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Field emission characteristics of the scanning tunneling microscope
for nanolithography

T. M. Mayer,? D. P. Adams, and B. M. Marder
Sandia National Laboratories, Albuguerque, New Mexico 87185-1413

(Received 16 January 1996; accepted 29 May 1996

We present a systematic study of the performance of scanning tunneling micr¢Sddgebased,

low energy electron beam lithography, using simulations of field emission from STM tips,
emphasizing realistic conditions of tip geometry and operation. We calculate the potentials and
electric field for a hemispherical model emitter in an axially symmetric system. Emission current
density at the tip is calculated using the Fowler—Nordheim equation, and current density at the
sample is obtained by calculating trajectories of emitted electrons. We characterize the beam
diameter at the sample as a function of emitter radius, tip—sample bias, emission current, resist
thickness, and tip work function. The beam diameter is primarily affected by the tip—sample gap,
increasing at larger gaps, characteristic of high bias and large tip curvature. For optimal tip radius
the beam diameter increases linearly with bias from approximately 2 nm at 5 V to 25 nm at 50 V.
Beam diameter is nearly independent of emission current over the range 0.05-50 nA. Dielectric
resist films cause an increase in beam diameter due to increased tip—substrate gap. Beam diameter
is very sensitive to tip work function, increasing dramatically for low work function tips. Tips
comprised of asperities on flat surfaces produce significantly smaller beams compared to “standard”
tips of the same emitter radius. However, for low bjad5 V) beam diameter becomes insensitive

to tip geometry. We compare these simulations to selected experimental results to evaluate the
limitations to performance and assess the feasibility of routine sub-10 nm structure fabrication using
STM-based low energy electron beam lithography. 1896 American Vacuum Society.

[. INTRODUCTION electron beam source. McCord and Péaperformed simu-

Low energy electron beam lithography is an attractive Op_I<.':1t|ons of electron emission from an isolated sphere in the

tion for nanometer-scale device fabrication because of th<§,Ield er?ltsasmn Teg;met“ eV<fES?_:AO(t)) e\% Iiﬂd |derr11t|f|%d
virtual elimination of scattering effects which limit resolu- many ot the major features o -based lithography. beam
tion in conventional electron beam lithograpt®The scan- diameter at the sample was shown to be a sensitive function
ning tunneling microscop€éSTM) operating in field emission of th.e tip rgdlus, gap, a”?' tip—sample bias. )
mode is widely employed to produce electron beams with Slnc_e this early modeling effo_rt, many experimental dem-
energy<100 eV for this purpose. The relative simplicity of onst_ratlons of nanometer-scale _I|t_hograp_hy have_appeared. In
the system, small beam size, and very high current density Harticular, we have shown that it is possible to directly mea-
low energy makes the STM an ideal research tool, and §U'® the current distribution from STM tips used in litho-
potentially useful manufacturing tool for nanometer-scaledraPhic proces;éé.Thgse results give impetus to more ex-
structures. tensive modeling using realistic emitter structures and
There are a number of possible approaches to nanostrugPerating conditions that may be compared directly to ex-
ture fabrication using the STRI* but the most promising for periments. In this article we present results of field emission
widespread utility is low energy electron exposure of an im-Simulations of STM tips as low enerdy<S0 eV) electron
aging materia(resis), which is used to transfer a pattern into P€am sources for nanolithography. We emphasize compari-
a substrate or film. A variety of resist materials has beer$On t0 realistic conditions where a tip is operated in constant
investigated using STM-based lithography, including PMMA Vvoltage and current mode, using feedback control of the gap
and other conventional resi€g® thin siloxane filmg, mo- 10 maintain a fixed current. We investigate the effects of bias
lecular films such as Langmuir—Blodgett and self-assembledoltage and tip radius on beam diameter for idealized hemi-
monolayer film€£1° thin inorganic materials, such as Spherical tips. We also investigate the dependence of beam
Cah,,'* and adsorbed atomic layers, particularly hydrogen orfliameter on total emission current, tip work function, and the
gjle-14 presence of a dielectritresisy layer between the tip and
The limitations to feature size and resolution obtainablesubstrate. Alternate tip configurations in which the electric
by this process are functions of both the resist material perfield at the tip is tailored to confine the trajectories of emitted
formance and the ability to form a small diameter beam ofelectrons into a small beam diameter are evaluated. These
low energy electrons. However, there have been few invesesults help establish reasonable expectations for perfor-
tigations of the performance of a STM tip as a low energymance of STM-based nanolithography.
Finally, we critically examine selected experimental sys-
dElectronic mail: tmmayer@sandia.gov tems to evaluate their performance compared to the expected
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sample. We assume that electrons leave the tip normal to its
surface, with zero kinetic energy, and we ignore scattering of
the electrons in the resist filifif preseni.

Most calculations are carried out using a tip work func-
tion, ¢=4.5 eV, appropriate for a W tiff The shank angle,
v, has minimal effect on the electric field at the tip and the
trajectories of electrons traveling to the sample, except for
very sharp tips and large tip—sample distances. All “stan-
dard” tip simulations are carried out using a shank angle of
20°. We also explore some alternate tip geometries in an
attempt to confine or focus the electron current at the sample
by tailoring the electric field in the vicinity of the tip.

Fic. 1. Geometry of the field emission calculation. The cath@ige and
anode(sample¢ are assumed to be conducting.

lll. RESULTS AND DISCUSSION

A. Characteristics of standard tips
emitter characteristics. We conclude that routine sub-10 nm
lithography is feasible using low energy20 V) exposures
and very thin, atomic or molecular layer resists.

We have examined emission characteristics of standard
tips as a function of tip radius, anode voltage, total emission
current, resist thickness, and tip work function. In typical
operation of an STM-based lithography system, the anode
Il. FIELD EMISSION SIMULATIONS vol_tage and emission current are held_con_stant, and the gap is
adjusted by a feedback circuit to maintain constant electric
The field emission simulations are carried out in the gefield at the tip and thus constant emission. This is a very
ometry shown in Fig. 1. We define an axially symmetric jmportant aspect, since the electric field configuration in the
system, in which the cathodemittel) is a conducting hemi-  gap and trajectories of electrons to the sample are very sen-
sphere of radius. . The emitter is attached to a shank with a sjtive to the tip—sample gap. For direct comparison to this
variable cone angley. The anodésample forms a conduct-  mode of STM operation, all simulations presented here treat
ing plane at some distaneg, where the gap between emitter the gap as a free parameter. We have previously shown that
and sample ig=(z,—r.). A dielectric film (resis} can be  these simulations agree well with the gap measured as a

interposed between the tip and sample. function of anode voltage in an operating SttSince we
The potential in the space between the anode and cathogge primarily interested in the current density distribution at
obeys Laplace’s equation: the sample, results are presented in terms of the beam diam-
VeVV=0, (1) eter at the sample surface. We define the beam diameter as

) ) o _ that which contains 60% of the total curretiThis is ap-
whereV is the potential at any point in the vacuum or resistproximately equivalent to the standard method of measuring
film and e is the dielectric constant of the medium. In spheri- yaam diameter in electron beam lithography systems.

. . 16
cal polar coordinates Eq1) is Considering standard tips with radii of 5-50 nm, we cal-
9 .oN 1 9 v culate the beam current density distributions for biases from
ﬁ_rsrza_r+ sing ag€ Sin0-,=0. (20 5to 50 V. The current density distribution at the sample

follows a functional form of approximately ekprl¥

After specifying the emitter geometry and the emitter—gq), where the width parametes, depends on the bias and
sample gap, we define a set of grid pointsrimnd 6, and  the tip—sample gap. The beam diameter as a function of bias
solve Eq.(2) for V(r,6) using a finite difference method voltage is shown in Fig.(@). The increase in beam diameter
with the boundary conditions that=0 at the cathodétip)  with increasing bias, for all tip radii, is primarily due to

andV=V, at the anodé¢sample. - increased gap at increased bias, and resulting radial spread-
The emission current density at the tip is given by theing of electron trajectories. This is demonstrated in Fi),2
Fowler—Nordheim equatiot: where the beam diameter is seen to increase approximately

AE2 B Cg¢? linearly with the gap that is required to produce 1 nA current
J= 7 ex;{ W— ?) 3 at the given bias.

Tips with higher curvaturésmallr .) develop higher elec-
whereE is the electric fieldg is the work function of the tip, tric fields at a giverVy and gap, so that the feedback circuit
andA, B, andC are constants. The electric field at the emit-responds by retracting the tip to maintain the preset emis-
ter surface is the gradient d(r,8). We integrate the emis- sion. For sharper tips emission also occurs over a larger
sion over the entire tip surface and adjust the anode distancenge of anglep, at the apex of the tip. This results in the
z,, to obtain the desired total emission current at a fixed biagphenomenon shown in Fig.(@ in which sharp tips give

Sample current density is obtained by calculating trajecsmaller beam diameters at low bias but larger beam diam-
tories of electrons leaving the tip at different angles, andeters at increasing bias, due to the larger gap. These results
mapping the emission current density from the tip to theare in good agreement with the earlier simulations of Mc-

JVST B - Microelectronics and Nanometer Structures
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£
5 causing increased beam diameter. A resist will also have a
‘g 20} 4 higher dielectric constant than vacuuir air). Presuming
a that the tip is not allowed to penetrate the resist film, the
£ electric field in the vacuum gap will be approximately
& 10h 4 E(gap=~eE(resis), wheree is the resist dielectric constant.
BecauseE(resis) decreases with increasing resist thickness,
) () d(gap must decrease in order to produce adequate electric
0 : L - ! ! field at the tip to maintain emission. For thick resists, the tip
0 10 _ 20 _ 30 40 must be very close to the resist surface in order to maintain
Tip-Sample Separation, nm emission[d(gap<1 nm for resist thickness of 50 rimin

Fic. 2. (a) Beam diameter vs sample bias for various tip radii at 1 nA genera_l, par.tiCUIarly .for resists Wit.h lOW.dieleCtriC C.Ons.tant'
emissi.on current{b) beam diameter vs tip sample separation for the calcu—as resist thICkn_eS$ mcreases_' it is dIflfICUlt to ma_‘mtam a_‘n
lations shown in(a). adequate electric field at the tip to provide the desired emis-
sion current. The tip will then be forced to penetrate the
resist in order to establish the required electric field.
Cord and Peas€ who demonstrated that there is an opti- Beam diameter at the resist/vacuum interface is small,
mum ratio of tip radius to gap which gives minimum beambecause of the reducetigap, however the beam spreads
diameter. In general, the beam diameter increases approxiaversing the resist film. Calculations for a tip radius of 30
mately linearly with bias for optimum tip radius, and bestnm, 20 V bias, an&=3 show that the beam diameter at the
performance is achieved at low bias for all tip radii. resist/substrate interface increases with resist thickness with
We have examined other influences on beam diameter fax slope of~0.3. For this calculation, we assume the electron
the standard tip geometry. Dependence of beam diameter dravels through the resist film without scattering. Of course
beam current is shown in Fig. 3, for a tip radius of 30 nm,electrons will scatter in the resist, as they must to deposit
and for several biases. The beam diameter decreases slightipergy, and the volume of exposed material will be further
at high current due the decreased gap required for highéncreased by the scattering of these low energy electrons,
fields. But the dependence is fairly weak over three orders ofomparable to the scattering of secondary electrons produced
magnitude of current due to the steep dependence of emiby high energy electron beam exposure.
sion on electric field characteristic of the Fowler—Nordheim  Alternate tip materials with lower work function or tips
emission process. Only very small changes in gap are necegith low work function adsorbaté$can be employed. This
sary to alter the field sufficiently for large variations in cur- leads to higher emission current at a given electric field, as
rent. We have ignored space charge effects, which can sulseen from Eq(3). This is generally desirable for other field
stantially alter the trajectories of low energy electrons in highemission devices, such as emitters for electron microscopes,
current density beams. For currertd uA, at typical bias  vacuum microelectronics, or display devices. However in a
and tip—sample gap, there is, on average, only one electrdithographic application, a low work function tip will achieve
in the gap at a time. a given current density at a larger tip—sample gap, resulting
The presence of a resist film will alter the electric field atin larger beam diameter at a given current and voltage than
the tip and in the gap. The primary effect of interposing afor the same geometry tip of a higher work function. The
resist film will be to increase the tip—sample separationgffect is quite dramatic, and is shown in Fig. 4. Plotted are

J. Vac. Sci. Technol. B, Vol. 14, No. 4, Jul/Aug 1996



2441

50

40

30

20

10

Tip-Sample Separation, nm

Fic. 4. Effect of tip work function on tip—sample separation and beam
diameter for a 30-nm-radius tip, 20 V bias, and 1 nA emission.

Mayer, Adams, and Marder:

V0=20V
r =30nm
c

i=1nA

2.0

n 1 1 1
2.5 3.0 35 4.0
Work Function, eV

Field emission characteristics of STM

[\S] w H [41)
o o o o

wiu ‘Jsjswel] weag

-
o

2441

. 0.020 &

Standard Tip

~
£ 3
Py Asperity Tip k=1
c [1]
% 0015F /\ - 10015 ©
@ 3
: g
S 0.010f 10.010 g
= [}
g 2,
3 0,005+ {0.005 =
2 b
E =)
& 0.000 s 0.000 3
20 10 0 10 20 N
Radius, nm

: . ; : : ; : Jo1a o
4r o Field ©
g —e— Emission  40.12 9
> 3t {010 2
3 o

© 10.08
e, ]
2 {006 2
8 10.04 P
o 1r 3
o 1002 3
2 / 3
0 . . . 0.00 ™

©, deg

tip—sample gap and beam diameter at the sample as a func-
tion of tip work function for a 30-nm-radius tip at 20 V bias Fic. 6. Tip electric field, tip emission current density, and sample current
and 1 nA current. The direct correlation of tip—sample gapdensity for standard and super tips. Emitter radius is 5 nm, bias is 20 V, and

and beam diameter is well demonstrated here. Additional e

fgmission is 1 nA for each.

fects of tip geometry and bias behave in a similar manner to

Fig. 2.

Fic. 5. Equipotential contours fdia) standard tip(b) asperity tip, andc)
recessed tip. Contour interval is ¥d. Tip—sample gap is that required for

N

LKK

10 nm

=

1 nA emission at 20 V bias.
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B. Alternate tip configurations

The idealized standard tip configuration shown in Fig. 1 is
unlikely to be representative of real electron emitters for a
number of reasons. While tips may appear round and smooth
on a macroscopic scale, invariably, microscopic details of the
tip surface will include local asperities due to tip preparation,
tip alternation, contamination, or even discontinuities due to
atomic steps and defects on the surface. These will all lead to
a local alteration of the electric field and emission character-
istics that deviate from the ideal spherical it is gener-
ally assumed in scanning tunneling microscopy that tunnel-
ing occurs primarily through only a few atoms at a local
asperity, and many tip preparation procedures are effectively
intended to produce small asperities.

Asperities can also be intentionally fabricated in a con-
trolled fashion to produce a desired electric field configura-
tion at the tip. “Super tips?t?2 have been constructed by
producing controlled asperities on the end of relatively blunt
tips for use as electron and ion emitters with a reduced an-
gular emission profile. While a very small asperity indicates
a high curvature emitter, the electric field is suppressed at
large polar angles by the proximity of a flat surface, and
emission is restricted to a small range of polar angles at the
apex of the asperity. The result is a beam that is focused in
the forward direction.

This focusing effect can also be useful in lithographic
applications. We have examined to alternate tip configura-
tions intended to produce this focusing effect, shown in Fig.
5 along with equipotential contours for a tip—sample gap that
would produce 1 nA current at a sample bias of 20 V. The
origin of the effect is clear from the shapes of the equipoten-
tial contours and the recognition that field lines are perpen-
dicular to the potential contours. The standard tip in Fig) 5
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using an emitter structure similar to that shown in Fig)5

o R This is a recessed emitter than could potentially be fabricated
asperity, 1_= 5 nm ] by ion sputtering techniques similar to those used to make
40r standard, 7= 5 nm T extremely sharp tips for metrology applicaticiisand re-
' e o 1 cessed emitters for vacuum microelectroriit® In this
0r o ::pr:a,ref :°4_ " ] schematic example the recessed tip is a hemisphere with a

diameter of 5 nm. The top of the tip is at the same height as
T the planar cathode, and the tip is separated from the rest of
1 the cathode by a 10-nm-wide trench. The intention here is to
y use the planar cathode as a Wehnelt cylinder to focus elec-
= tron trajectories in the forward direction. The focusing effect
of . is evident, producing a beam diameter of 7.2 nm for the
P S— L L L conditions of Fig. 6, compared to 18 nm for the standard tip
5 10 15 20 2 30 and 8.8 nm for the asperity tip. The performance of this tip

Bias Voltage, V depends primarily on the width of the trench between the tip
and the planar cathode. Structures with trench width-20

Fic. 7. Beam diameter vs sample bias for standard and asperity tips with . R
' P pertty tips Wit perform less well than the tip of Fig(l5. Performance

radii of 5 and 10 nm at 1 nA emission. Experimental data are from Ref. 14.
could be increased by narrowing the trench or by recessing
the emitter below the surface of the planar cathode. Of

with a 5 nmradius exhibits large curvature of the potential course the corners of the planar cathode would have to be

contours, leading to a large degree of radial spreading of theuitably rounded to prevent development of an excessive
electron trajectories. Figureg(ly depicts an asperity tip con- field at this corner. Fabrication of such a tip becomes prob-
sisting of a hemisphere with 5 nm radius on a nearly flalematic, and operation of a recessed tip in close proximity to
surface(shank angle=85°). The potential contours are com- a sample may result in the planar cathode being too close to
paratively much flatter in the region of the emitter, giving the sampléwith very high electric field at the planar cathode
electron trajectories focused in the forward direction. Figuresurfacg. This type of emitter structure may be useful in other

6 shows a comparison of the electric field and emission profield emission devices that require a focused electron F8am.

files at the tip and the current profile at the surface for the We have not attempted to model emitters consisting of

standard tip and the asperity tip in Figgapand 8b). For  only a single or very few atoms. Such ultrasharp tips have
the standard tip, at 20 V bias and 1 nA emission, the tip-been fabricated and used as point source emitters for electron
sample gap is 17 nm, and emission occurs out#®° polar  microscopes®?’ As expected, they demonstrate very high
angle on the tip. This results in a diffuse beam with a diam4ields and emission current densities at the apex. Cutler and
eter of 21 nm. The asperity tip, however, shows high fieldco-workers?® however, have shown that ultrasharp tips do
and significant emission only out to 30° polar angle, and thewot obey the usual formulation of the Fowler—Nordheim
tip—sample gap is reduced to 10 nm. This gives a beam diemission theory, and suggest that Eg). may be in error by

ameter of 9 nm, or less than half that of the standard tip. orders of magnitude for tip radic10 nm. It appears that a

Beam diameter versus sample bias for asperity tips anthore sophisticated treatment of the field emission process is
standard tips of 5 and 10 nm tip radius are shown in Fig. 7required for modeling atomically sharp tips.

The characteristics of the asperity tip emission follow the

same trends as those for the standard tip, only with decreas%d

beam diameter due to the focusing effect and reduced tip="
sample separation. We note from Fig. 7 that the effect is most While most experimental demonstrations of STM-based
pronounced for small asperities. For the larged nm as-  lithography have not specified tip geometry nor directly mea-
perity the alteration of the potential near the tip apex is lessured electron current distributions, we can compare these
pronounced and the focusing effect is minimized. We alsasimulations to a humber of experimental results demonstrat-
note that the focusing effect is most pronounced at higheing feature sizes on the order of 10 nm that have appeared
bias, where the tip—sample separation is large. Small tip-ever the past few years.

sample separation at low bias also results in a minimal alter- We have directly measured the electron current distribu-

ation of the potential near the apex, and minimal focusing. tion at the sample by imaging the distribution of desorbed H

Comparison of Fig. 7 with Fig. (@) shows that the 5 nm atoms from Si001) surfaces in the STM, reported
asperity tip produces a beam slightly smaller than the “opti-elsewheré? Above a threshold energy of 6-8 eV, this elec-
mum” standard tip at all biases above 15 V. However, attron stimulated desorption process provides a direct measure
biases of less than about 15 V, the beam diameter is relaf the electron flux distribution with minimal electron scat-
tively insensitive to the tip geometry, whether it is an aspertering effects. We also measured the tip—sample separation
ity or standard tip. This insensitivity suggests that for lowas a function of sample bias. All of these measurements were
voltage lithography one need not be very concerned abouhade with a W tip, prepared by electrochemical etching, that
the nature of the tip. was not evaluated prior to introduction into the STM. Over

Further focusing of electron trajectories can be obtainedhe range of 5—-30 V bias, we observed a beam diameter that

Beam Diameter, nm
N
o
T

Comparison to experiments

J. Vac. Sci. Technol. B, Vol. 14, No. 4, Jul/Aug 1996
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varied from 2 to 8 nm. The measured tip—sample gap rangelihewidths in 20-nm-thick films of PMMA. Dobisz and

from, nominally, 1 nm at tunneling conditions of 2 V bias to Marriarf and Marianet al® report linewidths from 30 to 50

16 nm at 40 V. The tip—sample gap agrees well with standaram for 50—80-nm-thick resis{Shipley SAL-60} films.

tip simulations for hemispherical emitters with=30—-50 These results apparently show little broadening due to resist

nm. processing and are consistent with broadening of the electron
The observed beam diameters, however, were smalldream profile by the presence of a thick resist film.

than those calculated for standard tips of optimum radius, While a number of studies appear to be approaching the

particularly at higher bias, but agree well with the simula-beam-limited performance, definition of sub-10 nm features

tions including focusing effects associated with emissiorhas only been demonstrated for atomic or molecular layer

from asperities on a blunt tip, shown in Fig. 7. We do notresists. As suggested by the simulations, beam spreading

know if emission is occurring from a single site or from a (and ultimately electron scattering thicker (>10 nm re-

number of asperitiegWe have seen experimental evidencesist films leads to larger feature sizes. Routine sub-10 nm

for multiple site emission, on occasioiBeam diameter was lithography may be limited to very thin resists, such as self-

observed to be essentially constant over more than two o@ssembled monolayer films, or the adsorbed atomic or mo-

ders of magnitude of emission current at fixed bias, in goodecular layer.

agreement with the calculations, as shown in Fig. 4. The

estimated functional form of the beam profile is also in reaqy, SUMMARY

sonable agreement with the calculations. The experimental We h q ) dv of th ;
data are best fit with an exponential form, decaying radially S'I?M zéve p(;eTente a systlematlc Etu y (I)' r: € perhor[)nan%e
asr! to r'5 while the calculations indicate ar® depen-  © -based, low energy electron beam lithography base

dence. Feature sizes produced as a function of exposure do%d ;lmtjlat'clons o; ft|eI<t:J emlfsmn _;Lom STMftlpts n c(;o_;,e
show broadening, consistent with the beam profile measurdd OXIMity 1o a substrate surtace. The major factor in deter-

at low dose, with some evidence of electron reflection effect |n|ng.the beam d|ametgr is the tip—sample gap, which |s.set
at high bias and dose. This system, by eliminating scatterin 0 obtain the necessary field strength at the tip for the desired

) . . . : mission. The beam diameter increases as a function of bias
effects and using an ideally thin, self-developing resist ap;

pears limited only by electron current distribution from the becau;e of the larger gap Qt hlgher voItagg and 'subsequ.ent
tip spreading of the electron trajectories. At a given bias there is

. . . _a trade-off between tip radius and tip—sample gap that leads
Effects of electron scattering, large tip—sample separatio P P ple gap

. . : . . —to an optimum tip radius for minimum beam size. At low
with thick resists, and postexposure processing can all limi

the si f feat that be fabricated ind dentl ias (<10 V) sharp tips give smallest beam size, whereas at
€ siz€ ot fealures that can be fabricated Independently igh bias(>40 V) more blunt tips result in smaller beam
the performance of a given tip. Exposure of self-assemble

iameter. For optimal tip radius the beam diameter increases

monolayer resists should show minimal electron scatterin%early with bias from approximately 2 nm at 5 V to 25 nm
effects and minimal beam spreading due to increased tipét 50 V. Beam diameter is nearly independent of emission

sample gap, and most accurately reflect the beam diameter&tlrrent over the range 0.05-50 nA

; 10 ; '
the surface. Marriaret al.™ have exposed monolayers of & pjgjectric resist films interposed between tip and sample
phenylethylenediaminemethoxysilane resist, approxmatelycause an increase in beam diameter due to increased tip—

1 nm thick and achieved linewidths ef10 nm for low volt- g psirate gap. Reduction of the tip work function results in a
age (<10 V) exposures. Exposures of 4-chloromethyl- yramaic increase in beam diameter due to the larger gap
phenyltrichlorosilane at 8 V produced feature20 nm  required to obtain the desired emission from a low work
(measurement limited by the grain size of the Ni subsefynction tip.
quently plated on the sampleDirect comparison to our  \we have examined alternative tip structures intended to
simulations is not possible, but these studies appear to hgjior the electric field in the vicinity of the tip and focus the
approaching the limit of patterning ability determined by glectron beam to a smaller diameter. Asperities consisting of
beam diameter. a small radius hemisphere on a nearly flat surface produce
Zhang etal® have examined polymethylmethacrylate heams with significantly smaller diameter than those pro-
(PMMA) and polyvinylcinnamate films prepared by the duced by a standard tip of the same emitter radius. However,
Langmuir—Blodgett technique that give 4.5-14-nm-thickfor sample bias<15 V the beam diameter becomes relatively
films. Linewidths of 30—100 nm were observed after expo-insensitive to tip geometry, converging on a beam diameter
sure at 20—30 V sample bias, and various development angf ~5 nm at 10 V bias for all tips.
pattern transfer procedures. These dimensions are consider- The simulations agree quite well with experiments that
ably larger than the expected beam diameter at these condiirectly measure the current distribution at the sample. These
tions and probably reflect the effects of resist developmentesults, using adsorbed atomic H as a resist, display feature
and subsequent etching processes on broadening of the fesizes limited only by the characteristics of the electron emit-
ture dimension. ter. Experiments using molecular layer resists, such as self-
A number of investigators have examined thicker films ofassembled monolayer films, also approach resolution limits
conventional electron beam resists prepared by spin-on tecket by the electron beam diameter. Given the results of the
niques. McCord and Peaseeport fabrication of 20 nm simulations presented here and the beam-diameter-limited
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performance of a number of experimental systems, we feef'M. A. McCord and R. F. W. Pease, J. Vac. Sci. Technob, B30(1987.

. . . . .12 H H
confidence that routine sub-10 nm structure fabrication using - S- Becker, G. S. Higashi, Y. J. Chabal, and A. J. Becker, Phys. Rev.
Lett. 65, 1917(1990.
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