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ABSTRACT

A massively parallel electron beam array suitable for
performing high throughput direct write electron beam
lithography is being developed at the Oak Ridge National
Laboratory.  This application requires the design and
construction of robust field emission electron sources that
can be electrostatically focused by a microfabricated
structure and integrated with prefabricated control
electronics on a monolithic substrate. Due to moderate
threshold field for the emission of electrons and
environmental stability, the vertically aligned carbon
nanofiber (VACNF) constitutes an ideal cathode material
for this purpose. A model of electron emission from the
VACNF was constructed from operational results obtained
from integrated electron sources using single VACNF
cathodes. This model was used to design a microcolumn
capable of generating an electron beam with a kinetic
energy of 1.2 keV and a diameter of 50 nm at a working
distance of 100 um.
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1 INTRODUCTION

The development of maskless lithography technologies
have received a significant amount of attention from
various research groups [1-8] as a consequence of the
projected escalating cost of advanced optical and next
generation lithography (NGL) mask sets [9]. One candidate
maskless system design involves using an array of
miniaturized electron beam columns, microcolumns, to
produce individually controllable, focused electron beams
that can be used to perform high throughput direct write
lithography.  Several such systems have been reported
employing numerous system architectures [4-8]. The
digital electrostatic electron beam array lithography
(DEAL) concept under development at the Oak Ridge
National =~ Laboratory =~ (ORNL)  proposes  writing
simultaneously with millions of electron beams from a
massively parallel microcolumn array as a means of
realizing such a system [8].
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In every microcolumn-based maskless lithography
concept, the system design plays a pivotal role in
determining the specifications of the electron source. In
order to achieve levels of throughput that are competitive
with projected levels of other NGL technologies [9], the
sources for DEAL must be contained in a relatively dense
array, nominally 1 source every 5 um. Consequently, this
places several constraints on the DEAL source design.
Microfabricated field emission electron sources with
electrostatic focusing optics are the most feasible way of
generating highly focused electron beams in such a
configuration. By moving this array across a wafer in a
single direction and switching each emitter on and off in a
programmed manner, a “virtual mask” is created avoiding
the requirement of scanning each electron beam
independently. The integration density requires that the
control electronics be integrated with each microcolumn. It
would be extremely difficult and failure prone to
individually connect each microcolumn to a control system
located on a separate substrate. This necessitates that the
construction of the entire microcolumn be from materials
that are compatible with integrated circuit fabrication
technology. Lastly, the DEAL system employs no
additional demagnifying optics beyond the source array.
Consequently, a relatively small working distance is
required to achieve the desired beam diameter. Preliminary
simulations show that a working distance of 100 um from
the final lens to the resist-coated substrate is necessary for
optimal operation. This places the field emission cathode
in a less than ideal vacuum environment at all times during
system operation; the resist will most assuredly outgas
before, during and after exposure, raising the background
pressure of the exposure chamber significantly.
Conductance calculations of the proposed system reveal
operating pressures on the order of 10 to 10~ Torr during
direct write exposures.

The carbon nanofiber (CNF) [10] is an excellent choice
of cathode materials for the DEAL application. It has long
been know that carbon fiber field emitters show
extraordinary environmental stability [10]. The moderate
threshold field required for the initiation of electron
emission from individual vertically aligned CNF (VACNF)
[11] and the ability to be incorporated into standard large-
scale microfabrication processes [12-15] make this material
uniquely suited to our target application. In this paper we
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emission from individual vertically aligned CNF (VACNF)
[11] and the ability to be incorporated into standard large-
scale microfabrication processes [12-15] make this material
uniquely suited to our target application. In this paper we
present the design of a prototype electron source based on
the experimentally observed operational parameters of
integrated field emission devices using single VACNF
cathodes.

2 VACNF-BASED ELECTRON SOURCES

In our previous work we have reported on the
construction of VACNF-based field emission clectron
sources fabricated using conventional wafer-scale
microfabrication processes [12-15]. VACNF produced in
these processes are typically conical in shape, 800 nm to 1
um tall, 200 nm in diameter at the base and have a tip
radius of curvature less than 20 nm. Figure | shows a
scanning electron micrograph of a VACNF-based electron
source with an integrated electrostatic focusing electrode.
The gate aperture in this device was created using a self-
aligned technique based on chemical mechanical polishing
[14] while the focusing eclectrode was defined using an
aligned lithographic exposure [15].

Figure 1. Scanning electron micrograph of a completed
clectron gun with a single VACNF cathode and an
clectrostatic focus electrode taken at 30° from normal
incidence.

Device testing is typically performed in a vacuum
chamber operated at a pressure of 10 torr to simulate the
envisioned operating environment. A typical field emission
current vs. voltage (I-V) plot for a 1.8-um diameter gate
aperture 2.4-um diameter focus aperture device is shown in
fig. 2. Devices of this geometry typically display threshold
voltages for the initiation of electron emission below 60 V
[17]. Less than 2% of the total emitted current is measured
at the gate and focus electrodes. Characterization of the
cmitted beam from unfocussed gated cathode devices has
been performed using a microchannel plate (MCP)-based
imaging system. An image of the beam from an unfocussed

-

gated cathode device is shown in fig. 3 using the MCP as

the anode. In this measurement the device was positioned |
cm from the microchannel plate. The arca of the emitted
beam was found to be approximately 0.9 mm in diameter at
operating currents less than 50 nA. This gives an angular
distribution of the emitted beam between 10° and 20°.
However, larger distributions have been observed for
VACNF with large diameter tips. Field emission energy
distribution measurements have also been conducted on
VACNF gated cathodes. Energy spreads between 0.5 and
0.7 eV have been observed at operating currents of 100 nA.

Measured Current (nA)

Figure 2. FE 1-V curve of a single VACNF electron source
obtained with the cathode at 0V, the gate and focus swept
together positively and a Cu anode placed 2 mm away from
the device biased at 1kV. INSET: Fowler-Nordheim plot of
the I-V data.

3 PROTOTYPE ELECTRON SOURCE
DESIGN

Here we present a prototype design of a microcolumn
based on the experimentally observed characteristics of
VACNF-based devices discussed above. The electrostatic
focusing optics of this device was designed such that a 50-
nm diameter beam could be generated at a working distance
of 100 wum. It was also desirable to produce an electron
beam with a kinetic energy close to 1 kV. A significant
amount of research has been performed on electron beam
lithography systems operating at this energy using
commercially available electron sensitive resists, attesting
to the feasibility of such a design [18,19]. The primary
constraint in achieving this goal was the breakdown field
for the interelectrode dielectric. An average breakdown
field exceeding 8 MV/cm has been achieved for the SiO,
film used in our integrated devices deposited with plasma
enhanced chemical vapor deposition from a silane precursor
at 450° C. However, a maximum value of 5 MV/cm was
chosen for this design to reduce the risk of device failure.
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The complete microcolumn device was modeled using
high-resolution calculations of the electric field generated
inside an idealized device structure.  This was
accomplished with a “microscoping” approach to analyze
the electric field within the electron gun structurc at
different size scales, referred to in this work as frames.
Using this method, one can examine the nanoscale VACNF
emitter tip, simplistically modeled as shown in fig. 4-a,
with an appropriate level of mesh resolution without
requiring unnecessary computation for microscale features
of the device (e.g. the focusing electrodes). This technique
is useful for resolving very fine field structure within an
ambient ficld many orders of magnitude larger.

Figure 3: Microchannel plate image of the emitted beam

from an unfocussed VACNF gated cathode device. The

spot diameter is approximately 0.9 mm at a distance of 1

cm from the device. This gives an angular distribution of
the emitted beam between 10° and 20°.

1200V

750 V-

250V

d

Figure 4: Prototype electron source design of a VACNF-
based microcolumn simulated using a “microscoping”
calculation of the electric field within the device structure.
(a) First frame showing the electron trajectories emerging
from the VACNF tip assuming an angular distribution of
180 ° and an initial electron kinetic energy of 0.5 eV. (b)
Second frame based on the trajectories calculated in (a). (c)
Third frame based on the trajectories calculated in (b). (d)
Final frame showing the electron trajectories for the

completed device omitting the trajectories calculated in all

previous frames. This design produces a 50 nm diameter

beam at a working distance of 100 wm with a beam energy
of 1.2 keV.

In the microscoping approach, electrons within a given
angular distribution are field emitted from the emitter tip
normal to the electric field deducible from the gradient of
the equipotential contours depicted by dashed lines (refer to
fig. 4-a). For the calculation shown in fig. 4 an angular
distribution of 180 ° was chosen for the purposes of
illustration. The problem with this apparently
straightforward calculation is that there is no clear choice of
boundary conditions for the electrostatic potential; a simple
argument cannot be used to deduce the boundary conditions
on the spatial scales shown in this frame. This issue is dealt
with by obtaining information on a sufficiently large size
scale in a subsequent frame. The electron orbits leaving the
VACNEF tip enter the second frame shown in fig. 4-b. Here
the coordinates are increased by a factor of 4 from the
previous frame. This process is continued for a third frame,
shown in fig 4-c, arriving at fig. 4-d, which shows the
completed device omitting the results of the electron
trajectory calculations of the first three frames. At this size
scale, a reasonable estimate of the boundary conditions for
the electrostatic potential can be obtained. The electrostatic
fields for this geometry are then computed as a well-posed
clliptic system. This solution is then used as the boundary
condition for the preceding frame. This process is repeated
until the solution of the first frame with the smallest size
scale is found. This technique has been benchmarked and
found to be in good agreement with experimental
observations [11,15].

The clectrode potentials shown in fig 4-d are the results
of several iterations of the calculation process and achieve
the desired beam qualities enumerated above. During the
design process it was found that the dominant source of
beam aberration in this system is due to the proximity of the
VACNEF tip to the first electrode. With a positive bias on
this electrode with respect to the cathode the beam becomes
strongly divergent. However, by biasing this clectrode
negatively the beam is repulsed from the first electrode and
the aberrations are greatly reduced. Consequently a beam
with a 50 nm diameter spot can be achieved at a working
distance of 100 um assuming an initial angular distribution
of electrons from the VACNF tip as high as 90° and an
initial electron kinetic energy of 0.5 eV. These values are
reasonable limiting assumptions based on our experimental
observations.

The primary concern with this microcolumn architecture
is that the field present at the VACNEF tip is attenuated by
the negative potential on the first electrode. This requires
that a potential large enough to induce field emission be
placed on the second electrode. While this electrode
configuration is common in traditional field emission
clectron gun design, where the first electrode is referred to
as a suppressor, to the best of our knowledge there has been
no experimental verification of this architecture in a

Nanotech 2003, Vol 3, www.nsti.org, ISBN 0-9728422-2-5 348



120 V the cathode potential was decreased until a 10 nA
beam current was measured on a Cu anode placed 2 mm
away from the substrate surface biased at 500 V. Once this
level of emission current was obtained the potential on the
focus electrode was varied and found to have a linear effect
on the cathode potential required to maintain a 10 nA
emission current.  This shows that a field significant
enough to emit electrons from the VACNF tip can be
generated by the second electrode of the structure while
operating the first electrode as a suppressor as much as 40
V below the potential of the cathode.
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Figure 5: Operation of a VACNF-based electron gun
structure with the first electrode functioning as a suppressor
and the second electrode functioning as an extractor. This
demonstrates the feasibility of the microcolumn design
presented in this work.

4 CONCLUSION

In this paper we have presented the design of a
prototype electron beam microcolumn for wafer-scale
direct write electron beam lithography in a massively
parallel maskless lithography system. The experimentally
determined properties of integrated electron sources using
individual VACNF as electron emitters were used to
develop this design. A high-resolution simulation of the
electric field generated by this device was used to model
the operating performance and found to produce a 50 nm
diameter beam at a working distance of 100 um by using
the first electrode of the structure as a suppressor. The
validity of this architecture was demonstrated using a
microfabricated VACNF electron source with two
electrodes. Refinements in the design of the optical system
and the VACNF cathode material should lead to improved
performance.
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