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ABSTRACT

Du, Zhidong Ph.D., Purdue University, December 2018. High-Throughput Electron-
Beam Lithography with Multiple Plasmonic Enhanced Photemission Beamlets. Ma-
jor Professor: Liang Pan, Schoool of Mechanical Engineering.

Nanoscale lithography is the key component of the semiconductor device fabri-
cation process. For the sub-10 nm node device, the conventional deep ultraviolet
(DUV) photolithography approach is limited by the diffraction nature of light even
with the help of double or multiple patterning. The upcoming extreme ultravio-
let (EUV) photolithography can overcome this resolution limit by using very short
wavelength (13.5nm) light. Because of the prohibitive cost of the tool and the pho-
tomask, the EUV lithography is only suitable for high volume manufacturing of high
value. Several alternative lithography technologies are proposed to address the cost
issue of EUV such as directed self-assembly (DSA), nanoimprint lithography (NIL),
scanning probe lithography, maskless plasmonic photolithography, optical maskless
lithography, multiple electron-beam lithography, etc.

Electron-beam lithography (EBL) utilizes a focused electron beam to write pat-
terns dot by dot on the silicon wafer. The beam size can be sub-nanometers and the
resolution is limited by the resist not the beam size. However, the major drawback of
EBL is its low throughput. The throughput can be increased by using large current
but at the cost of large beam size. This is because the interaction between electrons
in the pathway of the electron beam. To address the trade-off between resolution and
throughput of EBL, the multiple electron-beam lithography was proposed to use an
array of electron-beams. Each beam has a not very large beam current to maintain

good resolution but the total current can be very high to improve the throughput.
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One of the major challenges is how to create a uniform array of electron beamlets
with large brightness.

This dissertation shows a novel low-cost high-throughput multiple electron-beam
lithography approach that uses plasmonic enhanced photoemission beamlets as the
electron beam source. This technology uses a novel device to excite and focus surface
electromagnetic and electron waves to generate millions of parallel electron beamlets
from photoemission. The device consists of an array of plasmonic lenses which gener-
ate electrons and electrostatic micro-lenses which guide the electrons and focus them
into beams. Each of the electron beamlets can be independently controlled. Dur-
ing lithography, a fast spatial optical modulator will dynamically project light onto
the plasmonic lenses individually to control the switching and brightness of electron
beamlets without the need of a complicated beamlet-blanking array and addressable
circuits. The incident photons are first converted into surface electromagnetic and
electron waves by plasmonic lens and then concentrated into a diffraction-unlimited
spot to excite the local electrons above their vacuum levels. Meanwhile, the electro-
static micro-lens will extract the excited electrons to form a finely focused beamlet,
which can be rastered across a wafer to perform lithography. The scalable plasmonic
enhanced photoemission electron-beam sources are designed and fabricated. An array
of micro-scale electrostatic electron lenses are designed and fabricated using typical
micro-electro-mechanical system (MEMS) fabrication method. The working distance
(WD) defined as the gap from the electron lens to the underneath silicon wafer is
regulated using a gap control system. A vacuum system is designed and constructed
to host the multiple electron-beam system. Using this demo system, the resolution
of the electron beams is confirmed to be better than 30 nm from the lithography re-
sults done on poly methyl methacrylate (PMMA) and hydrogen silsesquioxane (HSQ)
resists. According to simulation results, the electron beam spot size can be further
optimized to be better than 10 nm.

This scheme of high-throughput electron-beam lithography with multiple plas-

monic enhanced photoemission beamlets has the potential to be an alternative ap-
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proach for the sub-10 nm node lithography. Because of its maskless nature, it is
cost effective and especially suitable for low volume manufacturing and prototype

demonstration.
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1. INTRODUCTION
1.1 Surface Plasmon Enhanced Electron Beam Lithography

Lithography is one of the most important processes in semiconductor manufac-
turing. It patterns the semiconductor wafer at the nanoscale. Currently, industry is
using deep UV immersion (ArF 193nm) with multiple patterning process to create
sub-20 nm half pitch patterns. However, current approach is no longer suitable for
next generation node device due to diffraction limit of the deep UV light. For optical

lithography, the smallest feature size or critical dimension (CD) is governed by the

A

equation: CD = k; - £,

where k; is a process related factor, A is the wavelength of
UV light and NA = n - sin(f) is the numerical aperture of the optical system. For a
single patterning, the ArF 193 nm light source can only roughly generate 40 nm half
pitch patterns so double patterning and quadrupole patterning are used to reduce the
CDs. According to the 2015 International Technology Roadmap for Semiconductors
(ITRS) Lithography, the CD limit for line and space patterns using ArF Quadruple
Patterning is around 10 nm and for hole patterns its about 30 nm. So new technol-
ogy must be introduced to solve the problem. There are several technical approaches:
EUV Lithography, Directed Self-Assembly, Nanoimprint, and Maskless Lithography.

EUV lithography is an optical lithography technique that uses extreme UV light
with a wavelength of 13.5 nm. Due to its notorious absorption feature, all optical
elements must work in a reflective way using defect-free Mo/Si multilayer mirrors. The
biggest issue was the source power and the EUV tool manufacturer, ASML, is making
significant progress on the source. The complexity and engineering challenges make
the cost of the tool very expensive in the range of 100 million dollars. Given the even

higher cost of the mask sets, EUV is only profitable in high volume manufacturing.
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The tool is expected to be ready in the near future. Other key challenges for EUV
are defects and resist resolution, sensitivity and yield.

Directed Self-Assembly (DSA) can create patterns by using block copolymers that
has lowest energy with separate domains of different compositions. The DSA patterns
can be guided by lithographically printed features. Both lines/spaces and holes are
suitable to use DSA. DSA can be used to make the patterns smaller and uniform.
However, the rectification of the CDs is limited by the block copolymer size. The
larger the rectification is, the larger the block copolymer needs to be. But the large
block copolymer is very hard to anneal which limits its application to large CD
rectification.

Maskless lithography is technique that the resist is patterned with programmable
writing beams without the need of photomasks. The key advantage of maskless
lithography is the flexibility and its potential low cost for low volume manufacturing.
The cost of a mask set even for 28 nm node is well above 1 million US dollars.
There are several approaches of maskless lithography, such as multiple electron beam
lithography [1-4], direct laser writing [5], nearfield plasmonic lens [6,7], and AFM
based maskless lithography [8]. The direct laser writing is suitable for making patterns
with feature size larger than 1 um. The Nearfield plasmonic lens method can achieve
a very good resolution and throughout but it has issues of compatibility with current
manufacturing process. The AFM base method can also achieve good resolution but
the throughput is too small. One of the Maskless lithography tools currently under
development uses multiple electron beam lithography because it has the potential to
address the tradeoff between resolution and throughput. Electron-beam lithography
(EBL) utilizes a focused electron beam to write patterns dot by dot on the silicon
wafer. The beam size can be sub-nanometers and the resolution is limited by the
resist not the beam size. However, the major drawback of EBL is its low throughput.
The throughput can be increased by using a large current but at the cost of large
beam size. This is because the interaction between electrons in the pathway of the

electron beam. To address the trade-off between resolution and throughput of EBL,
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the multiple electron-beam lithography was proposed to use an array of electron-
beams. Each beam has a not very large beam current to maintain good resolution
but the total current can be very high to improve the throughput. The key challenge
is to make a uniform massively parallel electron beam source without the brightness
limitation.

There are several approaches to realize the multiple electron beam lithography.
The first approach is to use a single bright electron source. The single electron is
first expanded and split into an array of electron beams. Currently, the state of art
being developed in this scheme is the Mapper shown in Figure (1.1) [1]. The electrons
emitted from the single point source are first collimated by the collimator lens into a
wide parallel beam. The wide beam is then split by the aperture array into an array
of electron beamlets. Right under the aperture array is the condenser lens array
which focus the electron beamlets individually onto the beam blanker array. The
switching of the individual electron beam is achieved by shifting the electron beam
by the beam blanker array which is controlled by the array of light signal. As shown
in Figure (1.2) the shifted electron beams will be blanked by the beam stop array.
The electron beamlets which passing through the beam stop array will be deflected by
the deflector and focused by the objective lens array. The Mapper has been developed
for 18 years and it has 66248 beamlets in parallel with resolution compatible with
40-nm logic node lithography. The physical limitation of the overall throughput of
Mapper is the brightness of the single electron source. Because of the requirement
of thermodynamics, the brightness of the electron source (the current per unit area
per unit solid angle) of an electron beam is invariant over any equipotential region of
space if irreversible effects are excluded [9]. This optical invariance limits the largest
possible throughput of Mapper especially at small resolution.

Another approach is to use an array of carbon fibers as the field emission source
[10,11]. As shown in Figure (1.3), an in-situ grown vertically aligned carbon nanofiber
(VACNF) was fabricated together with microscale electrostatic lens for electron op-

tics. Electrons at the tip atom of the will be extracted by the electric field between
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Fig. 1.1. Schematic overview of the electron optics column [1].

the gate electrode and the VACNF. VACNFs are good cathode materials for micro-
fabricated field emission devices, due to their low threshold electric field to initiate
electron emission. VACNFs can address the brightness limitation, however, they suf-
fer from the poor uniformity. This is due to the field emission nature and the field
emission is sensitive to the tip geometry at the atomic scale which make it very hard
to make a large array of uniform electron beam source.

Our approach is to develop a new technology, so-called surface-plasmon-enhanced

electron beam lithography (SPEBL), which uses the dispersive and quantum natures
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Fig. 1.2. Schematic of ’beam on’/’beam off” states [1].

of plasmonic materials to generate millions of high-quality electron beamlets for par-
allel direct-write. The SPEBL device shown in Figure (1.4) consists of an array of
plasmonic electron emitter and electrostatic micro-lens pairs packed as closely as sev-
eral micrometers. Each plasmonic electron emitter works as an independent nanoscale
electron source. The emitters are made of the standard thin-film structures and ro-
bust to geometry variations, therefore we can fabricate them into a massive array
with desired uniformity. During operation, optical modulators control the individual
emitters by switching of incident UV light beams without the needs for addressable
electron-beam shutters. Meanwhile, the electrostatic micro-lenses [12] guide and ac-

celerate the emitted electrons to form beamlets and write on a resist surface.
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Fig. 1.3. Schematic diagram of the prototype DEAL device with a
SEM micrograph of a device taken at 35 degrees from normal. The
vertically aligned carbon nanofiber (VACNF) emitter is seen in the
center of the device well [11].

The plasmonic electron emitter is the key component in SPEBL. An efficient
plasmonic electron emitter needs an effective mechanism to deliver the incident pho-
ton energy at the nanoscale with high contrast, meanwhile requires strong material
absorptions and low backscattering at the electron emission site. This is achieved
through progressive conversions of incident photons into surface plasmon polaritons
(SPPs). As illustrated in Figure (1.5), the incident photons are first coupled into
propagating-type SPPs by emitters self-contained gratings and guided towards the
emitter center. At the center, SPPs are converted into a localized mode and then
squeezed into a predefined electron emission site. At this emission site, SPPs strongly
interact with electrons and excite them to above their vacuum levels. A portion of
these excited electrons can emit into the vacuum and be collected by the electrostatic

micro-lens to form an accelerated beamlet.

1.2 Surface Plasmon Polariton

Predicted by Ritchie in 1957 [13], the self-sustained collective excitations at the

metal surfaces are named surface plasmon by Stern and Ferrell [14]. Surface Plas-
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Modulated UV Beamlets

Fig. 1.4. Schematic of the multiple-electron-beam lithography ap-
proach. Individually addressable UV beamlets shine onto the SPEBL
emitter array. The SPEBL emitters focus the UV beamlets and emit
electrons with nanoscale source size. The emitted electrons are col-
lected and focused by the microscale electrostatic lenses to form elec-
tron beamlets. By scanning the underneath wafer and switching the
UV beamlets, arbitrary nanoscale patterns are generated on the wafer.

mon Polaritons (SPPs) are the quasiparticles resulting from strong coupling between
surface plasmons and photons. Because of its superb high wave vector and long prop-
agation length, it is used to focus light to go beyond the diffraction limit. It can
be used in nanoscale photonic devices [15,16], sensors [17], plasmonic lens [18;19],
nanolithography [6,20], etc.

The SPPs can be analyzed using a classical model [21]. Considering a region of two

semi-infinite nonmagnetic media with local dielectric constants €; and e separated
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Fig. 1.5. Schematic of the surface plasmon polaritons (SPPs) en-
hanced electron source. The free space UV photons are coupled into
the SPPs and then focused onto the centre electron emission site.
The high-energy SPPs excite the internal electrons out of the metal
surface.
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Fig. 1.6. Two semi-infinite media with local dielectric constants ¢;
and €, separated by a planar interface at z = 0.

by a planar interface at z = 0, shown in Figure (1.6), the Maxwells equations can be

written as follows
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VxH,; = eZEaEi (1.1)
V x B — —%%Hi (12)
VB =0 (1.3)
V.H =0 (1.4)

Choose z < 0 for €; and z > 0 for ey. If the electromagnetic wave is s-polarized, no
E-field component is in the normal direction which contradicts the collective motion
of electrons near the interface. So only p-polarized wave is supported at the interface.
Choosing the x-axis along the propagating direction, E and H field can be expressed

as

E; = (B, 0, By, )e il gilaim—et) (1.5)

Hi = (0, Hiy; O)e—m|z\ei(qix—wt) (16)

where ¢; stands for the wave vector. Introducing Equation (1.5) (1.6) into Equation

(1.1) (1.2) (1.3) (1.4), we can find

w
’ililHly = +Z€1E11 (17)
iligHgy = _EEQEQQ; (18)
c
and
2
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Given the boundary conditions that the parallel component of E and H field must be

continuous, combining Equation (1.7) (1.8) will give the following equations

O Hy 4 2 Hyy =0 (1.10)
€1 €9
Hy, — Hy, =0 (1.11)

which has a solution only if the determinant is zero,

AL (1.12)
€1 €9

Equation (1.12) is the surface-plasmon condition. The wave vector ¢; must be con-

tinuous, i.e. ¢ = g2 = ¢q. Hence, the surface-plasmon condition Equation (1.12) is

w €1€2
== /F 1.13
q(w) c T+ e ( )

2
.o . . . w.
In the case of a Drude semi-infinite metal in vacuum, e = 1 and ¢; = 1 — w(w—jm) ,

rewritten as

where 7 is a positive small number. Hence, by dropping 1, Equation (1.13) yields

2 _ 2
wp

(1.14)

q(w) = %

w? — w2
Choosing w, = 15 eV, Equation (1.14) is plotted in Figure (1.7). It can be seen that

there are two branches. The upper solid line shows the dispersion of light in the solid.

The lower solid is the SPPs

(,L)Z 4
W q) = 5+ =\ {7 + et (1.15)

which always lies under the light line w = cg. This tells us that due to the moment
mismatch (wave vector q), the SPPs cannot be excited only by shining an external

light onto the metal surface. Nevertheless, there are two methods that can couple
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external radiation to SPPs: surface roughness or gratings, which can provide the req-
uisite momentum via Umklapp processes [22], and attenuated total reflection (ATR)
which provides the external radiation with an imaginary wave vector in the direction
perpendicular to the surface [23,24].

Introducing Equation (1.13) into Equation (1.9), we can get

2
w —€;
- v 1.16
c + €9 ( )

Ky =
The skin depth d; is defined as 1/e of the electric field in the perpendicular direction
which can be calculated as d; = 1/k;. In order to get propagation wave, the real
part of the wave vector ¢ needs to be positive. Equation (1.13) shows that the real
part of the metal dielectric constant needs to be more negative than the dielectric
constant of the surrounding medium to make SPPs propagate. Because of the loss of
the metal material, the SPPs will lose its energy along the propagation through Joule
heating. The propagation length is defined as 1/e of the intensity of the SPPs along

the interface direction which can be calculated as

1
~ 2Im(q)

The dispersion curve shown in Figure (1.7) illustrates that the wave vector of

(1.17)

SPPs can be much larger than that of light in free space. This feature can be utilized
to focus the light into tiny spot which goes beyond the diffraction limit of light.
The above derivations illustrate a simple classical model of SPPs. A more realistic
hydrodynamical model is used to capture the nonlocal feature of the metal dielec-
tric constant caused by the hydrodynamic behavior of the electron system. Metal-
dielectric interfaces of arbitrary geometries also support charge density oscillations
similar to the planar surface plasmons called localized surface plasmons (LSPs). For
simple geometries, like sphere and cylinder, LSPs can be calculated analytically. More
complicated structures can be simulated using finite-difference time-domain (FDTD)

method or finite element analysis (FEA) method. For composite systems with a large
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Fig. 1.7. Dispersion curve of Surface Plasmon Polaritons (SPPs) at
the interface between semi-infinite large metal and vacuum regions.
The damping term 7 in the Drude model of metal dielectric function
is omitted. The plasma frequency w, is set to be 15 eV.

number of interfaces with feature size smaller than the wave length, an effective-
medium approach can be used. Another approach is sum rule. It has played a key
role in providing insight in the investigation of a variety of physical situations [21].
Using these techniques mentioned above, plasmonic lens is designed and focus light

well beyond the diffraction limit.

1.3 Photoemission

The photoemission or photoelectric effect is the emission of free electron from
materials under light illumination. The emitted electrons are called photo electrons.

It was first discovered by Heinrich Hertz in 1887, when he found that the ultraviolet
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light helped create electric sparks between electrodes under its illumination. This
phenomenon can only be explained by quantum point of view of photons. Albert
Einstein proposed that light energy is carried in discrete quantized packets named
as photons. He was awarded the Nobel Prized for his discovery of the law of the

photoelectric effect.

Metal Vacuum
r'y
- 2)Electrons 3)Electrons
:',:” move to surface escape to vacuum
- e —p 6| —Ppo
1)Photon
absorbed H Potential barrier
Fer}i‘ due to spillout electrons
Energy
Optical depth
occupied )
valence Fhiteo
states <

Direction normal to surface

Fig. 1.8. Three-step model of photoemission. The photoemission
process can be model with three steps: 1. Photon absorpiton. 2.
Electron transport. 3. Electron crossing the surface [25].

The photoemission process can be explained in a semi-classical three-step model
proposed by Puff [26] and Spicer [27,28]. In this model, the complicated quantum
effect is simplified into three steps. The first step is the absorption of the incident
photon by an electron in the metal. The second step is the transport of the excited
electron to the metal-vacuum interface. In the second step, the excited electron loses
its energy through inelastic scattering. In the third step, the electron overcomes

the work function and the energy and momentum of the electron changed abruptly
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across the metal-vacuum interface. Using this model, the quantum efficiency can be

calculated [25] as follows

2
1—R(OJ) EF—i—hw EF+<I>eff
Ew) = 1\ 1.18
Q (CU) 1 + Aopt(w) 2hw EF + hw ( )

Ae—e(w)

where R(w) is the reflectivity of light on the metal surface, Er is the Fermi energy,
Iw is the photon energy, A, is the photon absorption length and A._. is the electron-
electron mean free path. This model matches well with conventional emission cathode
even though the assumption of momentum nonconservation is used [29-31]. Recent
research shows that there are more physics involved during the surface plasmon po-
lariton enhanced photoemission process at the metal surfaces [32]. Because of the
large field gradient generated by the SPPs at the metal surface, the ponderomotive
acceleration cannot be ignored especially under a femtosecond laser irradiation. The
SPP-enhanced emission process can be seen as a two-step mechanism. The first step
considers an electronic transition from the metallic conduction band to the metal
continuum, while in the second step, the freed electrons are accelerated under the

ponderomotive force caused by the inhomogeneous SPP field outside the metal.

1.4 Electrostatic Lens for Electron-Beam

In order to focus electron-beam onto the target, there are two types of electron
lenses can be used. One is electromagnetic lens which utilizes the Lorentz force to
focus the electron-beam. The other is electrostatic lens which uses only the electro-
static force. They have their own advantages and applications respectively. In general,
electromagnetic lens has better performance in terms of smaller aberrations, but it
is cumbersome and not easy to be miniaturized. Electrostatic lens has slightly larger
aberrations, but it is easier to design and fabricated at micrometer scale. In multiple
electron-beam system, electrostatic lens is chosen for its potential to be fabricated in

a compacted and scalable way:.
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(b)

Fig. 1.9. Analogies between electron and photon optics. (a) Refrac-
tion of light at a plane boundary between two media having refractive
indices n; and ngy; and (b) deviation of an electron beam at a plane
boundary separating regions have potentials V; and V5 [33].

Figure (1.9) shows the analogies between electron and photon optics. It obeys the
Snells law that the path of a ray of light crossing the boundary between two media

having refractive indices n; and ny. The angles obey that

sin(ar) v g

(1.19)

sin(ag)  va My
The analogue in electron optics is a boundary separating two regions at different
electrostatic potentials. Here we consider an electron with a velocity v; in the first
region and vy in the second. These velocities are related to the potentials, V; and V;

in the two regions by

1 1
§mvf —eV) = §m1}§ —elVo=0 (1.20)

Equation (1.20) defines the zero potential at where the electron is at rest. Given

momentum conservation along the boundary, the velocities obey as follows

muysin(ag) = mugsin(as) (1.21)
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Combining Equation (1.20) and (1.21), the analogue Snells law for electron optics is

sin(an) _ v _ VT (1.22)

sin(ag) v VW

Comparing Equation (1.19) and (1.22), it can be seen that the term plays the role of

refractive index with the proper definition of zero potential.

Figure (1.10) shows the cross-sectional view of the cylinder lens. The cylinder
lens is the simplest example of electrostatic lens for electron optics. It is composed of
two coaxial cylinder shells separated by a gap. The two cylinder shells are made of
conducting materials and two potentials V; and Vs, are applied to them respectively.
The red curves show the equipotential lines of the electric potential. The electrons
enter the cylinder lens and focus on the image plane. The cylinder lens has two modes
of operation according to the electric potentials applied to the two cylinders. Figure
(1.10)(a) shows the accelerating mode in which the potential of Vs is higher than that
of V;. The electrons entering the lens from the left will be accelerated and focused
onto the image plane on the right. Figure (1.10)(b) shows the decelerating mode in
which the potential of Vj is lower than that of V. The electrons passing the lens will
be decelerated and focused.

The performance of all electron optics, whether used as scanning electron mi-
croscopy (SEM) or electron beam lithography (EBL), is limited by fundamental aber-
rations in the electron-optical system. For an ideal electron-optical system without
aberrations, the beam size at the image plane is determined by M - ds; where M is
the magnification of the imaging system and d; is the effective size of electron source.
Ideally the beam size can be reduced by increasing the amount of demagnification.
Because of thermal dynamics, the brightness of the beam can’t exceed that of the

electron source where the brightness § is defined as

gL 1 _ 4 (1.23)

270 ol 2,242°
nd; /4 T m2a?d;

is the current density, [ 2msin(0)d0 = ma? is the solid angle at small

I
where B

«. The maximum brightness of the electron beam is limited by the brightness of
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Fig. 1.10. Cross-sectional view of the cylinder lens. The cylinder lens
is the simplest example of electrostatic lens for electron optics. It is
composed of two coaxial cylinder shells separated by a gap. The two
cylinder shells are made of conducting materials and two potentials
V; and V3 are applied to them respectively. The red curves show
the equipotential lines of the electric potential. The electrons enter
the cylinder lens and focus on the image plane. The cylinder lens
has two modes of operation. (a) Accelerating mode: the potential
of Vy is higher. The electrons entering the lens from the left will be
accelerated and focused. (b) Decelerating mode: the potential of V;
is higher. The electrons will be decelerated and focused.
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the source, so a bright source is needed to achieved a superb resolution and beam

current. The brightness equation Equation (1.23) shows that for a given beams size,
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Fig. 1.11. Aberrations of electron optics. Electrons entering the lens
from the same location or angle are focused to different locations
due their different initial energies or angles. The non-perfect focus-
ing behavior is called aberration of the lens (a) Spherical aberration.
Spherical aberration happens because paraxial rays passing through
a lens are focused to different locations. (b) Chromatic aberration.
Chromatic aberration is the error caused by the different focal length
of different initial electron energies passing through the lens. The
larger the initial electron energy is, the longer the focal length is.

the current density can be increased by increasing the angle «. This can be done by
reducing the working distance between image plane and the electron lens.
The ideal situation will never appear because of the aberrations shown in Figure

(1.11). A point electron source will form a disk on the image plane due to aberra-
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tions. For a typical electron-optical system, three main types of aberrations [34] are
geometrical, chromatic and mechanical or parasitic aberrations.

Geometrical aberrations happen when the rays of electrons trajectory are too far
from, or at too large an angle to, the axis of the lens. The important example is the
spherical aberration which is shown in Figure (1.11)(a). The diameter of the error

disk on the image plane caused by spherical aberration is given as

depn = 0.5C0°, (1.24)

where C is the spherical aberration coefficient in length unit.

Chromatic aberrations describes the focusing errors coming from the different
focal length associated with different initial electron energies. This is shown in Fig-
ure (1.11)(b). Mechanical or parasitic aberrations come from the small mechanical
or electrical imperfections in lenses. An example of this type of aberration is the
stigmatic error that the focal length of a lens is different in X and Y directions.

The diameter of the error disk on the image plane caused by chromatic aberration
is given as

depyr = CCQ%OE, (1.25)
where C, is the chromatic aberration coefficient in length unit. £ and AFE are electron
energy and electron energy spread.

Diffraction is not an aberration of the lens but it comes from the wave behavior
of electrons especially when the electron kinetic energy is small or convergence angle
is too small. The beam profile at the focus has a the form of a central maximum
surrounded by several additional peaks of lower intensity called ”Airey” disk. The

width of the beam diameter d ;. is given as

A
d pirey = 0.61—, (1.26)
a
where A\ is the wavelength of electrons and it’s determined by A = \1/'—%2 nm. Fj is the

electron energy in eV. « is the convergence angle. If the convergence angle o is 10
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mrad, for electrons with energy of 100 keV and 100 eV, d 4iy¢y are 0.24 nm and 7.7 nm,
respectively. So for small electron landing energy electron optics, larger convergence
angle should be used to reduce the Airey disk effect. But it’s at the cost of increasing
the spherical and chromatic aberrations.

Unlike the optical lenses for electromagnetic waves, all electron-optical lenses with
ordinary rotationally symmetry display positive-definite aberrations [35]. This was
first proven by Scherzer in 1936 and later he showed that this condition didn’t extend
to lenses with either non-cylindrical symmetry or with varying electron energy or lens

excitation with time.

1.5 Structure of This Dissertation

This dissertation focuses on using surface plasmon enhanced photoemission to
build novel scalable bright electron-beam source at nanoscale. With the help of
surface plasmon enhanced photoemission electron-beam source, a demo system of
maskless multiple electron-beam writing is built and tested.

It is organized into 6 chapters. Besides the introduction chapter, the rest chapters
are organized as follows.

Chapter 2 focuses on the plasmonic lens design and simulation and fabrication
results are shown.

Chapter 4 focuses on the electrostatic lens system design and fabrication.

Chapter 5 shows the demo system of the multiple electron-beam lithography tool.

Chapter 6 shows the lithography test results and its potential applications.
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2. PLASMONIC LENS
2.1 Optical Focusing Beyond the Diffraction Limit

The resolution of all conventional optical lens is limited by the diffraction nature
of light. The electromagnetic wave reflected from the object has two components
according to wave vectors g. The low ¢ component is real and can propagate to as far-
field. The high ¢ component is imaginary and decays exponentially. It is an evanescent
wave. The information carried by the high ¢ component of the electromagnetic wave
is lost during the propagation of light from the object to the image plane. Only the
low ¢ component will arrive at the image plane so the spatial frequency of the image
is limited. This diffraction limit can be overcome by focusing the evanescent wave
onto the image plane. The concept of "superlens” was proposed by John Pendry in
2000 [36]. When € = —1 and p = —1, the negative refractive index material plate
can be a perfect lens. Because of the dispersion and absorption in the materials,
the conditions of € = —1 and p = —1 is hard to satisfy for the natural materials.
Although the perfect lens may not exist, the superlens which can provide resolution
beyond the diffraction limit have been proved [37].

Surface plasmon polaritons are the strong coupling between the evanescent electro-
magnetic wave and the collective motion of electrons at the interface between metal
and dielectric materials. Plasmonic lens utilizes the large wave vectors of surface
plasmon polaritons mentioned in the introduction chapter to focus the light energy
into nanoscale spot. Because of the dispersion curve of SPPs lies under the light line,
there is momentum mismatch between the free space light and the SPPs. In order
to couple the incident light to the surface plasmons, concentric gratings can be used
to excite the propagating SPPs to deliver the energy into the center region. Then

the propagating SPPs can be coupled to some plasmonic structures which excites the
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localized SPPs. The mode of the localized SPPs is typically complicated and can be

analyzed numerically.

2.2 Design of Plasmonic Lens

Because of its superb potential to focus beyond diffraction limit, the plasmonic
lens is extensively explored for past decades and a variety of brilliant designs have
been proposed, such as bulls eye, C-shaped and H-shaped apertures, and the bowtie
aperture and antennas [38-41]. Here I use three types of plasmonic lenses. The first
design is the bowtie aperture for its easiness of fabrication. The second design is
the C aperture for its single hot spot. The third design is the quasi-3D plasmonic
lens [42] for its superb focusing performance. The loss of the metal material limits the
propagating distance of the SPPs and Q factor as well. As shown in Equation (1.17),
the propagation length is inversely proportional to the imaginary part of the dielectric
constant. The dielectric constant can be analyzed using the famous Lorentz-Drude
model. The equations of motion of an electron in materials can be shown in

d? d
med—t?; = —MeWiT — fyme—r —eE, (2.1)

dt
where m, is the electron mass, v is the collision frequency and FE is the applied electric
field. When the electron is not bound to a particular nucleus like the electrons in the
conducting band of metals, the restoring force term m.wir can be neglected.
Substituting the current density J = N.ev in the equation of motion, we can get
dJ N,e?

kel J =
clt—{—’y Me

E. (2.2)

When the conducting material is excited by electromagnetic waves, the applied
external electric field is given as E = Eyexp(—iwt). Under the local response approx-
imation the current density can be written as J = Joexp(—iwt). Substituting these

quantities into Equation (2.2) we obtain
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N,e?
—iwdpexp(—iwt) + yJpexp(—iwt) = ( me ) éoexp(—iwt). (2.3)

e

Equation (2.3) can be simplified as

(ﬁw+wJ:(&f)é. (2.4)

Nee?
mey "

When w approaching zero frequency, the static conductivity is written as o =

For w > 0, the current density response is

J = 10w>ézﬁﬂ, (2.5)
Y

where o, is the dynamic conductivity. This is the free electron response to external

electric fields. For very low frequencies, w/y << 1, the dynamic conductivity is
purely real and the electrons follow the electric field without phase lag. For medium
frequency range, the inertia of electrons induces a phase lag in the electron response
to the electric field, and the dynamic conductivity is a complex number. For very
high frequencies, w/v >> 1, the dynamic conductivity is purely imaginary and the
electron oscillations are 7/2 phase lag with the applied electric field. This can be seen
as an oscillator with infinitely large resonance frequencies.

Applying Equation (2.5) to the maxwell’s relation we can get

1 0’°E 1 oJ 1 0°E 1 o E
V’E = — — == . : 2.6
2 Ot? + €2 Ot % Ot? * €2 1 — %) ot (2:6)

The solution of Equation (2.6) is
E = Epexpli(k - r — wt)], (2.7)
where
2

[ il (2.8)
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is the dispersion relation. And the refractive index can be derived from Equation

(2.8) as

2 2
i G g om0 (2.9
w? w? + iwy
The plasma frequency is defined as
N,e?
2 2 e
= = 2.10
=0 = (2.10)
so the refractive index of the medium is given by
2
w
n=1-—5-+t—. (2.11)
w* + wwry

And using the relationship between the dielectric constant and refractive index, we

can get

w? w? w?
e=nt=1- (o ) () (2.12)
w? + iwy w? 4+ 2 w3 4+ wy?

The Drude model is only accurate when the excitation frequency is much lower
than the interband transition of metals. Figure (2.1) shows the reflectivity of some
common metals in the spectrum from UV to IR. It can be seen that Al, Cu, Au and
Ag are good mirrors in the IR wavelength. This is because of the interband transition
in the shorter wavelength. The small dip in the reflectivity for Al is because the very
high density of states for parallel bands at the critical points which gives an absorption
at 1.5 eV. Other than this small dip, Aluminum is a good mirror for wavelength down
to 200 nm which means it’s a good SPP material for 266 nm UV. Au and Cu shows
characteristic colors can be explained by the inner d orbitals form narrow bands below
the Fermi energy and the optical transitions to outer half-full s band gives a sharp
absorption edge.

Figure (2.2)(a) shows the calculated plasma frequency w, and collision frequency
v using the Drude model Equation (2.12) for some common metals. The metals

are aluminum, silver, gold, chromium, copper, nickel, platinum and titanium. The
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Fig. 2.1. Reflectivity of some common metals versus wavelength at
normal incidence with wavelength in the range of 200 nm to 2000
nm [43].

dielectric constants are experiment results from Ref. [44] for wavelengths of UV 266
nm, visible 532 nm and IR 1064 nm. Ideally the plasma frequencies and collision
frequencies should be independent of excitation frequencies as shown in Drude model
however the discrepancy between Drude model and experiment data comes from
the electron-phonon scattering, interband transitions and so on which depend on
frequencies. Plasmonic and metamaterial devices have been studied in the microwave,
IR and visible spectrum [45-57]. Few studies have been done in the UV spectrum.
In order to have photoemission, a 266-nm continuous wave (CW) laser is used to
overcome the work function of the metal.

Among the common metals shown in Figure (2.2)(b), the propagation lengths of
SPPs increase with the increase of wavelengths of 266 nm, 532 nm and 1064 nm.
This trend is true for all the metals listed above because with the increase of the

wavelength, the loss due interband transition decrease. In the IR range, silver has
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Fig. 2.2. Parameters of Drude model and propagation length for some
common metals. The metals are aluminum, silver, gold, chromium,
copper, nickel, platinum and titanium. (a) Plasma frequency w, and
collision frequency ~ calculated using Drude model. The dielectric
constants are experiment results from Ref. [44] for wavelengths of 266
nm, 532 nm and 1064 nm. (b) Propagation lengths for the metals at
266 nm, 532 nm and 1064 nm.

the best performance in terms of long propagation length. It has a propagation length
longer than 200 gm. On the contrary, chrome has the smallest propagation length
which is about only 1 um. Except nickel, other metals have propagation length in
the range of several tens of pm. So for metamaterial and plasmonic applications in
the IR range silver is a good material to work with but the oxidation of silver in air
needs to be carefully taken care of. In the visible range, silver still has the largest
propagation length. Besides silver, aluminum, platinum and titanium also have very
good performances. They have propagation lengths in the range of 5 ym to 10 pm.
The metals of gold, chrome, copper and nickel are lossy materials at the wavelength
of 532 nm. Among them, gold has the smallest propagation length of 200 nm. In
the UV range, the propagation lengths drops dramatically. Among them, aluminum
drops less than 10 times for 266 nm compared to 1064 nm which is best metal material
in the UV range. However, the propagation length of silver drops from over 200 ym

at 1064 nm to less than 0.2 ym at 266 nm which corresponds to over 1000 times drop.
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This is due to the strong interband transition in the UV range. Chrome also has a
large loss at 266 nm and the propagation length is only 260 nm but not as bad as
silver.

In summary, the common metals have much less loss at 1064 nm compared to 266
nm which corresponds to a larger focusing efficiency for plasmonic lens operating at
IR range. Silver has the longest propagation length at the wavelength of 1064 nm.
loss of Aluminum in the spectrum from IR to UV doesn’t change as much as other
metals except the small reflectivity dip shown in Figure (2.1). And aluminum has
the smallest loss at the wavelength of 266 nm. However, the quality of aluminum
films with the thickness around 100 nm is hard to control and the grain size is larger
compared to chrome and titanium. With the help of a metallic seed layer on the
dielectric substrate and the control of other deposition parameters, the film quality
can be improved [58]. Aluminum is a good metal material working at 266 nm so
it is chosen as one of the materials to work with. Chrome is also chosen as the
plasmonic lens material because of its high film quality and resistance to chemical
and mechanical damage even though it is very lossy at 266 nm.

Figure (2.3)(a) shows optical performance of an example design made of an aluminium-
gold double layer on a fused-silica substrate. The initial propagating SPPs are excited
at the low-loss aluminium-dielectric interface and are focused between the two op-
posing tips of the bowtie aperture. This gap mode then radiates along the thickness
direction and reaches the absorptive gold surface. The thickness and location of the
gold layer are optimized to couple in the SPPs without significant backscattering.
The gold layer also helps to enhance the contrast of the emitting site by diminish-
ing the outbound SPPs. Figure (2.3)(b) shows the localized absorption of polariton
energy inside the structure. This kind of plasmonic structures has an overall optical
efficiency of a few percent, defined by the fraction of the overall incident energy that
reached the bowtie center.

From Figure (2.3) it can be seen that there are two absorption hot spots. This

corresponds to two electron emission sites. In order to have only one electron emission
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Fig. 2.3. Plasmonic electron emitter. An example design is composed
of three concentric rings and a bowtie aperture at the center. The
excitation wavelength of the UV laser is 266 nm. A 50-nm-thick Al
and a 15-nm-thick Au are deposited on the fused silica substrate with
predefined rings. The radii for the three rings are 364 nm, 521 nm
and 678 nm, respectively. The centred bowtie aperture is patterned
through the dual-layer metallic film. The size of the bowtie is 260 nm
with a 25-nm gap. (a) Top and cross-sectional views of the optical
intensity enhancement compared to that of the incident light. (b)
Top and cross-sectional views of the normalized optical absorption
distribution.
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Fig. 2.4. Different aperture designs with one, two and three hot spots.
(a-c) Top view of the optical intensity enhancement compared to that
of the incident light. The insets show the aperture design. (e-g) Top
view of the normalized optical absorption distribution. The excitation
wavelength of the UV laser is 266 nm. And it is linearly polarized in
the horizontal direction. A 80-nm-thick Cr film is deposited on the
fused silica substrate. (a) The size of the bowtie aperture is 200 nm
by 200 nm with a 20-nm gap at the center. (b) The size of the C
aperture is 200 nm by 200 nm with 30-nm gap. The width of the tip
at the bottom is 120 nm. (c) The size of the three-tip aperture is 150
nm by 300 nm. The gap between the tips and the aperture edge is 50
nm. The three tips are separated by 50 nm. The numbers of optical
absorption hot spots are one, two and three for the C, bowtie and
three-tip apertures, respectively.

site per plasmonic lens, there are several methods. One is to add a thin layer to high
work function material (such as MoO,, [59]) to cover one of the hot spot. The thickness
of the high work function material is controlled and the SPPs wouldn’t change much.
Now even though there are two hot spots of SPPs but only one will emit electrons.
Another method is to use other plasmonic lens design to get single hot spot. One of the
advantages of using plasmonic enhanced photoemission is the flexibility of plasmonic
lens design to get a variety of hot-spot distribution. These hot-spot distribution will

be imaged at the wafer through the electron imaging optics. One good outcome
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is that we can create not only traditional electron beams but also shaped electron
beam pattern which can further enhance the throughput of the lithography and have
smaller line roughness.

Figure (2.4) shows the design and simulation results of different apertures. Figure
(2.4)(a-c) show the top view of the optical intensity enhancement compared to that
of the incident light. The insets show the aperture design. Figure (2.4)(e-g) show the
top view of the normalized optical absorption distribution. The plots are generated
near the interface of the chrome and the vacuum. The excitation wavelength of the
UV laser is 266 nm. And it is linearly polarized in the horizontal direction. A 80-
nm-thick Cr film is deposited on the fused silica substrate. The size of the bowtie
aperture shown in Figure (2.4)(a) is 200 nm by 200 nm with a 20-nm gap at the
center. The optical intensity enhancement is 2.4 times. The size of the C aperture
shown in Figure (2.4)(b) is 200 nm by 200 nm with 30-nm gap. The width of the
tip at the bottom is 120 nm. The optical intensity enhancement is 2.0 times. The
size of the three-tip aperture shown in Figure (2.4)(c) is 150 nm by 300 nm. The gap
between the tips and the aperture edge is 50 nm. The three tips are separated by
50 nm. The optical intensity enhancement is 1.5, 1.3 and 1.5 times for the three hot
spots. The numbers of optical absorption hot spots are one, two and three for the
C, bowtie and three-tip apertures, respectively. These designs can be used to direct
write multiple dots on the wafer with single shot of electron beams.

The shape of the electron beam generated by the plasmonic enhanced photoemis-
sion is not limited to dots. With proper design other useful shapes can be generated
such as lines and split rings. Figure (2.5) shows the different aperture designs with
line and split ring hot-spot distributions. Figure (2.5)(a-c) show the top view of the
optical intensity enhancement compared to that of the incident light. The insets show
the aperture design. Figure (2.5)(e-g) show the top view of the normalized optical
absorption distribution. The excitation wavelength of the UV laser is 266 nm. And
it is linearly polarized in the horizontal direction for Figure (2.5)(a) and (b). It is
left or right circular polarized for Figure (2.5)(c). The plots are generated near the
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Fig. 2.5. Different aperture designs with line and split ring hot-spot
distributions. (a-c) Top view of the optical intensity enhancement
compared to that of the incident light. The insets show the aperture
design. (e-g) Top view of the normalized optical absorption distribu-
tion. The excitation wavelength of the UV laser is 266 nm. And it is
linearly polarized in the horizontal direction for (a) and (b). It is left
or right circular polarized for (c¢). A 80-nm-thick Cr film is deposited
on the fused silica substrate. (a) The narrow slit gap is 20 nm and
there are two openings on the two ends to improve the uniformity of
the field distribution. (e) The optical absorption distribution of the
narrow slit shows two adjacent hot-spot lines separated by 20 nm.
(b) The wide slit gap is 100 nm and there are two openings on the
two ends to improve the uniformity of the field distribution. (f) The
optical absorption distribution of the wide slit shows two hot-spot
lines separated by 100 nm. Because of the narrow gap, the electrons
emitted will merge into single line on the image plane of the electron
optics. (¢) The diameter of split ring is 260 nm and the gap is 20 nm.
The opening of the split ring is 50 nm.

interface of the chrome and the vacuum. A 80-nm-thick Cr film is deposited on the
fused silica substrate. First a single slit electron source is generated by using a narrow
slit shown in Figure (2.5)(a). The narrow slit gap is 20 nm and there are two openings
on the two ends to improve the uniformity of the field distribution. Figure (2.5)(e)

shows the optical absorption distribution of the narrow slit. There are two adjacent
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hot-spot lines separated by 20 nm. Because of the narrow gap, the electrons emitted
will merge into single line on the image plane by the aberration of the electron optics
when the demagnification ratio is large. The optical intensity enhancement for the
narrow slit is 1.02 times. As shown in Figure (2.5)(b) the wide slit gap is 100 nm
and there are two openings on the two ends to improve the uniformity of the field
distribution. The optical absorption distribution of the wide slit shows two hot-spot
lines separated by 100 nm shown in Figure (2.5)(f). The wide slit design will give two
separate lines of electron source. The optical intensity enhancement for the wide slit
is 1.35 times. For metamaterial applications, the split ring is very important. Figure
(2.5)(c) shows the design of split ring electron source. The diameter of split ring is
260 nm and the gap of the slot is 20 nm. The opening of the split ring is 50-nm wide.
The peak optical intensity enhancement for the split ring is 1.3 times.

Besides the planar designs shown in Figure (2.3), (2.4) and (2.5), a novel quasi-3D
plasmonic lens design (shown in Figure (2.6)) which has an intensity enhancement
as high as 2500 times with a spot size of 20 nm [42] is also designed. With this
design the electron beam size and brightness can be improved dramatically. Instead
of exciting a localized gap resonance horizontally like bowtie aperture, this novel
quasi-3D plasmonic lens design excites the direct resonance between the plasmonic
structure and the Al sample vertically. The quasi-3D plasmonic lens has two sets
of mismatched half-ring slit gratings on both sides of the pin. Each set of the slit
gratings has the same period as the SPP wavelength (Aspp) except that the first
ring of the right-hand set is placed at 1 Agpp distance away from the pin while the
left-hand set is place at 0.5 Aspp. Upon the forward plane wave excitation, each
slit can generate a localized SPP resonance and further excite the propagating SPP
along the metallic surface. The two propagating SPPs launched by the mismatched
gratings have a relative phase shift of 7= at the center, which allows us to construct
SPP interference at the center and generate a standing wave with strong electric
field along the off-plane direction. At this location, the lightening pole effect of the

center pin further converts the background standing wave SPPs into a localized SPP



52

2500

Enhancement u \

2000 2500
)~ "4
c :
: @
S 1500 - .
%]
c
©
S 1000 B
L
500 -
0 y T ——— JlL"\ T ¥ 1 ' |
-600 -400 -200 0 200 400 600

Position (nm)

Fig. 2.6. The novel quasi-3D plasmonic lens design. The quasi-3D
plasmonic lens design has two sets of mismatched half-ring slit grat-
ings on both sides of a push pin structure shown in the right inset.
The plasmonic material is chosen be Al for its low loss. There is an-
other Al layer placed 5 nm away from the push pin top surface. The
left inset shows the light intensity profile at a distance of 2.5 nm from
the 10-nm-diameter pins top surface. The intensity enhancement is
2500 times with a focus spot diameter of 20 nm. The substrate is
sapphire and the working wavelength is 355 nm. The linear polar-
ized light is shining from the back side and the polarization is along
the symmetric axis of the plasmonic structure. The thickness of the
Al film is 80 nm. The width of the grating slits is 40 nm and the
radii of the left and right set of gratings are 140 and 380, 260 and
500 nm, respectively. The pin structure is 10 nm tall and 10 nm in
diameter [42].

mode with a strong off-plane electric field resonance between the push pin and the

underneath Al film. The localized SPP mode forms a direct interaction between the
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collective resonance of the plasmonic nanofocusing structure and the local Al film
surface underneath the focus spot.

There are other plasmonic lens design available, I chose the above designs as
examples to show the nanofocusing performance potential of plasmonic structures.
We can see that they are suitable to generate photoemission with spot size as small
as 20 nm. Compared to other ways to generate compacted nanoscale photoemission
sources like the carbon nanotube column [60], plasmonic enhanced electron source
is sensitive to the geometry at tens of nanometers which is achievable using current
nanofabrication technologies. So it has the advantage of uniformity over a large

array [7].
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3. PLASMONIC ENHANCED PHOTOEMISSION
SOURCE

3.1 Fabrication of Plasmonic Lens

The fabrication of plasmonic lens is the key point of the actual performance of the
photoemission nano-source. The smallest feature size of the plasmonic lenses designed
in chapter 2 is at the order of 10 nm, so how to make an array of plasmonic lenses
uniformly over a large area is challenging. There are several methods to fabricate
the plasmonic structure. The bowtie aperture is taken as an example to develop the
fabrication recipe. Two recipes of fabrication have been developed. One is using
focused ion beam (FIB) to mill the unwanted part away from a thin film to get the
bowtie aperture. The other is using electron-beam lithography (EBL) to pattern
negative tone e-beam resist and deposit and liftoff metal film afterwards to get the
bowtie aperture.

Figure (3.1) shows the fabrication results of the bowtie aperture using FIB. The
accelerating voltage of the ion beam is set to be 30 keV. A 10-pA ion current is chosen
to balance the throughput and milling resolution. The ion milling is operated in a
parallel mode to achieve the best results. A larger current can enhance the milling
speed but at the cost of a worse resolution. The bowtie aperture has a 20.6-nm gap
which meets the requirement of design. Figure (3.1)(b) shows that the sharp edges
are rounded during the milling process which affects the performance for optical near
field lithography because the peak intensity is away from the top surface, but for
photoemission, it doesnt matter much. The final milling resolution is determined
by the ion beam size and the interaction between ion beam and materials. It takes
about four hours to make one thousand bowtie apertures. The recipe is listed in

Table (3.1). First, the fused silica wafer is cleaned with toluene, acetone and IPA



95

Fig. 3.1. SEM images of the bowtie aperture fabricated using focused
ion beam. (a) Top view of the bowtie aperture. The bowtie aperture
is milled on a 70-nm-thick Cr film using 10-pA FIB current. The gap
is 20.6 nm. (b) Tilt view of the bowtie aperture shows that the sharp
edges are rounded during the milling process.

Fig. 3.2. SEM images of (a) C aperture and (b) bowtie aperture with
concentric rings fabricated using focused ion beam.

to remove the organic contaminations and piranha acid solution is used remove the
residues. Second, a 70-nm thick chrome film is deposited on the fused silica wafer
using e-beam physical vapor deposition tool. The deposition rate of Cr is chosen to

be 2 A/s to get a smooth surface. The FIB is used to mill the plasmonic lens with
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10-pA ion current. A 12-nm gold film is deposited on top of the chrome layer as the
electron emission material.

Other designs of plasmonic lenses are fabricated and shown in Figure (3.2). Figure
(3.2)(a) shows the C aperture and (b) shows the bowtie aperture with concentric rings
fabricated using the FIB. The C aperture has the benefit of a single hot spot and the
bowtie aperture with concentric rings has a better light focusing efficiency and thus

a higher quantum efficiency of electron emission.

Table 3.1.
The recipe of fabricating bowtie aperture using FIB.
No. Fabrication Step

1 Clean fused silica wafer with toluene, acetone and
IPA.

2 Clean fused silica wafer with piranha acid solution.

3 Deposit 70-nm thick Cr film onto fused silica wafer
using e-beam physical vapor deposition (PVD)
tool.

4 Use FIB to mill the bowtie aperture with 10-pA
source current.

5  Deposit 12-nm thick Au film onto fused silica wafer
using e-beam physical vapor deposition (PVD)

tool.

The focused ion beam milling method is easy to use however the throughput is
very slow. In order to make a large number of plasmonic lenses such as one million
of bowtie apertures, the FIB is too slow to be used. I developed another recipe of
making plasmonic lenses using electron-beam lithography and lift-off method. Figure
(3.3) shows the fabrication results using EBL and liftoff recipe. Figure (3.3)(a) shows
the patterned negative EBL resist hydrogen silsesquioxane (HSQ). The negative resist
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Fig. 3.3. SEM images of the bowtie aperture fabricated using electron-
beam lithography and liftoff. (a) SEM image of the patterned hydro-
gen silsesquioxane (HSQ). The HSQ is negative tone EBL resist which
exposed area remains after development. (b) SEM image of bowtie
aperture after pattern transfer using Cr deposition and liftoff.

HSQ is chosen because the patterned area is much smaller than that using positive
resist (ZEP or PMMA). However, HSQ is not good for liftoff because the exposed HSQ
is cross linked and hard to remove. A bilayer of HSQ/PMMA resists for negative tone
lift-off process was proposed by Haifang Yang, etc [61]. The fused silica wafer is firstly
cleaned using toluene, acetone and IPA. Then piranha acid solution is used remove
the residue. A layer of PMMA is coated before the HSQ layer. The 950k PMMA A4
is spun with 1000 rpm and the thickness of PMMA is 400 nm. The PMMA layer is
baked on a hot plate for 5 min at the temperature of 180 °C. Let the wafer cool down
to room temperature. The 6% HSQ is spun from 0 to 4000 rpm within 4 s and kept
at 4000 rpm for 60 s. Because of the high evaporation rate of the MIBK solvent, the
acceleration rate of the spin coating is very important. The thickness of the HSQ is
about 100 nm. The HSQ layer is baked at 120 °C for 4 min. HSQ is not stable at
room temperature in air so it’s crucial to do the electron-beam writing immediately.
The EBL process patterns the negative tone resist HSQ. The dose of HSQ is 3200
pC/ecm?. The size of the triangle is 170 nm by 113 nm. The HSQ layer is developed
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Fig. 3.4. Fabrication process of plasmonic lens using HSQ/PMMA
liftoff method.  (a) Clean and coat fused silica wafer with
HSQ/PMMA bilayer resist. Use EBL to pattern the plasmonic lens
with low current. (b) Develop HSQ with 25% TMAH for 40 s and
rinse with DI water. (c¢) Use Oq plasma RIE to etch PMMA. (d) De-
posit 70-nm thick Cr with E-beam PVD. (e) Use acetone to do the
liftoff. (f) Plasmonic lens array fabricated using HSQ/PMMA liftoff
method.

with 25% TMAH for 40 s and rinsed with a lot of running DI water to reduce the
residue of HSQ. If the size of the triangle is smaller, the adhesion of the HSQ pattern
to the PMMA layer is not strong enough to hold the HSQ pattern which limits the
aperture size. After development of HSQ, the patterned HSQ layer works as a mask
for a reactive ion etching (RIE) process with Oy plasma recipe to etch the PMMA
layer. The RIE tool is the Panasonic E620 Etcher which is an inductively coupled
plasma system. The flow rate of the O is 30 cm?/min and the chamber pressure is 2
Pa. The RF (source) FWD power is 60 W and the RF (BIAS) FWD power is 80 W.
After 2 minutes etching, the exposed PMMA layer is removed by the oxygen plasma.
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The HSQ structure covered PMMA is protected. The bilayer HSQ/PMMA bowtie
structures can be lifted off using acetone. The detailed recipe is listed in Table (3.2).
To make one million bowtie apertures, it takes about two hour to use EBL method
with 1 nA current. So it’s feasible to make a multiple electron beam lithography with

one million beamlets using the plasmonic enhanced photoemission source.

Table 3.2.
The recipe of fabricating bowtie aperture using HSQ/PMMA liftoff.
No. Fabrication Step

1 Clean fused silica wafer with toluene, acetone and
IPA.

2 Clean fused silica wafer with piranha acid solution.

3 Spin coat 400-nm thick PMMA and bake at 180
°C for 5 min.

4 Spin coat 100-nm thick HSQ and bake at 120 °C
for 4 min.

5  Use EBL to pattern the bowtie structures with 1
nA.

6  Develop HSQ with 25% TMAH for 40 s and rinse
with DI water.

7 Use Oy plasma RIE to etch PMMA.

8  Deposit 70-nm thick Cr with e-beam PVD.

9 Do the liftoff with two beakers of acetone.

10 Deposit 12-nm thick Au film.
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3.2 Surface Plasmon Enhanced Photoemission

The photoemission or photoelectric effect is the emission of free electrons from
materials under light illumination. It was first discovered by Heinrich Hertz in 1887
when he observed that electrodes illuminated by ultraviolet light create electric sparks
more easily. This phenomenon can’t be explained by the classical electrodynamics
theory which leads to the discovery of the quantum concept. The photoemission
process can be explained in a semi-classical three-step model proposed by Puff [26]
and Spicer [27,28]. In this model, the first step is the absorption of the incident photon
by an electron in the metal. The excitation rate is governed by the Fermi golden rule.
The second step is the transport of the excited electron to the metal-vacuum interface.
In the second step, the excited electron loses its energy through inelastic scattering
and not all of the excited electrons can survive to the metal-vacuum interface. The
inelastic scattering is described by the mean free path which is the averaged travel
distance before the excited electron gets scattered by other electrons, phonons or
defects. In the third step, some of the excited electrons overcome the work function
and the energy and momentum of the electron changed abruptly across the metal-
vacuum interface. During the last step, the energy is conserved and the momentum
along the interface is conserved. Because of these two constraints, only a portion of
the excited electrons have the chance to overcome the work function to become free
electrons. The ratio between numbers of the free electrons over the incident photons
is defined as the quantum efficiency (QE).

Here the bowtie aperture is chosen as an example to calculate the quantum effi-
ciency. The shape and dimensions are shown in the previous chapter.

The photon absorption probability in the first step is calculated using a commer-
cial finite-difference time-domain (FDTD) software CST. A linear polarized UV light
is shining from the fused silica side. The polarization is along the gap direction.
There is a localized gap mode to harvest the photon energy. The calculation results

are presented in Figure (2.3). The field peaks at the vacuum-metal interface with an
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enhanced electric field. Compared to the conventional photoemission, the absorption
of photons happens at the surface within a depth of only a few nanometers. The
mean free path of excited electrons with 5 eV energy is about 5 nm. The absorption
coefficient of gold for 266 nm wavelength photon is 8.4 x 10° cm~* which corresponds
to a 12-nm absorption depth. This means that without the help of surface plasmon
polartions, the incident photon can penetrate the gold film by 12 nm and its distri-
bution is the exponentially decay. Considering the small mean free path (5 nm), a
large portion of the excited electrons decay along the transport to the metal-vacuum
interface. The absorption ratio distribution shown in Figure (3.5)(a) and (b) show
that most of the photons are absorbed within a few nanometers to the top corner
of the gap. The plasmonic excited electrons are much closer to the metal-vacuum
interface and it is the reason of the surface plasmon enhanced photoemission. The

photon absorption probability is defined as

P(z) = ————. 3.1
(=) fodn(z) dz (3:1)

The number of electronic states at energy FEy is N(Ep) and the occupancy of those

states is given by the Fermi-Dirac functions frp(Fp). The Fermis golden rule dictates

that the electron transition rate is given by

PowelE) = N(E) - frp(E) - N(E + hw) - [1 — frp(E + hw)]. (3.2)

In the second step, an assumption is made that after an electron-electron scat-
tering, the excited electron has no enough energy to escape the work function. The
scattering probability is characterized by an exponential function with the mean free
path A._.. The probability that an excited electron transports to the metal-vacuum

interface without electron-electron scattering is

F. .(E)= /( P(2) ¢ e do. (3.3)
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From Equation (3.3), it can be seen that the transport probability F,_. is governed
by the convolution of photon absorption probability P(z) and the scattering decay

_ d—=z
e *e—e. In order to increase the transport probability, materials with large mean free

path or localized plasmonic mode can be used.

In the third step, the parallel component of the wave vector of the electron is
conserved across the metal-vacuum interface. While the momentum in the normal
direction is reduced to overcome the work function of metal. The excited electron
has energy of Ey + hw and the energy of the freed electron outside the metal is
Ey+ hw — Er — ®, where Ej is the initial energy, hw is the photon energy, Er is the
Fermi energy and ¢ is the work function. The parallel component conservation of the

wave vector is given by

sin(0) - /2m - (Eo + hw) = sin(6,) - \/2m - (Ey + hw — Ep — @), (3.4)

where 6,, and 6, are angles of electrons in the metal and vacuum relative to the
normal direction of the metal-vacuum interface, respectively. For the maximum angle
of 6, = 90°, all electron trajectories inside the metal must fall within a cone to escape.

The cone angle is

E —FEp—0®
Ormae = arcsin \/ 0 +Z:u+ th ) < (3.5)

The probability of the excited electrons has the trajectories falling in the escaping

cone is given by

1 X
P = E/ﬁs(emax) d(cos@)/( dd. (3.6)

The overall quantum efficiency is thus given by

fﬂjewc' e—e Pesch

QE(CU) \ f(Pezc dE

(3.7)

Equation (3.7) shows that the quantum \efficiency can be enhanced by using low

work function material and surface plasmon polaritons. However, our vacuum cham-
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ber can only achieve 2 x 10~7 mbar. To minimize the contamination of the metal
surface and increase the work function, a 15-nm thick gold film is coated on the plas-
monic structure. Another advantage of using gold film is that it has larger photon
absorption in the UV range and can better harvest the SPP energy. The mean free
path (MFP) of gold is about 5 nm [62]. The effective work function of gold (exposed
to air) ®.sf is from 3.7 eV to 5.1 eV [63] and the 266-nm photon energy is 4.66 eV.
The effective work function is estimated to be 4.4 eV. Comparing the effective func-
tion 4.4 eV and the photon energy 4.66 eV, a flat band electron density of state is
a good approximation and the P,,. can be treated as a constant. F._. can also be

treated as constant under near the Fermi level. So the quantum efficiency can be

Er+® Er+®
T A W e (3.8)
FEr + hw Er + hw

For the bowtie aperture design, the three-step model is used to calculate the

simplified as

EF—l—hw

QE(w)=F. .- T

quantum efficiency shown in Figure (3.5). The map of quantum efficiency is calculated
using the power loss density simulated by the FDTD EMW tool, CST. There is a
15-nm thick gold on top of the 70-nm thick chrome film to harvest the SPP energy
and prevent the contamination of photoemission metal surface. The substrate is fused
silica and laser wave length is 266 nm. Figure (3.5)(a) shows the absorption ratio
distribution of the bowtie aperture. It is defined as the ratio of absorbed optical areal
energy density through the gold layer over the incident light areal energy density from
the fused silica substrate. It can be seen that the peak absorption ratio is over 2 times
at the bowtie tips. This is due to the focusing effect of plasmonic lens. Figure (3.5)(b)
shows the local absorption ratio distribution along the vertical direction of the bowtie
plane at one of the bowtie tips. From the absorption distribution, it can be see that
plasmonic lens not only focuses the light but also tunes the absorption peak location
along the vertical direction. With proper design, the absorption can be tuned more
towards the metal vacuum interface to lower the loss of excited electron during the

transport step of photoemission. This can be explained by Equation (3.3). Figure
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Fig. 3.5. Quantum efficiency map of bowtie aperture. The map of
quantum efficiency is calculated using the power loss density simulated
by the FDTD EMW tool, CST. There is a 15-nm thick gold on top of
the 70-nm thick chrome film to harvest the SPP energy and prevent
the contamination of photoemission metal surface. The substrate is
fused silica and laser wave length is 266 nm. (a) The absorption
ratio distribution of the bowtie aperture. It is defined as the ratio
of absorbed optical areal energy density through the gold layer over
the incident light areal energy density from the fused silica substrate.
(b) The local absorption ratio distribution along the vertical direction
of the bowtie plane at one of the bowtie tips. (c) Calculated F._..
F._. is the ratio of excited electrons transported to the metal-vacuum
interface over the incident photons. (d) Quantum efficiency map. It
is defined as the ratio of photo-emitted electron over the incident
photons.

(3.5)(c) shows the calculated F._.. F._. is the ratio of excited electrons transported
to the metal-vacuum interface over the incident photons calculated using Equation
(3.3). Due to transport loss, the peak value of F,_, is about 0.6 at the two tips. The

physical meaning is that even though the absorption ratio is 2, the excited electron
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transporting to the metal-vacuum interface without scattering is only 0.6 per incident
photon. The thickness of the gold layer is optimized to have the largest F._. and 15
nm is chosen. Figure (3.5)(d) shows the quantum efficiency map. It is defined as
the ratio of photo-emitted electron over the incident photons calculated by Equation
(3.8). The two hot spots of the quantum efficiency have the value of 1.1 x 10~* which
is orders higher than planar metal film cathode shining from backside.

As for experiment, an gold film with 12-nm thickness on fused silica was firstly
tested. Given the Fermi energy 5.53 eV, the QE for the 266-nm laser is calculated to
be 2.80 x 107° and 1-mW laser generates 6.0 nA.

Laser power before lens 28.8mW

I
=
20 - b
— %‘
< d
= LY
.E [
o .""'-
5 b
Q
S 10
(@]
e
o
0 I | L 1 % I : I L } L | ! 1

. —T "
200 0 200 400 600 800 1000 1200 1400 1600

t(s)

Fig. 3.6. Photoemission test of 12nm thick gold film deposited on
fused silica substrate. The vacuum pressure is 3 x 107 mbar. The
laser beam with 266 nm wavelength is shining onto the sample from
the substrate side through vacuum viewport. A UV grade viewport
is used to maintain good transmission at 266 nm. The laser power is
28.8 mW before the viewport.
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Figure (3.6) shows the photoemission test of 12-nm thick gold film deposited on
fused silica substrate. The vacuum pressure is 3 x 107% mbar. The laser beam with
266 nm wavelength is shining onto the sample through vacuum viewport. The laser
irradiation is from the the substrate side. The work function of pure gold is above
5 eV. But once exposed to the air, the work function of gold decreases by a few
hundred meV to more than 1 eV. This is due to adsorption of water molecule on the
gold surface. Numerous experiments have been performed to confirm this effect [63].
The laser power used is 28.8 mW. The measured value is 26 nA at peak. From the
measured curve, we can see that life time (defined as 1/e of the peak value) of the
photoemission is about 500 s which is too short for real application. The reason for
this fast decay is that the UV photon interacts with the water molecule and increases
the work function.

In order to enhance the QE of photoemission, a Cs dispenser is used to evaporate
Cs atoms on the bowtie aperture to lower the work function. The work function of
Cs is only 1.95€V in ultra-high-vacuum environment (vacuum pressure lower than
1072 mbar). Our current vacuum chamber can only achieve a pressure of 10~ mbar
so the Cs film is contaminated quickly after deposition because its so active. But it
still helps to increase the QE of the photoemission.

Figure (3.7) shows the photocurrent test of 81 bowtie apertures. 81 bowties aper-
tures are fabricated using the FIB recipe (Table (3.1)). The laser has a beam of
power of 75 mW and 500 um beam diameter. The laser power intensity shining on
the plasmonic sample is 3.82 MW /m?. The fabricated bowtie aperture sample is
brought to chamber and exposed to the air during the transport. The Cs dispenser
is mounted inside the chamber. When the chamber pressure is about 10~% mbar,
the Cs dispenser is heated with 3 A for 60 s to deposit a thin film onto the bowtie
apertures. The vacuum pressure increases and drops back to 3.8 x 107% mbar after
the Cs deposition. A voltage of 100 V is applied to accelerate the photoelectrons.
The gap between the bowtie apertures and the silicon anode is set at 34 um. The

photocurrent curve shows that the after 10 min activation, the photocurrent stabilizes
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Fig. 3.7. Photocurrent test of 81 bowtie apertures. The laser has a
beam of power of 75 mW and 500pum beam diameter. The vacuum
pressure is 3.8 x 10~%mBar. The Cs dispenser is heated with 3 A for
60 s to deposit a thin film onto the bowtie apertures. A voltage of
100 V is applied to accelerate the photoelectrons. The gap between
the bowtie apertures and the anode is set at 34 um.

at about 1.25 pA per bowtie aperture. The drift and standard deviation is shown in
Table (3.3). The photocurrent starts from 1.37 pA, peaks at 1.47 pA and falls to 1.38
pA. The fluctuation in the 5 min duration is a few percent.

The work function of the Cs coated gold film is unknown, so it is calculated
backward from the photocurrent measurement. The 266-nm laser power is 0.258
pW within the 260 nm by 260 nm area, so the quantum efficiency over the entire
bowtie aperture QF peran = % = 2.53 x 10~°. From simulated results of

bowtie aperture resonance shown in Figure (3.5)(d), the work function is calculated

to be 3.93 eV which is much higher than the reported 1.6 eV work function of gold
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Table 3.3.
Photocurrent drift and fluctuation.

Laser on Time Mean of Photocurrent Standard Deviation of

(PA per bowtie aper- Photocurrent (fA per

ture) bowtie aperture)
10 - 15 min 1.37 39.8
15 - 20 min 1.41 24.9
20 - 25 min 1.43 25.9
25 - 30 min 1.44 80.6
30 - 35 min 1.47 36.8
35 - 40 min 1.43 22.6
40 - 45 min 1.42 133
45 - 50 min 1.41 19.9
50 - 55 min 1.40 18.9
55 - 60 min 1.38 25.8

coated with submonolayer Cs [64]. This is due to the contamination of the metal
surface. Substituting the Cs treated work function of 3.93 eV to the work function
map calculation shown in Figure (3.5)(d), the peak quantum efficiency at the tips
increased from 1.1 x 107 to 8.9 x 10~* but at the cost of broader initial photo-

electron energy distribution.

3.3 Test of Plasmonic Electron-Beam Source

Besides the photocurrent per bowtie aperture, the electron-beam source size is
another key feature in the system. A proximity lithography is used to measure the
electron-beam source size of the bowtie aperture. Figure (3.8)(a) shows the schematic

of the proximity lithography system. The SPEP (bowtie aperture) array are pattern
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on a 70-nm thick Cr film. The 70-nm thick film is chosen to block the 266-nm laser
to avoid exposure caused by UV photons. Chrome is chosen to utilize its good me-
chanical property and to avoid damaging the sample during lithography operation.
The substrate is a UV grade fused silica substrate with a center island. The center
island is 35 pm by 35 pum large with the height of 10 yum. And the bowtie aperture
array are patterned on the top surface of the island. This ensures the electrons gen-
erated from the bowtie apertures are at proximity to the underneath silicon wafer.
The island is created by wet etch process. The etch mask is made of AZ1518 with
the adhesion promoter and patterned using standard optical lithography. The wet
etchant is buffered oxide etch solution which comprises a 7:1 volume ratio of 40%
NH,F in water to 49% HF in water. The etching takes about 100 min and stirring
should be applied to improve the etch quality. The silicon wafer coated with a layer
of 100-nm thick PMMA is put underneath the island. There are 8 pairs of ISPI grat-
ings on the fused silica substrate to detect the gap. A bias voltage is applied across
the gap to accelerate the photoelectrons. Figure (3.9) shows the fabricated island
with bowtie aperture array. There is some peeling-off on the island edge after the
proximity experiment but it does affect the bowtie aperture array. Figure (3.8)(b)
shows the physical process of the proximity lithography. First, the 266-nm UV laser is
shining from the substrate onto the bowtie aperture array where the surface plasmon
polaritons are excited and focused to the nanoscale hot spots. The photon energy is
absorbed by electrons in the metal and some of the excited hot electrons transport
to the metal-vacuum interface and overcome the work function to become free elec-
trons. Using the gap control system, the gap between the bowtie aperture and the
underneath silicon wafer is controlled within a few nanometers to avoid the scatter-
ing of electrons with air molecules. A bias voltage is applied between the plasmonic
lens layer and the silicon wafer to accelerate the electrons and guide them to cut the
PMMA molecule chain. The bias voltage is ranging from 20 V to 50 V and 50 V
has the best lithography results. Then the PMMA is developed using MIBK. The
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exposed pattern is a one to one mapping of the electron source and the results are

shown in Figure (3.10).

1) Incident UV Light

b
S B O

Substrate ii) Focused Plasmons

-
i) Hot Electron
(20-50V Bias)

- =

Fig. 3.8. The proximity lithography system using plasmonic electron-
beam source. (a) The schematic of the system setup. (b) The physical
process of the proximity lithography. There are six steps of the pro-
cess. 1) Incident UV light. ii) Focused plasmons. iii) Hot electron
generation. iv) Electron emission. v) Accelerated beam. vi) Guided
beam. vii) Deep resist pattern formation.

A laser beam with intensity of 0.4 MW /m? is irradiating on the bowtie apertures.
After one hour irradiation, the electron-beam source is imaged onto the PMMA resist.
The AFM image of the developed PMMA resist is shown in Figure (3.10). The
PMMA is not sensitive to UV photons with wavelength larger than 248nm. The
exposed pattern is from the photoelectrons accelerated by the bias voltage. This is
justified by the depth of the pattern. The evanescent wave nature of the SPPs limits
the depth of the optical exposure to be less than 30 nm [7], but the exposed depth
is over 75 nm here. This can only be explained by the photoemission exposure. The
bowtie aperture hot spots are shown in the PMMA resist in Figure (3.10)(a). The
spacing between two bowtie apertures are 5 um. Figure (3.10)(b) shows the profile of

the exposed pattern at the bowtie tip. The blue and red curves correspond to trace
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Fig. 3.9. The microscopic image of the island with bowtie apertures.
The substrate is quartz and a center island with 10 pm height is
fabricated to reduce the contact area. The top surface of the island
has an area of 35 um by 35 pm. The bowtie apertures are milled on
the 70 nm thick Cr film on top of the island.

and retrace scan of the AFM tip. The full width at half maximum (FWHM) is about
20 nm and the exposed depth is over 75 nm. The difference between the trace and
retrace signal shown in (b) is attributed to large scanning speed of the AFM tip.
These photocurrent and electron-beam source size results demonstrate that the
plasmonic enhanced electron-beam source is feasible and suitable for the multiple
electron-beam lithography tool. The photocurrent yield and stability can be greatly

improved by using ultra high vacuum systems. Here the bowtie aperture is chosen as
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Fig. 3.10. The AFM image of the developed PMMA resist after one
hour irradiation of the photoelectrons from the array of bowtie aper-
tures. A bias voltage of 50 V is applied between the bowtie apertures
and the Si wafer underneath. A laser beam with intensity of 0.4
MW /m? is irradiating on the bowtie apertures.

an example of plamsonic lens and other design with even better performance can be

used.
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4. ELECTROSTATIC LENS FOR ELECTRON-BEAM
4.1 Design and Analysis of Electrostatic Lens

In order to focus electron-beam onto the target, there are two types of electron
lenses can be used [65]. One is electromagnetic lens which utilizes the Lorentz force
to focus the electron-beam [66]. The other is electrostatic lens which uses only the
electrostatic force [67]. They have their own advantages and applications respectively.
In general, electromagnetic lens has better performance in terms of smaller aberra-
tions, but it is cumbersome and not easy to be miniaturized. Electrostatic lens has
slightly larger aberrations, but it is easier to design and fabricated at micrometer
scale. In multiple electron-beam system, electrostatic lens is chosen for its poten-
tial to be fabricated in a compacted and scalable way [67-73]. Microcolumns are
microscale electrostatic lenses which 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 some niche applications. Because
of their compactness, microcolumns can be arranged into massive arrays for paral-
lel electron-beam lithography. This massive-parallel scheme enables the use of small
beam current for each microcolumn to achieve a high total beam current that ex-
ceeds the throughput of shaped beam lithography and cell-projection lithography
system [74,75]. High-throughput parallel microcolumns have attracted many inter-
ests because of their potentials in the applications of electron-beam lithography and
imaging. In the past two decades, researchers have developed a variety of minia-
ture electron-beam columns [67, 68, 76-81]. Most of these prototypes utilized the
conventional Schottky emitter with high operation temperature (about 1800K), but
thermal issues become the biggest obstacle in its development [82]. The use of carbon

nanotubes (CNTs) as electron emitters was proposed to replace Schottky emitters;
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however, there is still no practical approach to fabricate the CNT emitters with the

desired consistency and uniformity [83].

w i Substrate

VSnuru Source
electrode

Extractor
electrode

Focus
electrode

Resist with
substrate

Fig. 4.1. The electrostatic microcolumn: schematic of the compo-
nents and parameters. The system is composed of three electrodes.
The plasmonic lens is fabricated on the source electrode where the
electrons are generated by plasmonic enhanced photoemission. The
extractor and focus electrodes are accelerating and focusing the elec-
trons onto the silicon wafer underneath. The gap between the focus
electrode and the silicon wafer is called working distance (WD).

An electrostatic microcolumn for the nanoscale photoemission sources is designed.
A compact column structure is proposed (as short as several microns in length) for
the ease of microcolumn fabrication and lithography operation shown in Figure (4.1).
There are three metallic layers: the source layer, the extractor layer and the focus

layer. The photoemission source is fabricated on the source layer. During the oper-
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ation, the plasmonic lens array are back-illuminated by a laser beam and generate a
nanoscale beam of photoelectrons, which will be accelerated and focused into a Gaus-
sian spot by the microcolumn. The silicon wafer is grounded and the electric potential
of the source electrode is Vgyuree Which is lower than the ground. A higher potential
Vg, is applied to the extractor electrode to accelerate the electrons and a lower poten-
tial Vpoeus 18 applied to the focus electrode to decelerate and focus the electron beam
onto the silicon wafer. The focal length can be changed by adjusting the potentials
of the three electrodes. Compared with the traditional microcolumn, the blanking of
the beam can be easily achieved by modulating the incident laser beams which can
be achieved using Digital Micromirror Device (DMD); therefore, the electron beam
blanker is not needed, which not only significantly reduces the complexities of the
fabrication and operation process but also reduces the power consumption by the
blanker.

We studied the geometry scaling of a microcolumn design as illustrated in Figure
(4.1). While keeping the electrode voltages and photocathode size unaffected, all
geometric parameters of the microcolumn are presented in a scaling factor using a
dimension Ly, where Lj is the distance between source and extractor. As shown in
Figure (4.1), the source voltage was fixed at -900 V (Vsouree), and a bias potential was
applied to the extractor electrode of -800 V (Vg,). The focus voltage was optimized,
which is approximately -954 V (Vioeus), and the resist substrate was grounded (0 V).
All electrodes were electrostatic apertures with a diameter of 3 Lg. The distances be-
tween the source and the extractor and between the extractor and the focus electrode
are Lo and 2.5 Lg, respectively. The thickness of each electrode was 0.1 Ly. The
working distance (WD), which is the distance between the bottom of the focusing
electrode and the surface of the resist, was fixed at 5 Ly in the following discussion
unless otherwise specified here. The overall column length was about 9 Ly, 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
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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 (4.2) shows the resolution dependence for three different 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 Ly =1,
5, and 10 pm, where a constant source size of 10 nm in diameter is maintained when
scaling the column size. The obtained results help to examine the manufacturing
tolerances and operational parameters of the column 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 Figure (4.2), 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 Ly = 1um is
explained here to understand the performance dependence on these parameters. As
shown in Figure (4.2)(a) and (b), maintaining the voltage between -804.5 V and -
795.5 V for extractor and a voltage between -955.6 V and -952.4 V for the focusing
electrode is necessary to maintain a spot size smaller than 16 nm. As shown in Figure
(4.2)(c) and (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 smaller than 16 nm. Figure (4.2)(e) and (f)
suggest that the aperture diameter needs to be kept to be 3 ym 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 Ly = 5 and 10 pm is listed in Table (4.1). During the geometry scaling,
the values of optimized parameters scale accordingly 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



(a) 1{]'U'j

=1um
75 1 Sl 7004 Lop=1pm
50 1 600 1
. 25: 2 5004
E 1 @
£l o» o
- _25: £ 300
-50 ] 2001
_75: 100 1
=T A o) DT . SRS
—100-75-50-25 0 25 50 75 100 —100-75-50-25 0 25 50 75 100
x (nm) Paosition (nm)
(b) 100, Lo=5um
75 4 - 400 LU=5 um
— 251 2 3004
E o =
=, _o5 ] = 200 4
501 64
_?5.
-1 T 0
—100-75-50-25 0 25 50 75 100 —100-75-50-25 0 25 50 75 100
x (nm) Position (nm)
(c) W0 o
il 200- Lo=10pum
50‘-_-"2
_ 254 .k, & 1607
E i 2
(= 04q.: o
"; N £ 1004
-25{"
504" 50
e _ AL
T L Lt B
-100-75-50-25 0 25 50 75 100 -100-75-50-25 0 25 50 75 100
X (nm) Position (nm)

Fig. 4.3. Spot diagram of the microcolumn with 10-nm-diameter
source. The size in full-width half-maximum is (a) 3.69 nm for
Ly = 1pum, (b) 5.32 nm for Ly = 5um, and (c¢) 10.34 nm for
Lo =10 um.

78



79

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
following 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 Ly = 1 um, the optimized focus voltage was determined to be -954 V
at a WD of 5 um. The electric-field strength of this design is around 190 V/um for
the case of Ly = 1pum, which is demanding but still safe if high-quality dielectric

materials such as fused silica are chosen as the insulators [84].

Table 4.1.
Optimized design parameters of microcolumn.

Parameters Case 1 Case 2 Case 3
Ly 1um D pum 10 pm
Initial energy (eV) 0.1 to 0.2 0.1 t0 0.2 0.1 to 0.2
Launch angle of electron 0 to 90 0 to 90 0 to 90
source (deg)
Viource (V) (fixed) -900 -900 -900
Vewtractor (V) -800+4.5 -800+4.4 -800+4.2
Vioeus (V) -954+1.6 -954+1.5 -954+0.5
Viround (V) 0 0 0
dsp (pm) 1+£0.08 5+0.45 10£0.40
dpp (pm) 2.5+0.2 12.54+0.1 25+0.3
Aperture Diameter (pm) 3£0.04 15+0.1 30£0.2
Thickness of electrodes 100 500 1000

(nm)

The optimized beam profiles on the resist surface results using parameters in

Table (4.1) are shown in Figure (4.3) under three scaling factors. To achieve prac-
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tically high-lithography throughput, large landing beam currents are desired. How-

ever, extremely large beam current will cause noticeable electronelectron interaction

(Coulomb interaction). The image blur due to Coulomb interaction increases with

beam current, optical column length, and demagnification but decreases with con-

vergence angle, source size, and acceleration voltage [74]. 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.
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Fig. 4.4. Electronelectron interaction simulation of single column.
The spot size was plotted as a function of the beam current. The
microcolumn is capable of keeping the spot size variation smaller than
10% over a large current range.

In Figure (4.4), all optimized parameters in Table (4.1) are applied and the figure

shows the effect of beam blur induced by Coulomb interaction using a 10-nm-diameter
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source. It is shown that the microcolumn can operate at a large beam current reaching
tens of nanoamperes without noticeable beam blur for Ly = 1 um and the current
limit reduces to several nanoamperes and hundreds of picoamperes for Ly = 5 pum
and 10 pm, respectively. The source voltage of -900 V was fixed in investigating the

intercolumn interaction.
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Fig. 4.5. Dual-column interaction with different aperture center-to-
center distances for Ly = 1 um. It shows that a minimum spacing of
12 pum can safely avoid the field distortion effect from the adjacent
microcolumns.

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 through-

put. Many efforts have been devoted to developing microcolumn arrays and multiple
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miniature columns to improve the throughput [1,70,85,85-88]. The analysis indi-
cates that larger number of microcolumns can provide the potential opportunity to
increase throughput. However, the number of microcolumns is limited by several fac-
tors. 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 x 100 microcolumn array, we analyzed the interac-
tion between two microcolumns with Ly = 1 um at a spacing in the range of 4 to 13
pum. We constructed two microcolumns in three-dimensional (3-D) model and varied
their center-to-center distance while keeping their distances from the boundaries of
the simulation domain to be large enough (10 ym and larger) to minimize the bound-
ary influence. Figure (4.5) shows the drift of the beam center caused by the fringing
field from adjacent microcolumn for the case of Ly = 1 um. The beam drift reduces
rapidly when their aperture center-to-center distance increases in the range of 4 to 8
pm. 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 Figure (4.5) indicates that the fringing field from adjacent microcolumn can be
neglected when their aperture center-to-center distance is larger than 12 ym. Simula-
tions for the cases of Ly = 5 and 10 pm are not performed due to compute-intensive
nature of the 3-D models. We expect the beam drift to scale linearly with respect
to Ly, which would require further scaling up the center-to-center distance to a value

even higher than 12 Ly in order to the same magnitude of beam drift.

4.2 Fabrication of Electrostatic Lens

We chose Ly = 1 um as an example to demonstrate the possibility of microfabri-

cation. The dielectric material was chosen to be SiOs because it can be easily etched
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by reactive ion etching (RIE). To test the breakdown field, a 2-pm thick SiO, was
deposited between two chromium layers. The Leybold E-beam Evaporator was used
to deposit the SiO, layer at a rate of 3 angstrom per second. The breakdown voltage
was measured at the pressure of 3 x 107% mbar. The area of the SiO, layer is about
1 ecm?. The IV curve is shown in Figure (4.6). The breakdown voltage is 635 V.
Above the breakdown voltage, the current increased dramatically and was limited by
the limiting resistance. The breakdown voltage of SiOs is above the operation voltage

designed in Case 1 of Table (4.1). So the design is safe in terms of breakdown of SiOs.

| |

] |

10000 ‘

1000 |
< 100-
L 3
10

] |
1 T T ' T ' T ' T
0 200 AQ0D GO0 ano0

V' _power supply (V)

Fig. 4.6. Breakdown test of the 2 pum thick SiO, film. The breakdown
voltage is 635 V corresponding to 317.5 V/um. Above 635 V, the
current is limited by the limiting resistance.

A stack of metal and dielectric layers was fabricated by optical lithography method
as shown in Figure (4.7). The source and focus layers are chromium and the extractor

layer is titanium. The chrome is chosen because it has much slower etch rate than
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Si0s in the RIE process and thus the top focus electrode works as etch mask and the
bottom source electrode works as etch stop. The titanium is used because it can be

easily etched in the RIE process when SiOs is being etched.

) Focus layer

100 nm Cr
2.5 pm Sio,
100 nm Ti

1 pm SiO,
100 nm Cr
Quartz

Fig. 4.7. Optical image of metal layers. The source and focus layers
are chromium and the extractor layer is titanium.

The focused ion beam (FIB) tool was used to mill an array of holes into the focus
layer by 400 nm depth. The diameter of the holes is 3 um. Then we use RIE process
to further etch the holes down to the source layer. The focus layer with an array of
holes works as the hard mask in the RIE process. Figure (4.8)(a) is the SEM image
of the array. And Figure (4.8)(b) shows the cross section view of the microcolumn. It
can be seen that the hole stops right at the source layer. The diameter of the aperture
of the extractor layer is smaller than that of the focus layer. The deference between
apertures can be compensated by tuning the focus voltage. Actually, this tapered
shape isn’t worse than the straight one though it isnt easy to control. Initially the

top focus layer has a thickness of 350 nm and reduces to around 100 nm during the



Table 4.2.

The recipe of fabricating microscale electrostatic lens.

10

11

12

13

Fabrication Step

Clean fused silica wafer.

Optical lithography to pattern the source electrode
photo resist.

Deposit 100-nm thick Cr with e-beam PVD and
do the liftoff.

Deposit 1um thick SiOy with HDPCVD.

Optical lithography to pattern the extractor elec-
trode photo resist.

Deposit 100-nm thick Ti with e-beam PVD and do
the liftoff.

Deposit 2.5-pm thick SiOs with HDPCVD.
Deposit 10-nm thick SiOy/T1i transition layer with
sputtering PVD.

Optical lithography to pattern the focus electrode
photo resist.

Deposit 350-nm thick Cr with e-beam PVD and
do the liftoff.

Use FIB to pattern the array of holes on the focus
electrode.

Use ICP plasma RIE with CHF3 to etch the SiOq
and Ti layers.

Use FIB to pattern the plasmonic lenses on the

source layer.
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(a)

Fig. 4.8. SEM image of the fabricated microcolumn. (a) The 3 x 3
array with a spacing of 15 pm. (b) The cross section of the microcol-
umn.

RIE process. The details of the fabrication recipe can be seen in Table (4.2). Figure
(4.9) shows the delaminaiton issue of the focus layer under large Vp,eus without the
transition layer in step 8 of the recipe. The cause of the delamination is large shear
stress at the interface between SiO, and Cr films during the fabrication process. When
there is a large attractive electrostatic force between the focus layer and the silicon
wafer, the delamination happens. This limits how large the V p,..s can be and thus
limits the resolution of the electron beams. To solve this issue, a transition layer made
of 1:1 SiO5/Ti is sputtered on the second SiOs layer first and then the focus layer
is deposited. The mixture layer of metal and oxide promotes the adhesion between
SiOy and Cr and also makes the thickness of the metal-oxide interface increases from
single atom to 10 nm which greatly reduces the stress. Before applying the transition
layer, the delamination happens when the electric field across the WD is larger than
4 V/pm. If the focus layer is at -120 V, the working distance has to be larger than
30 pm but the electron optics at this WD operates in a magnifying mode. This

magnification is about X3.5 and is not good for getting a small electron beam spot on
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Fig. 4.9. Delamination of the focus layer due to interface stress and
electrostatic force.

the silicon wafer. Once the transition layer is used, the delamination issue is solved

and Vpoeus can be -260 V with WD of 10 um without seeing any delamination.
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5. MULTIPLE ELECTRON-BEAM LITHOGRAPHY
SYSTEM

As a proof of concept, a simplified surface plasmon enhanced photoemission multi-
ple electron-beam lithography system is designed. Figure (5.1) shows the schematic
of the multiple electron-beam lithography system. The system is composed of plas-
monic enhanced multiple electron-beam source, microscale electrostatic lens array,

high voltage module, nano-positioning stage, vacuum system and control systems.

*DMD Dynamic
Pattern Generator

! Vacuuim,,
1 Environmient

______________________________

Gap/Position

Sensors
1

| SPEP Holder }'|

I
I
I
|
: Microscale gap
! >

I

I

o

Fig. 5.1. Illustration of the surface plasmon enhanced photoemission
multiple electron-beam lithography system first-stage engineering sys-
tem using plasmonic lenses (PLs).

The plasmonic enhanced multiple electron-beam source is made of individually
controllable UV light beam array, UV light projection lens and the SPEP array where

plamsmonic enhanced electrons are generated. The UV light source is a 200-mW CW
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laser with 266-nm wavelength. Then the laser beam is expanded and shining onto an
array of microscale optical lenses and thermally actuating shutter array to generate an
array of individually controllable UV beams. The switching of the individual electron
beam is controlled by switching the individual UV beam. The UV light beam is
first focused by the plasmonic lens to a nanoscale hot spot which goes beyond the
light diffraction limit. The hot spot then generates localized plasmonic enhanced
photoemission as the electron source. As proof of concept, the UV light beam array
is not included in the system and an expanded UV light beam is directly shining onto
the SPEP array and a mechanical shutter is used to switch the UV light beam on
and off.

The microscale electrostatic lens array is fabricated using micro- and nano-fabrication
technique as described in previous chapter. The electron lens is made of three elec-
trodes: the source, extractor and focus electrodes. The underneath silicon wafer is
grounded and the electron landing energy is set by the negatively biased source elec-
trode. The electrons generated by the plasmonic lens are accelerated by the extractor
electrode where a higher electric potential is applied. The divergence angle of the
electron beams is decreased by this accelerating potential. Then the electrons will
be decelerated by the focus electrode where a lower electric potential is applied. The
divergence angle of the electron beams is further decreased and eventually the angle
becomes convergence and focused at the focal point. By tuning the electric potential
of the focus electrode, the focal point of the electron optics is adjusted onto the silicon
wafer.

The high voltage module is designed and made. The reference voltage is used to
control the output high voltage. The reference voltage ranges from 0 to 10 V and
corresponds from 0 to 1 kV for the high voltage output. There are three channels
available for Vgouree, VE: and Vpoes. To reduce the noise, a low pass filter circuit
is added to each channel and the noise of the output is measured to be 5 mV. The
reference analog signals are given from the control system and the output high volt-

ages are given to the electrodes of microscale electrostatic lenses through the electric
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Fig. 5.2. Image of the high voltage module.

feedthrough of the vacuum chamber. Figure (5.2) shows the image of the high voltage
module.

The nano-position stage is designed and assembled. It’s composed of two 5-axis
stage and one 2-axis stage. The microscale electrostatic lens sample adapter is de-
signed and machined. It’s made of machinable ceramic which is insulating material
for the high voltage insulation. The electrostatic lens sample is mounted on the ce-
ramic adapter and is positioned by a manual 5-axial stage. The 2-axis and 5-axis
motorized stages are stacked together. The picomotors are used to control the mo-
torized stages with a step size of 20 nm. The silicon wafer is mounted on the stack of
the motorized stages. The 5-axis motorized stage is used to tune the surface of the

silicon wafer and make it in parallel with microscale electrostatic lens sample. The
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Fig. 5.3. Gap detection system. (a) The pair of chirped gratings are
used to detect the gap with nanometer accuracy. (b) The working
mechanism of ISPI gratings. [7] (¢) The SEM image of the fabricated
ISPI grating on the electron source sample. (d) The image of the
detected interference fringes of the ISPI gratings. The gap is propor-
tional to the numbers of the peaks in the interference pattern. (e) The
rough measurement of the gap using grating imaging. The 5 gratings
on the right are real and fabricated on the microcolumn sample. The
5 gratings on the left are image of the real gratings reflected by the Si
wafer. The distance between these two sets of gratings is proportional
to the gap. The scale is set according to the known distance between
the real 5 gratings.

2-axis motorized stage is used to scan the silicon sample to write arbitrary patterns
with the help of laser switching. With the help of Prof. Xianfan Xu’s group, ISPI
gratings are designed and fabricated on the electron source sample to detect the gap
between the electron source and the silicon wafer with nanometer accuracy. Figure
(5.3) show the gap detection system. With the help of Prof. Xianfan Xu’s group,
the ISPI gratings are designed and fabricated to detect the gap or equivalently the
working distance. Figure (5.3)(a) shows the pair of chirped gratings are used to de-
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Fig. 5.4. Image of the first stage multiple electron-beam lithography system.

tect the gap with nanometer accuracy. (b) shows the working mechanism of ISPI
gratings. [7] (c¢) shows the SEM image of the fabricated ISPI grating on the electron
source sample. (d) The image of the detected interference fringes of the ISPI gratings.
The gap is proportional to the numbers of the peaks in the interference pattern. (e)
The rough measurement of the gap using grating imaging. The 5 gratings on the right
are real and fabricated on the microcolumn sample. The 5 gratings on the left are
image of the real gratings reflected by the Si wafer. The distance between these two
sets of gratings is proportional to the gap. The scale is set according to the known
distance between the real 5 gratings. The accuracy of the rough measurement is bet-
ter than a few hundreds of nanometers. The working distance is detected first by the
rough measurement using the grating imaging. And then the accurate measurement
is achieved by the ISPI grating interference patterns.

The vacuum system composes of a main chamber, a vacuum pump station with
diaphragm and turbo pump series, an ion pump and ion gauge. After loading a
new silicon sample in the chamber, the diaphragm and turbo pump series pump

the chamber to 107 mbar. Then they are turned off and the ion pump is on to
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Fig. 5.5. Image of the first stage multiple electron-beam lithography system.

maintain the vacuum. The ion pump doesn’t moving parts so it won’t disturb the
stage while the lithography is being done. The ultimate vacuum level for this system
is in the order of 10~7 mbar. The vacuum pressure is too high for photoemission and
will make the quantum yield much lower than theoretical predictions. But with the
limited resources, the first stage lithography system is enough to demonstrate the
concept.

The lithography system is controlled by a Labview program shown in Figure (5.4).
A script file is generated to control the high voltages, the UV laser shutter and the
stage to write arbitrary patterns on the silicon wafer. Figure (5.5) shows the first
stage multiple electron-beam lithography system. To further improve the stability
of the stages, the whole system is sitting on a stable optical table to filter out high

frequency vibrations.



94

6. LITHOGRAPHY RESULTS AND DISCUSSION
6.1 Lithography Results

Using the multiple electron-beam lithography system, lithography was tested with
the following parameters. The 266-nm laser power shining on the plasmonic sample is
200 mW with the beam diameter of 500 um. The gold and Cs layers were not used in
order to narrow the initial electron energy spread and thus reducing the aberrations
of the electron optics. The work function of chrome is 4.5 eV so the initial energy
spread is 0.16 eV. The vacuum pressure is 2.0 x 1075 mbar. Vgyuree is -200 V, Vg, is
-50 V and V peys is ramping from -231.2 V to -256.2 V. The working distance (WD)
is set at 10 ym. The scaling factor of the SPEBL device is set to be 2 so the diameter
of the electrostatic lens aperture is 6 um. The dielectric material thicknesses are 2
pm and 4 pm respectively. The C and bowtie aperture plasmonic lenses are chosen
as the electron source and the size of the hot spot is estimated to be less than 50 nm.

Figure (6.1) shows the simulation results of the focused beam size using the real
geometry parameters, voltages, and working distance of the microcolumns. The elec-
tron source is set as a disk with a diameter of 50 nm. The initial electron energy
spread is estimated to be 0.5 ¢V. (a) shows the image of the electrons landing on the
silicon wafer. (b) shows the histogram of current density distribution with respect to
R coordinate. The magnification of the electron optics is -0.5 and an electron beam
with FWHM of 25 nm can be achieved. Within the 25 nm diameter beam spot,
25% of the overall current is useful. Given the low initial electron energy spread, the
aberration of the electrostatic lens is less than 10 nm.

Figure (6.2)(a) shows an example design consists of three electrodes, separated by
2 pm and 4 pm respectively. The diameter of the electron lens aperture is 6 pm. By

varying the electric potentials, this design can project the source image onto a resist
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Fig. 6.1. Simulation results of the focused beam size using the real
geometry parameters, voltages, and working distance of the micro-
columns. The electron source is set to a disk with a diameter of 50
nm. The initial electron energy spread is estimated to be 0.5 eV. (a)
The image of the electrons landing on the silicon wafer. (b) The his-
togram of current density distribution with respect to R coordinate.
The magnification of the electron optics is -0.5 and an electron beam
with FWHM of 25 nm can be achieved. Within the 25 nm diameter
beam spot, 25% of the overall current is useful.
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Fig. 6.2. Compact microscale electrostatic lens designed for plasmonic
electron emitters. (a) The electric potential distribution of this com-
pact design. (b) The optimized focused beam size as a function of
working distance and source size (®). (¢) SEM images of the top and
oblique views of an electron lens. The lens diameter is 6-ym diameter.
The center bowtie aperture can be clear seen.
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surface at a controllable magnification ratio and a corresponding working distance. I
simulated the projection of electron beamlet with a 0.5-eV initial energy dispersion
at the emitter and a 200-eV landing energy at the resist surface. As shown in Figure
(6.2)(b), the beam size increases almost linearly with source size and magnification
ratio. The achievable beam size is about 3 nm in FWHM using a 10-nm source
at a b-um working distance. The beam size can be further improved by increasing
the landing energy to reduce the effect of beam aberration. Figure (6.2)(c) shows
the SEM images of the microscale electron electrostatic lens fabricated on top of an

emitter.

Fig. 6.3. Maskless lithography results using SPEBL method. (a) An
SPEBL device that can produce more than 1 million electron beamlets
within a 1-cm? area. (b) SEM image of an array of electron lenses. (c)
The proximity lithography result shows the size of the electron source.
(d) SEM image of a line of dots at 22-nm FWHM written by SPEBL
at a working distance of 10 um. (e) SEM image of parallel-writing of
an array of lines.
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Figure (6.3)(a) shows the photo of a SPEBL device capable of generating more
than 1 million beamlets within a 1-cm? area without crosstalk. This prototype device
also contains electrical contact pads and metrology gratings shown in the previous
chapter. Figure (6.3)(b) is the SEM image of an array. The effective source size of
the emitter is evaluated in a proximity lithography test. During the test, an array of
emitters is held at a nanoscale gap above a silicon wafer coated with a 100-nm-thick
PMMA resist. A 50-V acceleration voltage is applied across the emitters and the
wafer to get a 1:1 map of the source array. Figure (6.3)(c) shows the AFM image of
the developed resist pattern. The measured full width half maximum (FWHM) of
exposure dots is about 20 nm and the exposed depth is about 75 nm. In the beam
projection tests, the performance of SPEBL is demonstrated using a source size of
about 50 nm at a working distance of about 10 m. During the exposure, the silicon
wafer moves linearly at 80 nm per step on a motorized stage and the control system
simultaneously scan the focusing electrode voltage to vary the projection distance.
The exposure dosages are controlled by laser pulse duration at a constant beam
current. Figure (6.3)(d) and (e) show SEM images of the exposure results. The
electron beam resist is chosen to be HSQ for its high resolution ability. An FWHM
dot size of 22 nm is obtained at the optimized focusing voltage. Besides writing the
lines of dots to demonstrate the resolution, some arbitrary patterns are writtern on
PMMA.

Figure (6.4)(a) shows an array of letters of 'NSF’ written on the PMMA resist.
Figure (6.4)(b) shows the Zoom-in AFM image of the 'NSF’. These test results demon-
strated the concept of SPEBL. The lithography resolution can reach a few nanometres
using demagnified beamlets and emitters of a smaller source size. Because of the com-
pact size and high efficiency of the SPEBL device, the lithography throughput can
be greatly enhanced by employing millions of emitters for parallel writing. Lithog-
raphy using SPEBL is a promising solution to enable the agile maskless nanoscale
fabrication with high throughput, meeting the needs for low-cost, high-throughput

fabrication in scientific studies and industrial production. By adding the electrodes
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Fig. 6.4. Patterns writtern by SPEBL. (a) An array of letters of
'NSF’ are written on the PMMA resist. (b) Zoom-in AFM image of
the NSF”.

for secondary electron collection, this high-speed technique can also be used for fast
electron beam microscopy. Such a low-cost, high-throughput scheme promises a new

route towards the next generation of nano-manufacturing.

6.2 Discussion

In order to improve lithography resolution, the work function (WD) should be
reduced. Simulation results show that if the WD is kept at 5 pm, the magnification
is reduced to be 0.25x and the beam size can be reduced to 13 nm. Previously,
the limitation of reducing the WD and/or increasing voltage across the WD was
delamination of the focus layer shown in Figure (4.9). This is solved to add transition
layer between Cr and SiOs layers. The transition layer is made of a 10-nm thick alloy
composed of Ti and SiO, and it releases the shear stress effectively. Another limitation
is the vacuum breakdown between the electrodes and the silicon wafer. This can be
taken care of by making the surface clean and ultra-smooth.

Up to now, the record of beam number of individually addressable multiple

electron-beam lithography system is on the order of 10K which is kept by MAP-
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PER [89]. In our system, the beam number can be scaled to be on the order of 1M.
In future industrial implantation of this technology, several engineering challenges
must be tackled such as pattern data management, lithography process control, which
are common for all maskless lithography approaches. The rapid rastering of writing
beamlets can be achieved by adding electrostatic deflectors.

The potential lithography throughput of this scheme is in the order of 10 wafers
per hour at sub-10 nm node. The DUV light source with 193 nm wavelength and low
work funciton materials can be used to improve the quantum yield of photoemission.
The UV beamlets projection system is also needed for real lithography systems. The
quasi-3D plasmonic design with 2500 intensity enhancement and 20-nm size hot spot
shown in Figure (2.6) can used to improve the photon focusing efficiency. More
advanced electron optics design (including limiting aperture, deflector, etc) should be
used to reduce the aberrations of the electron optics when the initial electron energy
spread is large. The plasmonic lens design with shaped hotspot (Figure (2.4) and
(2.5)) can be used to build a shaped electron beam lithography system. The shaped
electron beam lithography is very used for mask fabrication because of its higher
throughput and low line edge roughness.

This report shows the progress and results of the high-throughput electron-beam
lithography system with multiple plasmonic enhanced photoemission beamlets. The
demo system and lithography results demonstrate the feasibility and potential of the
alternative lithography approach with the advantage of acceptable throughput, high
resolution and low cost.

With some easy modifications, this multiple electron-beam system can also be used
high-throughput low electron energy microscopy (LEEM) [90] and high-throughput-
high-resolution electron-beam induced deposition (EBID) [91,92].

LEEM is scanning electron-beam microscopy with electron landing energy below
100 V. It is very useful in imaging soft materials like biological tissues and polymers
with nanoscale resolution. The optical microscopy cannot achieve such resolution and

normal SEM or TEM has the resolution but the electron landing energy is too high
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and destroys the soft sample. So LEEM is suitable for imaging these materials with
high accuracy. But the LEEM has a complicated electron optics because the electron
beam is first accelerate to achieve high resolution and decelerate just before landing
the sample. The throughput is also low especially when its used to inspect a large
area with fine features like the EUV mask. So the multiple electron-beam system
reported here can be easily modified to achieve the high-resolution-high-throughput
LEEM.

The main approach of nanofabrication now is top-down process which removes
material to do the patterning. Another approach is to build the device bottom up. At
micron or submicrometer scale, 3D printing can be used to do additive manufacturing.
At nanoscale, electron-beam-induced deposition (EBID) is used. EBID is a process
of decomposing gaseous molecules by an electron beam leading to deposition of non-
volatile fragments onto a nearby substrate. There are two limitations of the current
EBID technique. One is the low throughput and the other is the resolution limit
due to the back scattered electrons from the substrate. The low throughput can be
addressed by the multiple electron-beams operating at the same time. The backed
scattered electrons can be reduced by low electron energy. So the multiple electron-

beam system has the potential to improve the EBID technique.
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	ABSTRACT 
	Du, Zhidong Ph.D., Purdue University, December 2018. High-Throughput Electron-Beam Lithography with Multiple Plasmonic Enhanced Photemission Beamlets. Major Professor: Liang Pan, Schoool of Mechanical Engineering. 
	-

	Nanoscale lithography is the key component of the semiconductor device fabrication process. For the sub-10 nm node device, the conventional deep ultraviolet (DUV) photolithography approach is limited by the diﬀraction nature of light even with the help of double or multiple patterning. The upcoming extreme ultraviolet (EUV) photolithography can overcome this resolution limit by using very short wavelength (13.5nm) light. Because of the prohibitive cost of the tool and the photomask, the EUV lithography is o
	-
	-
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	Electron-beam lithography (EBL) utilizes a focused electron beam to write patterns dot by dot on the silicon wafer. The beam size can be sub-nanometers and the resolution is limited by the resist not the beam size. However, the major drawback of EBL is its low throughput. The throughput can be increased by using large current but at the cost of large beam size. This is because the interaction between electrons in the pathway of the electron beam. To address the trade-oﬀ between resolution and throughput of 
	-

	One of the major challenges is how to create a uniform array of electron beamlets with large brightness. 
	This dissertation shows a novel low-cost high-throughput multiple electron-beam lithography approach that uses plasmonic enhanced photoemission beamlets as the electron beam source. This technology uses a novel device to excite and focus surface electromagnetic and electron waves to generate millions of parallel electron beamlets from photoemission. The device consists of an array of plasmonic lenses which generate electrons and electrostatic micro-lenses which guide the electrons and focus them into beams.
	-
	-
	-
	-

	This scheme of high-throughput electron-beam lithography with multiple plasmonic enhanced photoemission beamlets has the potential to be an alternative ap
	This scheme of high-throughput electron-beam lithography with multiple plasmonic enhanced photoemission beamlets has the potential to be an alternative ap
	-
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	proach for the sub-10 nm node lithography. Because of its maskless nature, it is cost eﬀective and especially suitable for low volume manufacturing and prototype demonstration. 

	1. INTRODUCTION 
	1.1 Surface Plasmon Enhanced Electron Beam Lithography 
	Lithography is one of the most important processes in semiconductor manufacturing. It patterns the semiconductor wafer at the nanoscale. Currently, industry is using deep UV immersion (ArF 193nm) with multiple patterning process to create sub-20 nm half pitch patterns. However, current approach is no longer suitable for next generation node device due to diﬀraction limit of the deep UV light. For optical lithography, the smallest feature size or critical dimension (CD) is governed by the equation: CD = k1 ·
	-
	λ 

	NA 
	UV light and NA = n · sin(θ) is the numerical aperture of the optical system. For a single patterning, the ArF 193 nm light source can only roughly generate 40 nm half pitch patterns so double patterning and quadrupole patterning are used to reduce the CDs. According to the 2015 International Technology Roadmap for Semiconductors (ITRS) Lithography, the CD limit for line and space patterns using ArF Quadruple Patterning is around 10 nm and for hole patterns its about 30 nm. So new technology must be introdu
	-

	EUV lithography is an optical lithography technique that uses extreme UV light with a wavelength of 13.5 nm. Due to its notorious absorption feature, all optical elements must work in a reﬂective way using defect-free Mo/Si multilayer mirrors. The biggest issue was the source power and the EUV tool manufacturer, ASML, is making signiﬁcant progress on the source. The complexity and engineering challenges make the cost of the tool very expensive in the range of 100 million dollars. Given the even higher cost 
	The tool is expected to be ready in the near future. Other key challenges for EUV are defects and resist resolution, sensitivity and yield. 
	Directed Self-Assembly (DSA) can create patterns by using block copolymers that has lowest energy with separate domains of diﬀerent compositions. The DSA patterns can be guided by lithographically printed features. Both lines/spaces and holes are suitable to use DSA. DSA can be used to make the patterns smaller and uniform. However, the rectiﬁcation of the CDs is limited by the block copolymer size. The larger the rectiﬁcation is, the larger the block copolymer needs to be. But the large block copolymer is 
	Maskless lithography is technique that the resist is patterned with programmable writing beams without the need of photomasks. The key advantage of maskless lithography is the ﬂexibility and its potential low cost for low volume manufacturing. The cost of a mask set even for 28 nm node is well above 1 million US dollars. There are several approaches of maskless lithography, such as multiple electron beam lithography [1–4], direct laser writing [5], nearﬁeld plasmonic lens [6, 7], and AFM based maskless lith
	Maskless lithography is technique that the resist is patterned with programmable writing beams without the need of photomasks. The key advantage of maskless lithography is the ﬂexibility and its potential low cost for low volume manufacturing. The cost of a mask set even for 28 nm node is well above 1 million US dollars. There are several approaches of maskless lithography, such as multiple electron beam lithography [1–4], direct laser writing [5], nearﬁeld plasmonic lens [6, 7], and AFM based maskless lith
	the multiple electron-beam lithography was proposed to use an array of electron-beams. Each beam has a not very large beam current to maintain good resolution but the total current can be very high to improve the throughput. The key challenge is to make a uniform massively parallel electron beam source without the brightness limitation. 

	There are several approaches to realize the multiple electron beam lithography. The ﬁrst approach is to use a single bright electron source. The single electron is ﬁrst expanded and split into an array of electron beams. Currently, the state of art being developed in this scheme is the Mapper shown in Figure (1.1) [1]. The electrons emitted from the single point source are ﬁrst collimated by the collimator lens into a wide parallel beam. The wide beam is then split by the aperture array into an array of ele
	Another approach is to use an array of carbon ﬁbers as the ﬁeld emission source [10,11]. As shown in Figure (1.3), an in-situ grown vertically aligned carbon nanoﬁber (VACNF) was fabricated together with microscale electrostatic lens for electron optics. Electrons at the tip atom of the will be extracted by the electric ﬁeld between 
	Another approach is to use an array of carbon ﬁbers as the ﬁeld emission source [10,11]. As shown in Figure (1.3), an in-situ grown vertically aligned carbon nanoﬁber (VACNF) was fabricated together with microscale electrostatic lens for electron optics. Electrons at the tip atom of the will be extracted by the electric ﬁeld between 
	-

	the gate electrode and the VACNF. VACNFs are good cathode materials for micro-fabricated ﬁeld emission devices, due to their low threshold electric ﬁeld to initiate electron emission. VACNFs can address the brightness limitation, however, they suffer from the poor uniformity. This is due to the ﬁeld emission nature and the ﬁeld emission is sensitive to the tip geometry at the atomic scale which make it very hard to make a large array of uniform electron beam source. 
	-


	Figure
	Fig. 1.1. Schematic overview of the electron optics column [1]. 
	Fig. 1.1. Schematic overview of the electron optics column [1]. 


	Our approach is to develop a new technology, so-called surface-plasmon-enhanced electron beam lithography (SPEBL), which uses the dispersive and quantum natures 
	Our approach is to develop a new technology, so-called surface-plasmon-enhanced electron beam lithography (SPEBL), which uses the dispersive and quantum natures 
	of plasmonic materials to generate millions of high-quality electron beamlets for parallel direct-write. The SPEBL device shown in Figure (1.4) consists of an array of plasmonic electron emitter and electrostatic micro-lens pairs packed as closely as several micrometers. Each plasmonic electron emitter works as an independent nanoscale electron source. The emitters are made of the standard thin-ﬁlm structures and robust to geometry variations, therefore we can fabricate them into a massive array with desire
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	Figure
	Fig. 1.2. Schematic of ’beam on’/’beam oﬀ’ states [1]. 
	Fig. 1.2. Schematic of ’beam on’/’beam oﬀ’ states [1]. 


	Figure
	Fig. 1.3. Schematic diagram of the prototype DEAL device with a SEM micrograph of a device taken at 35 degrees from normal. The vertically aligned carbon nanoﬁber (VACNF) emitter is seen in the center of the device well [11]. 
	Fig. 1.3. Schematic diagram of the prototype DEAL device with a SEM micrograph of a device taken at 35 degrees from normal. The vertically aligned carbon nanoﬁber (VACNF) emitter is seen in the center of the device well [11]. 


	The plasmonic electron emitter is the key component in SPEBL. An eﬃcient plasmonic electron emitter needs an eﬀective mechanism to deliver the incident photon energy at the nanoscale with high contrast, meanwhile requires strong material absorptions and low backscattering at the electron emission site. This is achieved through progressive conversions of incident photons into surface plasmon polaritons (SPPs). As illustrated in Figure (1.5), the incident photons are ﬁrst coupled into propagating-type SPPs by
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	1.2 Surface Plasmon Polariton 
	Predicted by Ritchie in 1957 [13], the self-sustained collective excitations at the metal surfaces are named surface plasmon by Stern and Ferrell [14]. Surface Plas
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	Figure
	Fig. 1.4. Schematic of the multiple-electron-beam lithography approach. Individually addressable UV beamlets shine onto the SPEBL emitter array. The SPEBL emitters focus the UV beamlets and emit electrons with nanoscale source size. The emitted electrons are collected and focused by the microscale electrostatic lenses to form electron beamlets. By scanning the underneath wafer and switching the UV beamlets, arbitrary nanoscale patterns are generated on the wafer. 
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	mon Polaritons (SPPs) are the quasiparticles resulting from strong coupling between surface plasmons and photons. Because of its superb high wave vector and long propagation length, it is used to focus light to go beyond the diﬀraction limit. It can be used in nanoscale photonic devices [15, 16], sensors [17], plasmonic lens [18, 19], nanolithography [6, 20], etc. 
	-

	The SPPs can be analyzed using a classical model [21]. Considering a region of two 1 and .2 separated 
	The SPPs can be analyzed using a classical model [21]. Considering a region of two 1 and .2 separated 
	semi-inﬁnite nonmagnetic media with local dielectric constants .

	by a planar interface at z = 0, shown in Figure (1.6), the Maxwells equations can be written as follows 

	Figure
	Fig. 1.5. Schematic of the surface plasmon polaritons (SPPs) enhanced electron source. The free space UV photons are coupled into the SPPs and then focused onto the centre electron emission site. The high-energy SPPs excite the internal electrons out of the metal surface. 
	Fig. 1.5. Schematic of the surface plasmon polaritons (SPPs) enhanced electron source. The free space UV photons are coupled into the SPPs and then focused onto the centre electron emission site. The high-energy SPPs excite the internal electrons out of the metal surface. 
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	Figure
	1 and .2 separated by a planar interface at z = 0. 
	1 and .2 separated by a planar interface at z = 0. 
	Fig. 1.6. Two semi-inﬁnite media with local dielectric constants .
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	Choose z< 0 for .1 and z> 0 for .2. If the electromagnetic wave is s-polarized, no E-ﬁeld component is in the normal direction which contradicts the collective motion of electrons near the interface. So only p-polarized wave is supported at the interface. Choosing the x-axis along the propagating direction, E and H ﬁeld can be expressed as 
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	where qi stands for the wave vector. Introducing Equation (1.5) (1.6) into Equation (1.1) (1.2) (1.3) (1.4), we can ﬁnd 
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	Given the boundary conditions that the parallel component of E and H ﬁeld must be continuous, combining Equation (1.7) (1.8) will give the following equations 
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	which has a solution only if the determinant is zero, 
	which has a solution only if the determinant is zero, 
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	Equation (1.12) is the surface-plasmon condition. The wave vector q
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	where η is a positive small number. Hence, by dropping η, Equation (1.13) yields 
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	p = 15 eV, Equation (1.14) is plotted in Figure (1.7). It can be seen that there are two branches. The upper solid line shows the dispersion of light in the solid. The lower solid is the SPPs 
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	which always lies under the light line ω = cq. This tells us that due to the moment mismatch (wave vector q), the SPPs cannot be excited only by shining an external light onto the metal surface. Nevertheless, there are two methods that can couple 
	external radiation to SPPs: surface roughness or gratings, which can provide the requisite momentum via Umklapp processes [22], and attenuated total reﬂection (ATR) which provides the external radiation with an imaginary wave vector in the direction perpendicular to the surface [23, 24]. 
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	Introducing Equation (1.13) into Equation (1.9), we can get 
	s 
	ω −.
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	κi = (1.16) 
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	c.1 + .2 
	i is deﬁned as 1/e of the electric ﬁeld in the perpendicular direction 
	The skin depth d

	which can be calculated as di =1/κi. In order to get propagation wave, the real part of the wave vector q needs to be positive. Equation (1.13) shows that the real part of the metal dielectric constant needs to be more negative than the dielectric constant of the surrounding medium to make SPPs propagate. Because of the loss of the metal material, the SPPs will lose its energy along the propagation through Joule heating. The propagation length is deﬁned as 1/e of the intensity of the SPPs along the interfac
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	The dispersion curve shown in Figure (1.7) illustrates that the wave vector of SPPs can be much larger than that of light in free space. This feature can be utilized to focus the light into tiny spot which goes beyond the diﬀraction limit of light. The above derivations illustrate a simple classical model of SPPs. A more realistic hydrodynamical model is used to capture the nonlocal feature of the metal dielectric constant caused by the hydrodynamic behavior of the electron system. Metal-dielectric interfac
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	Figure
	Fig. 1.7. Dispersion curve of Surface Plasmon Polaritons (SPPs) at the interface between semi-inﬁnite large metal and vacuum regions. The damping term η in the Drude model of metal dielectric function p is set to be 15 eV. 
	Fig. 1.7. Dispersion curve of Surface Plasmon Polaritons (SPPs) at the interface between semi-inﬁnite large metal and vacuum regions. The damping term η in the Drude model of metal dielectric function p is set to be 15 eV. 
	is omitted. The plasma frequency ω



	number of interfaces with feature size smaller than the wave length, an eﬀective-medium approach can be used. Another approach is sum rule. It has played a key role in providing insight in the investigation of a variety of physical situations [21]. Using these techniques mentioned above, plasmonic lens is designed and focus light well beyond the diﬀraction limit. 
	1.3 Photoemission 
	The photoemission or photoelectric eﬀect is the emission of free electron from materials under light illumination. The emitted electrons are called photo electrons. It was ﬁrst discovered by Heinrich Hertz in 1887, when he found that the ultraviolet 
	The photoemission or photoelectric eﬀect is the emission of free electron from materials under light illumination. The emitted electrons are called photo electrons. It was ﬁrst discovered by Heinrich Hertz in 1887, when he found that the ultraviolet 
	light helped create electric sparks between electrodes under its illumination. This phenomenon can only be explained by quantum point of view of photons. Albert Einstein proposed that light energy is carried in discrete quantized packets named as photons. He was awarded the Nobel Prized for his discovery of the law of the photoelectric eﬀect. 

	Figure
	Fig. 1.8. Three-step model of photoemission. The photoemission process can be model with three steps: 1. Photon absorpiton. 2. Electron transport. 3. Electron crossing the surface [25]. 
	Fig. 1.8. Three-step model of photoemission. The photoemission process can be model with three steps: 1. Photon absorpiton. 2. Electron transport. 3. Electron crossing the surface [25]. 


	The photoemission process can be explained in a semi-classical three-step model proposed by Puﬀ [26] and Spicer [27, 28]. In this model, the complicated quantum eﬀect is simpliﬁed into three steps. The ﬁrst step is the absorption of the incident photon by an electron in the metal. The second step is the transport of the excited electron to the metal-vacuum interface. In the second step, the excited electron loses its energy through inelastic scattering. In the third step, the electron overcomes the work fun
	The photoemission process can be explained in a semi-classical three-step model proposed by Puﬀ [26] and Spicer [27, 28]. In this model, the complicated quantum eﬀect is simpliﬁed into three steps. The ﬁrst step is the absorption of the incident photon by an electron in the metal. The second step is the transport of the excited electron to the metal-vacuum interface. In the second step, the excited electron loses its energy through inelastic scattering. In the third step, the electron overcomes the work fun
	across the metal-vacuum interface. Using this model, the quantum eﬃciency can be calculated [25] as follows 
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	where R(ω) is the reﬂectivity of light on the metal surface, EF is the Fermi energy, ¯is the electron
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	hω is the photon energy, λopt is the photon absorption length and λe−e 
	electron mean free path. This model matches well with conventional emission cathode even though the assumption of momentum nonconservation is used [29–31]. Recent research shows that there are more physics involved during the surface plasmon polariton enhanced photoemission process at the metal surfaces [32]. Because of the large ﬁeld gradient generated by the SPPs at the metal surface, the ponderomotive acceleration cannot be ignored especially under a femtosecond laser irradiation. The SPP-enhanced emissi
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	1.4 Electrostatic Lens for Electron-Beam 
	In order to focus electron-beam onto the target, there are two types of electron lenses can be used. One is electromagnetic lens which utilizes the Lorentz force to focus the electron-beam. The other is electrostatic lens which uses only the electrostatic force. They have their own advantages and applications respectively. In general, electromagnetic lens has better performance in terms of smaller aberrations, but it is cumbersome and not easy to be miniaturized. Electrostatic lens has slightly larger aberr
	-

	Figure
	Fig. 1.9. Analogies between electron and photon optics. (a) Refraction of light at a plane boundary between two media having refractive indices n1 and n2; and (b) deviation of an electron beam at a plane 1 and V2 [33]. 
	Fig. 1.9. Analogies between electron and photon optics. (a) Refraction of light at a plane boundary between two media having refractive indices n1 and n2; and (b) deviation of an electron beam at a plane 1 and V2 [33]. 
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	boundary separating regions have potentials V



	Figure (1.9) shows the analogies between electron and photon optics. It obeys the Snells law that the path of a ray of light crossing the boundary between two media 1 and n2. The angles obey that 
	having refractive indices n

	sin(α1) v1 n2 
	= = (1.19)
	sin(α2) v2 n1 
	The analogue in electron optics is a boundary separating two regions at diﬀerent 1 in the ﬁrst 2 in the second. These velocities are related to the potentials, V1 and V2 in the two regions by 
	electrostatic potentials. Here we consider an electron with a velocity v
	region and v
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	Equation (1.20) deﬁnes the zero potential at where the electron is at rest. 
	Equation (1.20) deﬁnes the zero potential at where the electron is at rest. 
	Equation (1.20) deﬁnes the zero potential at where the electron is at rest. 
	Given 

	momentum conservation along the boundary, the velocities obey as follows 
	momentum conservation along the boundary, the velocities obey as follows 

	mv1sin(α1) = mv2sin(α2) 
	mv1sin(α1) = mv2sin(α2) 
	(1.21) 


	Combining Equation (1.20) and (1.21), the analogue Snells law for electron optics is 
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	sin(α2) v1 Comparing Equation (1.19) and (1.22), it can be seen that the term plays the role of refractive index with the proper deﬁnition of zero potential. Figure (1.10) shows the cross-sectional view of the cylinder lens. The cylinder lens is the simplest example of electrostatic lens for electron optics. It is composed of two coaxial cylinder shells separated by a gap. The two cylinder shells are made of 1 and V2 are applied to them respectively. The red curves show the equipotential lines of the electr
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	conducting materials and two potentials V
	(1.10)(a) shows the accelerating mode in which the potential of V
	which the potential of V
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	aberrations, the beam size at the image plane is determined by M 
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	α. The maximum brightness of the electron beam is limited by the brightness of 
	Figure
	Fig. 1.10. Cross-sectional view of the cylinder lens. The cylinder lens is the simplest example of electrostatic lens for electron optics. It is composed of two coaxial cylinder shells separated by a gap. The two cylinder shells are made of conducting materials and two potentials V1 and V2 are applied to them respectively. The red curves show the equipotential lines of the electric potential. The electrons enter the cylinder lens and focus on the image plane. The cylinder lens has two modes of operation. (a
	accelerated and focused. (b) Decelerating mode: the potential of V

	the source, so a bright source is needed to achieved a superb resolution and beam current. The brightness equation Equation (1.23) shows that for a given beams size, 
	Figure
	Fig. 1.11. Aberrations of electron optics. Electrons entering the lens from the same location or angle are focused to diﬀerent locations due their diﬀerent initial energies or angles. The non-perfect focusing behavior is called aberration of the lens (a) Spherical aberration. Spherical aberration happens because paraxial rays passing through a lens are focused to diﬀerent locations. (b) Chromatic aberration. Chromatic aberration is the error caused by the diﬀerent focal length of diﬀerent initial electron e
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	the current density can be increased by increasing the angle α. This can be done by 
	reducing the working distance between image plane and the electron lens. The ideal situation will never appear because of the aberrations shown in Figure 
	(1.11). A point electron source will form a disk on the image plane due to aberra
	(1.11). A point electron source will form a disk on the image plane due to aberra
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	tions. For a typical electron-optical system, three main types of aberrations [34] are geometrical, chromatic and mechanical or parasitic aberrations. 

	Geometrical aberrations happen when the rays of electrons trajectory are too far from, or at too large an angle to, the axis of the lens. The important example is the spherical aberration which is shown in Figure (1.11)(a). The diameter of the error disk on the image plane caused by spherical aberration is given as 
	dsph =0.5Csα, (1.24) 
	3 

	where Cs is the spherical aberration coeﬃcient in length unit. 
	Chromatic aberrations describes the focusing errors coming from the diﬀerent focal length associated with diﬀerent initial electron energies. This is shown in Figure (1.11)(b). Mechanical or parasitic aberrations come from the small mechanical or electrical imperfections in lenses. An example of this type of aberration is the stigmatic error that the focal length of a lens is diﬀerent in X and Y directions. 
	-

	The diameter of the error disk on the image plane caused by chromatic aberration is given as 
	ΔE 
	dchr = Ccα, (1.25)
	where Cc is the chromatic aberration coeﬃcient in length unit. E and ΔE are electron energy and electron energy spread. Diﬀraction is not an aberration of the lens but it comes from the wave behavior of electrons especially when the electron kinetic energy is small or convergence angle is too small. The beam proﬁle at the focus has a the form of a central maximum surrounded by several additional peaks of lower intensity called ”Airey” disk. The 
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	width of the beam diameter dAirey is given as 
	λ 
	dAirey =0.61 , (1.26)
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	where λ is the wavelength of electrons and it’s determined by λ = nm. E0 is the 
	E0 
	electron energy in eV. α is the convergence angle. If the convergence angle α is 10 
	electron energy in eV. α is the convergence angle. If the convergence angle α is 10 
	Airey are 0.24 nm and 7.7 nm, respectively. So for small electron landing energy electron optics, larger convergence angle should be used to reduce the Airey disk eﬀect. But it’s at the cost of increasing the spherical and chromatic aberrations. 
	mrad, for electrons with energy of 100 keV and 100 eV, d


	Unlike the optical lenses for electromagnetic waves, all electron-optical lenses with ordinary rotationally symmetry display positive-deﬁnite aberrations [35]. This was ﬁrst proven by Scherzer in 1936 and later he showed that this condition didn’t extend to lenses with either non-cylindrical symmetry or with varying electron energy or lens excitation with time. 
	1.5 Structure of This Dissertation 
	This dissertation focuses on using surface plasmon enhanced photoemission to build novel scalable bright electron-beam source at nanoscale. With the help of surface plasmon enhanced photoemission electron-beam source, a demo system of maskless multiple electron-beam writing is built and tested. 
	It is organized into 6 chapters. Besides the introduction chapter, the rest chapters are organized as follows. 
	Chapter 2 focuses on the plasmonic lens design and simulation and fabrication results are shown. 
	Chapter 4 focuses on the electrostatic lens system design and fabrication. 
	Chapter 5 shows the demo system of the multiple electron-beam lithography tool. 
	Chapter 6 shows the lithography test results and its potential applications. 
	2. PLASMONIC LENS 
	2.1 Optical Focusing Beyond the Diﬀraction Limit 
	The resolution of all conventional optical lens is limited by the diﬀraction nature of light. The electromagnetic wave reﬂected from the object has two components according to wave vectors q. The low q component is real and can propagate to as far-ﬁeld. The high q component is imaginary and decays exponentially. It is an evanescent wave. The information carried by the high q component of the electromagnetic wave is lost during the propagation of light from the object to the image plane. Only the low q compo
	Surface plasmon polaritons are the strong coupling between the evanescent electromagnetic wave and the collective motion of electrons at the interface between metal and dielectric materials. Plasmonic lens utilizes the large wave vectors of surface plasmon polaritons mentioned in the introduction chapter to focus the light energy into nanoscale spot. Because of the dispersion curve of SPPs lies under the light line, there is momentum mismatch between the free space light and the SPPs. In order to couple the
	Surface plasmon polaritons are the strong coupling between the evanescent electromagnetic wave and the collective motion of electrons at the interface between metal and dielectric materials. Plasmonic lens utilizes the large wave vectors of surface plasmon polaritons mentioned in the introduction chapter to focus the light energy into nanoscale spot. Because of the dispersion curve of SPPs lies under the light line, there is momentum mismatch between the free space light and the SPPs. In order to couple the
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	localized SPPs. The mode of the localized SPPs is typically complicated and can be analyzed numerically. 

	2.2 Design of Plasmonic Lens 
	Because of its superb potential to focus beyond diﬀraction limit, the plasmonic lens is extensively explored for past decades and a variety of brilliant designs have been proposed, such as bulls eye, C-shaped and H-shaped apertures, and the bowtie aperture and antennas [38–41]. Here I use three types of plasmonic lenses. The ﬁrst design is the bowtie aperture for its easiness of fabrication. The second design is the C aperture for its single hot spot. The third design is the quasi-3D plasmonic lens [42] for
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	dt where me is the electron mass, γ is the collision frequency and E is the applied electric ﬁeld. When the electron is not bound to a particular nucleus like the electrons in the eωr can be neglected. eev in the equation of motion, we can get 
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	When the conducting material is excited by electromagnetic waves, the applied external electric ﬁeld is given as E = E0exp(−iωt). Under the local response approximation the current density can be written as J = J0exp(−iωt). Substituting these quantities into Equation (2.2) we obtain 
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	Equation (2.3) can be simpliﬁed as 
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	For ω> 0, the current density response is 
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	J = E = σωE, (2.5)
	γ where σω is the dynamic conductivity. This is the free electron response to external electric ﬁelds. For very low frequencies, ω/γ << 1, the dynamic conductivity is purely real and the electrons follow the electric ﬁeld without phase lag. For medium frequency range, the inertia of electrons induces a phase lag in the electron response to the electric ﬁeld, and the dynamic conductivity is a complex number. For very high frequencies, ω/γ >> 1, the dynamic conductivity is purely imaginary and the electron os
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	The solution of Equation (2.6) is E = E0exp[i(k · r − ωt)], (2.7) 
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	is the dispersion relation. And the refractive index can be derived from Equation 
	(2.8) as 
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	The plasma frequency is deﬁned as 
	2 
	N
	e
	e

	ω= γσcµ0 = , (2.10) me.0 
	p 
	2 
	2 

	so the refractive index of the medium is given by 
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	The Drude model is only accurate when the excitation frequency is much lower than the interband transition of metals. Figure (2.1) shows the reﬂectivity of some common metals in the spectrum from UV to IR. It can be seen that Al, Cu, Au and Ag are good mirrors in the IR wavelength. This is because of the interband transition in the shorter wavelength. The small dip in the reﬂectivity for Al is because the very high density of states for parallel bands at the critical points which gives an absorption at 1.5 
	p and collision frequency γ using the Drude model Equation (2.12) for some common metals. The metals are aluminum, silver, gold, chromium, copper, nickel, platinum and titanium. The 
	p and collision frequency γ using the Drude model Equation (2.12) for some common metals. The metals are aluminum, silver, gold, chromium, copper, nickel, platinum and titanium. The 
	Figure (2.2)(a) shows the calculated plasma frequency ω

	dielectric constants are experiment results from Ref. [44] for wavelengths of UV 266 nm, visible 532 nm and IR 1064 nm. Ideally the plasma frequencies and collision frequencies should be independent of excitation frequencies as shown in Drude model however the discrepancy between Drude model and experiment data comes from the electron-phonon scattering, interband transitions and so on which depend on frequencies. Plasmonic and metamaterial devices have been studied in the microwave, IR and visible spectrum 

	Figure
	Fig. 2.1. Reﬂectivity of some common metals versus wavelength at normal incidence with wavelength in the range of 200 nm to 2000 nm [43]. 
	Fig. 2.1. Reﬂectivity of some common metals versus wavelength at normal incidence with wavelength in the range of 200 nm to 2000 nm [43]. 


	Among the common metals shown in Figure (2.2)(b), the propagation lengths of SPPs increase with the increase of wavelengths of 266 nm, 532 nm and 1064 nm. This trend is true for all the metals listed above because with the increase of the wavelength, the loss due interband transition decrease. In the IR range, silver has 
	Figure
	Fig. 2.2. Parameters of Drude model and propagation length for some common metals. The metals are aluminum, silver, gold, chromium, p and collision frequency γ calculated using Drude model. The dielectric constants are experiment results from Ref. [44] for wavelengths of 266 nm, 532 nm and 1064 nm. (b) Propagation lengths for the metals at 266 nm, 532 nm and 1064 nm. 
	copper, nickel, platinum and titanium. (a) Plasma frequency ω

	the best performance in terms of long propagation length. It has a propagation length longer than 200 µm. On the contrary, chrome has the smallest propagation length which is about only 1 µm. Except nickel, other metals have propagation length in the range of several tens of µm. So for metamaterial and plasmonic applications in the IR range silver is a good material to work with but the oxidation of silver in air needs to be carefully taken care of. In the visible range, silver still has the largest propaga
	This is due to the strong interband transition in the UV range. Chrome also has a large loss at 266 nm and the propagation length is only 260 nm but not as bad as silver. 
	In summary, the common metals have much less loss at 1064 nm compared to 266 nm which corresponds to a larger focusing eﬃciency for plasmonic lens operating at IR range. Silver has the longest propagation length at the wavelength of 1064 nm. loss of Aluminum in the spectrum from IR to UV doesn’t change as much as other metals except the small reﬂectivity dip shown in Figure (2.1). And aluminum has the smallest loss at the wavelength of 266 nm. However, the quality of aluminum ﬁlms with the thickness around 
	Figure (2.3)(a) shows optical performance of an example design made of an aluminium-gold double layer on a fused-silica substrate. The initial propagating SPPs are excited at the low-loss aluminium-dielectric interface and are focused between the two opposing tips of the bowtie aperture. This gap mode then radiates along the thickness direction and reaches the absorptive gold surface. The thickness and location of the gold layer are optimized to couple in the SPPs without signiﬁcant backscattering. The gold
	-
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	From Figure (2.3) it can be seen that there are two absorption hot spots. This corresponds to two electron emission sites. In order to have only one electron emission 
	Figure
	Fig. 2.3. Plasmonic electron emitter. An example design is composed of three concentric rings and a bowtie aperture at the center. The excitation wavelength of the UV laser is 266 nm. A 50-nm-thick Al and a 15-nm-thick Au are deposited on the fused silica substrate with predeﬁned rings. The radii for the three rings are 364 nm, 521 nm and 678 nm, respectively. The centred bowtie aperture is patterned through the dual-layer metallic ﬁlm. The size of the bowtie is 260 nm with a 25-nm gap. (a) Top and cross-se
	Figure
	Fig. 2.4. Diﬀerent aperture designs with one, two and three hot spots. (a-c) Top view of the optical intensity enhancement compared to that of the incident light. The insets show the aperture design. (e-g) Top view of the normalized optical absorption distribution. The excitation wavelength of the UV laser is 266 nm. And it is linearly polarized in the horizontal direction. A 80-nm-thick Cr ﬁlm is deposited on the fused silica substrate. (a) The size of the bowtie aperture is 200 nm by 200 nm with a 20-nm g
	site per plasmonic lens, there are several methods. One is to add a thin layer to high x [59]) to cover one of the hot spot. The thickness of the high work function material is controlled and the SPPs wouldn’t change much. Now even though there are two hot spots of SPPs but only one will emit electrons. Another method is to use other plasmonic lens design to get single hot spot. One of the advantages of using plasmonic enhanced photoemission is the ﬂexibility of plasmonic lens design to get a variety of hot
	site per plasmonic lens, there are several methods. One is to add a thin layer to high x [59]) to cover one of the hot spot. The thickness of the high work function material is controlled and the SPPs wouldn’t change much. Now even though there are two hot spots of SPPs but only one will emit electrons. Another method is to use other plasmonic lens design to get single hot spot. One of the advantages of using plasmonic enhanced photoemission is the ﬂexibility of plasmonic lens design to get a variety of hot
	work function material (such as MoO

	is that we can create not only traditional electron beams but also shaped electron beam pattern which can further enhance the throughput of the lithography and have smaller line roughness. 

	Figure (2.4) shows the design and simulation results of diﬀerent apertures. Figure (2.4)(a-c) show the top view of the optical intensity enhancement compared to that of the incident light. The insets show the aperture design. Figure (2.4)(e-g) show the top view of the normalized optical absorption distribution. The plots are generated near the interface of the chrome and the vacuum. The excitation wavelength of the UV laser is 266 nm. And it is linearly polarized in the horizontal direction. A 80nm-thick Cr
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	The shape of the electron beam generated by the plasmonic enhanced photoemission is not limited to dots. With proper design other useful shapes can be generated such as lines and split rings. Figure (2.5) shows the diﬀerent aperture designs with line and split ring hot-spot distributions. Figure (2.5)(a-c) show the top view of the optical intensity enhancement compared to that of the incident light. The insets show the aperture design. Figure (2.5)(e-g) show the top view of the normalized optical absorption
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	Figure
	Fig. 2.5. Diﬀerent aperture designs with line and split ring hot-spot distributions. (a-c) Top view of the optical intensity enhancement compared to that of the incident light. The insets show the aperture design. (e-g) Top view of the normalized optical absorption distribution. The excitation wavelength of the UV laser is 266 nm. And it is linearly polarized in the horizontal direction for (a) and (b). It is left or right circular polarized for (c). A 80-nm-thick Cr ﬁlm is deposited on the fused silica sub
	-

	(b) The wide slit gap is 100 nm and there are two openings on the two ends to improve the uniformity of the ﬁeld distribution. (f) The optical absorption distribution of the wide slit shows two hot-spot lines separated by 100 nm. Because of the narrow gap, the electrons emitted will merge into single line on the image plane of the electron optics. (c) The diameter of split ring is 260 nm and the gap is 20 nm. The opening of the split ring is 50 nm. 
	interface of the chrome and the vacuum. A 80-nm-thick Cr ﬁlm is deposited on the fused silica substrate. First a single slit electron source is generated by using a narrow slit shown in Figure (2.5)(a). The narrow slit gap is 20 nm and there are two openings on the two ends to improve the uniformity of the ﬁeld distribution. Figure (2.5)(e) shows the optical absorption distribution of the narrow slit. There are two adjacent 
	interface of the chrome and the vacuum. A 80-nm-thick Cr ﬁlm is deposited on the fused silica substrate. First a single slit electron source is generated by using a narrow slit shown in Figure (2.5)(a). The narrow slit gap is 20 nm and there are two openings on the two ends to improve the uniformity of the ﬁeld distribution. Figure (2.5)(e) shows the optical absorption distribution of the narrow slit. There are two adjacent 
	hot-spot lines separated by 20 nm. Because of the narrow gap, the electrons emitted will merge into single line on the image plane by the aberration of the electron optics when the demagniﬁcation ratio is large. The optical intensity enhancement for the narrow slit is 1.02 times. As shown in Figure (2.5)(b) the wide slit gap is 100 nm and there are two openings on the two ends to improve the uniformity of the ﬁeld distribution. The optical absorption distribution of the wide slit shows two hot-spot lines se

	Besides the planar designs shown in Figure (2.3), (2.4) and (2.5), a novel quasi-3D plasmonic lens design (shown in Figure (2.6)) which has an intensity enhancement as high as 2500 times with a spot size of 20 nm [42] is also designed. With this design the electron beam size and brightness can be improved dramatically. Instead of exciting a localized gap resonance horizontally like bowtie aperture, this novel quasi-3D plasmonic lens design excites the direct resonance between the plasmonic structure and the
	gratings has the same period as the SPP wavelength (λ
	ring of the right-hand set is placed at 1 λ
	left-hand set is place at 0.5 λ

	Figure
	Fig. 2.6. The novel quasi-3D plasmonic lens design. The quasi-3D plasmonic lens design has two sets of mismatched half-ring slit gratings on both sides of a push pin structure shown in the right inset. The plasmonic material is chosen be Al for its low loss. There is another Al layer placed 5 nm away from the push pin top surface. The left inset shows the light intensity proﬁle at a distance of 2.5 nm from the 10-nm-diameter pins top surface. The intensity enhancement is 2500 times with a focus spot diamete
	-
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	mode with a strong oﬀ-plane electric ﬁeld resonance between the push pin and the underneath Al ﬁlm. The localized SPP mode forms a direct interaction between the 
	collective resonance of the plasmonic nanofocusing structure and the local Al ﬁlm surface underneath the focus spot. 
	There are other plasmonic lens design available, I chose the above designs as examples to show the nanofocusing performance potential of plasmonic structures. We can see that they are suitable to generate photoemission with spot size as small as 20 nm. Compared to other ways to generate compacted nanoscale photoemission sources like the carbon nanotube column [60], plasmonic enhanced electron source is sensitive to the geometry at tens of nanometers which is achievable using current nanofabrication technolo
	3. PLASMONIC ENHANCED PHOTOEMISSION SOURCE 
	3.1 Fabrication of Plasmonic Lens 
	The fabrication of plasmonic lens is the key point of the actual performance of the photoemission nano-source. The smallest feature size of the plasmonic lenses designed in chapter 2 is at the order of 10 nm, so how to make an array of plasmonic lenses uniformly over a large area is challenging. There are several methods to fabricate the plasmonic structure. The bowtie aperture is taken as an example to develop the fabrication recipe. Two recipes of fabrication have been developed. One is using focused ion 
	Figure (3.1) shows the fabrication results of the bowtie aperture using FIB. The accelerating voltage of the ion beam is set to be 30 keV. A 10-pA ion current is chosen to balance the throughput and milling resolution. The ion milling is operated in a parallel mode to achieve the best results. A larger current can enhance the milling speed but at the cost of a worse resolution. The bowtie aperture has a 20.6-nm gap which meets the requirement of design. Figure (3.1)(b) shows that the sharp edges are rounded
	Figure (3.1) shows the fabrication results of the bowtie aperture using FIB. The accelerating voltage of the ion beam is set to be 30 keV. A 10-pA ion current is chosen to balance the throughput and milling resolution. The ion milling is operated in a parallel mode to achieve the best results. A larger current can enhance the milling speed but at the cost of a worse resolution. The bowtie aperture has a 20.6-nm gap which meets the requirement of design. Figure (3.1)(b) shows that the sharp edges are rounded
	concentric rings fabricated using focused ion beam. 

	Figure
	Fig. 3.1. SEM images of the bowtie aperture fabricated using focused ion beam. (a) Top view of the bowtie aperture. The bowtie aperture is milled on a 70-nm-thick Cr ﬁlm using 10-pA FIB current. The gap is 20.6 nm. (b) Tilt view of the bowtie aperture shows that the sharp edges are rounded during the milling process. 
	Fig. 3.1. SEM images of the bowtie aperture fabricated using focused ion beam. (a) Top view of the bowtie aperture. The bowtie aperture is milled on a 70-nm-thick Cr ﬁlm using 10-pA FIB current. The gap is 20.6 nm. (b) Tilt view of the bowtie aperture shows that the sharp edges are rounded during the milling process. 


	Figure
	Fig. 3.2. SEM images of (a) C aperture and (b) bowtie aperture with 
	Fig. 3.2. SEM images of (a) C aperture and (b) bowtie aperture with 


	to remove the organic contaminations and piranha acid solution is used remove the residues. Second, a 70-nm thick chrome ﬁlm is deposited on the fused silica wafer using e-beam physical vapor deposition tool. The deposition rate of Cr is chosen to be 2 ˚
	A/s to get a smooth surface. The FIB is used to mill the plasmonic lens with 
	A/s to get a smooth surface. The FIB is used to mill the plasmonic lens with 
	10-pA ion current. A 12-nm gold ﬁlm is deposited on top of the chrome layer as the electron emission material. 

	Other designs of plasmonic lenses are fabricated and shown in Figure (3.2). Figure (3.2)(a) shows the C aperture and (b) shows the bowtie aperture with concentric rings fabricated using the FIB. The C aperture has the beneﬁt of a single hot spot and the bowtie aperture with concentric rings has a better light focusing eﬃciency and thus a higher quantum eﬃciency of electron emission. 
	Table 3.1. The recipe of fabricating bowtie aperture using FIB. 
	No. 
	No. 
	No. 
	Fabrication Step 

	1 
	1 
	Clean fused silica wafer with toluene, acetone and 

	TR
	IPA. 

	2 
	2 
	Clean fused silica wafer with piranha acid solution. 

	3 
	3 
	Deposit 70-nm thick Cr ﬁlm onto fused silica wafer 

	TR
	using 
	e-beam 
	physical 
	vapor 
	deposition (PVD) 

	TR
	tool. 

	4 
	4 
	Use FIB to mill the bowtie aperture with 10-pA 

	TR
	source current. 

	5 
	5 
	Deposit 12-nm thick Au ﬁlm onto fused silica wafer 

	TR
	using 
	e-beam 
	physical 
	vapor 
	deposition (PVD) 

	TR
	tool. 


	The focused ion beam milling method is easy to use however the throughput is very slow. In order to make a large number of plasmonic lenses such as one million of bowtie apertures, the FIB is too slow to be used. I developed another recipe of making plasmonic lenses using electron-beam lithography and lift-oﬀ method. Figure 
	(3.3) shows the fabrication results using EBL and liftoﬀ recipe. Figure (3.3)(a) shows the patterned negative EBL resist hydrogen silsesquioxane (HSQ). The negative resist 
	(3.3) shows the fabrication results using EBL and liftoﬀ recipe. Figure (3.3)(a) shows the patterned negative EBL resist hydrogen silsesquioxane (HSQ). The negative resist 
	HSQ is chosen because the patterned area is much smaller than that using positive resist (ZEP or PMMA). However, HSQ is not good for liftoﬀ because the exposed HSQ is cross linked and hard to remove. A bilayer of HSQ/PMMA resists for negative tone lift-oﬀ process was proposed by Haifang Yang, etc [61]. The fused silica wafer is ﬁrstly cleaned using toluene, acetone and IPA. Then piranha acid solution is used remove the residue. A layer of PMMA is coated before the HSQ layer. The 950k PMMA A4 is spun with 10
	◦
	◦
	2 


	Figure
	Fig. 3.3. SEM images of the bowtie aperture fabricated using electron-beam lithography and liftoﬀ. (a) SEM image of the patterned hydrogen silsesquioxane (HSQ). The HSQ is negative tone EBL resist which exposed area remains after development. (b) SEM image of bowtie aperture after pattern transfer using Cr deposition and liftoﬀ. 
	Fig. 3.3. SEM images of the bowtie aperture fabricated using electron-beam lithography and liftoﬀ. (a) SEM image of the patterned hydrogen silsesquioxane (HSQ). The HSQ is negative tone EBL resist which exposed area remains after development. (b) SEM image of bowtie aperture after pattern transfer using Cr deposition and liftoﬀ. 
	-



	Figure
	Fig. 3.4. Fabrication process of plasmonic lens using HSQ/PMMA liftoﬀ method. (a) Clean and coat fused silica wafer with HSQ/PMMA bilayer resist. Use EBL to pattern the plasmonic lens with low current. (b) Develop HSQ with 25% TMAH for 40 s and 2 plasma RIE to etch PMMA. (d) Deposit 70-nm thick Cr with E-beam PVD. (e) Use acetone to do the liftoﬀ. (f) Plasmonic lens array fabricated using HSQ/PMMA liftoﬀ method. 
	rinse with DI water. (c) Use O
	-

	with 25% TMAH for 40 s and rinsed with a lot of running DI water to reduce the residue of HSQ. If the size of the triangle is smaller, the adhesion of the HSQ pattern to the PMMA layer is not strong enough to hold the HSQ pattern which limits the aperture size. After development of HSQ, the patterned HSQ layer works as a mask 2 plasma recipe to etch the PMMA layer. The RIE tool is the Panasonic E620 Etcher which is an inductively coupled 2 is 30 cm/min and the chamber pressure is 2 Pa. The RF (source) FWD p
	for a reactive ion etching (RIE) process with O
	plasma system. The ﬂow rate of the O
	2

	The HSQ structure covered PMMA is protected. The bilayer HSQ/PMMA bowtie structures can be lifted oﬀ using acetone. The detailed recipe is listed in Table (3.2). To make one million bowtie apertures, it takes about two hour to use EBL method with 1 nA current. So it’s feasible to make a multiple electron beam lithography with one million beamlets using the plasmonic enhanced photoemission source. 
	Table 3.2. The recipe of fabricating bowtie aperture using HSQ/PMMA liftoﬀ. 
	No. 
	No. 
	No. 
	Fabrication Step 

	1 
	1 
	Clean fused silica wafer with toluene, acetone and 

	TR
	IPA. 

	2 
	2 
	Clean fused silica wafer with piranha acid solution. 

	3 
	3 
	Spin coat 400-nm thick PMMA and bake at 180 

	TR
	◦C for 5 min. 

	4 
	4 
	Spin coat 100-nm thick HSQ and bake at 120 ◦C 

	TR
	for 4 min. 

	5 
	5 
	Use EBL to pattern the bowtie structures with 1 

	TR
	nA. 

	6 
	6 
	Develop HSQ with 25% TMAH for 40 s and rinse 

	TR
	with DI water. 

	7 
	7 
	Use O2 plasma RIE to etch PMMA. 

	8 
	8 
	Deposit 70-nm thick Cr with e-beam PVD. 

	9 
	9 
	Do the liftoﬀ with two beakers of acetone. 

	10 
	10 
	Deposit 12-nm thick Au ﬁlm. 


	3.2 Surface Plasmon Enhanced Photoemission 
	The photoemission or photoelectric eﬀect is the emission of free electrons from materials under light illumination. It was ﬁrst discovered by Heinrich Hertz in 1887 when he observed that electrodes illuminated by ultraviolet light create electric sparks more easily. This phenomenon can’t be explained by the classical electrodynamics theory which leads to the discovery of the quantum concept. The photoemission process can be explained in a semi-classical three-step model proposed by Puﬀ [26] and Spicer [27,2
	Here the bowtie aperture is chosen as an example to calculate the quantum eﬃciency. The shape and dimensions are shown in the previous chapter. 
	-

	The photon absorption probability in the ﬁrst step is calculated using a commercial ﬁnite-diﬀerence time-domain (FDTD) software CST. A linear polarized UV light is shining from the fused silica side. The polarization is along the gap direction. There is a localized gap mode to harvest the photon energy. The calculation results are presented in Figure (2.3). The ﬁeld peaks at the vacuum-metal interface with an 
	The photon absorption probability in the ﬁrst step is calculated using a commercial ﬁnite-diﬀerence time-domain (FDTD) software CST. A linear polarized UV light is shining from the fused silica side. The polarization is along the gap direction. There is a localized gap mode to harvest the photon energy. The calculation results are presented in Figure (2.3). The ﬁeld peaks at the vacuum-metal interface with an 
	-

	enhanced electric ﬁeld. Compared to the conventional photoemission, the absorption of photons happens at the surface within a depth of only a few nanometers. The mean free path of excited electrons with 5 eV energy is about 5 nm. The absorption coeﬃcient of gold for 266 nm wavelength photon is 8.4 × 10cmwhich corresponds to a 12-nm absorption depth. This means that without the help of surface plasmon polartions, the incident photon can penetrate the gold ﬁlm by 12 nm and its distribution is the exponentiall
	5 
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	n(z)
	P (z)= . (3.1)
	Rd 
	n(z) dz 0 is N(E0) and the occupancy of those FD(E0). The Fermis golden rule dictates that the electron transition rate is given by 
	0 
	The number of electronic states at energy E
	states is given by the Fermi-Dirac functions f

	Pexc(E)= N(E) · fFD(E) · N(E +¯hω) · [1 − fFD(E +¯hω)]. (3.2) 
	In the second step, an assumption is made that after an electron-electron scattering, the excited electron has no enough energy to escape the work function. The scattering probability is characterized by an exponential function with the mean free e−e. The probability that an excited electron transports to the metal-vacuum interface without electron-electron scattering is 
	-
	path λ

	Z 
	d 

	− 
	− 
	d−z 

	e−e
	Fe−e(E)= P (z) · e dz. (3.3) 
	λ

	0 
	e−e is governed by the convolution of photon absorption probability P (z) and the scattering decay 
	From Equation (3.3), it can be seen that the transport probability F

	d−z 
	− 

	λe−e 
	.

	e In order to increase the transport probability, materials with large mean free path or localized plasmonic mode can be used. 
	In the third step, the parallel component of the wave vector of the electron is conserved across the metal-vacuum interface. While the momentum in the normal direction is reduced to overcome the work function of metal. The excited electron 0 +¯hω and the energy of the freed electron outside the metal is E0 +¯hω − EF − Φ, where E0 is the initial energy, ¯hω is the photon energy, EF is the Fermi energy and φ is the work function. The parallel component conservation of the wave vector is given by 
	has energy of E

	pp
	sin(θm) · = sin(θv) · , (3.4) 
	2m · (E0 +¯hω)
	2m · (E0 +¯hω − EF − Φ)

	where θm and θv are angles of electrons in the metal and vacuum relative to the normal direction of the metal-vacuum interface, respectively. For the maximum angle of θv = 90, all electron trajectories inside the metal must fall within a cone to escape. The cone angle is 
	◦

	r
	! 

	E0 +¯hω − EF − Φ 
	θmax = arcsin . (3.5)
	E0 +¯hω The probability of the excited electrons has the trajectories falling in the escaping cone is given by 
	Z 
	12π Pesc = d(cosθ) dΦ. (3.6)
	1 
	Z 

	4π 
	cos(θmax)0 
	The overall quantum eﬃciency is thus given by 
	R 
	Pexc · Fe−e · Pesc dE 
	Pexc · Fe−e · Pesc dE 

	QE(ω)= . (3.7)Pexc dE 
	R 

	Equation (3.7) shows that the quantum eﬃciency can be enhanced by using low work function material and surface plasmon polaritons. However, our vacuum cham
	Equation (3.7) shows that the quantum eﬃciency can be enhanced by using low work function material and surface plasmon polaritons. However, our vacuum cham
	-

	ber can only achieve 2 × 10mbar. To minimize the contamination of the metal surface and increase the work function, a 15-nm thick gold ﬁlm is coated on the plasmonic structure. Another advantage of using gold ﬁlm is that it has larger photon absorption in the UV range and can better harvest the SPP energy. The mean free path (MFP) of gold is about 5 nm [62]. The eﬀective work function of gold (exposed eff is from 3.7 eV to 5.1 eV [63] and the 266-nm photon energy is 4.66 eV. The eﬀective work function is es
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	-
	to air) Φ
	-
	a good approximation and the P


	treated as constant under near the Fermi level. So the quantum eﬃciency can be simpliﬁed as 
	" # 
	r

	EF +¯hω EF +Φ EF +Φ 
	QE(ω)= Fe−e · 1+ − 2 . (3.8)
	2¯hω EF +¯hω EF +¯hω 
	For the bowtie aperture design, the three-step model is used to calculate the quantum eﬃciency shown in Figure (3.5). The map of quantum eﬃciency is calculated using the power loss density simulated by the FDTD EMW tool, CST. There is a 15-nm thick gold on top of the 70-nm thick chrome ﬁlm to harvest the SPP energy and prevent the contamination of photoemission metal surface. The substrate is fused silica and laser wave length is 266 nm. Figure (3.5)(a) shows the absorption ratio distribution of the bowtie 
	Figure
	Fig. 3.5. Quantum eﬃciency map of bowtie aperture. The map of quantum eﬃciency is calculated using the power loss density simulated by the FDTD EMW tool, CST. There is a 15-nm thick gold on top of the 70-nm thick chrome ﬁlm to harvest the SPP energy and prevent the contamination of photoemission metal surface. The substrate is fused silica and laser wave length is 266 nm. (a) The absorption ratio distribution of the bowtie aperture. It is deﬁned as the ratio of absorbed optical areal energy density through 
	(b) The local absorption ratio distribution along the vertical direction e−e. Fe−e is the ratio of excited electrons transported to the metal-vacuum interface over the incident photons. (d) Quantum eﬃciency map. It is deﬁned as the ratio of photo-emitted electron over the incident photons. 
	of the bowtie plane at one of the bowtie tips. (c) Calculated F

	e−e.Fe−e is the ratio of excited electrons transported to the metal-vacuum interface over the incident photons calculated using Equation e−e is about 0.6 at the two tips. The physical meaning is that even though the absorption ratio is 2, the excited electron 
	e−e.Fe−e is the ratio of excited electrons transported to the metal-vacuum interface over the incident photons calculated using Equation e−e is about 0.6 at the two tips. The physical meaning is that even though the absorption ratio is 2, the excited electron 
	(3.5)(c) shows the calculated F
	(3.3). Due to transport loss, the peak value of F

	transporting to the metal-vacuum interface without scattering is only 0.6 per incident e−e and 15 nm is chosen. Figure (3.5)(d) shows the quantum eﬃciency map. It is deﬁned as the ratio of photo-emitted electron over the incident photons calculated by Equation (3.8). The two hot spots of the quantum eﬃciency have the value of 1.1 × 10which is orders higher than planar metal ﬁlm cathode shining from backside. 
	photon. The thickness of the gold layer is optimized to have the largest F
	−4 


	As for experiment, an gold ﬁlm with 12-nm thickness on fused silica was ﬁrstly tested. Given the Fermi energy 5.53 eV, the QE for the 266-nm laser is calculated to be 2.80 × 10and 1-mW laser generates 6.0 nA. 
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	Figure
	Fig. 3.6. Photoemission test of 12 nm thick gold ﬁlm deposited on fused silica substrate. The vacuum pressure is 3 × 10mbar. The laser beam with 266 nm wavelength is shining onto the sample from the substrate side through vacuum viewport. A UV grade viewport is used to maintain good transmission at 266 nm. The laser power is 
	Fig. 3.6. Photoemission test of 12 nm thick gold ﬁlm deposited on fused silica substrate. The vacuum pressure is 3 × 10mbar. The laser beam with 266 nm wavelength is shining onto the sample from the substrate side through vacuum viewport. A UV grade viewport is used to maintain good transmission at 266 nm. The laser power is 
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	28.8 mW before the viewport. 
	Figure (3.6) shows the photoemission test of 12-nm thick gold ﬁlm deposited on fused silica substrate. The vacuum pressure is 3 × 10mbar. The laser beam with 266 nm wavelength is shining onto the sample through vacuum viewport. The laser irradiation is from the the substrate side. The work function of pure gold is above 5 eV. But once exposed to the air, the work function of gold decreases by a few hundred meV to more than 1 eV. This is due to adsorption of water molecule on the gold surface. Numerous exper
	−6 

	In order to enhance the QE of photoemission, a Cs dispenser is used to evaporate Cs atoms on the bowtie aperture to lower the work function. The work function of Cs is only 1.95 eV in ultra-high-vacuum environment (vacuum pressure lower than 10mbar). Our current vacuum chamber can only achieve a pressure of 10mbar so the Cs ﬁlm is contaminated quickly after deposition because its so active. But it still helps to increase the QE of the photoemission. 
	−9 
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	Figure (3.7) shows the photocurrent test of 81 bowtie apertures. 81 bowties apertures are fabricated using the FIB recipe (Table (3.1)). The laser has a beam of power of 75 mW and 500 µm beam diameter. The laser power intensity shining on the plasmonic sample is 3.82 MW/m. The fabricated bowtie aperture sample is brought to chamber and exposed to the air during the transport. The Cs dispenser is mounted inside the chamber. When the chamber pressure is about 10mbar, the Cs dispenser is heated with 3 A for 60
	-
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	Figure
	Fig. 3.7. Photocurrent test of 81 bowtie apertures. The laser has a beam of power of 75 mW and 500µm beam diameter. The vacuum pressure is 3.8 × 10mBar. The Cs dispenser is heated with 3 A for 60 s to deposit a thin ﬁlm onto the bowtie apertures. A voltage of 100 V is applied to accelerate the photoelectrons. The gap between the bowtie apertures and the anode is set at 34 µm. 
	−6

	at about 1.25 pA per bowtie aperture. The drift and standard deviation is shown in Table (3.3). The photocurrent starts from 1.37 pA, peaks at 1.47 pA and falls to 1.38 pA. The ﬂuctuation in the 5 min duration is a few percent. 
	The work function of the Cs coated gold ﬁlm is unknown, so it is calculated backward from the photocurrent measurement. The 266-nm laser power is 0.258 µW within the 260 nm by 260 nm area, so the quantum eﬃciency over the entire 
	1.4pA×4.661eV
	1.4pA×4.661eV

	bowtie aperture QEoverall = =2.53 × 10. From simulated results of 
	−5 

	0.258µW 
	bowtie aperture resonance shown in Figure (3.5)(d), the work function is calculated to be 3.93 eV which is much higher than the reported 1.6 eV work function of gold 
	bowtie aperture resonance shown in Figure (3.5)(d), the work function is calculated to be 3.93 eV which is much higher than the reported 1.6 eV work function of gold 
	coated with submonolayer Cs [64]. This is due to the contamination of the metal surface. Substituting the Cs treated work function of 3.93 eV to the work function map calculation shown in Figure (3.5)(d), the peak quantum eﬃciency at the tips increased from 1.1 × 10to 8.9 × 10but at the cost of broader initial photo-electron energy distribution. 
	−4 
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	Table 3.3. Photocurrent drift and ﬂuctuation. 
	Table 3.3. Photocurrent drift and ﬂuctuation. 
	Table 3.3. Photocurrent drift and ﬂuctuation. 

	Laser on Time 
	Laser on Time 
	Mean 
	of 
	Photocurrent 
	Standard 
	Deviation 
	of 

	TR
	(pA 
	per 
	bowtie 
	aper-
	Photocurrent 
	(fA 
	per 

	TR
	ture) 
	bowtie aperture) 

	10 -15 min 
	10 -15 min 
	1.37 
	39.8 

	15 -20 min 
	15 -20 min 
	1.41 
	24.9 

	20 -25 min 
	20 -25 min 
	1.43 
	25.9 

	25 -30 min 
	25 -30 min 
	1.44 
	80.6 

	30 -35 min 
	30 -35 min 
	1.47 
	36.8 

	35 -40 min 
	35 -40 min 
	1.43 
	22.6 

	40 -45 min 
	40 -45 min 
	1.42 
	133 

	45 -50 min 
	45 -50 min 
	1.41 
	19.9 

	50 -55 min 
	50 -55 min 
	1.40 
	18.9 

	55 -60 min 
	55 -60 min 
	1.38 
	25.8 


	3.3 Test of Plasmonic Electron-Beam Source 
	Besides the photocurrent per bowtie aperture, the electron-beam source size is another key feature in the system. A proximity lithography is used to measure the electron-beam source size of the bowtie aperture. Figure (3.8)(a) shows the schematic of the proximity lithography system. The SPEP (bowtie aperture) array are pattern 
	Besides the photocurrent per bowtie aperture, the electron-beam source size is another key feature in the system. A proximity lithography is used to measure the electron-beam source size of the bowtie aperture. Figure (3.8)(a) shows the schematic of the proximity lithography system. The SPEP (bowtie aperture) array are pattern 
	Besides the photocurrent per bowtie aperture, the electron-beam source size is another key feature in the system. A proximity lithography is used to measure the electron-beam source size of the bowtie aperture. Figure (3.8)(a) shows the schematic of the proximity lithography system. The SPEP (bowtie aperture) array are pattern 
	on a 70-nm thick Cr ﬁlm. The 70-nm thick ﬁlm is chosen to block the 266-nm laser to avoid exposure caused by UV photons. Chrome is chosen to utilize its good mechanical property and to avoid damaging the sample during lithography operation. The substrate is a UV grade fused silica substrate with a center island. The center island is 35 µm by 35 µm large with the height of 10 µm. And the bowtie aperture array are patterned on the top surface of the island. This ensures the electrons generated from the bowtie
	-
	-
	-
	-
	-


	exposed pattern is a one to one mapping of the electron source and the results are shown in Figure (3.10). 

	Figure
	Fig. 3.8. The proximity lithography system using plasmonic electron-beam source. (a) The schematic of the system setup. (b) The physical process of the proximity lithography. There are six steps of the process. i) Incident UV light. ii) Focused plasmons. iii) Hot electron generation. iv) Electron emission. v) Accelerated beam. vi) Guided beam. vii) Deep resist pattern formation. 
	-

	A laser beam with intensity of 0.4 MW/mis irradiating on the bowtie apertures. After one hour irradiation, the electron-beam source is imaged onto the PMMA resist. The AFM image of the developed PMMA resist is shown in Figure (3.10). The PMMA is not sensitive to UV photons with wavelength larger than 248nm. The exposed pattern is from the photoelectrons accelerated by the bias voltage. This is justiﬁed by the depth of the pattern. The evanescent wave nature of the SPPs limits the depth of the optical exposu
	A laser beam with intensity of 0.4 MW/mis irradiating on the bowtie apertures. After one hour irradiation, the electron-beam source is imaged onto the PMMA resist. The AFM image of the developed PMMA resist is shown in Figure (3.10). The PMMA is not sensitive to UV photons with wavelength larger than 248nm. The exposed pattern is from the photoelectrons accelerated by the bias voltage. This is justiﬁed by the depth of the pattern. The evanescent wave nature of the SPPs limits the depth of the optical exposu
	2 

	and retrace scan of the AFM tip. The full width at half maximum (FWHM) is about 20 nm and the exposed depth is over 75 nm. The diﬀerence between the trace and retrace signal shown in (b) is attributed to large scanning speed of the AFM tip. 

	Figure
	Fig. 3.9. The microscopic image of the island with bowtie apertures. The substrate is quartz and a center island with 10 µm height is fabricated to reduce the contact area. The top surface of the island has an area of 35 µm by 35 µm. The bowtie apertures are milled on the 70 nm thick Cr ﬁlm on top of the island. 
	Fig. 3.9. The microscopic image of the island with bowtie apertures. The substrate is quartz and a center island with 10 µm height is fabricated to reduce the contact area. The top surface of the island has an area of 35 µm by 35 µm. The bowtie apertures are milled on the 70 nm thick Cr ﬁlm on top of the island. 


	These photocurrent and electron-beam source size results demonstrate that the plasmonic enhanced electron-beam source is feasible and suitable for the multiple electron-beam lithography tool. The photocurrent yield and stability can be greatly improved by using ultra high vacuum systems. Here the bowtie aperture is chosen as 
	These photocurrent and electron-beam source size results demonstrate that the plasmonic enhanced electron-beam source is feasible and suitable for the multiple electron-beam lithography tool. The photocurrent yield and stability can be greatly improved by using ultra high vacuum systems. Here the bowtie aperture is chosen as 
	an example of plamsonic lens and other design with even better performance can be used. 

	Figure
	Fig. 3.10. The AFM image of the developed PMMA resist after one hour irradiation of the photoelectrons from the array of bowtie apertures. A bias voltage of 50 V is applied between the bowtie apertures and the Si wafer underneath. A laser beam with intensity of 0.4 MW/mis irradiating on the bowtie apertures. 
	Fig. 3.10. The AFM image of the developed PMMA resist after one hour irradiation of the photoelectrons from the array of bowtie apertures. A bias voltage of 50 V is applied between the bowtie apertures and the Si wafer underneath. A laser beam with intensity of 0.4 MW/mis irradiating on the bowtie apertures. 
	-
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	4. ELECTROSTATIC LENS FOR ELECTRON-BEAM 
	4.1 Design and Analysis of Electrostatic Lens 
	In order to focus electron-beam onto the target, there are two types of electron lenses can be used [65]. One is electromagnetic lens which utilizes the Lorentz force to focus the electron-beam [66]. The other is electrostatic lens which uses only the electrostatic force [67]. They have their own advantages and applications respectively. In general, electromagnetic lens has better performance in terms of smaller aberrations, but it is cumbersome and not easy to be miniaturized. Electrostatic lens has slight
	In order to focus electron-beam onto the target, there are two types of electron lenses can be used [65]. One is electromagnetic lens which utilizes the Lorentz force to focus the electron-beam [66]. The other is electrostatic lens which uses only the electrostatic force [67]. They have their own advantages and applications respectively. In general, electromagnetic lens has better performance in terms of smaller aberrations, but it is cumbersome and not easy to be miniaturized. Electrostatic lens has slight
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	however, there is still no practical approach to fabricate the CNT emitters with the desired consistency and uniformity [83]. 

	Figure
	Fig. 4.1. The electrostatic microcolumn: schematic of the components and parameters. The system is composed of three electrodes. The plasmonic lens is fabricated on the source electrode where the electrons are generated by plasmonic enhanced photoemission. The extractor and focus electrodes are accelerating and focusing the electrons onto the silicon wafer underneath. The gap between the focus electrode and the silicon wafer is called working distance (WD). 
	-
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	An electrostatic microcolumn for the nanoscale photoemission sources is designed. A compact column structure is proposed (as short as several microns in length) for the ease of microcolumn fabrication and lithography operation shown in Figure (4.1). There are three metallic layers: the source layer, the extractor layer and the focus layer. The photoemission source is fabricated on the source layer. During the oper
	An electrostatic microcolumn for the nanoscale photoemission sources is designed. A compact column structure is proposed (as short as several microns in length) for the ease of microcolumn fabrication and lithography operation shown in Figure (4.1). There are three metallic layers: the source layer, the extractor layer and the focus layer. The photoemission source is fabricated on the source layer. During the oper
	-

	ation, the plasmonic lens array are back-illuminated by a laser beam and generate a nanoscale beam of photoelectrons, which will be accelerated and focused into a Gaussian spot by the microcolumn. The silicon wafer is grounded and the electric potential of the source electrode is VSource which is lower than the ground. A higher potential VEx is applied to the extractor electrode to accelerate the electrons and a lower potential VF ocus is applied to the focus electrode to decelerate and focus the electron b
	-
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	We studied the geometry scaling of a microcolumn design as illustrated in Figure (4.1). 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 Source), and a bias potential was Ex). The focus voltage was optimized, F ocus), and the resist substrate was grounded (0 V). 0. The distances between the source and the extractor and bet
	Figure (4.1), the source voltage was ﬁxed at -900 V (V
	applied to the extractor electrode of -800 V (V
	which is approximately -954 V (V
	All electrodes were electrostatic apertures with a diameter of 3 L
	-
	unless otherwise speciﬁed here. The overall column length was about 9 L

	Figure
	Fig. 4.2. The scaling capability and the dependence of spot size in FWHM on (a) extraction voltage, (b) focusing voltage, (c) distance between source and extractor, (d) distance between extractor and focusing electrode, (e) aperture diameter, and (f) thickness of each electrode. Dashed lines label the optimized parameter values. 
	Fig. 4.2. The scaling capability and the dependence of spot size in FWHM on (a) extraction voltage, (b) focusing voltage, (c) distance between source and extractor, (d) distance between extractor and focusing electrode, (e) aperture diameter, and (f) thickness of each electrode. Dashed lines label the optimized parameter values. 


	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 (4.2) shows the resolution dependence for three diﬀerent 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 = 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 manufacturing tolerances and operational parameters of the column designs to meet the desired resolution of 16-
	-

	795.5 V for extractor and a voltage between -955.6 V and -952.4 V for the focusing electrode is necessary to maintain a spot size smaller than 16 nm. As shown in Figure (4.2)(c) and (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 smaller than 16 nm. Figure (4.2)(e) and (f) suggest that the aperture diameter needs to be kept to be 3 µm with a variation of 40 nm 
	Figure
	Fig. 4.3. Spot diagram of the microcolumn with 10-nm-diameter source. The size in full-width half-maximum is (a) 3.69 nm for L0 =1 µm, (b) 5.32 nm for L0 =5 µm, and (c) 10.34 nm for L0 = 10 µm. 
	Fig. 4.3. Spot diagram of the microcolumn with 10-nm-diameter source. The size in full-width half-maximum is (a) 3.69 nm for L0 =1 µm, (b) 5.32 nm for L0 =5 µm, and (c) 10.34 nm for L0 = 10 µm. 


	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 following 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 =1 µm, the optimized focus voltage was determined to be -954 V at a WD of 5 µm. The electric-ﬁeld strength of this design is around 190 V/µm for the
	Table 4.1. Optimized design parameters of microcolumn. 
	Parameters 
	Parameters 
	Parameters 
	Case 1 
	Case 2 
	Case 3 

	L0 
	L0 
	1 µm 
	5 µm 
	10 µm 

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

	Launch angle 
	Launch angle 
	of electron 
	0 to 90 
	0 to 90 
	0 to 90 

	source (deg) 
	source (deg) 

	Vsource (V) (ﬁxed) 
	Vsource (V) (ﬁxed) 
	-900 
	-900 
	-900 

	Vextractor (V) 
	Vextractor (V) 
	-800±4.5 
	-800±4.4 
	-800±4.2 

	Vfocus (V) 
	Vfocus (V) 
	-954±1.6 
	-954±1.5 
	-954±0.5 

	Vground (V) 
	Vground (V) 
	0 
	0 
	0 

	dSE (µm) 
	dSE (µm) 
	1±0.08 
	5±0.45 
	10±0.40 

	dEF (µm) 
	dEF (µm) 
	2.5±0.2 
	12.5±0.1 
	25±0.3 

	Aperture Dia
	Aperture Dia
	meter (µm) 
	3±0.04 
	15±0.1 
	30±0.2 

	Thickness of 
	Thickness of 
	electrodes 
	100 
	500 
	1000 

	(nm) 
	(nm) 


	The optimized beam proﬁles on the resist surface results using parameters in Table (4.1) are shown in Figure (4.3) under three scaling factors. To achieve prac
	The optimized beam proﬁles on the resist surface results using parameters in Table (4.1) are shown in Figure (4.3) under three scaling factors. To achieve prac
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	tically high-lithography throughput, large landing beam currents are desired. However, extremely large beam current will cause noticeable electronelectron 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 acceleration voltage [74]. The Coulomb interaction can be negligible by distributing the total beam current among microcolumn array, reducing microcolumn 
	-
	-


	Figure
	Fig. 4.4. Electronelectron interaction simulation of single column. The spot size was plotted as a function of the beam current. The microcolumn is capable of keeping the spot size variation smaller than 10% over a large current range. 
	Fig. 4.4. Electronelectron interaction simulation of single column. The spot size was plotted as a function of the beam current. The microcolumn is capable of keeping the spot size variation smaller than 10% over a large current range. 


	In Figure (4.4), all optimized parameters in Table (4.1) are applied and the ﬁgure shows the eﬀect of beam blur induced by Coulomb interaction using a 10-nm-diameter 
	In Figure (4.4), all optimized parameters in Table (4.1) are applied and the ﬁgure shows the eﬀect of beam blur induced by Coulomb interaction using a 10-nm-diameter 
	source. It is shown that the microcolumn can operate at a large beam current reaching 0 =1 µm and the current 0 =5 µm and 10 µm, respectively. The source voltage of -900 V was ﬁxed in investigating the intercolumn interaction. 
	tens of nanoamperes without noticeable beam blur for L
	limit reduces to several nanoamperes and hundreds of picoamperes for L


	Figure
	Fig. 4.5. Dual-column interaction with diﬀerent aperture center-to-center distances for L0 =1 µm. It shows that a minimum spacing of 12 µm can safely avoid the ﬁeld distortion eﬀect from the adjacent microcolumns. 
	Fig. 4.5. Dual-column interaction with diﬀerent aperture center-to-center distances for L0 =1 µm. It shows that a minimum spacing of 12 µm can safely avoid the ﬁeld distortion eﬀect from the adjacent microcolumns. 


	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 
	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 [1, 70, 85, 85–88]. The analysis indicates that larger number of microcolumns can provide the potential 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 adj
	-
	-
	-
	-
	ﬁeld from adjacent microcolumn for the case of L
	-
	even higher than 12 L


	4.2 Fabrication of Electrostatic Lens 
	We chose L0 =1 µm as an example to demonstrate the possibility of microfabri-cation. The dielectric material was chosen to be SiO2 because it can be easily etched 
	We chose L0 =1 µm as an example to demonstrate the possibility of microfabri-cation. The dielectric material was chosen to be SiO2 because it can be easily etched 
	2 was deposited between two chromium layers. The Leybold E-beam Evaporator was used 2 layer at a rate of 3 angstrom per second. The breakdown voltage was measured at the pressure of 3 × 10mbar. The area of the SiO2 layer is about 1 cm. The I-V curve is shown in Figure (4.6). The breakdown voltage is 635 V. Above the breakdown voltage, the current increased dramatically and was limited by 2 is above the operation voltage 2. 
	by reactive ion etching (RIE). To test the breakdown ﬁeld, a 2-µm thick SiO
	to deposit the SiO
	−6 
	2 
	the limiting resistance. The breakdown voltage of SiO
	designed in Case 1 of Table (4.1). So the design is safe in terms of breakdown of SiO


	Figure
	2 ﬁlm. The breakdown voltage is 635 V corresponding to 317.5 V/µm. Above 635 V, the current is limited by the limiting resistance. 
	2 ﬁlm. The breakdown voltage is 635 V corresponding to 317.5 V/µm. Above 635 V, the current is limited by the limiting resistance. 
	Fig. 4.6. Breakdown test of the 2 µm thick SiO



	A stack of metal and dielectric layers was fabricated by optical lithography method as shown in Figure (4.7). The source and focus layers are chromium and the extractor layer is titanium. The chrome is chosen because it has much slower etch rate than 
	A stack of metal and dielectric layers was fabricated by optical lithography method as shown in Figure (4.7). The source and focus layers are chromium and the extractor layer is titanium. The chrome is chosen because it has much slower etch rate than 
	SiO2 in the RIE process and thus the top focus electrode works as etch mask and the bottom source electrode works as etch stop. The titanium is used because it can be 2 is being etched. 
	easily etched in the RIE process when SiO


	Figure
	Fig. 4.7. Optical image of metal layers. The source and focus layers are chromium and the extractor layer is titanium. 
	Fig. 4.7. Optical image of metal layers. The source and focus layers are chromium and the extractor layer is titanium. 


	The focused ion beam (FIB) tool was used to mill an array of holes into the focus layer by 400 nm depth. The diameter of the holes is 3 µm. Then we use RIE process to further etch the holes down to the source layer. The focus layer with an array of holes works as the hard mask in the RIE process. Figure (4.8)(a) is the SEM image of the array. And Figure (4.8)(b) shows the cross section view of the microcolumn. It can be seen that the hole stops right at the source layer. The diameter of the aperture of the 
	Table 4.2. The recipe of fabricating microscale electrostatic lens. 
	No. Fabrication Step 1 Clean fused silica wafer. 2 Optical lithography to pattern the source electrode photo resist. 3 Deposit 100-nm thick Cr with e-beam PVD and do the liftoﬀ. 4 Deposit 1µm thick SiO2 with HDPCVD. 5 Optical lithography to pattern the extractor electrode photo resist. 6 Deposit 100-nm thick Ti with e-beam PVD and do the liftoﬀ. 7 Deposit 2.5-µm thick SiO2 with HDPCVD. 8 Deposit 10-nm thick SiO2/Ti transition layer with sputtering PVD. 9 Optical lithography to pattern the focus electrode ph
	-

	Figure
	Fig. 4.8. SEM image of the fabricated microcolumn. (a) The 3 × 3 array with a spacing of 15 µm. (b) The cross section of the microcolumn. 
	Fig. 4.8. SEM image of the fabricated microcolumn. (a) The 3 × 3 array with a spacing of 15 µm. (b) The cross section of the microcolumn. 
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	RIE process. The details of the fabrication recipe can be seen in Table (4.2). Figure 
	(4.9) F ocus without the transition layer in step 8 of the recipe. The cause of the delamination is large shear stress at the interface between SiO2 and Cr ﬁlms during the fabrication process. When there is a large attractive electrostatic force between the focus layer and the silicon F ocus can be and thus limits the resolution of the electron beams. To solve this issue, a transition layer made of 1:1 SiO2/Ti is sputtered on the second SiO2 layer ﬁrst and then the focus layer is deposited. The mixture laye
	(4.9) F ocus without the transition layer in step 8 of the recipe. The cause of the delamination is large shear stress at the interface between SiO2 and Cr ﬁlms during the fabrication process. When there is a large attractive electrostatic force between the focus layer and the silicon F ocus can be and thus limits the resolution of the electron beams. To solve this issue, a transition layer made of 1:1 SiO2/Ti is sputtered on the second SiO2 layer ﬁrst and then the focus layer is deposited. The mixture laye
	shows the delaminaiton issue of the focus layer under large V
	wafer, the delamination happens. This limits how large the V

	the silicon wafer. Once the transition layer is used, the delamination issue is solved and VF ocus can be -260 V with WD of 10 µm without seeing any delamination. 

	Figure
	Fig. 4.9. Delamination of the focus layer due to interface stress and electrostatic force. 
	Fig. 4.9. Delamination of the focus layer due to interface stress and electrostatic force. 


	5. MULTIPLE ELECTRON-BEAM LITHOGRAPHY SYSTEM 
	As a proof of concept, a simpliﬁed surface plasmon enhanced photoemission multiple electron-beam lithography system is designed. Figure (5.1) shows the schematic of the multiple electron-beam lithography system. The system is composed of plasmonic enhanced multiple electron-beam source, microscale electrostatic lens array, high voltage module, nano-positioning stage, vacuum system and control systems. 
	-
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	Figure
	Fig. 5.1. Illustration of the surface plasmon enhanced photoemission multiple electron-beam lithography system ﬁrst-stage engineering system using plasmonic lenses (PLs). 
	Fig. 5.1. Illustration of the surface plasmon enhanced photoemission multiple electron-beam lithography system ﬁrst-stage engineering system using plasmonic lenses (PLs). 
	-



	The plasmonic enhanced multiple electron-beam source is made of individually controllable UV light beam array, UV light projection lens and the SPEP array where plamsmonic enhanced electrons are generated. The UV light source is a 200-mW CW 
	The plasmonic enhanced multiple electron-beam source is made of individually controllable UV light beam array, UV light projection lens and the SPEP array where plamsmonic enhanced electrons are generated. The UV light source is a 200-mW CW 
	laser with 266-nm wavelength. Then the laser beam is expanded and shining onto an array of microscale optical lenses and thermally actuating shutter array to generate an array of individually controllable UV beams. The switching of the individual electron beam is controlled by switching the individual UV beam. The UV light beam is ﬁrst focused by the plasmonic lens to a nanoscale hot spot which goes beyond the light diﬀraction limit. The hot spot then generates localized plasmonic enhanced photoemission as 

	The microscale electrostatic lens array is fabricated using micro-and nano-fabrication technique as described in previous chapter. The electron lens is made of three electrodes: the source, extractor and focus electrodes. The underneath silicon wafer is grounded and the electron landing energy is set by the negatively biased source electrode. The electrons generated by the plasmonic lens are accelerated by the extractor electrode where a higher electric potential is applied. The divergence angle of the elec
	-
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	The high voltage module is designed and made. The reference voltage is used to control the output high voltage. The reference voltage ranges from 0 to 10 V and corresponds from 0 to 1 kV for the high voltage output. There are three channels available for VSource,VEx and VF ocus. To reduce the noise, a low pass ﬁlter circuit is added to each channel and the noise of the output is measured to be 5 mV. The reference analog signals are given from the control system and the output high voltages are given to the 
	The high voltage module is designed and made. The reference voltage is used to control the output high voltage. The reference voltage ranges from 0 to 10 V and corresponds from 0 to 1 kV for the high voltage output. There are three channels available for VSource,VEx and VF ocus. To reduce the noise, a low pass ﬁlter circuit is added to each channel and the noise of the output is measured to be 5 mV. The reference analog signals are given from the control system and the output high voltages are given to the 
	-

	feedthrough of the vacuum chamber. Figure (5.2) shows the image of the high voltage module. 

	Figure
	Fig. 5.2. Image of the high voltage module. 
	Fig. 5.2. Image of the high voltage module. 


	The nano-position stage is designed and assembled. It’s composed of two 5-axis stage and one 2-axis stage. The microscale electrostatic lens sample adapter is designed and machined. It’s made of machinable ceramic which is insulating material for the high voltage insulation. The electrostatic lens sample is mounted on the ceramic adapter and is positioned by a manual 5-axial stage. The 2-axis and 5-axis motorized stages are stacked together. The picomotors are used to control the motorized stages with a ste
	-
	-
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	Figure
	Fig. 5.3. Gap detection system. (a) The pair of chirped gratings are used to detect the gap with nanometer accuracy. (b) The working mechanism of ISPI gratings. [7] (c) The SEM image of the fabricated ISPI grating on the electron source sample. (d) The image of the detected interference fringes of the ISPI gratings. The gap is proportional to the numbers of the peaks in the interference pattern. (e) The rough measurement of the gap using grating imaging. The 5 gratings on the right are real and fabricated o
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	2-axis motorized stage is used to scan the silicon sample to write arbitrary patterns with the help of laser switching. With the help of Prof. Xianfan Xu’s group, ISPI gratings are designed and fabricated on the electron source sample to detect the gap between the electron source and the silicon wafer with nanometer accuracy. Figure 
	(5.3) show the gap detection system. With the help of Prof. Xianfan Xu’s group, the ISPI gratings are designed and fabricated to detect the gap or equivalently the working distance. Figure (5.3)(a) shows the pair of chirped gratings are used to de
	(5.3) show the gap detection system. With the help of Prof. Xianfan Xu’s group, the ISPI gratings are designed and fabricated to detect the gap or equivalently the working distance. Figure (5.3)(a) shows the pair of chirped gratings are used to de
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	tect the gap with nanometer accuracy. (b) shows the working mechanism of ISPI gratings. [7] (c) shows the SEM image of the fabricated ISPI grating on the electron source sample. (d) The image of the detected interference fringes of the ISPI gratings. The gap is proportional to the numbers of the peaks in the interference pattern. (e) The rough measurement of the gap using grating imaging. The 5 gratings on the right are real and fabricated on the microcolumn sample. The 5 gratings on the left are image of t
	-


	Figure
	Fig. 5.4. Image of the ﬁrst stage multiple electron-beam lithography system. 
	Fig. 5.4. Image of the ﬁrst stage multiple electron-beam lithography system. 


	The vacuum system composes of a main chamber, a vacuum pump station with diaphragm and turbo pump series, an ion pump and ion gauge. After loading a new silicon sample in the chamber, the diaphragm and turbo pump series pump the chamber to 10mbar. Then they are turned oﬀ and the ion pump is on to 
	The vacuum system composes of a main chamber, a vacuum pump station with diaphragm and turbo pump series, an ion pump and ion gauge. After loading a new silicon sample in the chamber, the diaphragm and turbo pump series pump the chamber to 10mbar. Then they are turned oﬀ and the ion pump is on to 
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	maintain the vacuum. The ion pump doesn’t moving parts so it won’t disturb the stage while the lithography is being done. The ultimate vacuum level for this system is in the order of 10mbar. The vacuum pressure is too high for photoemission and will make the quantum yield much lower than theoretical predictions. But with the limited resources, the ﬁrst stage lithography system is enough to demonstrate the concept. 
	−7 


	Figure
	Fig. 5.5. Image of the ﬁrst stage multiple electron-beam lithography system. 
	Fig. 5.5. Image of the ﬁrst stage multiple electron-beam lithography system. 


	The lithography system is controlled by a Labview program shown in Figure (5.4). A script ﬁle is generated to control the high voltages, the UV laser shutter and the stage to write arbitrary patterns on the silicon wafer. Figure (5.5) shows the ﬁrst stage multiple electron-beam lithography system. To further improve the stability of the stages, the whole system is sitting on a stable optical table to ﬁlter out high frequency vibrations. 
	6. LITHOGRAPHY RESULTS AND DISCUSSION 
	6.1 Lithography Results 
	Using the multiple electron-beam lithography system, lithography was tested with the following parameters. The 266-nm laser power shining on the plasmonic sample is 200 mW with the beam diameter of 500 µm. The gold and Cs layers were not used in order to narrow the initial electron energy spread and thus reducing the aberrations of the electron optics. The work function of chrome is 4.5 eV so the initial energy spread is 0.16 eV. The vacuum pressure is 2.0 × 10mbar. VSource is -200 V, VEx is -50 V and VF oc
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	Figure (6.1) shows the simulation results of the focused beam size using the real geometry parameters, voltages, and working distance of the microcolumns. The electron source is set as a disk with a diameter of 50 nm. The initial electron energy spread is estimated to be 0.5 eV. (a) shows the image of the electrons landing on the silicon wafer. (b) shows the histogram of current density distribution with respect to R coordinate. The magniﬁcation of the electron optics is -0.5 and an electron beam with FWHM 
	-

	Figure (6.2)(a) shows an example design consists of three electrodes, separated by 2 µm and 4 µm respectively. The diameter of the electron lens aperture is 6 µm. By varying the electric potentials, this design can project the source image onto a resist 
	Figure
	Fig. 6.1. Simulation results of the focused beam size using the real geometry parameters, voltages, and working distance of the micro-columns. The electron source is set to a disk with a diameter of 50 nm. The initial electron energy spread is estimated to be 0.5 eV. (a) The image of the electrons landing on the silicon wafer. (b) The histogram of current density distribution with respect to R coordinate. The magniﬁcation of the electron optics is -0.5 and an electron beam with FWHM of 25 nm can be achieved
	-

	Figure
	Fig. 6.2. Compact microscale electrostatic lens designed for plasmonic electron emitters. (a) The electric potential distribution of this compact design. (b) The optimized focused beam size as a function of working distance and source size (Φ). (c) SEM images of the top and oblique views of an electron lens. The lens diameter is 6-µm diameter. The center bowtie aperture can be clear seen. 
	-

	surface at a controllable magniﬁcation ratio and a corresponding working distance. I simulated the projection of electron beamlet with a 0.5-eV initial energy dispersion at the emitter and a 200-eV landing energy at the resist surface. As shown in Figure (6.2)(b), the beam size increases almost linearly with source size and magniﬁcation ratio. The achievable beam size is about 3 nm in FWHM using a 10-nm source at a 5-µm working distance. The beam size can be further improved by increasing the landing energy
	Figure
	Fig. 6.3. Maskless lithography results using SPEBL method. (a) An SPEBL device that can produce more than 1 million electron beamlets within a 1-cmarea. (b) SEM image of an array of electron lenses. (c) The proximity lithography result shows the size of the electron source. 
	Fig. 6.3. Maskless lithography results using SPEBL method. (a) An SPEBL device that can produce more than 1 million electron beamlets within a 1-cmarea. (b) SEM image of an array of electron lenses. (c) The proximity lithography result shows the size of the electron source. 
	2 



	(d) SEM image of a line of dots at 22-nm FWHM written by SPEBL at a working distance of 10 µm. (e) SEM image of parallel-writing of an array of lines. 
	Figure (6.3)(a) shows the photo of a SPEBL device capable of generating more than 1 million beamlets within a 1-cmarea without crosstalk. This prototype device also contains electrical contact pads and metrology gratings shown in the previous chapter. Figure (6.3)(b) is the SEM image of an array. The eﬀective source size of the emitter is evaluated in a proximity lithography test. During the test, an array of emitters is held at a nanoscale gap above a silicon wafer coated with a 100-nm-thick PMMA resist. A
	2 

	Figure (6.4)(a) shows an array of letters of ’NSF’ written on the PMMA resist. Figure (6.4)(b) shows the Zoom-in AFM image of the ’NSF’. These test results demonstrated the concept of SPEBL. The lithography resolution can reach a few nanometres using demagniﬁed beamlets and emitters of a smaller source size. Because of the compact size and high eﬃciency of the SPEBL device, the lithography throughput can be greatly enhanced by employing millions of emitters for parallel writing. Lithography using SPEBL is a
	Figure (6.4)(a) shows an array of letters of ’NSF’ written on the PMMA resist. Figure (6.4)(b) shows the Zoom-in AFM image of the ’NSF’. These test results demonstrated the concept of SPEBL. The lithography resolution can reach a few nanometres using demagniﬁed beamlets and emitters of a smaller source size. Because of the compact size and high eﬃciency of the SPEBL device, the lithography throughput can be greatly enhanced by employing millions of emitters for parallel writing. Lithography using SPEBL is a
	-
	-
	-

	for secondary electron collection, this high-speed technique can also be used for fast electron beam microscopy. Such a low-cost, high-throughput scheme promises a new route towards the next generation of nano-manufacturing. 

	Figure
	Fig. 6.4. Patterns writtern by SPEBL. (a) An array of letters of ’NSF’ are written on the PMMA resist. (b) Zoom-in AFM image of the ’NSF’. 
	Fig. 6.4. Patterns writtern by SPEBL. (a) An array of letters of ’NSF’ are written on the PMMA resist. (b) Zoom-in AFM image of the ’NSF’. 


	6.2 Discussion 
	In order to improve lithography resolution, the work function (WD) should be reduced. Simulation results show that if the WD is kept at 5 µm, the magniﬁcation is reduced to be 0.25× and the beam size can be reduced to 13 nm. Previously, the limitation of reducing the WD and/or increasing voltage across the WD was delamination of the focus layer shown in Figure (4.9). This is solved to add transition 2 layers. The transition layer is made of a 10-nm thick alloy 2 and it releases the shear stress eﬀectively. 
	layer between Cr and SiO
	composed of Ti and SiO

	Up to now, the record of beam number of individually addressable multiple electron-beam lithography system is on the order of 10K which is kept by MAP
	Up to now, the record of beam number of individually addressable multiple electron-beam lithography system is on the order of 10K which is kept by MAP
	-

	PER [89]. In our system, the beam number can be scaled to be on the order of 1M. In future industrial implantation of this technology, several engineering challenges must be tackled such as pattern data management, lithography process control, which are common for all maskless lithography approaches. The rapid rastering of writing beamlets can be achieved by adding electrostatic deﬂectors. 

	The potential lithography throughput of this scheme is in the order of 10 wafers per hour at sub-10 nm node. The DUV light source with 193 nm wavelength and low work funciton materials can be used to improve the quantum yield of photoemission. The UV beamlets projection system is also needed for real lithography systems. The quasi-3D plasmonic design with 2500 intensity enhancement and 20-nm size hot spot shown in Figure (2.6) can used to improve the photon focusing eﬃciency. More advanced electron optics d
	This report shows the progress and results of the high-throughput electron-beam lithography system with multiple plasmonic enhanced photoemission beamlets. The demo system and lithography results demonstrate the feasibility and potential of the alternative lithography approach with the advantage of acceptable throughput, high resolution and low cost. 
	With some easy modiﬁcations, this multiple electron-beam system can also be used high-throughput low electron energy microscopy (LEEM) [90] and high-throughputhigh-resolution electron-beam induced deposition (EBID) [91, 92]. 
	-

	LEEM is scanning electron-beam microscopy with electron landing energy below 100 V. It is very useful in imaging soft materials like biological tissues and polymers with nanoscale resolution. The optical microscopy cannot achieve such resolution and normal SEM or TEM has the resolution but the electron landing energy is too high 
	LEEM is scanning electron-beam microscopy with electron landing energy below 100 V. It is very useful in imaging soft materials like biological tissues and polymers with nanoscale resolution. The optical microscopy cannot achieve such resolution and normal SEM or TEM has the resolution but the electron landing energy is too high 
	and destroys the soft sample. So LEEM is suitable for imaging these materials with high accuracy. But the LEEM has a complicated electron optics because the electron beam is ﬁrst accelerate to achieve high resolution and decelerate just before landing the sample. The throughput is also low especially when its used to inspect a large area with ﬁne features like the EUV mask. So the multiple electron-beam system reported here can be easily modiﬁed to achieve the high-resolution-high-throughput LEEM. 

	The main approach of nanofabrication now is top-down process which removes material to do the patterning. Another approach is to build the device bottom up. At micron or submicrometer scale, 3D printing can be used to do additive manufacturing. At nanoscale, electron-beam-induced deposition (EBID) is used. EBID is a process of decomposing gaseous molecules by an electron beam leading to deposition of nonvolatile fragments onto a nearby substrate. There are two limitations of the current EBID technique. One 
	-
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