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Resolution limits
for electron-beam
lithography

by A. N. Broers

This paper discusses resolution limits for
electron-beam fabrication. Electron beams have
been used to produce structures 1 nm in size
and useful devices with minimum features of
about 20 nm. In all cases the resolution is set
primarily by the range of the electron interaction
phenomena that form the structures, and not by
the size of the electron beam used to write the
patterns. The beam can be as small as 0.5 nm,
All useful devices built to date have been
fabricated with conventional resist processes;
these have an ultimate resolution of about 10
nm. Experimental data for PMMA, the highest-
resolution electron resist, show that resolution is
independent of molecular weight and is
therefore not a function of the molecular size.
The most promising of the methods offering
resolution below 10 nm is the direct sublimation
of materials such as AlF, and Al,O;; 1-nm
structures have been fabricated, but it has not
been possible to convert the structures into
useful devices. In addition to the processes
which use intermediate patterned layers, there
is the possibility of making devices by direct
modification of the electrical properties of
conductors, semiconductors, or
superconductors by means of high-energy
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electron bombardment. In these cases no
intermediate fabrication process would be used,
and it might be possible to reach dimensions
comparable to the beam diameter.

Introduction

There are several methods for using electron beams to
produce structures with dimensions below 100 nm. They
include the exposure of conventional and vapor resists, the
direct sublimation of materials such as AlIF, and MgF,, the
exposure or direct patterning of Langmuir-Blodgett films,
and the direct modification of the electrical or chemical
properties of conductors, semiconductors, and
superconductors. This paper discusses the factors that set the
ultimate resolution of electron-beam lithography processes.

Electron-beam lithography techniques produce higher
resolution than corresponding ion or X-ray methods because
the resolution of electron-beam writing systems is higher.
The limits of electron-beam fabrication are therefore the
limits of lithography. It should be pointed out, however, that
there are means of fabricating structures below 100 nm that
avoid lithography altogether by making use of sharp steps on
surfaces. The author has discussed these and the alternatives
1o electron beams in a recent review article [1].

Figure 1 shows the range of sizes encompassed by thin-
film devices. The region of interest in this paper is that below
100 nm. Because optical microscopes can “see” but not
resolve 100-nm structures, electron microscopes or scanning
tunneling microscopes must be used to inspect the devices,

Structures of 100 nm were first produced with electrons in
the early 1960s, but they were not used for any purpose, they
were merely examined with an electron microscope [2, 3].
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The first useful sub-tenth-micron structures (nanostructures)
were fabricated in 1972 [4]. These were aluminum
conductors with cross sections of about 60 nm X 60 nm
which were used to measure one-dimensiona!l fluctuation
conductivity over a temperature range much larger than had
previously been possible. They were fabricated on bulk
silicon substrates with PMMA resist and the lift-off process
of Hatzakis [5]. Polymethyl methacrylate, PMMA, was first
identified as a high-resolution electron resist in 1968 [6]. In
1970, PMMA and lift-off had also been used to produce the
first operational electronic devices with dimensions beyond
the capability of optical lithography. These were surface
acoustic wave devices with dimensions of 0.15 um [7].

Early nanostructures were also made with vapor or
“contamination” resist. This resist, which is described below,
was used with ion etching to produce 50-nm-wide metal
lines on bulk substrates in the 1960s [3, 8, 9]. In 1976 the
same combination was used, together with a thin-membrane
substrate, to produce 8-nm metal structures {10] and to
make useful devices with dimensions of a few tenths of a
nanometer in 1978 [11]. More recently, semiconductor
devices with dimensions in the nanostructure region have
been fabricated using double-layer PMMA-based resists and
lift-off metallization [12, 13].

Structures considerably smaller than 50 nm can be made
with electron-beam fabrication, but their “useful” size is
frequently limited by imperfections in the thin films from
which they are made, and by damage induced in the edges of
features by dry etching. These topics are not discussed here.
Ultimately it would be preferable to form the devices by
selective epitaxial growth, thereby avoiding etching and
realizing single-crystal structures.

At present, the major applications for sub-50-nm
structures are scientific, and it is not essential that the
methods be suitable for mass production, as it is with the
related electron-beam methods used to make integrated
circuits. The speed of writing and the cost of equipment are
therefore not as important and are not discussed here.

Electron-optical resolution beam size

In the absence of the need for high beam current and large
scanned area, the minimum diameter of an electron probe is
set by the axial aberrations of the final probe-forming lens
and diffraction. The operating aperture for the lens is chosen
as a compromise between the conflicting requirements of
these two deleterious effects. Spherical aberration is the
dominant aberration, and gives rise to a “disk of confusion”
with a diameter that increases with the third power of the
beam aperture. Diffraction causes an Airy disk pattern whose
diameter decreases linearly as the beam aperture increases.
The optimum choice of beam aperture yields a minimum
beam diameter of sz” Y “ where C, is the spherical
aberration coefficient of the lens and A is the electron
wavelength; k is a constant that depends upon the beam

IBM J. RES. DEVELOP. VOL. 32 NO. 4 JULY 1988

Resolution of ————*-J— 100 pm
human eye

—— 10 pm .
<+——— Early integrated-
circuit devices

—— 1 pm
[-¢———— Present

silicon devices
Resolution of
optical microscope —————-|
—1-0.1 pm
[-«————— Estimate of smallest
useful dimension
for conventional transistors

—10am
fe———— Smallest metal structure

[<4———— Vacuum tunneling gap

Molecules

_:—1—# Smallest artificial structures
nm

At ;|V o
ML o 1 am 1 A)
Resolution of

electron microscope

~—1—0.01 nm
Depth resolution
of scanning tunneling ———-——|
Microscope

—%0.001 nm

Size scale for microstructures and microscopy.

i e n i

diameter. It is about 0.9 when 80% of the beam current is
contained within the beam diameter. For the shortest-focal-
length electron lenses, C, is about 0.5 mm when focusing
100-keV electrons (wavelength of 0.004 nm), and then the
minimum beam diameter is 0.37 nm.

The degree to which the beam diameter approaches a
theoretical minimum depends on the brightness of the
electron source and the beam current. In theory, the
minimum value is only reached for infinite brightness or
zero beam current. In practice, currents up to about 107°A
are available with field-emission cathodes and up to 1077 A
with thermal cathodes before the beam grows 20% above the
theoretical minimum. Figure 2 shows the relationship
between beam diameter and beam current for the
lanthanum-hexaboride-cathode electron-beam system used
to fabricate the nanostructures described in this paper. It is
assumed that the optimum beam aperture is used in all
cases. The theoretical minimum beam diameter for 50 kV is
0.56 nm.

A. N. BROERS

503




504

100
50 keV
C, = 0.044 cm 4+
Ce = 0.06cm E—

B = 107 Ajem’ steradian
(Kohler)

Beam diameter (nm)

0.1 1 L 1 1 | [l
=11 -10 -9 -8 10—-7 10—6

fabricate the nanostructures shown in this paper. The method used to
make the theoretical estimate of beam diameter and current is
described in [16].

Currents of about a picoampere are adequate for resist
exposure when the minimum feature size is about 10 nm.
For example, with a resist sensitivity of 0.5 x 10~ C/cm’,
only 30 electrons are required to expose a single 1-nm pixel,
and the beam-incrementing rate is 200 kHz for a beam
current of 10”'% A. With the lenses used for nanolithography,
the deflection coil is placed in the pole-piece bore, and 200
kHz is close to the maximum rate attainable before the onset
of pattern distortion due to eddy currents induced in the
iron pole-pieces of the final lens. It is not possible to use
ferrite pole-pieces, as is done in high-speed semiconductor
lithography systems, because ferrites cannot sustain the
much higher magnetic excitation of the short-focal-length
nanolithography lens. The ferrite pole-pieces are electrically
insulating and do not sustain eddy currents.

Electron-beam exposure of conventional resists

Several factors other than the size of the electron beam
determine the extent of the exposed volume in a layer of
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conventional resist. For integrated-circuit lithography, where
at present relatively low accelerating voltages and thick
resists are used, electron scattering is the most important
factor. For nanolithography, where higher accelerating
voltages and thinner resists are used, secondary-electron
generation is the most important factor, and the effects of
scattering are unimportant. We believe that it is the
delocalization of secondary-electron generation, together
with the subsequent straggling of the secondary electrons
into the resist, that sets the ultimate resolution limit for
nanolithography.

& Electron scattering

Figure 3 shows qualitatively the mechanisms of electron
scattering. The resist is exposed by both the incident
electrons and the electrons scattered back from the substrate.

o, = Sigma for forward-
scattering distribution
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o, = Sigma for backscattered
distribution (20 kv)
Forward scattering
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Backscattering
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/ P \
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Electron scattering in electron resist exposure. The curves at the top
of the figure show the exposure distributions due to the incident and
backscattered electrons.
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Lateral scattering of the primary electrons as they penetrate
the resist gives rise to the narrower of the distributions, the
“forward-scattering” distribution. Backward scattering of
electrons from the substrate gives rise to the broader
distribution, the “backscattering” distribution. The
distributions are generally assumed to be Gaussian, and they
are assigned sigma values: o, for forward scattering and o, for
backscattering. The overall exposure distribution is given by
the proximity function F(r), where

E,(r) = klexp —(r/a,) + 1(0,/a,)’ exp —(r/a,)’], (1)

and r is the radial distance from the center of the exposure
distribution, 7 is the ratio between the exposure due to the
backscattered electrons and the incident electrons, and kis a
normalizing constant.

Several workers have used Monte Carlo methods (e.g.,
Kyser and Murata [14]) to model electron scattering for
resist exposure; their results are in broad agreement with
experiment and support the assumption that the distribu-
tions are Gaussian.

Figure 4 shows approximate distributions for the electron-
beam exposure of a 1-um-thick resist layer on a silicon sub-
strate at incident electron energies of 10 kV, 25 kV, and 50
kV. It can be seen that the width of the forward-scattering
distribution is reduced as the electron energy increases. Al-
though it is not shown, it is obvious that the forward scatter-
ing width is also reduced for thinner resist layers. The rates
of reduction in each case are such that forward scattering
becomes negligible for the combination of 50 keV and resist
thicknesses below about 0.1 pm [15]. Nanofabrication meth-
ods operate in this regime and forward scattering can be
ignored.

Figure 4 also indicates that the width and intensity of the
backscattered distribution depend upon the incident electron
energy. The greater the incident energy, the larger the disk
from which electrons are backscattered from the substrate.
The total exposure due to the backscattered electrons is very
approximately independent of beam energy and is equal to
the exposure due to the incident electrons. As the energy of
the incident electrons increases, the backscattered exposure
spreads more and more, until by the time the electron
energy reaches 50 keV, the diameter is so large, >5 um, that
the backscattered electrons only produce a background
“fog.” This fog builds up for dense patterns, and in extreme
cases can limit resolution by reducing contrast. Elementary
considerations lead to the conclusion that the maximum
contrast for a pattern of equal lines and spaces is 0.5,
assuming equal exposure by incident and backscattered
electrons.

For small isolated features, backscattering has a negligible
effect on contrast or resolution. For nanolithography the
only significant effect of backscattering is that it reduces
contrast for very dense patterns, and even this disadvantage
can be avoided by using membrane substrates.
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Exposure distributions for a 1-um-thick resist layer on a silicon
substrate for I0kV (o; = 0.3 pm, oy = 0.8 pm, m = 1), 25kV
(0, =0.12um, o, = 3 um, n = 0.86), and S0kV (o, = 0.07 pum,
o, = 8 um, n = 0.5) electrons. The electron-scattering parameters
0y, Oy, and m are defined in the text.

o Secondary electrons
Electrons with energies above about 5 eV can break or make
chemical bonds and thereby expose resist. This means that
the free, low-energy, secondary electrons produced by
inelastic interactions between high-energy electrons (either
scattered or primary) and the resist atoms are important in
resist exposure. These low-energy secondaries, which
typically have energies up to about 20 eV, can be excited
remotely from the high-energy incident electron beam and
may straggle further into the resist before their energy is
dissipated. As already mentioned, we believe that these
secondary electrons set the ~10-nm resolution limit
measured by the method described in the section on
measurement of exposure distribution in resists.

A similar process limits the resolution of the best
secondary-electron-surface scanning electron microscopes
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(SEMs). In the SEM, the area from which secondary
electrons are emitted is also larger than the electron beam.
There are many factors determining the diameter over which
secondaries are excited, and the diameter is difficult to
measure accurately, but estimates made from the
“sharpness” of SEM images [16] suggest that it is 2—-5 nm for
metals. This leads to a resolution limit of about 10 nm,
which is similar to the e-beam lithography limit and supports
the argument that it is the secondary-electron delocalization
that imposes this limit. However, the support is by no means
rigorous because the range of the secondary interactions may
not be the same in resist as it is in the metals.

The conclusion that the delocalization of the secondary-
electron exposure gives rise to the 10-nm limit is not
supported by the work of Rishton [17]. Rishton’s data
suggest that the exposure distribution due to secondaries is
narrower than 10 nm. Rishton combined direct
measurements of the low-energy electron range with the
electron energy-loss data of Ritsko [18]. Figure 5 shows the
exposure received at the center of lines as a function of their
width for Rishton’s distribution, experimental data described
below for PMMA resist, and the Gaussian distribution
suggested by the author as an adequate fit to the
experimental data. The discrepancy between the
experimental width and the data of Rishton could be a
phenomenon related to the size of the PMMA molecules or
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the extent of the “chemical” development process. These
factors are discussed in the next section.

The parameter plotted on the ordinate of Figure 5,
fractional exposure, is defined as the ratio of the exposure
dose at the center of an infinitely long rectangle of the
linewidth shown in Figure 5, to the exposure received at the
center of an infinitely large shape. For rectangles narrower
than the width of the exposure distribution, the dose at the
center of the rectangle falls off at a rate determined by the
shape of the exposure distribution.

The situation is made more complex by the creation of
secondaries at the interface between the resist and the
substrate. For substrate materials with high secondary-
electron coefficients, such as gold, there may be more
secondaries created at the interface than in the resist.
Measurements of the ultimate resolution of resist exposure
have not been made as a function of substrate, so this effect
cannot be quantitatively evaluated. The interface secondaries
give rise to an undercut resist profile which limits the
resolution, or at least the minimum separation between
features, but may be useful for lift-off processing.

® Molecular weight and chemical amplification

The size of the resist molecules and the extent of the
chemical reaction that results from the exposure process are
factors which can potentially affect resolution. While there
are cases where the “range” of the chemical interaction sets
the minimum feature size, as for example with silver halide
emulsions where exposure triggers the growth of crystals that
may be larger than the exposed area, there is no evidence
that this is the case for the highest-resolution resists such as
PMMA, where there is no such “chemical amplification.” In
other words, the chemical change is restricted to the point at
which the electron breaks or makes a chemical bond and
does not trigger an extended reaction such as the crystal
growth observed in silver halide emulsions. In fact, there is
little indication of degradation even when chemical
amplification is present, as in the case of the poly(p-t-
butyloxycarbonyloxystyrene (t-BOC) resist described by
Umbach et al. in this issue of the IBM Journal of Research
and Development. The resist exposure distribution function
has been measured for t-BOC and it turns out to be about
the same as that for PMMA. The experimental
measurements with PMMA and t-BOC lead to the
conclusion that neither molecular weight nor chemical
amplification is important in determining the ultimate
resolution.

& Measurement of exposure distribution in resists

It is difficult to measure the ultimate resolution of electron
resists because resist test patterns become distorted by
irradiation in the electron microscopes needed to make
linewidth measurements. This difficulty led to the
development of a method that determines effective exposure
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distribution without the need to measure linewidth [15]. All
that is required is a knowledge of the nominal “written”
linewidth, and a determination of which lines are completely
exposed at each exposure dose. The exposure distribution
measured in this way can be used to determine resolution in
the same way the Airy distribution is used to determine the
resolution of a diffraction-limited optical microscope.

A test pattern of the type used to determine the exposure
distribution is shown in Figure 6. The pattern was written in
a 60-nm-thick layer of PMMA with a 50-kV electron beam
with a diameter of 0.5 nm. The minimum “written”
linewidth (4 nm) was about three times smaller than the
half-width of the distribution, and the largest linewidth was
about 10 times greater than the half-width. For each
experiment, the pattern was repeated at about 10 different
exposure doses. The lightest dose was less than that needed
to open up the largest shapes. The heaviest dose was high
enough to ensure that the resist develops through to the
substrate in the site of the narrowest line. At a critical
intermediate dose, the large shapes barely develop through
the substrate, and shapes that are smaller than the exposure
distribution do not receive enough exposure to develop
completely. As the exposure dose is increased from this
intermediate value, smaller shapes develop and the exposure
distribution can be derived from the additional dose needed
for each aperture size. The resist pattern shown in Figure 6
was exposed at a dose slightly greater than that needed to
open up the largest shapes.

Assuming that the exposure distribution is Gaussian, and
that the lines are equivalent to infinitely long rectangles, the
exposure dose 0, (C/cmz) received at the center of a line is
given by Q,, = Qerf(W/20) (C/cmz) where 0, (C/em?) is
the exposure dose in the center of the infinitely large shape,
and ¢ is the standard deviation of the distribution. @, is
measured for each linewidth by determining the dose at
which the line first develops through to the substrate. As the
exposure increases, narrower and narrower lines develop
through to the substrate. The exposure distribution is
calculated from Q,, versus linewidth data of the type shown
in Figure 7.

Figure 7 also shows data for PMMA of different molecular
weights and indicates that the width of the exposure
distribution does not depend upon molecular weight. These
experiments, which show an exposure distribution half-width
of 10 nm to 20 nm, are reported here for the first time. They
were carried out in collaboration with C. G. Willson, C.
Umbach, R. Koch, and R. Laibowitz of the IBM T. J.
Watson Research Center.

o Exposure versus feature size for thin-film and bulk
substrates

In order to come up with an overall estimate for the
resolution of electron-beam exposure of PMMA, data for a
thin substrate and thin resist (60 nm) are shown in Figure 8

IBM J. RES. DEVELOP. VOL. 32 NO. 4 JULY 1988

0.2 wm

One of a series of test patterns used to measure the resolution of
electronresist [14]. The 60-nm-thick PMMA resist layer is supported
on a 60-nm-thick Si,N, membrane; the pattern has been exposed with
a 0.5-nm-diameter 50-kV electron beam. The sample has been
shadowed at 45° with AuPd in order to highlight the structure and to
reveal the resist thickness. This particular exposure is made at a
slightly larger dose than is needed to open up the largest shapes in the
pattern.
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Fractional exposure data for PMMA of 20 000 and 500 000 molecular
weight. The difference between the data for the different molecular
weights is negligible, suggesting that there is no dependence on the
molecular weight of the sample. These experiments were carried out
in collaboration with C. G. Willson, C. Umbach, R. Koch, and R.
Laibowitz of the IBM Thomas J. Watson Research Center.
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Normalized aperture exposure (ratio of the exposure received at the
center of a square aperture of a given size to the nominal background
exposure) for 10-kV, 25-kV, and 50-kV electron exposure of a
1-pm-thick PMMA resist layer on a bulk silicon substrate. The
proximity function given in Figure 3 is used to make these estimates.
‘The case for thin resist (<0.25 pm) on a thin membrane (such as that
shown in Figure 9) is also included. In this instance forward

scattering and backscattering are assumed to be insignificant.

Membrane

Window

Silicon

Diagrammatic view of window substrate that allows contact to be
made to devices fabricated on fragile membrane [18, 19]. Si;N,
membrane is typically 60 nm thick. A major advantage of the
substrate is that samples can be viewed with transmission electron
microscopy. Backscattered electrons are also reduced to negligible
numbers, so the contrast is better than for exposure on bulk
substrates.
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together with data for a bulk silicon substrate and relatively
thick (1 um) resist. The different cases can be identified by
the scattering parameters (o;, o, and ) shown in the figure.
For example, 7 = 0 (zero backscattering) for the thin-
membrane case on the left of the figure. The three other
conditions are for the bulk silicon substrate. Figure 8 shows
how the exposure at the center of the square shapes
(apertures) varies with the size of the square. The exposure is
normalized so that the exposure at the center of an initially
large square is unity. These data model the most difficult
situation in practical lithography, that of writing patterns
containing both large and small shapes. For example, at 10
kV a 1-um square will only receive a normalized exposure of
0.6, while large shapes (greater than about 4 pm) will receive
an exposure of 1. The development process must therefore
tolerate a 40% variation in dose if the 1-um and the 4-um
shapes are to develop to their correct sizes.

The forward-scattering and backscattering exposure
distributions are assumed to be Gaussian, and the overall
exposure is that given by Equation (1). The forward-
scattering sigmas are those obtained in a recent set of
experiments in which the exposure distributions in 1-um-
thick PMMA layers were measured in a manner similar to
that described above for the measurement of ultimate
resolution. The minimum feature size obtainable for each of
the cases in Figure 8 can be estimated to be that at which the
exposure has fallen to about 0.5: that is, 0.02 um for the 50-
kV, thin-substrate, thin resist case, and 0.13 um, 0.36 gm,
and 0.65 um for the 50, 25, and 10 kV, silicon-substrate, 1-
um-thick resist cases.

Thin-membrane substrate for nanolithography
The measurements of resist resolution just described were
made on the thin-film substrate shown in Figure 9, which
was developed and patented for the fabrication of sub-tenth-
micron structures [19, 20]. The principal attribute of the
substrate is that it allows samples to be examined with a
resolution of about 0.1 nm in transmission electron
microscopes, scanning or projection. The secondary-electron
scanning electron microscope, which is generally used for the
examination of microstructures, is limited in resolution by
the range of the secondary electrons in the same way the
resolution of resist exposure is limited. It is therefore not
possible to use the SEM for studying resist resolution limits.

The thin-membrane substrate also greatly reduces the
number of backscattered electrons from the substrate and
hence improves contrast. Its final attribute is that it is
possible to make electrical contact to structures fabricated
upon thin membranes. This is done by the contact pads that
extend out from the bulk area as shown in Figure 9.

Thin membranes of a variety of materials have been
made, and it is possible, for example with silicon or GaAs
membranes, to fabricate devices using the membrane as part
of the device.
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Efectron exposure of vapor resists—
contamination lithography

An alternative to spinning a liquid resist onto the sample is
to condense vapor onto the surface. This process occurs
unavoidably in vacuum systems pumped with untrapped oil
diffusion pumps. The condensed hydrocarbon vapors found
in these vacuum systems form a negative electron resist
which acts as a satisfactory mask for ion etching. As already
mentioned, this contamination resist process was developed
in the early 1960s and has been used to make a variety of
small devices.

Contamination resist is formed when the electron beam
“cracks” the thin layer of hydrocarbons at the sample
surface. As this process continues, a cone of resist builds up
at the point of impact of the electron beam, as shown
diagrammatically in Figure 10. The rate of buildup can be
increased by increasing the partial pressure of hydrocarbons
in the immediate vicinity of the sample with a local source
of vapor.

Typically, a dose of 0.1-1 C/em’ is required to produce an
adequate buildup of “exposed” vapor to protect 100-nm-
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Microbridge SQUIDs fabricated with contamination resist
electron-beam lithography [23].

i Niobium wires 25 nm wide in a four-terminal configuration used for
¢ exploring localization effects [22].

thick metal layers (e.g., gold and niobium) from ion etching.
This high dose makes it difficult to fabricate large-area
devices in a reasonable time, but has the advantage that the
sample can be microscopically examined before and after
exposure without significant resist buildup. Transmission
microscopy can be used to position the beam with respect to
contact pads or other device layers, and to examine the resist
pattern after it has been formed. The buildup of resist can
also be accurately monitored by observing the decay in the
transmitted signal.

It is possible to remove the layer of hydrocarbons and
thereby stop the buildup of contamination by heating the
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Holes 5 nm in diameter drilled in 0.25-pm-thick NaCl crystal with
1-nm-diameter electron beam [26].

sample to about 100°C. This can be done, for example, with
a high-intensity lamp. After the hydrocarbons have been
removed, the sample can be examined without further
buildup of resist, provided of course that the partial pressure
of hydrocarbons is low enough to prevent the formation of a
new layer of hydrocarbons. This technique also opens up the
possibility for in situ fabrication sequences where the vapors
which form the resist are selectively introduced when the
resist pattern is to be formed, and then removed before the
next thin-film deposition step.

A variety of devices have been fabricated with the
combination of contamination resist and ion etching,
including microbridges [21], SQUIDs (Superconducting
Quantum Interference Devices) {22], as shown in Figure 11,
fine wires for exploring localization effects [23], as shown in
Figure 12, and rings for demonstrating aspects of the
Aharonov-Bohm effect [24]. Buckley et al. [25] have
produced high-resolution X-ray zone-plate lenses with
contamination lithography.

Sub-10-nm structure fabrication

® Direct sublimation
To avoid the 10-nm limit encountered with conventional
electron resists such as PMMA, it is necessary to find an
image-forming process that is activated only by the high-
energy primary electrons, and not by the low-energy
secondaries.

One process which appears to behave in this manner is the
direct sublimation under electron bombardment of a variety
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£ A 10-nm-wide slot ion-milled in a 20-nm-thick gold film using
1 directly patterned MgF, as a mask.

7

of materials, including NaCl, MgF,, AlF;, LiF, and Al,O,.
The high resolution of this process was discovered in an
experiment proposed by J. W. Matthews that produced the
5-nm-diameter holes shown in Figure 13. The holes were
formed in a NaCl crystal by a 1-nm-diameter 50-kV electron
beam [26, 27]. The crystal was 0.25 wm thick, the
convergence half-angle of the beam was 1072 radian, and,
assuming that the beam was focused on one face of the
crystal, the beam would have formed a cone-shaped hole,
with the base of the cone being about 5 nm in diameter.
This would explain the difference between the apparent size
of the hole and the beam diameter, and suggest that the
resolution of the process was better than 5 nm. Further
experiments demonstrated that it was possible to use a
patterned MgF, film to mask a gold film from ion milling
and to produce slots 10 nm wide in a 20-nm-thick gold film
(see Figure 14). In general, however, the films did not stand
up well to a variety of dry or wet etching techniques, and the
exposure doses needed were very heavy (0.1 C/cmz).

Isaacson and Muray [28] confirmed that resolution below
0.5 nm is possible with direct sublimation by writing
structures about 1.5 nm in size in thin NaCl and AlF; films.
Kratschmer and Isaacson [29] used patterned AlF, films to
mask a silicon nitride film against dry etching, but the
smallest structures produced in the nitride were only about
20 nm in size.

Mochel et al. discovered that the sublimation process
works with AL,O,, and produced holes 1 nm in diameter
[30]. Both Mochel et al. and Isaacson et al. have used EELS
(Electron Energy Loss Spectroscopy) to analyze the process,
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and have shown that a metal-rich deposit remains after the

sublimation process. The details of the sublimation
mechanism remain unclear, and this process has not as yet Electron beam
produced devices of practical importance. Some of the ways \
in which device structures might be fabricated with direct- I-5m —.(“ ff_ __— Electron-sensitive
sublimation lithography are shown in Figure 15. i AW TTEL fyer, e £, II:I/IagC(:
AlF,
ol
o Exposure of multilayer Langmuir-Blodgett films * Evaporation
Lines can be written in multilayer Langmuir-Blodgett films Eteh Selective or epitaxial deposition
(see Figure 16) with much lower dosages (= 107 C/cmz) ]
than are required for direct sublimation processes described
in the previous section [31]. Minimum linewidths may be
smaller than 10 nm, but it is difficult to confirm this because
the films become rapidly exposed by the microscope beam.
Lift-off

The lines shown in Figure 16 are about 10 nm wide as
viewed with bright-field scanning transmission electron
microscopy. The lines were shown to be slots by low-angle
AuPd shadowing of the samples. We were not successful in
using Langmuir-Blodgett stacks of the type shown in Figure
16 as masks for standard dry or wet etching processes, so, as
with the direct sublimation methods, we assume that the
process will not be useful until complementary structure-
forming methods are found.

{ Possible methods for fabricating structures with direct-sublimation
; electron-beam lithography. Selective deposition methods could
¢ include electroplating.

o Radiation damage lithography
It may be possible to fabricate structures smaller than the
electron-resist interaction range by means of processes which
use electrons whose energy is great enough to cause radiation
damage in the sample. For crystalline materials such as
silicon this requires an energy above =150 keV. Several
potential methods for converting the damaged areas into
structures are shown in Figure 17. The damage may enhance
or retard the etch rate of the material for dry or wet etch
processes, it may locally change other properties such as the
critical temperature of superconductors, or it may locally
affect the integrity of epitaxial films grown on the substrate.
In the case of epitaxial films, damaged areas may etch at a
different rate than defect-free areas, or may exhibit different
electrical properties (conductivity, etc.). An example of the
latter might be that regions of a superconducting film
deposited on damaged areas of a single-crystal substrate
would exhibit normal conductivity and therefore act as weak
links between the superconducting regions grown on the
undamaged areas.

Electrons with an energy of less than half the damage | Bright-field STEM micrograph of lines written in a stack of
threshold energy could be used for radiation-damage §{ manganese-stearate Langmuir—Blodgett films.
lithography, so that only a single damage event would be . "
created by each electron. The damage should then be
localized within the beam diameter, which could be as small Summary

as 0.3 nm. Jones et al. have carried out some preliminary Several methods can be used to fabricate thin-film devices
experiments which have confirmed the mechanism of this with electron beams. Exposure of conventional resists is the
process [32]. most generally applicable method and can produce useful
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structures with dimensions of about 10 nm. For dense
patterns, the minimum features are about twice this size.
The 10-nm limit is thought to be due to the delocalization of
the exposure by secondary electrons. A similar limit is
encountered with vapor or contamination resists, although it
may be possible in this case to produce slightly smaller
isolated features; e.g., 8-nm conductors have been made.
Contamination resist is not useful for large-area structures
unless a continuous source of vapor is provided, but has
proven valuable for simple nanostructure devices because it
allows pattern registration and resist buildup to be
monitored in situ.

Direct sublimation of the alkali halides and other
materials leads to structures that more closely approach the

A. N. BROERS

minimum electron-beam size of 0.5 nm, but it has not yet
proven possible to convert these structures into useful
devices.

The direct modification of the electrical properties of
materials with electron beams also offers the potential for
devices with elements about the same size as the minimum
beam diameter of 0.5 nm, but only a few preliminary
experiments have explored this idea.
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