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This work focuses on two issues crucial to achieving high throughput with a negative electron
affinity semiconductor photocathode source. Monte Carlo simulations indicate that for a 50 kV
system, as much as@A of current may be delivered to the wafer to achieve a raw throughput of

20 8 in. wafers per hour with 0.m minimum feature siz€éassuming a resist sensitivity of 10
uClen?). In order to achieve the throughput potential of this approach, suboptical emission areas are
required; this suggests the use of cathode patterning. Two patterning alternatives have been
investigated experimentally, and both approaches have been used to generate arrays of more than
100 electron beams with source sizes as small as 150 nm. However, each type of patterned cathode
presents unique challenges to fabrication and performance in a practical multibeam system.
Different source configurationhiumber of beams, beam current, beam spacing) eteate a
system-level tradeoff between resolution and throughput. Results from patterned cathode
experiments and system modeling are presented19@8 American Vacuum Society.
[S0734-211X98)15806-7

[. INTRODUCTION IIl. MONTE CARLO SIMULATION RESULTS AND

OPTIMAL SOURCE CONFIGURATION
A maskless electron beam lithography system based on

negative electron affinity NEA) photocathodes has been In order to model the effects of electron—electron interac-
proposed in which multiplexed diode laser sources excitdions and find an optimal system configuration, several as-
primary electron sources that in turn illuminate the wafersumptions are made. A patterned NEA photocathode source
through the use of a simple, two lens, demagnifying rasteis simulated, with emission properties that are needed to give
projection system.The enabling technology for this system 100% current efficiency. Specifically, a patterned cathode
is a NEA photocathode in a demountable electron gunWith a 0.1 um emission area with a 0.1 eV lateral energy
which has been described elsewh&ene limitation of elec- Spread is used. In order to account for the effect of off-axis
tron beam direct writdEBDW) lithography is low through- ~ @berrations in the gun region, a total source size of @uiB

put due to electron—electron interactions which cause beart Us€d; Fig. 1 includes an off-axis error budget forup to a 1
blurring at high beam currents. Monte Carlo simulations ardnM field size at the source. As a resultl mmfixed field
used in this work to estimate the throughput advantag&'Z® at the cathode is assumed, which corresponds to the total

gained by using multiple beams to distribute current through€Xtent of the source beamlet array. Since electron—electron
put the field of the electron optics and hence mitigate thidnteractions are minimized when the field size of the electron
effect. A very small<1 zm) emission areéspot size at the optic_s and_ the spacing between beams is largest, the system
cathode is also crucial to achieving high throughput, becaus;e(r)rg'ggfrzi(;r::sd;fzuzsai?mhuer;e ;l(ggz;:Sze?\?veivnezga;psaced
a smaller spot requires less demagnification for a given probé y . - : bt 9
size, and hence allows for a larger fraction of current generE:OnSIStent \.A{Ith th|'s field size. It |s.gene'rally assumed that to
ated, at the cathode to reach the watamrent efficiency, Fig be competitive with other suboptical lithography technolo-

i ' %" gies for large-volume wafer manufacturing, an EBDW
1). However, previous NEA cathodes have had measure g g

- . ¢ limited by th hould deliver a total current of 5-1@A. In these simula-
”?'“'m“,m S'_Oo_t Siz€s 0 1.5.;%m or greater, limited by the tions, 10 uA is taken as an arbitrary goal for total system
diffraction limit of the exciting lasen638 nm, and spot

current, and various system configurations that fit all of other

spreading due to lateral carrier diffusion through the aCtiveconstraints(SO KV system, 15 cm column length, an electron
region of the cathod&These results suggest the use of Cath'optical demagnification of 4 and 8 mrad maximum conver-

ode patterning in order to reduce the spot size. gence angle at the wafeare simulated.
This methodology allows for one free parameter in the
simulations: the amount of current in each beamlet. Choos-
¥Electronic mail: jims@jumpjibe.stanford.edu ing this parameter also implies a selection of the total num-

3192 J. Vac. Sci. Technol. B 16 (6), Nov/Dec 1998 0734-211X/98/16 (6)/3192/5/$15.00 ©1998 American Vacuum Society 3192



3193 Schneider et al.: NEA photocathodes for maskless EB lithography 3193

il
I
ikl '!"",

N ©
S o
/

bl
il B

(22
o

YR
'I"'I "l
s

&

0.%:95 9

Seedtec
¢ L2525

w
o

Current Efficiency (percent)

n
o

500 1400

Spot Size (nm
Energy spread (meV) ko (nm)

Fic. 1. Contour plot of percent current efficiency as a function of emission spot size and lateral energy spread at the cathode. As the spot size and lateral
energy spread are reduced, the current efficiency increases dramatically.

ber of beamlets, as well as the beamlet pitch. For example, discussed elsewhér¢hat causes nonuniform beamlet blur-
system with a beamlet current of 25 nA implies a 400 (20ring over the electron optical field can be mitigated, allowing
X 20) beam arraybecause of the 1@A total current con- 8 uA to be delivered to the wafer at a spot size of 44 nm.
dition), with a 50 um spacing between beamldtiue to the  The optimal system configuration for the hollow array strat-
1 mm fixed field size at the sourcen the same way, select- egy (15 nA per beam, 3um pitch) remains the same. For
ing a 1000 beamlet system implies a 10 nA beamlet currenthe purposes of comparison, if the (8A were distributed
with a 30 um beamlet pitch. A number of simulations have
been carried out which indicate that these selection criteria
tend to result in an optimal system configuraton.

Figure 2 illustrates the results of these simulations, a plot
of FW5s, spot size(diameter within which 50% of the par-
ticles in the beam are containeat the wafer versus the array 100 Sauare array, 10 A total cumspt @
scaling parameter described above for 4A total system
current. The behavior of changing system parameters may beg
understood by examining spot size for different configura-
tions. In the limit of a small number of beams with a rela-
tively large amount of current per beamlet, the spot size rises.
nearly linearly with increasing beamlet curréms has been
shown in previous space charge studiesn increase in
beamlet current tends to have a significant impact on intra-
beam interactions. When the number of beams is increase
beyond a certain point, the spacing between beams exceed
the average on-axis spacing between electrons within a par-
ticular beam near the cathode. In this case, interbeam inter-
actions tend to dominate the total blurring in the systempgc. 2. Coulomb simulation results showing the throughput potential of
Therefore, an optimal value of beamlet current is apparengatterned photocathod_es, as well as the impact of the “t_)agel" writing strat-
which represents a balance between intrabeam and interbedi§y °" System resolution. 50 kV system, 04 source size, aha 1 mm

. . . L. .. nixed field size at the cathode are assumed. Using these techniques, 8
electron—electron interactions. Using a writing strategy Withoga| current can be delivered at a spot size consistent with.G1ithog-
a hollow array of beamlets, a space charge defocusing effeeiphy.
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Fic. 3. lllustration of two types of patterned cathodes investigated in this work. Backside patterned cathode structure uses a metal layer as an optical proximity
mask to block light from reaching the active region. Surface patterned structure uses a thin metal layer on the emission surface to change the work function
at selected areas.

among 800 beams in a solid array, the maximum beamleitood when the effect of lateral carrier diffusion in the active

diameter is approximately 66 nm. region is considered. Simulations of this cathode strugture
indicate that although a thinned cathode structurd um

[ll. PATTERNED CATHODE EXPERIMENTAL thick) helps reduce the size of the resultant emission, the

RESULTS dominant effect remains lateral carrier diffusion.

Optical leakage through the metal mask and lateral carrier
diffusion can lead to a blurring of the spatial profile of emit-
ted current. Another figure of merit that can be applied to

In order to establish emission from a patterned cathodgatterned cathodes is defined as contrast, the ratio of emitted
structure, a backside patterned cathode is fabricated from gurrent within the nominal spot to that emitted in the region
metalorganic chemical vapor depositioMOCVD) grown  surrounding the spot. For high-performance lithography, it
GaAs layer[Fig. 3@]. In this case, a 500 A TiW metal seems likely that a contrast of 10 or above is required. For
bilayer is patterned with apertures of various sizes on apatterned cathodes with aperture sizes less than Q@5
equally spaced grid. The smallest apertures resolved duringhich severely attenuate transmitted optical intensity below

the cathode lithography/etch sequence are approximately/2 and limit mask opacity, contrast is severely degraded.
0.25 um in diameter. Figure 4 shows an image of the cath-

ode surface projected onto a phosphor screen; the expanded
spot size observed from the Owgn apertures can be under- B. Backside patterned cathode with graded band gap
region

A. Backside patterned cathode with GaAs active
region

In order to realize the performance potential offered by a
backside patterned scheme, several refinements on the above
design may be made. First, contrgghhe ratio of current
emitted within the nominal spot to that emitted outside the
nominal spok should be improved significantly to at least 10
for high-performance lithography. Second, the spot size must
be made smaller by tailoring the active region to limit lateral
carrier diffusion. In order to address these concerns, two ma-
jor changes can be made to the original backside cathode
design. The first change is the use of Pt as the material for
the proximity mask. Because its transmissivity is signifi-
cantly lower than that of TiW, the amount of optical leakage
may be reduced significantly. An increase in the thickness of
the metal mask beyond 500 A results in an unacceptable loss
in transmitted optical intensity, as well as other processing-
Fic. 4. Image of backside patterned cathode surface showing emission ge|ated difficulties.

~100 parallel beams. Each emission area isgn®in diameter, generated A reduction in emission spot size is the second key factor
from 0.5 um apertures in the backside proximity mask. This image was

obtained by flood illuminating a backside patterned cathode, and imagind® Pe addressed. By using a tem_ary III—V_aIon SUCh as
the emission surface onto a phosphor screen. GaAs _,P, to grade the band gap in the active region and
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C. Surface patterned cathodes

i

. } While results from the backside patterned cathode with
e graded band gaps represent a dramatic improvement over
" unpatterned cathode configurations, current efficiency calcu-
lations indicate that additional gains in throughput can be
made by pushing the spot size yet smaller. Due to the optical
and solid state limitations described above, backside pattern-
e~ TW mask (caloulation) ing techniques prqvide diminishing pgrformance returns .be-
% Ptmask (calculation) low the 1/4um regime. An alternative is to pattern the emis-
< Ptmask - experiment sion surface to directly modify the cathode surface work
function on a smaller scalgig. 3(b)].
S In electron gun measurements, surface patterned cathodes
100 200 800 400 500 yield a moderate contrast of about 5 for spot sizesudrdor
Aperture Diameter (nm) larger. However, two conditions yielded problems for the
, cathode performance at small spot sizes. A large number of
Fie. 5. Calculate_d and measured values _of contrast as afunction_of ape_rtu&eestS on three different surface patterned cathodes show that
size for a backside patterned cathode with graded band gap active region. - .
the amount of current reaching the targBaraday cupis
only a tiny fraction(0.5%—1% of that emitted from the cath-
ode for spots less than 04m. While at first this behavior
seems inconsistent with operating experience from other
decreasing the value affrom the metal mask to the surface, cathodes, it can be understood in terms of electric fields at
a built-in electric field is created in the active area. Electronghe cathode surface.
excited near the metal mask see a potential drop in the di- The surface work function is assumed to be relatively
rection of the vacuum, and are accelerated in that directiorhigh everywhere except within the small apertures, where a
If the electrons are swept towards the emitting surface beforeesiated GaAs surface is exposed. This condition implies that
they can diffuse significantly in the lateral direction, than athe drop in surface voltage must occur somewhere along the
significant advantage can be obtained. This cathode employsterfacial region. If the GaAs/Pt interface regions are as-
a 500 A thick Pt bilayer optical proximity mask with a 30% sumed to be ohmic, then the potential drop must occur in the
phosphorous concentration active area at the mask, gradedf@m of external fields which begin on the masked Pt region
pure GaAs at the emitting surface. The band gap gradingnd terminate on the lower-work function GaAs dots. An
corresponds to a 0.25 eV band gap drop overhbthick- examination of the contact potential created for a GaAs/Pt
ness, for a built-in electric field of 5000 V/cm. interface with surface states present indicates that the mag-
Using this cathode, emission spot diameters of Qu28 nitude of the poteniial _drop i_s approximately 0.5 V. Se\_/eral
are generated from 0.2m apertures in the mask, with an different electrostatic simulations have been performed in or-

emission contrast of 10. Using the cathode simulator deder to assess the impact of this work function difference.

scribed elsewher%predicted values of emission contrast for When ao0sVv s_urface p_ote_ntial difference '_S introduced, a
various aperture diameters have been calculated and Corﬁi_gnificant off-axis electric field component is present near

pared alongside experimental valu@sg. 5). Predicted val- the cathode surface. This field results in a strong diverging

ues of contrast are also provided for an equivalent grade!fns around each emission spot on the cathode surface. Elec-

band gap backside cathode with a TiW mask. It is clear fron"i[rons generated away from the center of the spot are not

this data that the use of both a low-transmittance mask m£roperly Imaged by subsequent optics.

terial and a araded band gap active reaion significantly im- Another observation is the loss of contrast seen at small
9 gap 9 9 y aperture sizes. When an array of small dots is viewed simul-
proves cathode performance.

) ) taneously in the surface imaging mode, the image is quite
i Ong obwous_question _about any patterned ca_thode COlYitfuse. Since the GaAs dots are overilluminated by a
figuration used in a practical multibeam system is whethefitea ction-limited optical spot, about 90% of the incident

the patterning process has sufficiently high yield, and is UNigntical power falls on the Pt mask region for Qi2n pat-
form over that area. To help address this question, the opticgy s, Because of the relatively low quantum yield of the
power was fixed, and the cathode current was then measureshas dots as compared with the large unmasked GaAs areas,
from a number of spots in the patterned region. The nomina} relatively large amount of the total emitted current can
value of current from the first 0.4m spot was set at 15 nA, actually come from photoemission from the Pt film itself.
which corresponds roughly to the amount of current requiredCesiation of the Pt film lowers the work function
from a single spot in a high current multibeam system. Withconsiderab|9 to a point at which at 2.0 e\633 nnj photon

a standard deviation of less than 8% from the 25 spots mea&nergy results in a quantum yield of aboux 0" °. For a
sured and no significant outlying data points, it seems read.18 um GaAs dot with a quantum yield of 0.1%, a contrast
sonable to assume that the patterning process is sufficientlyf approximately 1.5 is predicted. Measurements on this size
robust to be used in a practical setting. pattern at 633 nm show a contrast of approximately one. The
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TasLE |. Summary of experimental measurements for different types of patterned NEA photocathodes.

Backside Backside cathode Surface
Unpatterned cathode(no (with band gap patterned
cathode band gap ramp ramp cathode
Brightness 2.0x 10 3.0x 10 1.5x 10 3.2x10°
[A/(cn? sp)] at 5 kV
Lateral energy spread 80 60 65 50
(meV)
Minimum spot size(nm) 1500 1000 280 150
Contrast — 8 10 5
Current density 300 100 300 10
(Alcm?)

quantum vyield of P{Cs drops sharply below 2.0 eV; this V. CONCLUSIONS

trend suggests that one way of improving contrast is t0 in-  1onte Carlo simulations indicate that for a 50 KV system,
crease the optical wavelength used. However, the photon es much as @A of current may be delivered to the wafer to

ergy must be high enough to provide adequate absorption ig piave a raw throughput of 20 wafers per hour with Gn
the active area. For GaAs, the photon energy must be aboyGinimum feature size. In order to achieve this level of

the band gap of 1.42 eV. If 780 niti.6 eV) diode laser o,qhput, patterned cathodes are required. Backside and
illumination is used, then the absorption of GaAs drops by &, face patterned cathodes have been fabricated and mea-
factor of about 2, wh|!e the photoemission from @s) _sured in a demountable electron gun system. The best level
should drop by approximately an order of magnitude. ThiSy¢ oerall performanceincluding spot size, contrast, lateral
gives a predicted increase in contrast of a factor of 5 at th'%nergy spread, current density, and brighthéssachieved

wavelength._ExperimentaI results show an actual increase ifE)r a backside patterned NEA photocathode with a graded
contrast to fivglat 765 nm from one(at 633 nm for a 0.15 band gap active area, giving a Q2n minimum source size,

mm spot size. a contrast of 10, and a current efficiency of more than 80%.

Source sizes smaller than Qudln might be attained, for ex-

ample, by using a more sophisticated graded band gap pillar
Table | summarizes the results achieved for various meastructure with a thick surrounding metal layer to maintain

surements from different types of patterned cathodes. Thed#égh contrast. All improvements in patterned cathodes, how-

results are compared for reference against the same measu@¥er, require a careful choice of structure and materials in

ments made on unpatterned cathode samples on the Stanfdtfler to minimize the optical, solid state, and surface con-

system. Upon examining this data, the variation in patterne@traints placed on the cathode design.

cathode performance is dominated by two important factors:

spot size and contrast. Although surface patterned cathod@sCKNOWLEDGMENTS
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D. Summary of experiments



