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Abstract. Microcolumns are widely used for parallel electron-beam lithography because of their compactness
and the ability to achieve high spatial resolution. A design of an electrostatic microcolumn for our recent nano-
scale photoemission sources is presented. We proposed a compact column structure (as short as several
microns in length) for the ease of microcolumn fabrication and lithography operation. We numerically studied
the influence of several design parameters on the optical performance such as microcolumn diameter, electrode
thickness, beam current, working voltages, and working distance. We also examined the effect of fringing field
between adjacent microcolumns during parallel lithography operations. © 2015 Society of Photo-Optical Instrumentation
Engineers (SPIE) [DOI: 10.1117/1.JMM.14.4.043508]
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1 Introduction
Electron-beam microcolumns have practical advantages over
the traditional columns because of their high resolution and
compactness. They are also capable of achieving ultralow
landing electron energy for niche applications. Because of
their compactness, microcolumns can be arranged into mas-
sive arrays for parallel electron-beam lithography. This mas-
sive-parallel scheme enables the use of small beam current
for each microcolumn to achieve a high total beam current
that exceeds the throughput of shaped beam lithography and
cell-projection lithography system.1,2 High-throughput paral-
lel microcolumns have attracted many interests because of
their potentials in the applications of electron-beam lithog-
raphy and imaging. In the past two decades, researchers have
developed a variety of miniature electron-beam columns.3–10

Most of these prototypes utilized the conventional Schottky
emitter with high operation temperature (∼1800K), but ther-
mal issues become the biggest obstacle in its development.11

The use of carbon nanotubes (CNTs) as electron emitters was
proposed to replace Schottky emitters; however, there is still
no practical approach to fabricate the CNT emitters with the
desired consistency and uniformity.12

Although there is much research on electron optical sys-
tems,13–19 none of them considered microcolumn designs for
nanoscale photocathodes. Laser-excited nanoscale cathodes
have been studied by many groups, with source sizes in the
range of a few nanometers to several hundreds of nano-
meters.20–22 Compared with other cathodes, a nanoscale pho-
tocathode can bring many advantages such as high emission
brightness, low energy dispersion, low extraction voltage,
and easiness of optically switching without using beam
blankers. These features allow us to greatly simplify the
microcolumn structure and improve the compactness. It is
worthwhile to point out that the low initial electron energy

and compactness of the microcolumn structure can also
allow us to eliminate the use of a limiting aperture and to
utilize all of the emitted electrons to obtain reasonably
good resolutions. In this paper, we study the possibility of
designing an ultracompact electron optical microcolumn
with an overall length as short as ∼10 μm for a nanoscale
photocathode of ∼10 nm in size. A conceptual microcolumn
has to be designed and optimized. Our optimized designs
show the possibility of focusing all of the emitted photoelec-
trons at nanoscale into a 16-nm spot or smaller in full-width
half-maximum (FWHM) at an electron landing energy of
1 keV. Similar structures are sometimes classified as micro-
electron-guns in many applications. Here, we still named it
microcolumn, mainly because it carries more functions than
a traditional microgun and can also have beam-deflecting
capability. This microcolumn design is compatible with cur-
rent microfabrication because of its structure simplicity. We
also numerically examined microcolumn design for the
Coulomb interaction within an individual microcolumn and
their fabrication and operation tolerances. It is estimated that
an array of 100 × 100 microcolumns can achieve a lithogra-
phy throughput of about 0.5 wafers per hour (WPH) with a
beam current of 1 nA per column.

2 Microcolumn Configuration and Optimization
A traditional electron optical system usually consists of basic
components including electrostatic and/or electromagnetic
lenses, blankers, and deflectors. For compactness and sim-
plicity considerations, our microcolumns are designed using
all electrostatic components.

Figure 1(a) shows the conceptual schematic of our minia-
turized electron optics design optimized for a nanoscale
photoemission source. The photoemission source is modeled
as nanoscale photoelectron-emitting site in a metal film (e.g.,
gold and chromium) deposited on a transparent substrate
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such as quartz. We anticipate that nanoscale photoemission
sources are very sensitive to surface contamination, and a
vacuum environment better than 10−8 Torr is typically
required to avoid source degradation and also electrical
breakdown. A possible microcolumn array structure is fab-
ricated, shown in Fig. 1(b) as an example, where the inset
shows the sectioned microcolumn with layered structures.
During the operation of the photoemission source, it is
back-illuminated by a laser beam and generates a nanoscale
beam of photoelectrons, which will be accelerated and
focused into a Gaussian spot by the microcolumn. The elec-
trons can be guided by a deflector [shown in Fig. 3(a)] and
rastered over the resist. Compared with the traditional micro-
column, the blanking of the beam can be easily achieved by
modulating the incident laser beams; therefore, the electron-
beam blanker is not needed, which can significantly reduce
the complexities of the fabrication and operation process.

We studied the geometry scaling of a microcolumn design
as illustrated in Fig. 1. While keeping the electrode voltages
and photocathode size unaffected, all geometric parameters
of the microcolumn are presented in a scaling factor using a
dimension L0, where L0 is the distance between source and
extractor. As shown in Fig. 1, the source voltage was fixed at
−900V (VSource), and a bias potential was applied to the
extractor electrode of −800V (VEx). The focus voltage
was optimized, which is approximately −954V (VFocus),
and the resist substrate was grounded (0 V). All electrodes
were electrostatic apertures with a diameter of 3L0. The dis-
tances between the source and the extractor and between the
extractor and the focus electrode are L0 and 2.5L0, respec-
tively. The thickness of each electrode was 0.1L0. The work-
ing distance (WD), which is the distance between the bottom
of the focusing electrode and the surface of the resist, was
fixed at 5L0 in the following discussion unless otherwise
specified here. The overall column length was ∼9L0, which
is the total distance from source location to resist surface.
The column was designed with a demagnification factor
of 0.4. Applied voltages and the structure of electron optics
(the aperture diameter, the electrode thickness, and so on)
can influence and determine the performance of final
probe beam. Thus, it is necessary to evaluate and analyze
the influence on the characteristics of the spot size.

Figure 2 shows the resolution dependence for three differ-
ent scaling factors when varying one design parameter
and fixing all others parameters at their optimized values.
Influences of different design parameters on the resolution

are shown in L0 ¼ 1, 5, and 10 μm, where a constant source
size of 10 nm in diameter is maintained when scaling the
column size. The obtained results help to examine the manu-
facturing tolerances and operational parameters of the col-
umn designs to meet the desired resolution of 16-nm FWHM
beam size. Our simulation indicates that a few percent of
variation in dimensions will be acceptable for manufacturing
such a microcolumn, which is possible to achieve using
state-of-the-art tools. As shown in Fig. 2, the optimized spot
size increases as the microcolumn is scaled up. Although
scaling up can provide a safer field strength in the insulators,
the changes of resolution become more sensitive to the
variation of design parameters. The case of L0 ¼ 1 μm is
explained here to understand the performance dependence
on these parameters. As shown in Figs. 2(a) and 2(b), main-
taining the voltage between −804.5 and −795.5V for extrac-
tor and a voltage between −955.6 and −952.4V for the
focusing electrode is necessary to maintain a spot size
<16 nm. As shown in Figs. 2(c) and 2(d), a tolerance of
80 nm for the distance between source and extractor and
a tolerance of 200 nm for the distance between extractor
and focusing electrode are acceptable to maintain the spot
size <16 nm. Figures 2(e) and 2(f) suggest that the aperture
diameter needs to be kept to be 3 μm with a variation of
40 nm while the thickness of each electrode does not have
significant effects on the performance. When fixing the
source size at 10 nm, the optimized design for the cases
of L0 ¼ 5 and 10 μm is listed in Table 1. During the geom-
etry scaling, the values of optimized parameters scale accord-
ingly but the performance trends to become relatively more
sensitive to the same fraction of variations for most of the
parameters. These fabrication and operation tolerances are
likely affected by the convolution effect between the optical
aberrations and the finite source size. In all simulations, the
initial energy spread is set to be uniformly distributed from
0.1 to 0.2 eV, and the initial emitting angle with respect to the
optical axis is from 0 deg to 90 deg, which are typical for
typical photocathodes. In these simulations and the follow-
ing simulations, we use a commercial electron-optical design
software SIMION (version 8.1) to calculate the electrical
potential and simulate the electron trajectories. In the case
of L0 ¼ 1 μm, the optimized focus voltage was determined
to be −954V at a WD of 5 μm. The electric-field strength of
this design is around 190V∕μm for the case of L0 ¼ 1 μm,
which is demanding but still safe if high-quality dielectric
materials such as fused silica are chosen as the insulators.23

Fig. 1 The electrostatic microcolumn: (a) schematic of the components and parameter names, and (b) an
SEM image of a microcolumn array. The inset shows an SEM image of a sectioned microcolumn.
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As the column size scales up (for the cases of L0 ¼ 5 and
10 μm), the field strength will decrease accordingly and a
broader range of materials become available.

As shown in Fig. 3(a), a set of quadruple deflectors can be
added at 1.5L0 away from the focusing electrode and is con-
nected to a center potential of −635V without causing sig-
nificant disturbances to the optimized performance and
parameters of the microcolumns. The choice of center poten-
tial is to maintain original potential distribution after adding
the deflector. The diameter of the deflector is chosen to be
same as 3L0 with a thickness of 200 nm. During its opera-
tion, the counter electrodes are offset by the same amount of
voltages with opposite polarities. The deflecting perfor-
mance is analyzed for three scaling factors as shown in
Fig. 3. Microcolumn with a larger scaling factor can provide
a larger deflection range but causes more beam blur. In the
case of L0 ¼ 1 μm, a maximum deflecting voltage of 50 V
can be used to obtain a deflection distance of 400 nm while
maintaining the beam size of 16 nm. Although the deflectors

of the microcolumn array can only cover a fraction of the
resist surface, incorporating additional mechanical scanning
would allow patterning of a full wafer. To better demonstrate
the design guideline and the tolerance, main parameters with
tolerances are summarized in Table 1. Although the electrode
potentials are relatively unaffected during the scaling, a
trade-off between material requirements and manufacturabil-
ity is obvious judging from these three scaling factors. A
smaller column tends to be more robust in the variation of
design parameters but requires better electrical insulation
and higher vacuum to avoid breakdowns. While a larger col-
umn has safer field gradients but requires tighter fabrication
tolerances.

3 Performance Analysis and Maximum Operating
Current

The optimized beam profiles on the resist surface results
using parameters in Table 1 are shown in Fig. 4 under
three scaling factors. To achieve practically high-lithography
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Fig. 2 The scaling capability and the dependence of spot size in FWHM on (a) extraction voltage,
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optimized parameter values.
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throughput, large landing beam currents are desired.
However, extremely large beam current will cause noticeable
electron–electron interaction (Coulomb interaction). The
image blur due to Coulomb interaction increases with beam
current, optical column length, and demagnification but
decreases with convergence angle, source size, and acceler-
ation voltage.24 The Coulomb interaction can be negligible
by distributing the total beam current among microcolumn
array, reducing microcolumn length and source size and
increasing the acceleration voltage and so on. In Fig. 5,
all optimized parameters in Table 1 are applied and the figure
shows the effect of beam blur induced by Coulomb interac-
tion using a 10-nm-diameter source. It is shown that the
microcolumn can operate at a large beam current reaching
tens of nanoamperes without noticeable beam blur for L0 ¼
1 μm and the current limit reduces to several nanoamperes
and hundreds of picoamperes for L0 ¼ 5 and 10 μm, respec-
tively. The source voltage of −900V was fixed in investigat-
ing the intercolumn interaction.

4 Microcolumn Fabrication and Operational
Tolerances

The off-axis aberrations and the depth of focus (DOF) in
three scaling factors are numerically evaluated for the fabri-
cation and operational tolerances of the microcolumn. In
Figs. 6(a)–6(c), the electrons are emitted from an off-axis
distance (x) in the source plane, the focus distributions are
plotted at the targeted plane for the center offset (y), and the
FWHM is shown as error bars. The seven sources are simu-
lated with 5-nm spacing. At the image plane, the deviation
was plotted as the function of source position. Figure 6(a)
shows that as the source offset increases, the beam spot shifts
according to the magnification factor of the microcolumn.
An offset of less than 30 nm can keep the spot size <16 nm
in all three scales. This alignment accuracy of 30 nm is
achievable using existing microfabrication facilities to
accurately align the photocathode without a significant loss
in resolution. In practice, it may not be trivial to achieve
an alignment accuracy of 30 nm within all columns. The

Table 1 Optimized design parameters.

Design parameters Case 1 (L0 ¼ 1 μm) Case 2 (L0 ¼ 5 μm) Case 3 (L0 ¼ 10 μm)

Initial energy (eV) 0.1 to 0.2 0.1 to 0.2 0.1 to 0.2

Launch angle of electron source (deg) 0 to 90 0 to 90 0 to 90

Voltage of source (VSource) (V) (fixed) −900 −900 −900

Voltage of extractor (VEx) (V) −800� 4.5 −800� 4.4 −800� 4.2

Voltage of focus electrode (V Focus) (V) −954� 1.6 −954� 1.5 −954� 0.5

Voltage of wafer (V) (fixed) 0 0 0

Source and extractor spacing (dSE) (μm) 1� 0.08 5� 0.45 10� 0.40

Extractor and focus lens spacing (dEF) (μm) 2.5� 0.2 12.5� 0.1 25� 0.3

Lens diameter (μm) 3� 0.04 15� 0.1 30� 0.2

Thickness of each electrode (nm) 100 500 1000

Vdef + 
Deflector

electrodes

dFD

Vdef -

1 10 100

10

100

1000

(a) (b)

D
ef

le
ct

io
n 

di
st

an
ce

 (
nm

)

Deflection voltage (V)

 L
0
=10 µm

 L
0
=5 µm

 L
0
=1 µm

13.1

16.7

33.9

55.2

118.1

385.3

7.7

9.4

16.4

40.7
56.4

191.2

4.3

4.5

4.8

10.6
13.0

43.0
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influence of DOF on the probe beam diameter is shown
in Fig. 6(b). Our design was optimized at WD of 5 μm.
Figure 6(d) indicates that a WD variation between 4.85L0

and 5.2L0 is acceptable which still maintains a spot size
<16 nm but a larger variation can cause severe blur. Obvio-
usly the resolution performance is more sensitive toWD for a
larger scale which could lead to challenges in the lithography
operation.

5 Intermicrocolumn Interaction
Although electron-beam direct writings using microcolumns
provide a superb lithography resolution, the low throughput
is the main obstacle in their applications. Using a massive
number of microcolumns in parallel can largely increase
throughput. Many efforts have been devoted to developing
microcolumn arrays and multiple miniature columns to
improve the throughput.25–31 The analysis indicates that
larger number of microcolumns can provide the potential
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opportunity to increase throughput. However, the number of
microcolumns is limited by several factors. The major one is
space charge effect (Coulomb interactions); however, this
can be neglected in our design if the operating beam current
is well below 100 nA for each microcolumn. The second is
the beam aberration and drift caused by the fringing fields of
the adjacent apertures. It is important to ensure that the
microcolumns are positioned far enough to minimize the
intermicrocolumn interactions.

To evaluate a reasonable footprint size of a 100 × 100
microcolumn array, we analyzed the interaction between
two microcolumns with L0 ¼ 1 μm at a spacing in the
range of 4 to 13 μm. We constructed two microcolumns in
three-dimensional (3-D) model and varied their center-to-
center distance while keeping their distances from the boun-
daries of the simulation domain to be large enough (10 μm
and larger) to minimize the boundary influence. Figure 7
shows the drift of the beam center caused by the fringing
field from adjacent microcolumn for the case of
L0 ¼ 1 μm. The beam drift reduces rapidly when their aper-
ture center-to-center distance increases in the range of 4 to
8 μm. As the distance further increases, the discretization
errors from the 3-D model will start to take over, leading
to noise floor of a few nanometers. The trend shown in
Fig. 7 indicates that the fringing field from adjacent micro-
column can be neglected when their aperture center-to-center
distance is larger than 12 μm. Simulations for the cases of
L0 ¼ 5 and 10 μm are not performed due to compute-inten-
sive nature of the 3-D models. We expect the beam drift to
scale linearly with respect to L0, which would require further
scaling up the center-to-center distance to a value even
higher than 12L0 in order to the same magnitude of beam
drift.

Because of the compactness of the microcolumns, it is
possible to scale up the total number of microcolumns to
achieve an adequate throughput in lithography. The overall
lithography throughput depends on the number of microcol-
umns and the current of each column. The writing time T can
be evaluated as T ¼ ðA · SÞ∕ðN · IÞ, where A is the wafer
surface area, S is the resist sensitivity, N is the number of
microcolumns in use, and I is the beam current of each
microcolumn. If we assume microcolumn array needs to
scan over the whole area (i.e., 100% surface coverage) and
an emission current of 1 nA is achievable for each photoca-
thode, a throughput of 0.5 WPH on 12-in. wafers is
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achievable with the resist sensitivity of 100 μC∕cm2 using
10,000 microcolumns.

Limited by the compute-intensive nature of the 3-D
model, above intermicrocolumn simulation neglects the
influence of the deflectors. In addition to the influence of
adjacent deflectors, a thorough investigation of the intermi-
crocolumn interaction is yet to be done with considerations
of more factors such as distortion of spot shape and size.

6 Summary
We proposed an electrostatic microcolumn to use with a new
nanoscale photoemission source. The microcolumn design
was optimized for a high-resolution 10-nm source with low-
beam landing energy (∼1 keV). Considering the fabrication
and operation processes, we analyzed the scaling capabil-
ities, tolerances of microcolumn parameters (including bore
diameter, electrode thickness, off-center alignment, WD,
electrode voltages, and so on) based on different scales. We
also evaluated maximum allowable operating beam current
by studying Coulomb interactions and determined the
required spacing between microcolumns. This microcolumn
with a novel nanoscale photoemission source is suitable for
parallel multiple columns implementation.
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