gun having 
a photocathode With relatively high quantum ef?ciency and 
that can operate at relatively high vacuum. There is a further 
need for an electron beam lithography system having such 
an electron gun. 

SUMMARY OF THE INVENTION 

[0011] These and other draWbacks in the prior art are 
overcome in large part by a system and method according to 
the present invention. 

[0012] An electron beam lithography system according to 
an implementation of the invention has an electron gun 
including a layer of cesium telluride. The electron beam 
lithography system further includes at least one laser that is 
operable in a ?rst mode to generate electrons for lithography. 
The electron beam lithography system is operable in a 
second mode to regenerate the photocathode of the electron 
gun by application of the laser. 

[0013] An electron gun according to an implementation of 
the invention includes at least one laser and a photocathode 
having a layer of cesium telluride. The photocathode may be 
applied on a substrate or may have a metallic layer inter 
posed betWeen the cesium telluride layer and the substrate. 
Electrodes may be applied to the cesium telluride layer to 
apply current to regenerate the photocathode. 

[0014] A method according to an implementation of the 
invention includes applying a laser to a photocathode in a 
?rst mode to emit electrons and in a second mode to 
regenerate the photocathode. In one implementation, the 
laser is applied at a poWer density of approximately 104 
Watts per square centimeter in the ?rst mode and at a poWer 
density in the range substantially comprising l0‘l-l06 Watts 
per square centimeter in the second mode. Temperature of 
the photocathode in the second mode is raised to approxi 
mately 20-200 degrees Celsius above room temperature. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] Abetter understanding of the invention is obtained 
When the folloWing detailed description is considered in 
conjunction With the folloWing draWings in Which: 

[0016] FIG. 1 is a block diagram of an exemplary electron 
beam lithography system in accordance With an implemen 
tation of the invention; 

[0017] FIG. 2 is a more detailed diagram of the laser 
optics of FIG. 1; 

[0018] FIG. 3 and FIG. 4 illustrate electron optics for the 
system of FIG. 1; 

[0019] FIGS. 5A-5C illustrate exemplary photocathodes 
according to embodiments of the present invention; 

[0020] FIG. 6 is a graph of QE vs. poWer density for a 
photocathode according to an implementation of the inven 
tion; and 

[0021] FIG. 7 illustrates a process according to an imple 
mentation of the invention; 

[0022] FIG. 8 and FIG. 9 illustrate an interlaced Writing 
strategy according to an embodiment of the present inven 
tion; 
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[0023] FIG. 10 is a simpli?ed optical diagram of a lithog 
raphy column according to an embodiment of the present 
invention; and 

[0024] 
tool. 

FIG. 11 is a simpli?ed diagram of a lithography 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0025] System OvervieW 

[0026] Turning noW to FIG. 1, a block diagram of an 
electron beam lithography system according to an imple 
mentation of the present invention is shoWn and generally 
identi?ed by the reference numeral 100. As shoWn, the 
system 100 includes laser optics 102, electron optics 104, 
and an electronics datapath 106, Which receives an input 
108. 

[0027] The laser optics 102 include a laser 110, beam 
splitter 112, one or more modulators 114, such as acousto 
optical modulators, and an optical system 116. In one 
implementation, the laser 110 is a 257 nm argon-ion laser. 
The electron optics 104 include a photocathode 118, an 
electron beam column 120, and a Writing plane 122, as Will 
be explained in greater detail beloW. 

[0028] The datapath 106 includes a rasteriZer 125, Which 
produces a sampled image 126, corrections unit 128, 
sequencer 130 and drive electronics 132. An exemplary 
rasteriZer is described in commonly-assigned U.S. Pat. No. 
5,533,170, titled “RasteriZer for a Pattern Generation Appa 
ratus,” Which is hereby incorporated by reference in its 
entirety as if fully set forth herein. 

[0029] In operation, a laser beam 111, generated by the 
laser 110, is split into a plurality of individual laser beams 
using the beam splitter 112. In one implementation, the laser 
beam 111 is split into 32 beams by the beam splitter 112. The 
array of individual laser beams enters the array of acousto 
optic modulators (AOM) 114, Which sWitch on or off or set 
the transmitted photon ?ux of each individual beam to a 
predetermined value. In one implementation, thirty-tWo (32) 
AOMs are provided. 

[0030] The data needed to drive the AOMs are provided 
from the datapath 106 and, particularly, the rasteriZer 125. 
That is, the sWitching of the AOMs 114 is controlled by a 
modulation signal 124, provided from the drive electronics 
132 of the datapath 106. The modulation signal is deter 
mined by the pattern to be exposed on the substrate and 
generated by the datapath 106. 

[0031] Beam blanking and modulation is implemented 
electronically at the AOM array level, Which signi?cantly 
simpli?es the design of the electron lithography system. The 
resulting shorter column minimiZes the electron-electron 
interactions and maximiZes achievable throughput. In the 
AOM array 114, the modulation of the photon intensity is 
achieved by applying RF poWer to the individual AOM 
channels. Applying different levels of RF poWer can be used 
for ?ne modulation of the photon intensity. Amultiple gray 
level, multiple pass Writing strategy may be used for this 
electron lithography system. Further, another AOM (not 
shoWn) may be inserted in the optical system upstream of the 
splitter to act as a fast auxiliary blanker. This additional 
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AOM may be used during scan retrace When additional 
blanking is needed but the shutter 208a (FIG. 2) is too sloW. 

[0032] Individual photon beams 115, generated by the 
AOM array 114, are demagni?ed by the optical system 116. 
The optical system 116 may be implemented as one or more 
optical lenses focused on the photoemitting surface of a 
photocathode 118. 

[0033] Examples of a suitable photocathode are CsZTe 
(cesium telluride) photocathodes, Mg (magnesium), nega 
tive electron af?nity photocathodes, based for example on 
cesiated GaAs (gallium arsenide), cesiated GaN (gallium 
nitride), or silicon-cesium oxide nanoclusters and possibly 
gold With a covering of hydrocarbons. In operation, photons 
absorbed in the photocathode layer 118 excite electrons 
above the vacuum level, and a portion of the electrons Which 
do not lose enough energy (While scattering in the photo 
cathode layer itself) are emitted into vacuum. When a 
voltage (up to 50 kV) is applied to the extraction electrode, 
the photoelectrons are accelerated and focused to form a 
multibeam pattern, ie a virtual image of the photocathode 
surface, Which is a demagni?ed photoemission image of the 
laser beam array. The electron beam column 120 then 
demagni?es the multibeam pattern and scans it across the 
Writing plane 122. 

[0034] Throughput Considerations 

[0035] System throughput may be an important factor in a 
multisource system. A ?rst factor affecting throughput is the 
total current needed to pattern a substrate. Acertain fraction 
of the electron-sensitive resist must be exposed. To a ?rst 
approximation, this exposure requires a maximum available 
electron dose, Which can be calculated for a resist of given 
sensitivity. The throughput is determined by the time 
required to deliver this dose, Which is proportional to the 
maximum total electron current. This total current is pro 
portional to the number of beamlets Nb and the current Ib 
delivered by each beamlet. Thus the time T to expose a given 
area is T=AS/NbIb, Where A is the area to be patterned and 
S is the resist sensitivity (charge density required to expose 
the resist). High throughput can be achieved by using a 
suf?ciently large number of beamlets and a suf?ciently large 
current in each beamlet. 

[0036] Asecond factor affecting throughput is pixel deliv 
ery rate. To compose the pattern properly, the pixel spacing 
d must be not much more than half the siZe of the smallest 
pattern features. The total number of pixels, Zn, Will be 
proportional to A/d2, so the time required to Write the pattern 
is T=A/f Nbdz, Where f is the maximum beam incrementing 
rate. This time can be reduced by using a large number of 
beams and a high modulation rate. Because of the large 
number of pixels involved, the imodulation rate required for 
a single beam system quickly exceeds the commonly 
accepted state of the art (300-500 MHZ). For a given 
throughput, multiple beam approaches reduce the modula 
tion rate by the number of beamlets used. 

[0037] A third factor affecting throughput is that the stage 
acceleration and velocity must be matched to the electronic 
scan length. As the array of beams is scanned across the 
substrate, the area under each electronic scan is given by 
LNbd, Where L is the length of the electronic scan. The 
number of scans n needed to cover the entire area A is 

therefore n=A/(LNbd). In a Write-on-the-?y scheme With a 
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continuously moving stage, the time T5 to travel from one 
scan line to the next is TS=Nbd/v, Where v is the stage 
velocity. The time required to cover an entire substrate 
(ignoring all overheads such as acceleration, deceleration, 
and retrace times) is T=TSn=A/Lv, Where the larger scan 
length L alloWs for increased throughput. 

[0038] For a high-throughput multisource column, a large 
array of beamlets With a large current in each beamlet, a high 
modulation frequency, and a large scan ?eld are desirable. 
For direct-Write applications, a throughput of 10 (300 mm) 
Wafers/hour may be achievable With a resist sensitivity of 10 
ptC/cm2 and a 50 keV multisource lithography column With 
a total beam current of 16 MA. The array Would contain 200 
beamlets individually sWitching at 300 MHZ and scanned 
over a ?eld of 1 mm, While the stage moves at a speed of 15 
cm/sec. For mask patterning applications, Where the 
throughput is reduced to one 9 inch mask/6 hours, a column 
With 32 beams, total beam current of less than 1 MA, scan 
?eld of 0.6 mm, blanking rate of 100 MHZ and stage speed 
of less than 1 cm/sec are suf?cient. 

[0039] Laser Optics 

[0040] A more detailed diagram of the laser optics 102 
(FIG. 1) is shoWn in FIG. 2. The beam 111 from the 257 nm 
laser is actively controlled by automatic beam centering 
mirrors 202 so that alignment to the optical train, both in 
position and angle, is maintained. An attenuator 204, a 
combination polariZation rotating element and polariZing 
beam splitter, adjusts the laser poWer to a range suitable for 
operation of the system While alloWing the laser to operate 
in a poWer range optimiZed for reliability and light noise 
control. A spatial ?lter 205 removes the lobes from the sine 
squared intensity pro?le caused by the frequency doubling 
crystal inside the laser. Anamorphic relay optics 206 create 
a round beam from the radiation exiting this aperture and 
relays it to a diffractive optical element (DOE) 209 inside the 
brush module 210. 

[0041] The DOE 209 is a grating that produce 32 beams 
that are focused by the lenses inside the brush module to 
Waists under the transducers of the multi-channel AOM 114. 
The AOM 114 diffracts part of the light from each beam in 
response to the RF signal applied to each channel. The 
intensity of the diffracted beam can be adjusted by the poWer 
level of the RF signal thus alloWing for separate gray scale 
modulation of each channel. 

[0042] A mechanical shutter 208 before a brush module 
210 is used to block all light from reaching the photocathode 
When the system is not Writing. A blanker AOM 208a may 
be provided for blanking during scan retrace. A K-mirror 
212 alloWs for rotational adjustment of the linear array of 
beams exiting the AOM. A Wave plate 214 aligns the 
polariZation of the beams for optimal focusing through 
birefringent photocathode substrates such as sapphire. Alens 
element 215 after the Wave plate 114 focuses the array onto 
an afocal spot on the steering mirror. Before reaching the 
steering mirror, the Zero order or undiffracted, light from the 
AOM is blocked by the 0 order beam stop 216. A steering 
mirror 218 alloWs for small positional adjustment of the spot 
array at the ?nal image plane of the objective. The Zoom 
optics and stigmator 220 relay the focal spot into the pupil 
of the objective lens 222. Tilted plates inside the stigmator 
provide adjustment capability to ensure that the focus of the 
spots on the photocathode substrate occurs in the same plane 
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Whether measured along the direction of the array of spots 
or perpendicular to it. Movable lenses Within the Zoom alloW 
for slight magni?cation adjustment of the array. According 
to one implementation of the present invention, the objective 
222 has a NA of 0.57 and presents a 300 nm FWHM spot to 
the photocathode material. 

[0043] Table 1 shoWs hoW the array of 32 beams is 
demagni?ed throughout the system. The 42 um spot siZe 
inside the AOM 114 gives a 7 ns sound transit time in the 
fused silica interaction medium. A 300 MHZ carrier fre 
quency is used to diffract the beams With a 10 nsec pixel 
time. The 42 um spot siZe in the AOM is reduced to 300 nm 
at the photocathode by the optical train. This includes spot 
enlargement from 225 nm to 300 nm caused by aberrations 
in the optical train. This spot siZe is further reduced by the 
electron optics to 50 or 70 nm depending on the electron 
column demagni?cation. This also contains some alloWance 
for spot enlargement from e-beam aberrations. 

TABLE 1 

Brush parameters through the optical and e-beam sub-systems. 
All spot sizes are full Width half maximum. 

At Plate At Photocathode At AOM 
Parameters LoW res/high res. LoW res/high res. LoW res/high res. 

Unaberrated 50 nm/30 nm 225 nm 42 ,um 
beam dia. 
Aberrated 70 nm/50 nm 300 nm 42 ,um 
beam dia. 
Beam 350 nm/210 nm 2.10 ,um .392 mm 
separation 
Brush Width 10.85 [um/6.51 [urn 65.1 ,um 12.152 mm 
Demag from 6.0/10 186.66 . . . NA 

previous 
stage 
Stripe brush 1600 nm/960 nm NA NA 
increment 
Filled-in grid 25 nm/15 nm NA NA 

[0044] Electron Optics 

[0045] Exemplary electron optics are shoWn in greater 
detail in FIG. 3 and FIG. 4. In operation, an array of laser 
beams exiting the AOM array 114 (FIG. 1) is focused on the 
photoemissive layer of a planar photocathode 118 (FIG. 1, 
FIG. 4). The photocathode 118 is placed in a strong extrac 
tion ?eld, typically 5-10 kV/mm in order to minimiZe axial 
aberrations. 

[0046] In the embodiment illustrated, the photocathode 
118 is biased at —50 kV, and is separated from a grounded 
extraction electrode (anode) 304 by an accelerating gap a 
(FIG. 4). The extraction electrode 304 is typically a planar 
electrode With an aperture of diameter d in the center. The 
accelerating ?eld forms a 1x magni?ed virtual image 311 of 
the photocathode surface at a distance a above the photo 
cathode surface, and the divergent lens action of the aperture 
forms a demagni?ed (2/3><) virtual image 313 at a distance 
a/3 above the photocathode. Simultaneously, this aperture 
lens shifts the plane of the virtual source of illumination to 
a plane spaced a distance of 3a above the photocathode 118. 

[0047] Near the optical axis 301, the resolution of the 
virtual image formed by the accelerating ?eld is limited by 
the spherical and chromatic aberration. For emission sites at 
the photocathode further aWay from the optical axis, the 
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electron-optical image can suffer from off-axis aberrations, 
Which can severely limit the available ?eld siZe at the 
photocathode and therefore limit the maximum array siZe. A 
large photoemission area allows increased separation 
betWeen beamlets, Which reduces the effect of electron 
electron interactions. For such large photoemission areas, an 
additional electron (?eld) lens 306, in close proximity to the 
photocathode 118, is used in order to minimiZe off-axis 
aberrations in the folloWing demagni?cation lenses. Further 
details of exemplary electron optics are shoWn in co-pending 
US. patent application Ser. No. , titled ACOMPACT 
PHOTOEMISSION SOURCE, FIELD AND OBJECTIVE 
LENS ARRANGEMENT FOR HIGH THROUGHPUT 
ELECTRON BEAM LITHOGRAPHY, and WO055690A2, 
Which is hereby incorporated by reference in its entirety as 
if fully set forth herein. The ?eld lens 306 collimates the 
electrons exiting the accelerating region and forms a cross 
over in the plane of the beam-limiting aperture. The virtual 
image created by the ?eld lens is then subsequently demag 
ni?ed by the demagni?cation and objective (magnetic) 
lenses 310, 314 (FIG. 3) to form a array of focused beams. 
A set of alignment coils 309 is used to center and stigmate 
the electron beam array in the beam-limiting aperture and in 
the objective lens. 

[0048] According to one implementation of the invention, 
a set of multiple stage de?ection coils 312 is used to scan the 
array of individually blanked beamlets across the substrate, 
and another set of de?ection coils performs dynamic stig 
mation and focus as the array is scanned across the full ?eld. 
This alloWs dynamic stigmation and focus corrections to be 
applied to different parts of the scan ?eld. X and y de?ection 
corrections can also be added to different parts of the scan 
?eld 

[0049] The beams inside the AOM 114 must be spread out 
so that there is no optical interference or acoustic crosstalk 
betWeen them. HoWever, the ?nal integrated image in resist 
must be composed of overlapping spots. This is accom 
plished by employing an interlaced scan print strategy and 
Writing With multiple passes, as Will be described in greater 
detail beloW. 

[0050] Electron Optics—Photocathode 
[0051] Another important factor to be considered in the 
optical design is the electron emission properties of the 
photocathode. These properties need to be closely matched 
to the electron-optical parameters of the column. Key pho 
toemission parameters, i.e., source siZe, angular and energy 
distributions of photoemitted electrons, and photocathode 
quantum ef?ciency (QE), are critical for determining the 
column geometry and related laser optical design param 
eters. Photocathodes With high quantum ef?ciency, loW 
transverse energy spread, loW noise, high stability, and long 
lifetime are desirable. 

[0052] Electrons are emitted from the photocathode sur 
face into vacuum in all directions, in a full solid half-angle 
With a speci?c angular and energy distribution. 

[0053] When a voltage is applied to the extractor, the 
electrons are accelerated and collimated by the extraction 
electrode into a narroW cone de?ned by the source half 
angle (x0 and then focused by one or more lenses at the 
substrate plane, as shoWn in FIG. 10. The source half-angle 
(x0 determines the brightness of the source and therefore 
affects the column design and system architecture of the 
tool. 
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[0054] The optimum image acceptance angle 0ti deter 
mined by the tradeoff betWeen objective lens aberrations and 
e-e (electron-electron) interactions, is typically 10 mrad or 
less. For smaller image acceptance angles (xi, the blur due to 
geometric and chromatic aberrations decreases, but e-e 
interactions increase. For image acceptance angles larger 
than 10 mrad, the e-e aberrations decrease, hoWever the 
geometric and chromatic aberrations can become excessive. 

[0055] Assuming that the lenses have a demagni?cation M 
(M <1), the angular magni?cation Ma=1/M and therefore 
the maximum source angle (XOmaX that can be accepted by the 
column is (X0maX=(Xi/Ma. The required demagni?cation ratio 
is set by the achievable photoemission source siZe, Which is 
determined by the laser spot siZe and required beam spot siZe 
at the substrate. For example, for a laser spot of 0.5 pm and 
a required beam spot siZe of 70 nm at the substrate, the 
accelerating region demagni?es the spot by 2/3, and a 
demagni?cation ratio of 10><(M=0.1) is required When elec 
tron optical aberrations of the electron lenses are included. 
At this demagni?cation ratio, and for oq=10 mrad, the 
maximum accepted source angle otO=1 mrad. When the 
source angle (x0 is larger than a (XOmaX, a fraction of the 
beamlet current must be cut out by the beam limiting 
aperture, and only a fraction T (here T can be thought of as 
a transmission coef?cient), Where T=((XOmaX/(X0)2, can be 
used for beam exposure. 

[0056] In summary, for maximum ef?ciency, one can 
reduce the magni?cation M to increase the maximum source 
angle otomx or decrease the source angle (x0. Typically, 
oto>otOrnaX , Which means that some percentage of photoemit 
ted electrons are lost. The source angle (x0 depends on the 
beam energy E, the energy spread, and angular distribution 
of photoemitted electrons. For a given photocathode, this 
angle varies With accelerating voltage as 

[0057] Where AEtr is the transverse energy spread. For a 
gold photoemitter illuminated With a 257 nm laser, the 
energy spread is estimated to be about 0.5 eV, Which 
corresponds to a source angle do of 3.2 mrad at 50 keV. The 
transmission coef?cient T is then 0.1, i.e., only 10% of the 
generated photoelectrons can be used to expose the sub 
strate. This means that signi?cantly more laser poWer is 
needed to generate the current required at the substrate. 
Ideally, one Would like to minimiZe the transverse energy 
spread and simultaneously maximiZe the quantum ef? 
ciency. The laser poWer P needed to generate the required 
source current IO equals P=IO/11, Where 1] is the quantum 
ef?ciency, Which near the threshold in FoWler’s approxima 
tion is proportional to 

[0058] Where hv is the photon energy, 4) is the Work 
function of the photocathode, and AE is the energy spread. 
For a given laser photon energy hv and Work function 4), the 
requirement for a maximum photocurrent and minimum 
energy spread can be restated as ?nding a photocathode With 
the steepest (largest slope) dependence of quantum ef? 
ciency upon photon energy. 
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[0059] The optical parameters of the laser, electron optics, 
and source are closely related. Assume a simpli?ed column 
(FIG. 10), Where the laser generated source has a diameter 
of dO and total source current of IO. The photoemitted 
electrons are emitted into a solid angle (x0. At the substrate, 
an image current Ii, and a beam diameter di, are required to 
meet the lithography print quality and throughput. The 
magni?cation M of the column is de?ned as M=di/d0, i.e., 
Ma=dO/di=(Xi/(XOmaX and the source and image currents are 
related by Ii, TIO. When aberrations are neglected, the 
brightness [3i is conserved in the imaging process. The 
source current density JO at the photocathode can be Written 
as JO=JiM2/T, Where M is smaller than 1. J0 is a constant 
because M2/T=(oq/otO)2 is a constant for a given optimiZed 
objective lens and particular photocathode material, and Ji, 
is determined by throughput requirements. Assuming that 
lithographic print quality and throughput require a spot siZe 
of 50 nm and beamlet current of 20 nA, a current density of 
about 1000 A/cm2 Will be needed at the substrate. 

[0060] For an image acceptance angle of 10 mrad, the 
required beam brightness at the substrate is >3><106 A/cm2sr, 
and therefore a photocathode brightness of about 107 
A/cm2sr is desirable. For a demagni?cation of M=0.1 and a 
column transmission T=0.1, a current density of about 100 
A/cm2 must be delivered by the photocathode. The required 
high current density can cause signi?cant photocathode 
degradation due to electron- and photon-stimulated desorp 
tion and chemistry at the photocathode surface and sur 
rounding surfaces. 

[0061] For conventional metal photocathodes, i.e., gold, 
silver, etc., the quantum yield and photoyield are 
quite loW even for UV light. A stable, high poWer UV laser 
is needed to provide suf?cient beam current. For eXample, 
for a gold photoemitter With a photoyield of 10 nA/mW, a 
total poWer of 20 mW is needed to generate a beamlet 
current of 200 nA at the source, Which is then reduced by the 
beam-limiting aperture to a current of 20 nA/beamlet at the 
substrate. 

[0062] For 32 beams, a total laser poWer of 640 mW is 
needed, Which has become recently available in the most 
poWerful UV lasers. When the laser poWer utiliZed in each 
beamlet is focused into a 0.5 pm spot, a laser poWer density 
of ~2><107 W/cm2 is reached at the photocathode surface. 
The required high laser poWer and small spot siZes result in 
very high poWer densities, Which can cause signi?cant 
photoyield degradation due to photon-induced surface 
effects, i.e., photodesorption and photon-stimulated surface 
chemistry. 

[0063] In addition, a signi?cant increase in temperature 
can be eXpected for loW thermal conductivity substrates 
(quartZ, fused silica), because a substantial amount (>70%) 
of poWer is being dissipated in the thin photoemissive layer. 
For continuous laser illumination With a laser poWer P 
focused in a spot diameter d on a substrate With thermal 
conductivity K, the temperature rise is proportional to P/Kd. 
Here We neglect the heat conduction through the photoemis 
sive metal layer due to its small thickness (~15 nm). For 
eXample, using a fused silica substrate With a thermal 
conductivity of 0.014 W/cm K and an absorbed laser poWer 
of 20 mW focused into a 0.5 pm spot, the temperature rises 
~4200 K at the location of the focused laser spot. This 
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temperature rise is high enough to cause local melting of the 
gold layer, induce morphological changes, and alter the 
surface of the photocathode. 

[0064] One possibility for increasing the thermal dissipa 
tion capacity of the cathode is to use a higher thermally 
conductive substrate, e.g., sapphire, Which is readily avail 
able and has a thermal conductivity of 0.36 W/cm K; this 
Would result in a 26 times smaller temperature increase. 
HoWever, sapphire is birefringent and a speci?c choice of 
crystal orientation may be needed to achieve submicron spot 
siZes. Ultimately, a natural or CVD diamond substrate may 
be needed. Diamond is optically clear in the UV range and 
has a thermal conductivity of 20 W/cm K, Which is more 
than 3 orders of magnitude greater than fused silica; this 
results in a negligible temperature rise. 

[0065] Assuming that the source angle (x0 can be approxi 
mated as 

[0066] the required laser poWer P 
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[0067] can be minimiZed through a careful choice of 
electron-optical parameters. 

[0068] A signi?cant reduction of the laser poWer can be 
achieved by employing higher quantum ef?ciency cathodes, 
i.e., magnesium or CsZTe or GaAs based negative electron 
af?nity (NEA) photocathodes, though both may require 
relatively high vacuums and periodic recesiation of the 
photocathode surface. 

[0069] In summary, basic conclusions can be draWn for the 
column design. Lithographic print quality and throughput 
requirements determine the brightness. The image angle 0t, 
could be theoretically increased; hoWever, due to geometric 
and chromatic aberrations of the objective lens, it is 
eXpected to reach no more than 10 mrad. An increase in 
beam energy E above 50 keV Would decrease the required 
laser poWer, but increased substrate heating and reduced 
resist sensitivity Would become problems. An increase in 
energy spread AE, due to a loWer Work function hv or larger 
photon energy 4), Will reduce the required laser poWer due to 
the increase in quantum ef?ciency. Nevertheless, the energy 
spread should not increase above ~1 eV, because the chro 
matic aberration and therefore the beam spot siZe at the 
substrate increases. 

[0070] Additionally, FoWler’s approximation becomes 
inaccurate for large AE, resulting in a smaller than eXpected 
increase in quantum ef?ciency. Due to its quadratic depen 
dence, the most effective Way to reduce the laser poWer is to 
decrease the laser spot siZe do. A smaller laser spot siZe 
alloWs a smaller demagni?cation ratio, Which minimiZes the 
fraction of the electron beam cut by the aperture. Smaller 
spot siZes can be achieved by utiliZing shorter Wavelength 
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lasers or by patterning the photocathode, therefore con?ning 
the emission to a smaller spot. In the optimum case, When 
the brightness of the source matches the beam brightness 
required at the substrate, all electrons pass through the 
column and the source is self-aperturing. 

[0071] Electron Optics—Cesium Telluride Photocathode 

[0072] As noted above, the photocathode 118 may be 
implemented as a cesium telluride photocathode. In particu 
lar, the photocathode may include a cesium telluride layer 
500 (FIG. 5A-FIG. 5C), as Will be explained in greater 
detail beloW. Certain embodiments may also include a 
cesium bromide layer (e.g., 5-10 nm) applied to the top of 
the cesium telluride layer. Cesium telluride (Cs2Te) is a 
compound semiconductor With a bandgap of 3.3 eV and an 
electron affinity of 0.2 eV. It can produce a high QE (about 
10%) When irradiated With 5 eV photons (240 nm) and has 
an energy spread of about 1.5 eV. In typical operation, 
photons in the Wavelength range of about 200 to about 300 
nm are applied. 

[0073] Exemplary cesium telluride photocathodes for use 
in an electron gun according to embodiments of the present 
invention are shoWn in FIGS. 5A-5C. The photocathode 
118a of FIG. 5A includes a cesium telluride layer 500a 
groWn on a transparent substrate 502a such as sapphire. A 
photocathode 118b as shoWn in FIG. 5B includes a cesium 
telluride layer 500b, a substrate 502b, and a metallic layer 
504b interposed betWeen the cesium telluride layer and the 
substrate. The metallic layer 504b may be implemented as 
any semi-transparent metal, such as molybdenum, titanium, 
or platinum. In this case, current is carried by the metal layer 
up to the emission sites. 

[0074] One advantage of using cesium telluride as a 
photocathode material is that its QE (quantum efficiency) is 
relatively insensitive to vacuum contaminants. HoWever, 
over extended periods, the QE of cesium telluride has been 
shoWn to degrade due to exposure to background gases. This 
degradation may be reversed in a variety of Ways. 

[0075] According to one such method, the cesium telluride 
is heated, for example, to 100 degrees Celsius by applying 
a current in the plane of the ?lm. Such an embodiment of a 
photocathode 118c is shoWn in FIG. 5C. The photocathode 
118c includes a cesium telluride layer 500c, a metal layer 
504c, and a substrate 502c. In addition, contacts 506a, 506b 
are provided, to apply a current I to the plane of the ?lm and 
heat the ?lm during one or more regeneration cycles, thereby 
recovering QE degradation. 

[0076] HoWever, this method may be disadvantageous in 
that it requires the additional electrodes to supply the 
current. One aspect of the present invention, therefore, is the 
recovery of QE by exposing the photocathode to an intense 
electromagnetic beam, such as the exposing laser itself, 
typically operating in the ultraviolet range. As shoWn in 
FIG. 6, a cesium telluride photocathode can be exposed to 
a poWer density of 107 Watts per square centimeters and still 
maintain a QE above 4%. Moreover, because the QE of the 
cesium telluride photocathode actually increases With poWer 
density, at least beloW a certain threshold, the photocathode 
can be regenerated using the laser itself. Thus, a regeneration 
cycle may be provided Whereby the laser that is used to 
cause electron emission in the photocathode is used to also 
regenerate the photocathode. 
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[0077] This process is shoWn With reference to FIG. 7. As 
shoWn, a lithography cycle 702 is implemented under con 
trol of the controller (FIG. 1). According to one implemen 
tation of the invention, if the QE of the photocathode is 10%, 
this is made to occur at a poWer density of approximately 
10 Watts per square centimeter. Once QE has degraded to a 
predetermined degree, a regeneration cycle 704 is imple 
mented. According to one implementation, the regeneration 
cycle is done at a poWer density of 10“-106 Watts per square 
centimeter at a Wavelength of approximately 257 nanom 
eters. The substrate temperature is raised about 20-200 
degrees Celsius above room temperature. 

[0078] Writing Strategy 
[0079] As noted above, an aspect of the present invention 
is an improved Writing strategy. FIG. 8 and FIG. 9 illustrate 
the interlaced scan strategy. ShoWn in FIG. 8 is a portion of 
the leading edge of the brush. More particularly, the ?rst ?ve 
(5) beams 802a-802e of the brush are shoWn for clarity. The 
beams 802a-802e are separated by 350 nm in the loW 
magni?cation case and by 210 nm in the high magni?cation 
case. The brush is scanned in the direction perpendicular to 
the array 801. By the next scan, the stage has moved by 1600 
nm in the loW magni?cation case and by 960 nm in the high 
magni?cation case. 

[0080] More particularly, FIG. 9 illustrates beam interlac 
ing in greater detail. ShoWn are a plurality of offset brush 
lines 902a-902h and the single continuous line 900 formed 
therefrom. The offset brush settings 902a-902h ?ll in the 
continuous line in the Y direction While forming lines in the 
x direction. The numbers in Table 1 represent spacings 
betWeen the beams in the y direction. 

[0081] As shoWn in the table, after 6 scans a contiguous 
region of scan lines separated by 50 nm begins to be ?lled 
in. Table 2 shoWs the separation betWeen adjacent scan lines 
after 6 scans. As more scans are added this uniform region 
groWs in extent. 

TABLE 2 

7,7,4,3,4,3,4,3,4,3,4,3,1,3,3,1,3,3,1,3,3,1,3,3,1,3,1,2,1,3,1,2,1,3,1,2,1,3, 
1,2,1,3,1,2,1,1,2,1,2,1,1,2,1,2,1,1,2,1,2,1,1,2,1,2,1,1,2,1,1,1,1,1, 
2,1,1,1,1,1,2,1,1,1,1,1,2,1,1,1,1,1,2,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1, 
1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,1,2,1,1,2,1,2,1,1,2,1,2,1,1,2,1,2, 
1,1,2,1,3,1,2,1,3,1,2,1,3, 
3,1,2,1,3,1,3,3,1,3,3,1,3,3,1,3,3,1,3,4,3,4,3,4,3,4,3,4,7,7,7,7 

[0082] There are only selected combinations of number of 
beams, beam separation, and stripe brush increment that Will 
yield a uniformly ?lled in region. The examples of brush 
parameters given in Table 1 are examples but are not 
completely unique. The variable demagni?cation and focus 
capability in the electron column could be used to make a 
brush that minimiZes e-e position errors for a given through 
put. 

[0083] Another method for interlaced scanning is 
described in greater detail in co-pending US. patent appli 
cation Ser. No. , titled “Laser Pattern Generator,” 
Which is hereby incorporated by reference in its entirety as 
if fully set forth herein. Another feature of the scanning 
strategy is to arrange the direction of the sound ?eld in the 
AOM, as imaged on the Writing surface, to be in the opposite 
direction as the scan velocity. This improves the sharpness 
of the modulated edges. 
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[0084] Beam Alignment 

[0085] Aligning the light-optical system to the electron 
optical system is challenging. The optical axis of the ?nal 
light optical reduction lens should be perpendicular to the 
photocathode and the separation betWeen the tWo set to high 
accuracy. This lens must also be aligned to the aXis of the 
?rst lens of the electron optical column and to the incident 
light beams. The incident light beams should also be per 
pendicular to the photocathode. 

[0086] One method for aligning the light optical system to 
the optic aXis of the column is shoWn With reference to FIG. 
11. More particularly, shoWn in FIG. 11 is a simpli?ed 
diagram of a photocathode driven multiple beam lithography 
tool. The tool includes an illumination source 1100, a light 
conditioning apparatus 1102, mirrors 1104, 1106, a light 
optical reduction lens(es) 1108, a photocathode 1110, elec 
tron-optical lenses 1102, and a mask or Wafer substrate 1114. 

[0087] In operation, the light from the illumination source 
1100 is split into multiple beams by the light conditioning 
apparatus 1102 (e.g., one or more acousto-optical modula 
tors). The light conditioning apparatus 1102 also varies the 
intensity of each beam and individually blanks the beams, as 
described above, thereby creating an array of individually 
blanked and intensity modulated beams. It is noted, hoW 
ever, that other methods may be used to generate this array, 
such as a separate laser diode for each beam, controlled 
individually. 
[0088] The mirrors 1104, 1106 direct the array into the 
reduction lens 1108. Position adjustments on the mirrors 
1104, 1106 alloW the array to be shifted in position and angle 
With respect to the reduction lens 1108. The photocathode 
1110 is maintained at a relatively high negative voltage. The 
reduction lens 1108 is mounted relatively close to the 
cathode 1110, making electrical isolation problematic. Con 
sequently, it is often advantageous to connect the reduction 
lens 1108 to the cathode potential. HoWever, this can cause 
problems in alignment since the reduction lens must be 
moved While at high voltage. 

[0089] As such, the folloWing alignment scheme may be 
used to align the column: First, the reduction lens 1108 is 
removed and the “raW” beam is aligned to the electron 
optical ads 1116 of the column. This is done by Wobbling 
the ?rst lens in the column (oscillating the lens strength 
above and beloW focus) and moving the position of the light 
beam on the photocathode until the defocus of the electron 
beam is greater than its shift in position. This position is 
noted for later comparison using the imaging capability of 
the column. 

[0090] Second, the incident beam is adjusted so that it is 
normal to the surface of the photocathode 1110 While still 
impinging on the photocathode 1110 at the same position. 
This is done by adjusting the mirrors 1104, 1106 until the 
separation of the re?ection from the photocathode 1110 and 
the incident beam at some speci?ed distance from the 
photocathode 1110 is smaller than a speci?ed distance. 
These tWo distances may be used to calculate the angle 
betWeen the incident and re?ected beams. It is noted that 
these tWo steps may be reversed. 

[0091] Finally, the reduction lens 1108 is re-inserted and 
its position and angle are adjusted until the beam re?ected 
from the lens is aligned to the incident beam and the spot on 
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the cathode 1110 is coincident With the position determined 
in the ?rst step. If the required angle accuracy cannot be 
obtained using re?ections from the lens, an optical ?at may 
be placed on the lens barrel to aid in this alignment. 
Alignment of the demagni?ed light beam may be further 
re?ned by moving the spot on the cathode While Wobbling 
the ?rst electron lens, then repeating the second step. 

[0092] The invention described in the above detailed 
description is not intended to be limited to the speci?c form 
set forth herein, but is intended to cover such alternatives, 
modi?cations and equivalents as can reasonably be included 
Within the spirit and scope of the appended claims. 

What is claimed is: 
1. An electron beam lithography system, comprising: 

an electron column for focusing said electron beam; and 

an electron gun, said electron gun comprising: 

at least one laser; and 

a photocathode substantially comprising cesium tellu 
ride and adapted to be activated to generate electrons 
by said at least one laser and to be regenerated by 
said at least one laser. 

2. An electron beam lithography system in accordance 
With claim 1, Wherein said photocathode comprises a cesium 
telluride ?lm on a substrate. 

3. An electron beam lithography system in accordance 
With claim 2, said photocathode including a metallic ?lm 
interposed betWeen said cesium telluride layer and said 
substrate. 

4. An electron beam lithography system in accordance 
With claim 2, including means for applying a current in a 
plane of said cesium telluride layer. 

5. A method for electron beam lithography, comprising: 

applying at least one laser in a ?rst mode to a cesium 
telluride photocathode for generating electrons; and 

applying said at least one laser to said cesium telluride 
photocathode in a second mode to regenerate said 
cesium telluride photocathode. 

6. A method according to claim 5, Wherein in said ?rst 
mode, said laser is applied at a poWer density of approxi 
mately 104 Watts per square centimeter. 

7. A method in accordance With claim 6, Wherein in said 
second mode, said at least one laser is applied at a poWer 
density in the range substantially comprising 10“-106 Watts 
per square centimeter. 

8. A method in accordance With claim 6, Wherein in said 
second mode, said at least one laser is applied to raise a 
temperature of said cesium telluride photocathode in the 
range substantially comprising 20-200 C above room tem 
perature. 

9. A method in accordance With claim 8, a Wavelength of 
said laser comprising approximately 257 nanometers. 

10. An electron gun, comprising: 

at least one laser; and 

a photocathode adapted to be activated to generate elec 
trons by said at least one laser and to be regenerated by 
said at least one laser 

11. An electron gun in accordance With claim 10, Wherein 
said photocathode comprises a cesium telluride ?lm on a 
substrate. 
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12. An electron gun in accordance With claim 11, said 
photocathode including a metallic ?lm interposed betWeen 
said cesium telluride layer and said substrate. 

13. A method, comprising: 

providing at least one laser; and 

providing a photocathode adapted to be activated to 
generate electrons by said at least one laser and to be 
regenerated by said at least one laser. 

14. An method in accordance With claim 13, Wherein said 
photocathode comprises a cesium telluride ?lm on a sub 
strate. 

15. An method in accordance With claim 14, said photo 
cathode including a metallic ?lm interposed betWeen said 
cesium telluride layer and said substrate. 

16. An electron beam lithography system, comprising: 

an electron column; and 

an electron gun; 

Wherein said electron gun is adapted to apply at least one 
laser in a ?rst mode to a cesium telluride photocathode 
for generating electrons; and 

said electron gun is adapted to apply said at least one laser 
to said cesium telluride photocathode in a second mode 
to regenerate said cesium telluride photocathode. 

17. An electron beam lithography system according to 
claim 16, Wherein in said ?rst mode, said at least one laser 
is applied at a poWer density of approximately 104 Watts per 
square centimeter. 

18. An electron beam lithography system in accordance 
With claim 16, Wherein in said second mode, said at least one 
laser is applied at a poWer density in the range substantially 
comprising 10“-106 Watts per square centimeter. 

Mar. 13, 2003 

19. An electron beam lithography system in accordance 
With claim 16, Wherein in said second mode, said at least one 
laser is applied to raise a temperature of said cesium telluride 
photocathode in the range substantially comprising 20-200 
C above room temperature. 

20. An electron beam lithography system in accordance 
With claim 19, a Wavelength of said laser comprising 
approximately 257 nanometers. 

21. A controller for an electron beam lithography system, 
said controller adapted to control application of at least one 
laser to a photocathode in a ?rst mode for generating 
electrons and in a second mode for regenerating said pho 
tocathode. 

22. A controller in accordance With claim 21, said pho 
tocathode comprising a cesium telluride photocathode. 

23. A controller according to claim 21, Wherein said 
controller is adapted to control application of said at least 
one laser in said ?rst mode, such that said at least one laser 
is applied at a poWer density of approximately 104 Watts per 
square centimeter. 

24. Acontroller in accordance With claim 21, Wherein said 
controller is adapted to control application of said at least 
one laser in said second mode, such that said at least one 
laser is applied at a poWer density in the range substantially 
comprising 10“-106 Watts per square centimeter. 

25. Acontroller in accordance With claim 21, Wherein said 
controller is adapted to control application of said at least 
one laser in said second mode, such that said at least one 
laser is applied to raise a temperature of said cesium telluride 
photocathode in the range substantially comprising 20-200 
C above room temperature. 


