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Abstract

High-Throughput Plasmonic Nanolithography
by
Liang Pan
Doctor of Philosophy in Engineering-Mechanical Engineering
University of California, Berkeley
Professor David B. Bogy, Co-Chair

Professor Xiang Zhang, Co-Chair

The conventional projection-type photolithography approach to nanoscale manufacturing is
facing possibly insurmountable challenges, especially to invent novel technical solutions that
remain economical for the next generation of semi-conductor integrated circuits. Although
extreme ultra violet (EUV) lithography with the next generation photo-masks and 193-nm
immersion lithography with double patterning are expected to deliver 22 nm and smaller nodes, it
still cannot effectively address the reliability and cost issues required for mass production.
Maskless nanolithography is a potentially agile and cost effective approach, but most of the current
solutions have throughputs that are too low for manufacturing purposes.

This dissertation reports a new low-cost high-throughput approach to maskless
nanolithography that uses an array of plasmonic lenses (PL) that "fly" above the rotating surface to
be patterned, concentrating short wavelength surface plasmons into sub-100 nm spots. However,
these nanoscale spots are only formed in the near field (within a few nanometers of the surface),
which makes it very difficult to scan the array above the surface at high speeds. To overcome this
problem a self-spacing air-bearing surface was designed and fabricated that can fly the array just
nanometers above a disk that is spinning at speeds on the order of 10 meter/second, and patterning
with feature sizes far smaller than the far-field diffraction limit have been experimentally
demonstrated . Using this plasmonic nanolithography (PNL) approach, a 22-nm half-pitch direct
pattern writing was successfully demonstrated using ultra-fast laser assisted nanoscale heat
management and advanced PL designs.

This nano-fabrication scheme has the potential of a few orders of magnitude higher
throughput than current maskless techniques, and it opens the way for a new cost effective
approach towards the next generation lithography for nano-manufacturing.
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Chapter 1 Introduction

1.1 Introduction to Current Nanolithography
1.1.1 History and Status of Photolithography

Nanolithography is a process of patterning at the nanoscale, typically from 100 nm down to
the molecular and atomic levels, and it has been used extensively during the past decade. There are
many approaches to creating nanoscale patterns using either top-down or bottom-up schemes.
Top-down schemes seek to create and assemble nanoscale patterns using larger devices, while
bottom-up schemes seek to assemble smaller entities into larger and more complex ones. Currently,
the top-down scheme is still dominant over the bottom-up scheme in both manufacturing and
research, but there is a possibility that the bottom-up scheme may take over as the primary
nanolithography approach because of the ever-increasing complexity and cost of the top-down
scheme.

The semiconductor industry provides the primary demand for economical high-throughput
nanolithography approaches and effectively drives the development of nanolithography to keep
their trends of growth. As described by the famous Moore's law, the number of transistors that can
be placed inexpensively on an integrated circuit doubles approximately every two years in a
long-term development trend of computing hardware.

Figure 1.1 shows this trend taking CPU as an example.

Photolithography [1, 2] as an important branch of the nanolithography, is exclusively
employed in current semiconductor manufacturing. In order to keep the aforementioned growth
trends of Moore’s law, photolithography needs to maintain a similar trend of feature size reduction
at about 0.7X every two years. Current advanced photolithography tools use an optical system to
project a pattern on a photosensitive resist. The smallest achievable feature is primarily determined
by the resolution of the optical system as shown in following equation, where W,,;, is the minimum
feature size or critical dimension (CD), 4 is the wavelength and NA is the optical numerical
aperture of the illumination and k; is a process-related coefficient (commonly called the &; factor)
used in place of the constant 0.61 in the Rayleigh resolution formula.

0.611 A

and photolithography resolution: W, =k —

Rayleigh resolution: R =

The photolithography industry has been very successful in improving pattern density in the
past by continuously introducing shorter wavelength (from i-line 365 nm, to KrF 248 nm, and then
ArF 193nm), with higher NA together with many other engineering improvements. A few years
ago, there were much work on achieving 157 nm using an F; light source but it didn’t succeed due



to complexity, high cost and lack of future potential. Current state-of-the-art photolithography
tools use an ArF light source at 193 nm vacuum wavelength with water immersion in order to
further reduce the effective wavelength. The NA of optics is reaching 0.93 and the &; factor is
reaching 0.25 by using photoresist engineering, phase shift masks, off-axis illumination (OAI),
optical proximity correction (OPC) and many other techniques to produce a minimum feature size
of 32 nm in mass production. It is widely believed that 32 nm will be the smallest feature size the
current photolithography approach alone can produce economically. For further improvements,
some non-optical methods will be needed to get even finer patterns.
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Figure 1.1: Growth trend of transistor counts in Intel CPU Introductions. The transistor count
roughly doubled every two years in the past two decades. (Source: Intel)

According to the International Technology Roadmap for Semiconductors (ITRS) the
lithography roadmap (shown in Figure 1.2), another technique called double patterning will likely
be employed in a few years to further increase the pattern density. Although the double patterning
approach as shown in Figure 1.3 can provide a short term extension of conventional
photolithography, this ever-improving trend of photolithography will inevitably stop due to the
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fundamental limit of far-field optical diffraction and the infamous problem of ultra-short
wavelength light absorption. The issue that the current photolithography approach is facing is the
increasing process complexity and its extremely high cost. For example, a state-of-the-art tool
costs more than 65 million dollars each, and each set of photomasks also costs a few million
dollars. Lithography cost has become the major cost for chip fabrication. Currently, there is an
urgent call for an exotic technology to deliver an affordable patterning solution in the near future.
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Figure 1.2: ITRS lithography roadmaps updated at year 2009.

1.1.2 Alternative Approaches

The semiconductor industry is looking for some alternative solutions for 22 nm half-pitch and
below. Many approaches have been proposed and intensively studied for mass production
purposes. And among them, EUYV, nanoimprint and maskless from top-down schemes are
identified as potential solutions. Although there are no fundamental limits that prevent these
approaches reaching the desired resolution, whether any technology will eventually succeed is
mainly determined by its economical feasibility. Even if one approach is currently identified as a
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potential solution, it doesn’t necessarily mean that it will indeed be capable of meeting the
requirements for 16 nm half-pitch and below. At the current stage, some particular applications are
focusing on bottom up approaches, such as copolymer self-assembly.
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Figure 1.3: Process flows for pitch splitting and spacer patterning. (Source: 2009 ITRS lithography
white papers)
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1.1.2.1 Extreme Ultra-Violet lithography (EUVL)

Currently, EUVL [3-9] ranks as the most likely candidate for 22 nm and 16 nm half-pitch
patterning in the ITRS lithography roadmap. It is preferred because of its similarity to
photolithography and its noncontact feature. Many techniques that have been learned along the
path of photolithography are applicable to EUVL as well, such as photoresist engineering, phase
shift masks, off-axis illumination (OAI) and optical proximity correction (OPC). EUV represents
the vacuum wavelength range of 10~120 nm. This wavelength range is distinguished from the
others because of its infamous nature of suffering from absorption. Everything including air has
strong absorption in this wavelength range. This leads to many issues and thus makes EUVL very
expensive in practice [10, 11]. It requires all vacuum operations which will limit the overall
throughput. And both the optics and masks need to be reflective rather than transmissive, which
limits the feasible maximum NA (<0.5) of the EUVL system as shown in Figure 1.4.

Due to the lack of high NA EUV optics, a much shorter wavelength of 13.4 nm is required in
practice to deliver the desired resolution. Although EUVL has been developed for years, many
obstacles still exist including the availability of the EUV source, debris, blank and mask, resists,
and more. More critically, current data on EUV mask development show positioning of about 25X
to 100X off from the target and there is still no mask inspection tool available. Despite the fact that
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current EUVL is expected to require extremely high tool and process cost, which makes it poor
economically, it is still likely to be employed if it has enough throughput and reliability to manifest
itself as profitable for the semiconductor industry. In fact, 193 nm wavelength projection
photolithography, the only one yet available but very expensive, are actually working in high
volume manufacturing.
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Figure 1.4: Illustration of EUV lithography system

1.1.2.2 X-ray Lithography

X-ray corresponds to photons at wavelength of 0.01~0.1nm (soft X-ray) and 0.1~10nm (hard
X-ray). Having ultra-short wavelengths, X-rays overcome the diffraction limits of optical
lithography, and allow replication of smaller feature sizes. X-ray lithography was initially
proposed as a candidate for next-generation lithography [12]. Because of X-ray’s penetrating
nature, collimating mirrors or diffractive lenses are used in place of the optical refractive lenses to
collimate the X-ray beam. X-ray lithography uses the shadow printing method where an X-ray
mask is placed in proximity of a wafer. The X-ray mask consists of an X-ray absorber (made of
heavy elements such as Au) on an X-ray transparent membrane (such as SiC and SizN4). Several
prints at about 20 nm have been published [13]. Although it utilizes ultra-short wavelength
photons, due to the finite size of the X-ray source and the finite mask-to-wafer gap, a shadow effect
degrades the resolution at the edge of the feature. Because of its limitation of resolution and high
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cost, X-ray lithography appears to have been abandoned for next generation lithography. Yet deep
X-ray lithography (DXRL), which uses the wavelengths on the order of 0.1 nm to replicate
patterns, is important for particular applications such as LIGA (a German acronym for
Lithographie, Galvanoformung, Abformung, i.e., Lithography, Electroplating, and Molding),
where the goal is to fabricate deep and even three-dimensional structures.

1.1.2.3 Electron-Beam Projection Lithography (EPL)

Efforts have been made to access shorter wavelengths by using particles such as electrons,
ions or neutral atoms. Among them, the electron beam is more often studied since it is considered
to be a cleaner beam source without causing ion contaminations/doping to the substrate being
patterned. Typically, for electrons with energy level of 10-50 keV, the wavelength is less than 1 A.

The scattering with the regular limitation for projection electron lithography (SCALPEL)
[14-18] is one of the major EPL efforts initiated in Bell Labs, as shown in Figure 1.5. SCALPEL
uses an ebeam mask which consists of a low atomic number element membrane covered with a
patterned layer of a high atomic number material. The membrane scatters electrons weakly and to
small angles, while the patterned high atomic number element layer scatters them strongly and to
high angles. This allows the formation of a directional ebeam pattern which can be projected onto
a wafer surface with much reduced feature sizes. An aperture is used at the back-focal plane to
filter out the strongly scattered electrons to form a high contrast ebeam image at the wafer surface.
The SCALPEL mask is much simpler and cheaper than an EUV mask.
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Figure 1.5: Illustration of Nikon’s EPL system (2003)

Although shorter wavelengths are accessible with electrons, their Coulomb interaction greatly
impairs the EPL throughput, known as the Boersch effect and Loeffler effect. As the electron beam
current increases, the beam aberration also increases, which limits the achievable pattern
resolution. The SCALPEL approach has been abandoned by major lithography tool vendors for
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next generation lithography but it is still pursued by some research groups.

There are still some ongoing efforts to project election beams for lithography purposes.
Recently, KLA Tencor proposed a different scheme of reflective EBL (REBL) [19-21]as shown in
Figure 1.6. It replaced the SCALPEL mask with a programmable electron beam reflector array.
This new approach claims to solve some issues of SCALPEL and could become a potential
successor of SCALPEL.
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Figure 1.6: Illustration of REBL system by KLA Tencor (2009)

Other researchers have proposed Ion-beam lithography (IBL) [22, 23], which uses heavier
ions (such as Ga) to achieve less beam aberration, high resolution and throughput, but this
technique is not yet as mature as EPL. It also has the issue of unwanted ion doping. Improvements
are required for better ion beam source and masks.

1.1.2.4 Nano-Imprint Lithography (NIL)

NIL is a method of fabricating nanometer scale patterns by mechanical deformation of imprint
resist [24-30] and subsequent processes as shown in Figure 1.7. It is a simple and low-cost
nanolithography process with high throughput and high resolution. It usually uses heat or UV light
during the imprinting to cure the imprint resist.

Many efforts have been made to improve NIL resolution, throughput, uniformity and
reliability. Commercial NIL tools are available both for research and mass production purposes.
Compared with photolithography, EUVL and many other approaches, NIL can achieve high
resolution and throughput at low cost which makes it very attractive for data storage applications
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such as flash memory and magnetic bit-patterned media recording.

The major limitations for NIL are the imprint mold manufacturing, mold durability, pattern
overlay and defects. Especially, making a large-size high-resolution imprint mold using currently
available maskless pattern writers are unrealistic due to their low throughput at high resolution.
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Figure 1.7: Example of high resolution nanoimprint lithography

1.1.2.5 Maskless Approaches

Approaches such as EUVL and NIL, use a mask or mold to perform a pattern transfer. This
pattern replication approach greatly enhances the throughput of the nanolithography process but
also causes many issues due to its gradual feature size reduction, such as the extremely high cost of
reticules and increasing the production cycle time. Currently, the mask/mold production accounts
for the major process costs which is considered as the technical bottleneck for both EUVL and NIL
towards applications.

Many efforts have been made to develop maskless approaches [31] for high volume chip
fabrication, such as electron beam direct writing lithography (EBDW) [32], focused ion beam
lithography (FIBL) [33], scanning probe lithography (SPL) [34-37] and zone-plates-array
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lithography (ZPAL). Usually, maskless lithography (ML2) refers to maskless approaches with
significantly higher throughput than EBDW and can meet the requirements for high volume
manufacturing.

1.1.2.6 Electron Beam Direct Writing (EBDW)

As shown in Figure 1.8, EBDW uses magnetic lenses to focus a shutter controlled single
electron beam to do direct writing [32]. A beam size of a few nanometers is achievable by carefully
designing the beam current and magnetic lenses. EBDW has been widely used for device
prototyping, photo mask writing and some special fabrication. The conventional EBDW tool uses
a single beam for writing with either vector scan or raster scan. One of the advantages of EBDW is
its capability of working with numerous resist materials. Although EBDW has very good
flexibility, it suffers from its extremely low patterning throughput due to its serial scanning
requirement.
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Figure 1.8: Illustration of direct electron beam writer

1.1.2.7 Parallel Electron Beam Lithography

Many maskless lithography systems are being developed based on the use of multiple electron
beams in a parallel scanning arrangement [38, 39] or shaped electron beams [40] to enhance their
throughputs. The parallel scanning of the beams can greatly improve the lithography throughput.
For example, the maskless tool developed at MAPPER lithography [41] uses up to 10,000 parallel
electron beams (http://www.mapperlithography.com/) to write simultaneously (shown in Figure
1.9). MAPPER and other similar tools have managed to greatly improve the performance of
maskless lithography and reduce lithography costs.

However, the crosstalk between one electron beam and its neighboring beams can disturb one
another because of the Coulomb repulsion similar to that in EPL approach. And it limits the
spacing and current of the beams. Currently, the direct parallel e-beam writers still cannot meet the
throughput requirement for mass production.

Figure 1.9: illustration of MAPPER system (2009)

1.1.2.8 Optical Maskless Lithography

Typical optical maskless approaches use conventional optics or optics arrays driven by an
addressable array of light modulating elements to generate the pattern. Usually, micro-mechanical
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spatial light modulators (SLMs) are used to produce an image to be projected on the wafer. As an
example, zone-plate-array lithography (ZPAL) uses a zone plate array to focus individually
modulated light beams onto the substrate [42-48]. A computerized SLM is used in ZPAL to control
the light input to each element during scanning. A schematic of ZPAL is shown in Figure 1.10.
Although this approach is capable of optically generating arbitrary patterns, the resolution is still
diffraction limited. A shorter wavelength is still needed to generate finer feature sizes.

Focused
Beamlet

Figure 1.10: illustration of ZPAL system

1.1.2.9 Molecular Self-Assembly Lithography

Although top-down schemes are still currently dominant over bottom-up schemes in both
manufacturing and research there is a possibility that bottom-up schemes may take over as the
primary nanolithography approach because of the ever-increasing complexity and cost of the
top-down schemes. The bottom-up scheme seeks to assemble smaller entities into larger and more
complex ones. Currently, molecular level assembly is the major approach including block
copolymer self-assembly (PSA), DNA engineering, and shaped molecules (e.g. bis-peptides).
Among them, PSA is compatible with thin film technology and is particularly well studied because
of its ability to generate nanoscale patterns in a large scale [49-51]. PSA has invoked many
interests especially in the data storage related applications such as bit-patterned magnetic storage
media or high density flash memories. In theory, PSA is expected to produce structures down to a
few nanometers by optimizing the polymer structures and assembly conditions. Experimentally it
was also shown that PSA can be guided externally to form more complicated patterns, as shown in
Figure 1.11. A dot density reaching 10 Tbit/in2 was recently demonstrated [52].
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Figure 1.11: illustration of PSA results

1.2 Introduction to Plasmonic Techniques

1.2.1 Introduction to Surface Plasmons

Surface plasmon polaritons (SPPs) are the collective motions of the surface electrons at the
interface between a metal and a dielectric [53-55]. Some metals exhibit strong SPPs resonance at
optical frequencies. Using proper metal structures and illumination, SPPs can be excited and
coupled with an incident optical field through its interaction with the free electrons of the metal as
shown in the schematic in Figure 1.12.
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Figure 1.12: Schematic of the charges and the electromagnetic field of SPPs propagating on a
surface.

Confinement of the electrons near the interface produces strong enhancement of the
electromagnetic near-field in the vicinity of the SPPs. Numerous research fields have been
focused on the control and confinement of this strong, localized enhancement, including the
fields of surface chemistry, physics, biology and nanoscale engineering [56-59]. The use of SPPs
opens up potential applications in nanoscale optical spectroscopy [60], surface-enhanced
spectroscopy, surface plasmon resonance sensing [61, 62], and nanolithography[63].

Because of the coupling between the SPPs and the optical field, the optical energy
transmission through subwavelength holes can be greatly enhanced [64-68]. As observed in
experiments, transmission through subwavelength metallic hole arrays can be orders of
magnitude greater than the prediction of zero-order transmission of standard aperture theory [68].
Theory and experimental evidence show that this effect is due to the coupling of incident light
with surface plasmons at the interface between the metallic film and the surrounding dielectric
media.

The coupling between SPPs and optical fields produces a much smaller SPP wavelength
than that of the incident light. The dispersion relation for the SP at an interface between a
semi-infinite metal and dielectric materials is expressed as [69]:

i = | 6fn 27
sp
e +e, A

where ksp is the SP wave vector, A0 is the light wavelength in vacuum, €l and em are the
permittivities of the dielectric and metal, respectively. A typical SP dispersion curve based on the
above equation is illustrated in Figure 1.13.
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Figure 1.13: A typical dispersion curve for surface plasmons. To excite surface plasmons by an
incident light beam at a specific frequency, the momentum mismatch between them has to be
compensated.

Because of the momentum mismatch between the SPPs and the excitation light, a
compensation coupling mechanism is a necessity to excite the SPPs. The creation of a grating in a
metal film is considered as one of the best SPP couplers because it can effectively compensate the
momentum mismatch and guide the propagation of SPPs. The dispersive property of SPPs offers
access to much shorter wavelengths of surface waves than the excitation light wavelength, and this
promises the potential of high-resolution imaging / lithography at a length scale beyond the
diffraction limit.

1.2.2 Plasmonic Nearfield Microscopy

Nearfield scanning optical microscopy (NSOM) uses a scanning probe to scan in the nearfield
of the sample. This has been applied extensively in the studies of biology, material science, and
data storage. Although NSOM is capable of achieving a resolution well beyond the diffraction
limit of the light, its applications are somewhat limited by the strong attenuation of the light
transmitted through the subwavelength aperture, making it inappropriate for the applications such
as high-speed probing and high-throughput nanolithography. Obviously, a subwavelength optical
spot size with high light intensity is very helpful for the aforementioned applications.

The application of plasmonic coupling with focusing structures can greatly enhance the
transmission through a sub-diffraction-limited spot which enables probing the sample in the
nearfield with high resolution and high efficiency [70].
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As shown in following Figure 1.14, a set of conical gratings with a subwavelength aperture at
the apex of the cone has been fabricated in a thin Al film deposited on a tapered fiber tip. The
gratings geometry can excite SPPs and guide the SPPs propagation towards the aperture apex. To
obtain the best transmission through the aperture, the geometry of the plasmonic structure is
optimized to provide the constructive interference at the center aperture.

Figure 1.14: (left) Schematic drawing of the conic plasmonic structures. (right) Illustration of
interference between the SPPs waves generated by the inner rings and those transmitted SPPs
waves from the outer rings. Solid and dashed arrows represent incident light and SPPs
respectively.

The following 3-D simulation result (calculated by commercial electromagnetic wave
software, CST Microwave Studio) shows the optical field intensity of the plasmonic structures
normalized to the intensity without rings (Figure 1.15). The peak enhancement factor of about 36
is observed at 365nm, which is exactly our designed UV wavelength. The cross-sectional view of
the intensity profile at the plane near the aperture shows a very good field confinement with a spot
size of ~100nm along the x direction and ~85nm in the y direction. This asymmetry produced by
the symmetric structure is due to the horizontal polarization of the incident light.
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Figure 1.15: Tip side view (top) and cross-sectional view (bottom) of simulated intensity of the
nearfield of the plasmonic structures. The scale bars is 500nm.

1.2.3 Plasmonic Nearfield Nanolithography

As shown in Figure 1.16 below, this plasmonic NSOM can also be used in nanolithography
applications. During the lithography process, a laser beam at the wavelength of 365nm was
coupled into the NSOM plasmonic tip to expose a positive photoresist. A best pattern linewidth of
80 nm was demonstrated. Similar exposure results through the tip without the plasmonic structures
were only obtained by using 10 times higher input power.

This NSOM based approach allows us to utilize a light source with longer wavelength to do
nanolithography. However, it still cannot overcome the limitation of scanning probe based
lithography approaches due to its slow scanning speed. In order to meet the requirement of real
world applications, the scanning speed needs to be at least one million times faster.
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Figure 1.16: (top) NSOM probe consists of nano-structured plasmonic structures being fabricated
on the end of an optical fiber. (bottom) AFM image of the photoresist after near-field scanning
exposure using the plasmonic structures.
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1.3 Introduction to Hard Disk Drive (HDD) Technology

In 1878 Orberlin Smith introduced to the world the idea of magnetically storing the electrical
signals produced by the telephone onto a steel wire. More than one hundred and thirty years later,
and after transitioning from wires on drums recording analog signals to disks capable of storing
digital data, magnetic recording has become the overwhelmingly dominant computer data storage
technology. The current device of choice is the hard disk drive (HDD), a non-volatile data storage
system, which stores digitally encoded data on a rotating disk coated with magnetic layers. Since
the first HDD was introduced in 1957 by IBM, the basic operation principles are almost unchanged.
Today’s HDD is still the main mass storage device for computers and networks due to its
advantages in storage capacity, cost per unit storage amount, data access time and storage
reliability. The structure of a HDD is shown in Figure 1.17. Usually the components inside a HDD
can be divided into four main sub systems. They are the magnetic read/write heads, magnetic disks
and head-disk interface (HDI); a printed circuit board with data detection electronics and write
circuit; a mechanical servo and control system, including spindles, actuators, suspensions and
control chips; interface to a microprocessor and power supply.
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Filter

Spindle
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Slider (and Head)

Suspension

E-block

Voice Coil Motor
(Underneath the Top Pole)

Figure 1.17: Structure of a modern HDD. (Source: Seagate Technologies)

Modern HDDs use read and write transducers positioned by air bearing sliders a few
nanometers above a disk (made with a magnetic medium coating the rotation of which produces
linear speeds of tens of meters per second) to access the data. Figure 1.18 shows an illustration of
the standard perpendicular recording scheme in a HDD where the transducers are located at the
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vertical trailing end of the scanning head.

scanning head
relative motion
write
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recording disk medium soft underlayer

Figure 1.18: Schematic of perpendicular recording HDD systems. In a conventional HDD, a
perpendicular recording head is working above a disk medium where the data are stored as vertical
magnetized bits. The write transducer, consisting of write coils, a write pole, and a return pole, is
located at the vertical trailing end of the scanning head.

As shown in Figure 1.19, the areal recording density (AD) of HDDs has been doubling
roughly every two years. Various technology innovations and breakthroughs including thin film
head and disk technology, giant magnetoresistance (GMR) heads and the use of perpendicular
recording in place of longitudinal recording, have helped to maintain this trend.

The mechanical operation of the head-disk assembly relies on an air bearing film between the
slider and the spinning disk for a stable self regulating head media spacing (HMS) as shown in
Figure 1.20. The HMS includes the thickness of the protective layers- slider and disk
diamond-like-carbon (DLC) overcoats and disk lubricant- and the physical spacing between the
read/write transducer and the disk, the so called flying height (FH). Figure 1.21 shows the
continuous reduction of FH over the years. A reduced but still stable FH of a slider mainly relies on
a delicate design of the slider’s patterned surface, called the air bearing surface (ABS), opposite to
the disk surface. The relative motion between the slider with a well designed ABS and the disk
creates an air pressure field that can stably sustain the slider’s FH. The evolution of the slider and
ABS is shown in Figure 1.22. As a result of the rapid development of the hard disk drive, the FH
has dropped to sub 2 nm in order to achieve higher AD.
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Figure 1.19: Areal density growth trend of HDD. (Source: Ed Grochowski 2007)
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Figure 1.20: Illustration of head-disk interface. (Source: Seagate Technologies)
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Figure 1.22: Advancement of HDD read/write sliders. (Source: Hitachi Global Storage
Technologies)
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Today, the recording AD of HDDs based on perpendicular recording technology has exceeded
500 Gb/in®. However, the recent shift from longitudinal to perpendicular recording is only a short
term solution; its ultimate AD is expected to be limited to about 1 Tb/in®. At this point the AD of
conventional magnetic recording will reach the superparamagnetic limit where the ambient
thermal energy and neighboring bit polarizations are able to change the direction of the magnetic
moment for a single bit. Several solutions have been proposed for further increase in AD but two
of the most promising ones are heat assisted magnetic recording (HAMR) [71-73] and the use of
bit-patterned media (BPM) [74-78]. Although there are debates about which approach will
eventually succeed, it is conjectured that some combination of the two approaches will ultimately
enable ADs of 300 Tb/in>. In the following chapters, we will also discuss the applications of
HAMR and BPM.

1.4 Scope and Organization of Thesis

This dissertation focuses on using surface plasmons and advanced airbearing surface
techniques to achieve high throughput and high resolution maskless pattern writing.

It 1s organized into 7 chapters. Besides this first chapter which attempts to provide a brief
background of current nanolithography techniques, the fundamentals of surface plasmons and the
status of HDD technologies, the other 6 chapters are organized as follows.

Chapter 2 focuses on a variety of novel plasmonic nanostructures, the so called plasmonic lens
(PL), which utilize surface plasmons to create high-intensity nanoscale light sources for
lithography purposes. Numerical studies are presented to explain their working principles, designs
and performances.

Chapter 3 is dedicated to the development of a high speed plasmonic flying head using
advanced airbearing surface technology. Designs, simulations, fabrication and testing results are
presented.

Chapter 4 is dedicated to the development of resist and media structures including the media
tribological design, fabrication, and resist thermal analysis.

Chapter 5 describes the development of the maskless plasmonic lithography system with the
integration of the plasmonic flying head with the PLs, novel lithography medium and
optical/mechanical/electrical testbed.

Chapter 6 presents the plasmonic nanolithography results and discusses the future directions
of the work.

Finally, Chapter 7 summarizes the work presented in this thesis and discusses the potential of
plasmonic nanolithography in current and future applications.
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Chapter 2 Plasmonic Lens (PL)

2.1 Plasmonic Resonance Structures

The plasmonic nanostructure used in this work serves as a near-field focusing lens which can
effectively concentrate optical energy into a nanoscale spot. Focusing light to a highly confined
spot has numerous applications in lithography, imaging and data storage. The smaller spot size of
the focused light allows the formation of images with higher resolution and enables the writing
patterns with higher density. Great efforts have been devoted to achieving smaller light spot sizes.
The nearfield scanning optical microscope (NSOM) probe is one common way to obtain a high
confined light spot. This NSOM probe can be used to study optical properties as well as to
accomplish lithography. However, the transmission through the aperture of the probe is extremely
low for subwavelength size apertures. The transmission normalized by the aperture area is
proportional to (d/A)* [79], where d is the diameter of the aperture and 1 is the wavelength of
illumination light in free space. As an example, the optical power transmission of a NSOM probe
with a sub-100 nm opening is typically on the order of 10™ to 107 [79], resulting in a very low
throughput for both imaging and lithography applications. Clearly, a light source with
subwavelength size and high intensity will be very useful for many applications including
nanolithography, high-density optical and/or magnetic data storage, nanospectroscopy, biosensing,
molecular trapping, and so forth.

As discussed in previous chapters, focusing light can also be realized by focusing surface
plasmon polaritons (SPPs) by taking advantage of its short wavelength. Because SPPs can be
excited by incident light on some metallic interface to propagate with long decay lengths, various
structures (in Figure 2.1) have been proposed to focus light to a tiny spot by utilizing SPP [80-84].

One type of plasmonic structure is the SPPs grating which uses a series of gratings to build
constructive SPPs interference to concentrate optical energy, such as the bull’s eye aperture (in
Figure 2.1(e)). The bull’s eye aperture is a single nanoscale hole surrounded by circular gratings
which can excite and guide the SPPs propagation, thus it can dramatically enhance the evanescent
field transmitted through the sub-wavelength hole [85, 86].This system was also demonstrated in a
recording experiment by Betzig et al. [87, 88]. They used an optical fiber tapered to a 100 nm tip
and coated with an aluminum film to deliver light to a recording medium in the presence of an
external magnetic field.

The second type of plasmonic structure is the SPPs resonant aperture. Most of the common
SPPs resonant apertures are essentially ridge apertures initially proposed for microwave frequency
applications and later shown to also operate at near infrared and visible wavelengths [89-92]. As
shown in Figure 2.1(a)~(d), many designs have been studied including C-shaped, H-shaped,
I-shaped and bowtie apertures. Although the aperture shapes are quite different, they share the
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same working principal. The long dimension of the rectangular aperture part is on the order of a
wavelength to allow light that is polarized perpendicular to this dimension to propagate through
the aperture. The ridge in the center of the aperture concentrates the electric field intensity by both
the lightning rod effect and a localized SPP resonance. Similarly, other types of SPP apertures have
been proposed such as the triangle aperture, modified C-shaped and the L-shaped apertures [93].
These SPP ridge apertures usually have strong wavelength dependency.

©

Figure 2.1: Examples of plasmonic resonance structure in literatures.
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Similar to the ridge apertures, some SPP nano-antennas are also proposed to focus light in the
nearfield. Among them, bowtie antennas as shown in Figure 2.1(f) are most widely studied. The
antenna can couple the incident light with the electric field polarized along the long axis of the
antenna. And the antenna tips also concentrate the electric field intensity by both the lightning pole
effect and a localized SPP resonance working the same as the ridge apertures. By tuning the SP
resonant frequency together with the dimensions of the antenna, it is possible to concentrate the
surface charges at the points of the tips in order to generate large field intensities. The beaked
triangle plate [94, 95] is a modified version of the SPP antenna (in Figure 2.1(g)), serving as
one-half of a bowtie antenna. It has the tip of the triangle extending towards the metallic medium
to ensure that the optical energy is locally concentrated in the medium. The mirror charges inside
the metallic medium greatly enhance the SPP’s coupling.

The plasmonic lens (PL) [96], as an extension of these structures, is a nano-scale aperture or
antenna surrounded by a circular coupling grating on a metal film. The circular coupling grating
excites the surface plasmon modes on the metal surface. The energy of the surface plasmon waves
propagates along the direction normal to the slit of the gratings. As a result, the surface plasmon
waves are focused at the center of the circular grating where the nanoscale aperture is located. The
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focused surface plasmon waves enhance the energy transmission through the aperture. The
transmission through the aperture is a subdiffraction-limited spot in its near field, which can be
used as a virtual probe for optical maskless high-speed lithography with high resolution.

2.2 PL Performance Characterization

Because the new plasmonic nanolithography system uses a nearfield PL and ultrafast
picosecond-pulsed laser to write on thermal type inorganic resists, the conventional parameters
used to evaluate diffractive focusing lenses are no longer precise and effective. For this reason, we
propose some new parameters to evaluate the lithographic performance of PL, and also discuss
requirements for PL in high speed nanolithography in terms of the proposed parameters, including
focus spot size, optical confinement, field enhancement, transmission efficiency, image contrast
and lens working depth.

The focus spot size of a PL (D;) is a function of the working distance, and it is evaluated by the
full-width-half-maximum (FWHM) of the optical field at the working plane (/ ).

D, = FWHM of 1

(x.»)

Dy is one of the key parameters that determines the patterning feature size. For a linear resist,
the exposure feature size is very close to D; in terms of FWHM, but the writing feature could be
quite different for resists with nonlinear responses, such as its finite exposure threshold, pattern
shrinking and physical/chemical diffusion.

Another parameter, the optical confinement factor (/7), could be more helpful for determining
exposure threshold of a nonlinear resist. /7, is defined as the distance of the steepest optical field
gradient (d;) normalized by the spot size.

I'; 1s a nondimensional number which is important in characterizing the nonlinear response of
the resists. For a nonlinear resist with an appropriate choice of exposure threshold, the feature with
the best defined edges aligns with the position of the steepest field gradient. A smaller /7 helps
generate smaller feature sizes with a better pattern edge definition.

The light enhancement factor (£;) in this work is defined as the ratio between the peak light
intensity (/)y) at the working plane and that of the incident light (/y).

By comparing this number with that of a pinhole of the same size as the focus spot, we can
intuitively determine how much the transmitted field is enhanced by the PL.

It is worth noting that £ alone is insufficient to describe the lithographic performance of a PL,
because a higher field enhancement doesn’t necessarily mean a better PL efficiency for the same
focus spot size. In practice, an important parameter in lithographic applications is the amount of
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optical power obtainable from the focus spot.

The transmission efficiency (7) is the percentage of optical power that can be utilized to
generate patterns. Ideally, the transmission efficiency (7,) should be defined as the percentage of
total incident optical power (Py;) absorbed by the resist layer within the area illuminated by the
lens focus spot. But in practice, we use a nominal number:

b

1, =—L-x100%,

total
which is the ratio between the optical power within the focus spot at the working plane (Pr)
and the overall incident power onto the PL, because the transmission efficiency can be greatly
affected by the absorptivity and coupling properties of the resist layer.
The depth of focus (DOF) is defined as the range of working distance corresponding to +10%
change of the patterning feature size (/).

DOF = range for +£10% change of W

DOF is one key parameter to ensure the patterning uniformity because of the evanescent
decaying nature of surface waves. Usually during high speed scanning the working distance varies
over a short range mainly caused by the substrate roughness and flatness, fabrication errors and
some error dynamics in the high speed scanning process. A good PL design should be able to
tolerate some of gap variations in practice.

2.3 Example Proposed PL Designs

2.3.1 Modified Bull’s Eye

The previously discussed bull’s eye structure has stimulated extensive interest in SPPs in the
scientific community [85, 86]. However, its application is limited by the tradeoft between the
greater transmission and the finer spot size. Here, we introduce a modified structure to overcome
the limitations of the previous designs. We replace the partially through circular grooves with
through ones. This scheme achieves better light confinement and higher energy transmission. The
field penetration depth is also improved for applications of near-field nanolithography. Although
this modification sacrifices the contrast performance of the focus spot by allowing light to be
transmitted through the slits, this can be tolerated by using nonlinear resists with a higher exposure
threshold.

The proposed structure is shown in the inset of Figure 2.2(a) where the light intensity profile
along the dashed line is plotted. This numerical simulation to obtain this profile was performed
using the commercial FDTD software (CST Microwave Studio) under a linearly polarized plane
wave illumination. The polarization direction is along the y axis as shown in Figure 2.2(a). Under
plane wave illumination the SPPs are excited at both sides of the lens and propagate towards the
center [57, 97]. By tuning the period of the rings, the SPPs excited by multiple rings can form
constructive interference. Also the thickness of the metal film is carefully chosen in order to
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generate constructive interference between the top and bottom light spot. The focused SPPs
launched through the center hole help generate a stronger field profile and improve the field depth.
The simulated PL consists of a nano-aperture surrounded by 15 through rings on an aluminum film.
The hole diameter, ring periodicity, ring width and aluminum layer thickness are 100nm, 250nm,
50nm and 80nm, respectively. Figure 2.2(c) and (d) show the maximum enhancement of about
~100 at the resonant wavelength of ~365 nm. And the intensity profile as a function of the
oft-plane distance is plotted in Figure 2.2(b). As shown, the FWHM of the obtained spot is about
80 nm near the lens surface, and it becomes larger as the distance increases. Figure 2.3 shows an
SEM picture of fabricated modified bull’s eye PL.
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Figure 2.2: Numerical studies of the modified Bull’s eye PL. (a) The light intensity profile along
the dashed line shown in the inset. (b) The intensity profile plotted as a function of off-plane
distance. (c¢) and (d) top and cross-section view of field profile showing the maximum
enhancement about ~100 at the resonant wavelength of ~365 nm.

As discussed earlier, the lens transmission has a strong wavelength dependency and the
modified bull’s eye design relies on long distance propagating SPPs to concentrate the optical
energy at the center hole. Therefore, this design occupies a relatively large area and also limits the
choice of metals. At the optical range only a few metals can support long distance propagating
SPPs with reasonably small decays in the propagation direction, such as aluminum, silver, copper
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and gold. Because the poor mechanical properties of these metals can result in reliability issues
during high-speed scanning, it is highly desirable to find some other designs which allow use of
more durable metals as PL materials such as chromium. But when aluminum is replaced by
chromium in modified bull’s eye designs, the intensity enhancement is significantly reduced by
more than two orders of magnitude. For this modified bull’s eye PL, an optimized design would
have about a 150 nm spot size with an enhancement factor only about 3.

Figure 2.3: An SEM picture of modified Bull’s eye design

2.3.2 H-shaped PLs

In the flying-head PL system, the PL is fabricated on a chromium thin film because
chromium’s exceptional mechanical properties can prevent damage of the PL when it flies with the
flying head above the substrate. At the working wavelength of 355 nm, the propagation length of
the surface plasmons on Cr surface is several hundred nanometers. To utilize the surface plasmons
on a Cr film to enhance the transmission through the aperture, it is reasonable to design the PL with
its diameter around 1 um considering the limited propagation length of the surface plasmons on a
Cr surface. Many studies [98-100] have been performed recently to obtain a subdiffraction-limited
spot with high transmission through a ridge aperture at optical wavelengths. In order to design a
lens using Cr, we replace the circular aperture of the modified bull’s eye PL with a ridge aperture to
enhance the intensity of the focus spot by the PL. And only a few rings are needed to achieve
reasonable performance.

Our typical Cr-based PL has an H-shaped aperture surrounded by two rings as shown in Figure
2.4(a). Figure 2.4(b) shows the E field intensity distribution at a plane 15 nm away from the
surface of H-shaped aperture (calculated by commercial electromagnetic wave software, CST
Microwave Studio). The central spot is the focus generated by the PL. The incident light intensity
is 1 and the peak intensity of the focus spot is about 4.09. The size of the focus spot, which is
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defined by the full width of the half maximum (FWHM) intensity, is about 80 nm. The
half-circular patterns in the intensity distribution are the direct transmission through the two rings
surrounding the H-shaped aperture. The local maximum intensity at those patterns is about 1.58
corresponding to a contrast ratio of 2.6. With the proper choices of nonlinearity of resist and
exposure condition, their intensity can be well under the exposure threshold of the resist.
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Figure 2.4: Typical H-shaped PLs. (a) The structure of one PL: H-aperture surrounded by two rings.

The inset shows the parameters of the H-aperture. (b) £ field intensity distribution at the plane 25
nm away from the PL.

As shown in Figure 2.5, by replacing the through rings with shallow grooves to reduce the
peak intensity of the half-circular patterns to sub 0.1, this contrast ratio can be greatly enhanced to
the order of 20 which is good enough for most lithography applications using linear resists.
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Figure 2.5: (a) An H-shaped aperture surrounded by two rings partially through the Cr slab. (b) E
field intensity distribution at the plane 25 nm away from the PL surface.

2.3.3 H-shaped PL with a Ring Reflector

The performance of the PL can be further improved by adding a third ring with a radius of 600
nm (see Figure 2.6). The third ring, placed at a half-period position of the circular grating, acts as a
reflector for the outward propagating surface plasmon waves on the Cr film due to destructive
interference. Consequently, more light can be concentrated at the focus spot of the PL to generate
stronger peak intensity. And the ring reflector also helps to reduce the crosstalk within an array of
closely-packed PLs in a parallel patterning process. For better illustration, Figure 2.7 compares the
pointing vector fields at the planes 25 nm away from the PL with two rings only and the PL with
two rings plus the ring reflector. The insets show the enlarged view of the pointing vector fields at
regions immediately outside the outer rings of the two PLs. By comparison, it is clear that less
energy propagates outwards and more energy is focused at the center of the PL after adding the
ring reflector. Figure 2.8 shows the field intensity distribution at the plane 15 nm away from the
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improved PL. The peak intensity of the focus spot is 5.28, which is about 29% more than the peak
intensity by the PL without the reflector. Additionally, replacing of Cr with other metals that can
better support SPPs, such as Al, can further improve the lens energy efficiency.

Figure 2.6: SEM pictures of H-shaped PL with a ring reflector.
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Figure 2.7: Poynting vector fields at the plane 25 nm away from the PLs. (a) The PL with two rings
only (b) The PL with two rings and a reflector. The insets are the enlarged views of the pointing

vector fields at the regions immediately outside the last ring of the two PLs.
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Figure 2.8: An example of H-shaped PL. (a) The structure of an improved PL design: H-aperture
surrounded by two rings and a reflector ring. (b) E field intensity distribution at the plane 25 nm
away from the PL.

Comparing the lens performance between the H-shaped and the optimized modified bull’s eye,
at the focus spot size of 75 nm defined by the FWHM intensity, we find that the optical intensity
enhancement factor itself is already one order higher for the H-shaped PL. When we also consider
the size differences between them (where the H-shaped PL is about 1 pm and the modified bull’s
eye is about 4 um in diameter) for the same amount of laser total power input, the transmission
efficiency through the H-shaped PL is about a few percent (1~2% at 25 nm away from the lens
surface) which is two orders higher than that of the modified bull’s eye design.

2.3.4 Recessed H-shaped PL for Direct Line Patterning

For most semiconductor applications, it is more desirable to directly print other shapes such as
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narrow and short lines rather than isolated dots. There are many practical advantages for non-pixel
based patterning in many applications. Importantly, it can help to improve the line-edge roughness
which is critical for the device performance. And it also helps to improve the maskless lithography
throughput by patterning a larger area in the same amount of time and power consumption. A
single plasmonic lithography head can carry thousands of PLs. A combination of different types of
lenses could greatly improve both the patterning quality and throughput.

One simple example is the recessed H-shaped PL which is capable of patterning short lines
instead of connected dots. This is achieved by replacing the center H-shaped aperture with
modified partially recessed cross elements. The modified H-shaped aperture is shown in Figure 2.9.
In this design, the gap between the two ridges is enlarged to 80 nm which causes the original center
spot to split into two rectangular short lines aligned to the edges of each ridge. And then one of the
lines is attenuated by introducing a 15 nm recess to the associated ridge. As shown in Figure 2.9, a
non-symmetric E-field is generated 15 nm away from the PL. And the focus spot size is about
20nm by 60nm with a contrast ratio of 2. Figure 2.10 shows an SEM picture of a fabricated
recessed H-shaped PL.

(a)
A
A
b! id
Bl
a
H aperture on 60nm Cr: a=300 nm,
b=180 nm, s=50 nm, d=80 nm
Max |[E*=6.78
(b)

-1000 -500 0 500 1000
x(nmj

33



(C) Along x axis (d) Along y axis

2
lEF i SEl

F1s

18

0 L L
00 -1000 -B200 800 -400 -200 o 200 400 800 200 1000

a L
-1000 -800 -800 -200 -200 a 200 400 800 800 10

| dIEfidx | diEray

. : — . : .
2 iESOnm g
L] : 0
|
-2k - -1k

& L L L L L L L L L -z L L L L L
-1000 -800 -800 -200 -200 a 200 400 &00 800 1000 -1000 800 800 -400 -200 o

X (nm) y (nm)

L L L L
200 400 800 200 1000

Figure 2.9: Recessed H-shaped PL design and performance. (a) Lens dimensions. (b) Light
intensity profile at 15 nm distance from the PL. (c) and (d) Cross-section profiles.
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Figure 2.10: SEM picture of recessed H-shaped PL.

Similarly, PLs with more complicated focus spot shapes can be designed by using different
aperture shapes and introducing local pattern recesses. This approach provides more freedom to
the PNL process.

2.3.5 Push-Pin PL

One of the limitations of both the aperture- and antenna- based PL designs is the trade-off
between their resolution and coupling efficiency. For SPP apertures or antennas, the strong SPP
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resonance is tightly confined inside their nanoscale gap. And this highly confined subdiffractive
field decays exponentially at a distance away from the metal surface. A smaller light spot decays
over a shorter distance leading to a lower coupling efficiency. In order to improve both the lens
resolution and coupling efficiency, a novel type of PL, called the push-pin design, is proposed to
pattern sub 20 nm features. This push-pin design is optimized for the case when a metallic based
resist layer is used but it also performs reasonably well for dielectric resist layers.

A push-pin PL has a half antenna pin structure surrounded by a set of SPP grating couplers.
The SPP grating couplers are used to collect the SPP’s energy towards the center of the structure.
And a pin structure is placed at the center of the lens serving as an antenna pole. Figure 2.11 shows
two typical designs with different types of grating couplers. The first one uses a spiral shape slit
working with circular polarized plane wave. And the second design uses two sets of half rings on
both sides of the pin with a plane wave linearly polarized along the symmetry axis of the lens.
Because these two designs share the same idea and have similar performances, we will mostly use
the second design as an example in the following discussions.

Figure 2.11: Two typical push-pin designs with different types of grating couplers.

Judging from the geometry itself, the gratings of the push-pin designs seem to form a
destructive interference instead of constructive interferences as in the case of the circular gratings
in the previous bull’s eye and H-shaped designs. Although it seems to be contradictory to the
previous approaches, this new design is better able to couple the SPP’s oscillations in the presence
of'a metallic layer at its proximity. Most of the previous designs have the capability of focusing the
SPP’s energy to a nanoscale spot, but in the presence of a metallic resists/recording layer, their
performance is usually impaired due to the interactions between the lens and the metallic layer.
Figure 2.12 shows a comparison between cases with and without the presence of a metallic layer.
As seen from the figure, when a metallic surface is placed at the proximity of the SPP’s gratings,
the e-field profile becomes concentrated with 25 times enhancement at the center of the structures
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instead of being suppressed as before. This difference is caused by the SPP’s interaction between
two opposite metal surfaces which corresponds to the off-plane component of the e-field. It can be
understood by considering the mirror charges inside the metallic resist/recording layer.
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Figure 2.12: A comparison between cases with and without the presence of a metallic layer. (a)
Dimensions of lens design. (b) Cross-section view. (¢) Simulation result for case 1. (d) Simulation
result for case 2.

In push-pin PL designs, the pin structure is placed at the center to further localize the SPPs
utilizing both the lightning pole effect and antenna dipole interaction. Figure 2.13 shows an
example design using gold for the wavelength of 633 nm. An enhancement of about 2000 times is
achieved at the distance of 5 nm away from the pin. At a distance of 10 nm where the second gold
surface is located, the enhancement factor is about 800 times. The transmission efficiency (7.) is
more than 80% which is significantly higher than for other designs at the same resolution and
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working distance.
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Figure 2.13: An example of push-pin design using gold for the wavelength of 633 nm. (a) The
dimensions of the PL design. (b) The base surface of the PL is placed 30 nm away from the other
gold surface which leaves a clearance of 10 nm at the position of the pin. (c) An enhancement of
2000 times is achieved at the distance of 5 nm away from the pin. (d) At a distance of 10 nm where
the second gold surface is, the enhancement factor is about 800 times.

For the push-pin design, the size of the focus spot can be easily tuned by simply changing the
dimensions of the pin structure. Figure 2.14 shows an example design for a 25 nm spot size using
aluminum with a 365 nm wavelength and a 10 nm working distance.

Under proper working conditions, the push-pin design is capable of focusing light to 10 nm
and below. Figure 2.15 shows an example design using aluminum with 365 nm illumination. A 10
nm light spot is obtained at a distance of 5 nm with 100 times enhancement and 20+ times contrast.
In this configuration, the transmission efficiency (#;) is about 1% due to the ultra small focus spot
size, but both the spatial confinement and light enhancement can be greatly improved by using a
smaller working gap.
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Figure 2.14: An example push-pin design for 25 nm spot size using aluminum at 365 nm
wavelength and 10 nm working distance.
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Figure 2.15: An example push-pin design using aluminum with 365 nm illumination achieving a
10 nm light spot at a distance of 5 nm with 100 times enhancement and 20+ times contrast.

Figure 2.16 shows a gold push-pin PL structure fabricated using standard micro-fabrication
techniques. The center pin has a diameter of 40 nm and a height of 30 nm. In order to examine the
performance of this push-pin design, the fabricated lens is studied using aperture-less NSOM. In

38



the experiment, the lens is illuminated from the backside at the wavelength of 633 nm with proper
polarization. As shown in the figure, the evanescent component of the optical field is indeed
concentrated at the pin tip. Because of the non-ideal shape of the NSOM tip, both the mapped
topography and the optical field of the pin feature show a triangular shape due to the convolution
effect. The mapped optical spot field has a size of 58 nm by 105 nm, but the focus spot radius
should be smaller than 50 nm judging from the radius of the spot corner which is consistent with
our simulation results. It should be pointed out that the aperture-less NSOM measurement
represents only the nonlinear component of the evanescent field interacting with the NSOM tip
above the lens top surface. The result cannot directly represent the performance of the structure.
Also, a dielectric AFM tip was used in the aperture-less NSOM measurement instead of using a
metallic tip which could greatly enhance the structure response. Therefore, a direct lithography test
is expected to give a more convincing result.

The performance of the push-pin design was also studied using Cr as the lens material. This is
appropriate for high speed scanning for reliability considerations. Because Cr doesn’t support
SPPs as well as some metals like Al or Au, the field enhancement is much lower compared with
previously studied cases, but it still performs much better than the bull’s eye and H-shaped designs.
Figure 2.17 shows two Cr-based designs with 50 nm spot sizes. It shows an enhancement factor of
35 at a distance of 10 nm. An important parameter of a PL is its depth of focus (DOF). The
push-pin design has extraordinary performance with a large DOF. As shown in the figure, when the
gap is increased from 5 nm to 10 nm, both spot sizes and light intensities remain almost unchanged.
This long working distance helps to produce patterns with better definition and uniformity. Similar
characteristics were observed after reducing the focus spot size to 25 nm.

In the absence of the metallic resist/recording layer, the energy confinement of the push-pin
PL still exists, but it has a smaller enhancement factor. The simulations shown in Figure 2.18 show
that the enhancement for Al and Cr based designs drop to about 11 and 3, respectively. Due to the
absence of mirror charges, the spot shape is also slightly affected by the surrounding gratings and
polarization of the incident light. But in comparison to the PL designs with similar spot size, the
push-pin structure has the advantages of both higher enhancement and longer working distance.

Figure 2.19 shows the SEM pictures of the fabricated structure using Cr. Effort is ongoing to
implement the push-pin designs in both lithography and imaging applications.

Another potentially important application for the push-pin PL is in the field of nanoscale
imaging. The protrusion of the center pin design makes it an excellent scanning probe especially
for metallic structures. Figure 2.20 shows a simple example of the imaging process using an Al
based push-pin PL to probe a 40-nm Al sphere. As can be seen from the figure, there are some
strong dipole interactions when the pin scans over the Al sphere. This effect allows us to detect the
changes of scattered far-field light which can be used to reconstruct the nearfield image.
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Figure 2.16: Fabricated gold push-pin PL structure fabricated and its nearfield aperture-less
NSOM studied. (a) and (b) SEM pictures. (c) AFM measured lens profile. (d) Aperture-less
NSOM measurement. (¢) and (f) Superposed AFM measurement with aperture-less NSOM

measurement.
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Figure 2.18: The intensity fields for Al (left) and Cr (right) based push-pin lens designs. Due to
lack of mirror charges, the spot peak intensities drop to about 11 and 3 respectively and their

41



shapes are also slightly affected by the surrounded gratings and polarization of the incident light.

30nm Pin Diameter SOnta D iihane b

Figure 2.19: SEM pictures of fabricated Cr-based push-pin structures.
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Figure 2.20: A simple example of imaging process using an Al based push-pin PL to probe a 40-nm
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Al sphere. Numerical study indicated strong dipole interactions when the pin scans over the Al
sphere which can be detected in the far-field to reconstruct the nearfield image.

2.4 Summary

In this chapter we first introduced the commonly used plasmonic resonant structures and their
working principles. Then a series of lens parameters was proposed to characterize the performance
of the PL for nanolithography purpose. Novel PL designs, including the modified bull’s eye,
H-shaped, H-shape with a ring reflector, recessed H-shaped and push-pin, were introduced and
studied numerically and/or experimentally in order to investigate their performances.
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Chapter 3 Plasmonic Flying Head

3.1 Flying Head In Hard Disk Drives

The compressible Reynolds lubrication equation is the governing equation of gas lubrication.
Since only a few simple cases have analytical solutions of this equation due to the complexity of
Reynolds equation, as well as the complex geometry required for the air bearing surfaces (ABS)
numerical methods are needed in order to study other general configurations. Simulation tools
have been developed in the Computer Mechanics Laboratory (CML) at UC Berkeley over the past
25 years [101-107] to study the gas lubrication in the head disk interface (HDI). The main solver is
based on a control volume formulation of the linearized Reynolds equation.

In HDD applications, it is desirable to maintain the head-media spacing (HMS) as a constant
value at different radial positions considering both the skew angle and relative disk linear velocity
change according to the radial position. A successful ABS design needs to meet many
requirements such as flying height (FH) uniformity, track seeking performance, fabrication
tolerance, and contamination tolerance. For example , a stable and constant clearance must also be
sustained in the presence of allowable altitude and temperature changes, and possible head to disk
contacts must be avoided during load/unload processes and moderate strength operational shocks.
To achieve the higher areal densities called for in the HDD roadmap in hard disk drives (HDD), the
minimum physical spacing or FH between the read/write element and the rotating disk must be
gradually reduced to sub 2 nm by both improving the ABS designs and introducing thermal
flying-height controlled (TFC) to the head-disk interface (HDI). In order to achieve the close
spacings and fast scanning speed, the PNL adopted the idea of using the gas lubrication approach
for the scanning gap control. But because of the different emphasis in the PNL application, the
requirements are somewhat different from those of HDD applications.

In this chapter we present some novel plasmonic flying head designs based on the HDD ABS
technology. The proposed plasmonic flying head designs possess high bearing stiffness, damping
and good fabrication and contamination tolerances. Numerical and experimental studies of the
static and dynamic ABS performances, including flying attitude and load/unload performance, are
carried out and discussed.

3.2 Plasmonic Lithography Head Design and Fabrication

To achieve high-speed scanning while maintaining the nanoscale gap, we designed a unique
air-bearing slider to fly the PL arrays at a constant height above the disk surface at speeds of 4-12
meter/second. The rotation of the disk substrate creates an air flow along the ABS surface of the
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slider of the plasmonic flying head which generates an aerodynamic lift force, which is balanced
with the force supplied by the suspension arm to precisely regulate the desired nanoscale gap
between the PL arrays and the rotating substrate. With the high bearing stiffness and small
actuation mass, this self-adaptive method can provide up to 120 kHz effective bandwidth. The
usage of such an ABS eliminates the need for a feedback control loop, and therefore it overcomes
the major technical barrier for high speed scanning while precisely maintaining the nanoscale gap
between the flying PL arrays and disk surface.

As shown in Figure 3.1, the high-throughput nanolithography is accomplished by using the
plasmonic flying head at a relatively high speed (~10 m/s). The plasmonic flying head is made of a
specially designed transparent air bearing slider with arrays of PLs fabricated on the ABS surface.
Employing large arrays of PLs enables parallel writing for high throughput.

(a) LV Nlumination

Plasmonic
Flying Head

—

Rotating Substrate

—N 7 ____ S
Y Plasmonic B
S FlyingHead

Rotating Substrate

Figure 3.1: High-throughput maskless nanolithography using PL arrays. (a) Schematic showing
the lens array focusing ultraviolet (365 nm) laser pulses onto the rotating substrate to concentrate
surface plasmons into sub-100 nm spots. However, sub-100 nm spots are only produced in the near
field of the lens, so a process control system is needed to maintain the gap between the lens and the
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substrate at 20 nm. (b) Cross-section schematic of the plasmonic head flying 20 nm above the
rotating substrate which is covered with photoresist.

In order to keep all the PLs within their working distance, the parallelism between the PL array
and substrate needs to be carefully considered in designing the ABS. The ABS for the plasmonic
flying head was designed using an in-house developed air bearing simulator, CMLair [101-107].

In order to utilize the modified bull’s eye design in the lithography process, the goal of the first
generation plasmonic flying head is to achieve a consistent working distance of 20 nm at scanning
speeds from 4 to 12 m/s considering the fact that the disk linear velocity reduces as the head goes
from the outer to inner radius. Different from the ABS design for HDD application, the skew angle
in PNL process is kept at zero in order to reduce the complexities of pattern generation, light
delivery and precision position control. In HDD ABS designs, a consistent FH at different disk
radial positions is usually obtain by using the change of skew angle to compensate the change of
linear relative disk-to-head velocity. The requirement of zero skew in PNL process leads to another
practical challenge.

Figure 3.2 shows the air bearing surface design and a simulated air bearing pressure profile
with streamlines. The ABS design consists of a four-pad U-shaped dual-rail slider with a long front
bar. Two large rear pads generate the repelling peak pressure to float the flying head and prevent
possible physical contacts. The two front pads produce the steering repelling pressure to increase
the roll bearing stiffness and minimize the roll angle. Sub-2 prad roll angle is achieved across the
disk by adjusting the detailed shape and depth of the rail and pads. The pitch angle is designed to
be around 80 urad to compensate for the curvature variations of both the slider and disk. By
throttling injecting air from the leading edge, the long-bar design can significantly reduce the
slider’s pitch angle, contamination sensitivities and also enhance the slider’s damping. The
U-shaped dual-rail design efficiently increases the overall sub-ambient (“negative”) pressure
which improves both the slider’s stability and bearing stiffness. As the disk velocity decreases,
both the positive pressure and negative pressure decrease, which results in a lower FH and bearing
stiffness. The effective air bearing stiffness and damping ratio are about 2x10° N/m and 0.1
respectively. The design provides about 85 kHz bandwidth for gap control. The control band width
is defined as the frequency above which the ABS cannot attenuate the 1 nm peak-to-peak error
motion of the rotating disk by the factor of the exponential constant (e=2.7182).

Figure 3.3(a) shows the variation of minimum head to disk spacing when the slider is loaded
onto the spinning disk. During this loading process, no direct head to disk contact takes place.
Figure 3.3(b) shows the response of the minimum head to disk spacing when the head is subjected
to an external shock. During the shock, the head will deviate from it initial flying altitude and then
recover within 0.3 ms.
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(atm)

Figure 3.2: Designs and simulations of air-bearing surface (ABS). (a) Oblique view of the ABS.
The topography is scaled up by a factor of 200 for better illustration. The ABS generates an
aerodynamic lift force and it is balanced with the force supplied by suspension to precisely retain a
nanoscale gap between the PL arrays and the rotating substrate. (b) Calculated normal air pressure
(colored) and air-mass flow lines (from left to right) under the ABS with a scanning speed of 10
m/s. The pressure is normalized to ambient air pressure. The mass flow lines density is
proportional to the mass flow. At the lowest point, the air pressure is maximized but the mass flow
is minimized, which favors both air-bearing stiffness and contamination tolerance.
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Figure 3.3: Example of dynamic performance of air-bearing surface (ABS). (a) The variation of
minimum head to disk spacing when the slider is loaded onto the spinning disk. The head is
released at 3 um height with zero velocity. During this loading process, no direct head to disk
contact takes place. (b) The response of the minimum head to disk spacing when the head is
subjected to an external shock. During the shock, the head deviates from its initial flying altitude
and then recovers within 0.3 ms.

Flying PL arrays at the optical near field is inspired by the magnetic recording head in the
HDD. Unlike a conventional HDD ABS [101-107] which uses only the trailing edge mounted
transducer to serially read and write the magnetic bits, we designed the plasmonic head to contain
a relatively large area filled by an array of PLs that enables parallel writing and high throughput.

Due to the rapid decay of the light intensity of the PL, all PLs need to maintain a distance to
the rotating substrate within 30nm which requires the bottom surface of the slider to be parallel to
the substrate to within 100 prad of pitch. This stringent parallelism requirement made the design of
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the plasmonic head challenging and different from magnetic head sliders. For example, to fly
1,000 lenses within a 30 nm gap tolerance over the usable area of 800 pm % 20 um on the rear pads
with 4 um diameter PLs, the ABS needs to be designed with less than 100 prad pitch angle and 2
urad roll angle. Also, the ABS needs a larger air bearing stiffness, higher damping ratio and better
contamination insensitivity than a conventional HDD ABS. In addition, the plasmonic head must
be transparent to light.

In this work, the plasmonic flying heads were fabricated using micro-fabrication techniques
and focused ion beam milling, and they were evaluated in a dynamic FH tester (DFHT IV, Phase
Metrics). Figure 3.4(a) shows an optical microscope image of the fabricated plasmonic flying head
where the sapphire ABS coated with a metal film was assembled to the suspension, and a SEM
image of a 2-D array of PLs (4x4) fabricated on the ABS in a square lattice Figure 3.4(b).

Figure 3.4: Fabricated plasmonic flying head with a modified bull’s eye PL array. (a) Optical
micrograph of a plasmonic flying head assembled with suspension. (b) Scanning electron
microscopy (SEM) image of an array of PLs fabricated on an ABS.

Figure 3.5 shows the FH and pitch and roll angle measurements together with simulation
results. We observed that the FH is kept quite uniform over the velocity range 4 to 12 m/s. The
measured FH is in good agreement with the simulated ABS design performance where the slight
variation from 18.0 nm to 20.4 nm, which is within the tolerance of 30 nm. The measured FH
agrees well with the simulated ABS design performance. The parallelism of the ABS is determined
by the roll and pitch angles of the ABS with respect to the substrate. When the linear velocity
changes from 4 to 12 m/s, the experimentally measured roll and pitch angles vary from 0.15 urad
to -2.34 urad and 61 prad to 89 prad, respectively, in good agreement with simulation design,
which ensures the entire 1,000 lens array is within the 30nm gap tolerance.
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Figure 3.5: FH measurement of fabricated plasmonic flying head. (a) Measured and calculated FH
shows the slider maintains the FH at 20 nm, with scanning speeds between 4 and 12 m/s. (b)
Measured and simulated pitch and roll angles at scanning speeds between 4 and 12 m/s.
Agreement between experiment and simulation demonstrates that the parallelism achieved is
within the gap tolerance of 30 nm over the whole area of the PL array and the substrate.

3.3 Improved ABS Design For Sub-10 nm Working Gap

In order to improve the lithography resolution and throughput, the ABS design needs to be
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improved to achieve a sub-10 nm working gap with smaller pitch and role variations. The ABS
design goal for utilizing the H-shaped PL is to fly the PL at the height of sub-10 nm above the disk
surface at speeds of 4-14 meter/second with pitch angle around 40 prad and sub 1 prad roll angle.

Based on our previously developed 20 nm FH ABS, the improved design is obtained by
varying the etch depths and suspension preloading conditions. Figure 3.6 shows the topography
and flying characteristics of the ABS. The designed speed range is from 4 to 14 m/s considering
the fact that the disk linear velocity reduces as the head goes from the outer to inner radius. As
shown in Figure 3.6(c) and (d), consistent 9+1 nm FHs with sub-1 prad roll angle and 40-prad
pitch angle are achieved by optimizing the design of the air bearing surface.

Figure 3.6(b) shows the ABS and the simulation result for the normal bearing pressure
profile with mass flow lines. Compared with the previous design, this improved design has even
higher bearing stiffness, damping ratio and effective control bandwidth. The pitch stiffness is also
greatly enhanced, therefore, a more consistent pitch angle can be achieved at different relative
dead-to-disk velocities. Due to the high air bearing stiffness and small actuation mass, the flying
head can follow the substrate profile and maintain a consistent FH to within sub 1-nm.

As shown in Figure 3.7, a plasmonic lithography head is fabricated using micro-fabrication
techniques. Figure 3.7(top) inset shows the SEM image of one modified H-shaped PL fabricated
by focused ion beam milling on a 60-nm thick chromium (Cr) thin film coated on the ABS. Cr
was chosen as the PL material because its superb mechanical properties can prevent lens damage
when the structure flies closely above the substrate at high speeds. For this design, the working
gap is regulated to be uniform at 10 nm over the velocity range from 4 to 14 m/s with a sub-1 nm
variation. The pitch and roll angles of the flying head are maintained at 41+2 prad and sub-1 prad,
respectively. The effectiveness of the design was verified using a dynamic FH tester (DFHT IV,
Phase Metrics). Relying on the consistent pitch angle and small roll angle, up to 16,000 modified
H-shaped PLs can be placed on one single head with sub 2 nm working gap variations. Figure
3.7(bottom) shows an SEM image of an array of the modified H-shaped PL.

3.4 Summary

In this chapter, we presented the working principle, structural design, fabrication method and
testing results of plasmonic flying heads. The plasmonic flying head is made of a specially
designed transparent air bearing slider with arrays of PLs fabricated on its ABS. It can carry large
arrays of PLs which enables parallel writing for high throughput. The plasmonic flying head is
optimized for high-throughput PNL applications. This technique helps to overcome the major
technical barrier for high speed scanning while precisely maintaining the nanoscale gap between
the flying PL arrays and disk surface.
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Figure 3.6: (a) New generation ABS with oblique view. The topography is scaled up by 200 times
for better illustration. (b) Normal air pressure map under ABS normalized to standard atmosphere

pressure. (¢) FH of ABS at different disk velocities. (d) ABS parallelism at different disk
velocities.
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Figure 3.7: A plasmonic lithography head is fabricated using micro-fabrication techniques. (top)
A photograph of a fabricated plasmonic flying head. Inset shows a PL on the ABS surface. (bottom)
An SEM image of modified H-shaped PL array. Our current flying head can carry up to 16,000
lenses, The lithography throughput can be dramatically enhanced by employing PLs array for
parallel writing.
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Chapter 4 PNL Medium

4.1 Structure of HDD media

Today's HDD uses magnetic thin film to record information. Figure 4.1 shows a schematic of
HDD medium. To support a high areal density and keep a very durable head-disk interface, the
disk surface must be very smooth with minimal defects and waviness to minimize possible
contacts during high speed scanning. Disks are fabricated using sputtering of multiple metallic
films and a protective overcoat layer. The protective overcoat usually is diamond-like-carbon
(DLC) that is covered by a thin layer of Perfluoropolyether (PFPE) as a lubricant layer to improve
the durability of the head disk interface. As the areal density increases, the decreasing magnetic
spacing requires a lower FH as well as a thinner protective overcoat.

Disk Technology

Lubricant
Carbon Overcoat
CoPICrB Magnetic Layer
& A Ruthenium Layer
CoPtCrB Magnetic Layer

Cr Underlayer

= Glass
— Substrate

=

Figure 4.1: Schematic of layered HDD disk medium (from HGST)

4.2 Structure of PNL Medium

4.2.1 Choices of Resists

Many efforts have been made to fly airbearing surfaces on different types of material for
varieties of purposes, such as optical recording and microscopy [108-125]. In the application of
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PNL, we need to fly the airbearing surface above a resist layer. And it is desirable to have a resist
layer with good mechanical properties, high resolution and good compatibility with the thin film
disk fabrication process.

Conventional photoresists used in photolithography are mostly organic and photon based.
Typically they have some type of photon absorbers to collect incident photons and generate
chemicals to initiate a series of reactions. In order to enhance the resist sensitivity, most of them
use a chemical amplification method to reduce the amount of photons required for the exposure
reactions. However, this chemical amplification approach is a diffusion based process which will
limit the ultimate lithography resolution. Although some current photoresists designed for 193 nm
are capable of reaching a resolution of 16 nm with special treatments, they are not good choices for
PNL due to their poor mechanical properties, high dosage requirement and method of film
preparation.

In this work, we chose solid inorganic materials as a resist layer because of their good
mechanical properties, low required dosage and sputtering compatible deposition process. Many
composites and alloys can be used for resist purposes including TeO, Ge-Sb-Te-Bi, Ge-Sb-Te,
Sb-Se-Te, In-Sb-Te, Ge-Te-Sb-S, Ag-In-Sb-Te, Si/Cu, AlSi, LiNbO3, a-Si and Poly-Si. Many of
them are currently used for optical recording purposes and their working mechanism mostly relies
on phase transitions driven by temperature changes. Some of the materials allow reversible phase
change and are used in rewritable optical disks, such as Ag-In-Sb-Te and Ge-Sb-Te. Figure 4.2
shows a schematic of an optical disk with phase-change layers as recording media.

Pump and Probe Beams Single-sided Disc
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Figure 4.2: Schematic of an optical disk with phase-change layers as recording media

As an example, the media AgInSbTe from the group of chalcogenide glasses, can be switched
between crystalline state and amorphous state under different laser treatments. At the amorphous
state, a long duration (>10 ns) and lower-intensity laser irradiation will heat up the material to its
crystallization temperature but still below its melting temperature. At the crystalline state, a short
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duration (<10 ns) and high-intensity laser irradiation will heat up the material to its melting
temperature and cool it down quickly to the amorphous phase. The amorphous phase has lower
reflectivity than the crystalline phase, therefore, the optical data can be recorded to and read from
the optical disk. These phase changes are also associated with changes of both electrical properties
and chemical properties. The unique phase reversible electrical characteristic makes phase-change
memory useful as a non-volatile memory. With appropriate choices of etchants and reaction
conditions, the phase induced chemical properties changes make them also useful as thermal type
resist materials, such as TeO [126] and Ge-Sb-Te [94, 127].

4.2.2 Phase-change PNL Resist

In our work, we developed an inorganic thermal resist (TeO,)Te,Pd, [x=80% wt., y=10% wt.,
7z=10% wt.] as a positive thermal resist working with alkaline solution for the application of PNL.
Pd is added to the Te-TeOy in order to enhance the exposure uniformities and resist resolution by
forming finer crystalline grains during phase transition, and its thermal stability is also greatly and
beneficially improved. In comparisons with organic photoresist, the new resist has mechanical
properties close to glass which is much better than those of organic polymers in terms of Young’s
modulus and hardness. And this inorganic resist can be deposited onto standard substrates using
RF sputtering methods. This preparation method is critical because the resist layer and protective
overcoats can be easily deposited sequentially in the same sputtering tool without breaking the
vacuum which is important to avoid surface contaminations caused by exposure to the air. The
ultimate resist resolution is mainly determined by the grain size and the spatial temperature profile.
Using proper preparation method and exposure conditions, the obtained feature size can reach 10
nm or even smaller.

In our application, the (TeO,).Te,Pd, layer was positioned using RF sputtering while flowing
Ar and O, gases. This deposition condition produces fine particles of the Te-Pd based materials
and amorphous TeO, homogeneously distributed inside the film. When the temperature rises to a
level high enough to induce phase-change, Te-Pd based crystals will grow and TeO, becomes
continuously distributed among Te-Pd based crystals. The phase change process is also associated
with an optical transmission change. Because of the high etching rate of TeO, in alkaline solution,
the phase-changed materials can be developed by alkaline solution. But phase-unchanged
materials are not dissolved because the Te-Pd based fine particles are insoluble in alkaline solution
and can stop the etching process.

In order to calibrate the phase transition temperature, a digital hot plate was used to heat up the
different film samples uniformly to different temperatures. At the film temperatures below 200 °C,
no obvious optical transmission change could be observed. When the film temperature reached
200 °C, the optical transmission began to drop as the film temperature increases and this dropping
trend slowed down after the temperature went beyond 350 °C.

After the hot plate tests, the heated films were put into dilute KOH solutions with different PH
values for 30 seconds to study their etching rates. When PH > 11 both phase-changed and
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phase-unchanged films were etched away quickly, and when PH < 9 neither phase-changed nor
phase-unchanged films were obviously etched within 30 seconds. At PH = 10, only the
phase-changed films were etched within 30 seconds. Therefore, a KOH solution with a PH value
of 10 was chosen as the developer for this TeOy based thermal resist.

Figure 4.3 shows AFM images of laser heating test results. A CW Argon laser was used as the
light source operating at 365 nm wavelength and 250 mW output power. A high NA (~0.42) UV
graded aspherical lens was used to focus the light onto a 100 nm thick resist film surface at a linear
scanning speed of ~1 cm/sec. At this scanning speed and laser power level, heat can quickly
accumulate locally and the temperature quickly rises high enough to melt and even burn the resist
layer.

As shown in Figure 4.3(a), the highly concentrated laser power generated a 2-pum wide groove
at the heating location. Some of the materials were re-deposited on both sides of the groove. The
heat conduction also generated a temperature profile around the heated spot to induce the phase
transition. No obvious topographic changes were found in these phase-changed regions but visible
changes could be observed optically under the microscope. As shown in Figure 4.3(b), after
development in diluted KOH solution, the phase-changed regions were found to be etched away
leaving some recessed grooves. As shown in Figure 4.3(c), with reduced laser power or/and
increased scanning speed, the size of direct burning marks also reduced continuously and
eventually vanished.
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Figure 4.3: AFM images of laser heating test results. (a) The highly concentrated laser power
generated a 2-pum wide groove with induce the phase transition and materials re-depositions. (b)
The phase-changed regions etched away after development in diluted KOH solution. (¢) With
reduced the laser power or/and increased scanning speed, the size of direct burning marks also
reduced.

At a linear speed of 5 m/s and 30 mW laser output power, no obvious topographic marks were
found before development. After being developed for 30 seconds, the sample showed about 1 um
wide exposure marks with well defined side walls, as shown in Figure 4.4.

nm
50-
OWW
=504 I I I
0 10.0 20.0 30.0
Hm

Figure 4.4: Topography (top) and cross-section (bottom) view of AFM image showing about 1 pm
wide exposure marks with well defined side walls.

4.2.3 Disk Tribological Designs

Although TeOy based inorganic resist has much better mechanical properties than organic
resist, it is still relatively vulnerable in a high speed scanning process, especially when the flying
head is in contact with the resist surface. The possible contacts between the plasmonic flying head
and resist surface could generate particles which can likely lead to catastrophic interface failures.
In order to improve the reliability of the head-disk interface, we used additional overcoats and a
PFPE lubricant to protect the resist layer during the PNL process. Protective overcoats were also
used on the plasmonic flying head to protect the PL metal film.

Protective overcoats, such as Diamond-like-carbon (DLC) and CNy which are commonly used
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in magnetic recording applications can be helpful for preventing contact induced resist and PL
damages. On the flying head, we used DLC overcoats prepared by the sputtering process. In order
to improve the adhesion of the DLC to the metal film, a thin transition layer of carbide film was
employed by co-sputtering the Cr and metal simultaneously. The hardness of the DLC film was
measured using a nano-indenter (Hysitron Inc.) to confirm the mechanical properties. For
tribological consideration, it is desirable to use DLC films with high Young’s modulus (E), high
hardness (H) and moderate H to E ratio, so the films won’t be too soft or too brittle. Figure 4.5
shows an example of a nano-indentation measurement result of a 70 nm thick DLC overcoat
deposited on a Si substrate. An ultra-sharp nano-indenter tip (NorthStar™ Cube Corner) with tip
radius < 50 nm was used in the test and the engage depth was about 30 nm at the load of about 200
uN. The measured hardness and Young’s modulus were 22.75 GPa and 161.5 GPa respectively,
and the obtained results accord well with our expectations. It should be noted that the measured
results are effective values for the DLC film and Si substrate system because the indentation depth
is at the same order of DLC film thickness.
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Figure 4.5: An example of DLC film nano-indentation results performed on a 70 nm thick DLC
overcoat on a Si substrate.

Due to facility limitations, a SisNy film, rather than DLC, was deposited onto the resist layer
by magnetron sputtering as a protective overcoat. An atomically thin layer of Cr is used as an
adhesion layer between the resist layer and Si3N4 overcoats. Both disks and flying heads were
examined using AFM. The RMS roughness value after deposition of the protective overcoats is
about 0.3 nm which is almost the same as that of the substrate before film depositions.

Furthermore, a 2-nm thick lubricant Perfluoropolyether (PFPE) was also dip-coated on the top
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of overcoats. The lubricant thickness is controlled by varying both the linear pull-out speed and
solution concentration. A long travel computerized micro-stage with ultra smooth motion was used
in order to reduce the lubricant micro-waviness generated during the dip-coating process. The
lubed disks were later examined using an Optical Surface Analyzer (Candela OSA 5100) for
thickness and uniformity.

This tribological configuration greatly reduces the friction and possible damage when the
slider is in contact with the disk surface. The tribological performance was verified using a
homemade white light interferometer with an Acoustic Emission (AE) system and a Laser Doppler
Velocimeter (LDV OFV-512 Polytec). With these tribological properties, we were able to directly
load our flying heads on to the disk at 10 m/s disk velocity without damaging the underneath resist
layer and PL structures.

4.2.4 Thermal Designs

As shown in Figure 4.6, the PNL is a dynamic process involving the competition of high speed
scanning, thermal diffusion, heat accumulation and optical absorption. The laser light is delivered
onto the PL by a high NA UV objective through the transparent flying head substrate. Besides the
optical energies reflected away by the metal film, a majority of energy is absorbed as heat and only
a small portion was coupled by SPPs into nearfield optical irradiation at the other side of PL to
pattern the resist layer. Beside the previously addressed tribological issues, there are still two other
thermal challenges to be tackled in the PNL application. One is the heat management of the
lithography head, and the other one is the nanoscale heat confinement in the resist layer.

In the plasmonic flying head, all of the generated heat is dissipated away mainly by two means,
1) heat conduction into the bulk head material, and 2) thermal irradiation and heat conduction
through the air gap into the disk. Thermal management of the plasmonic flying head is important to
ensure the flying head’s durability and the pattern uniformity. Excessive optical heating could
seriously damage the metal structures as shown in Figure 4.7. Figure 4.7(a) shows an AFM image
of a modified bull’s eye PL fabricated on a quartz substrate with 80 nm thick aluminum films.
Figure 4.7(b) shows an AFM image of the same PL after burning with 30 mW CW UV light at 365
nm wavelength for about 30 seconds. It is shown that the local heat accumulation under this
configuration can generate a temperature field high enough to cause interface damage between
aluminum and quartz. An even high laser power could melt the PL structure. In order to use the PL
at a much high laser power, which is required for the high speed scanning, sapphire substrate is
used to replace the quartz because of its high thermal conductivity and excellent mechanical
properties. After switching to sapphire, the damage threshold was found to improve by one order
of magnitude in the same laser burning test. This sapphire based configuration allows us to use up
to 300 mW of CW laser power to illuminate a single PL, but it still will not allow us to parallelize
many of them in a close-packed form due to the high power requirement of each PL. In order to use
PLs in a close-packed form, we need to reduce the laser power consumption of each lens by at least
one order of magnitude.
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Figure 4.6: Illustration of the PNL process. It involves the competition of high speed scanning,
thermal diffusion, heat accumulation and optical absorption.
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Figure 4.7: AFM image of PL topography before (left) and after (right) excessive optical heating.
PL fabricated on a quartz substrate with 80 nm thick aluminum films.
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At the disk side, the problem is more than avoiding thermal damage we must also ensure the
high thermal confinement and good pattern uniformity. As discussed previously, the formation of
the thermal pattern is a process involving the competition of high speed scanning heat diffusion,
heat accumulation and optical absorption. After the heat is deposited into a small volume of the
resist layer, it rapidly diffuses into its neighborhood and the disk substrate. As a result of thermal
diffusion, the heat affected region in the resist layer grows and the peak temperature also reduces
accordingly. If the heating spot continuously drags along the resist surface, it will leave a
drop-shaped exposure mark as shown in Figure 4.8 and also illustrated in Figure 4.6. This result
confirmed that the heat diffusion distance determines the required exposure dosage for recording
and heat accumulation can greatly affect the uniformity of exposures. A solution to this issue will
be presented in the following discussions.

Figure 4.8: An example of drop-shaped exposure marks due to heat accumulation.

In practice, we want to both reduce the laser power requirement and minimize the heat
accumulation effect to improve the pattern uniformity and resolution. A layer of heat sink
underneath the resist layer significantly helps improve the sub-micron scale pattern uniformity and
similar approaches have been widely used in CD/DVD recording media. But when the feature size
is comparable to or smaller than the resist thickness (on the order of 50 nm in current PNL
experiments), this approach itself is not adequate.

The key solution to the above issues is to lower the required operating power level by
controlling the heat diffusion at the nanoscale. The thermal diffusion length is a function of time
and material properties (mainly thermal diffusivity). By switching to an ultrafast laser source, we
can greatly reduce the thermal diffusion length, and therefore confine the heat within a much
smaller region to achieve lower laser power consumption, good pattern uniformity and high
feature resolution.

Figure 4.9 shows a log-log plot of an estimation for the required laser pulse energy to generate
one isolated 50-nm dot mark at different pulse durations. It assumes a PL with a perfect 50-nm
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focus spot and a scanning speed on the order of 10 m/s. The solid curve corresponds to the amount
of required laser pulse energy normalized to the minimum required energy £, which is the amount
of energy needed to change the phase for a semispherical material volume of 50-nm diameter
without affecting any of its neighboring materials. The trend shows that the amount of required
energy grows dramatically as the pulse duration increases. This increasing trend grows more
rapidly as the exposure feature size gets smaller than 50 nm.
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Figure 4.9: A log-log plot of estimated laser pulse energy required to generate a single 50-nm
diameter exposure mark at different pulse durations where Ej is the amount the energy needed to
change the phase for a semispherical material volume with 50-nm diameter.

As an example estimation at 50 nm singe spot writing at 10 m/s, i.e., 500 MHz with 2 ns time
interval, the minimum average power required to expose the resist using 2 ns pulse interval is
about ~1.5 mW considering a 100 nm thermal diffusion length, which corresponds ~3 pJ heat per
time interval. It requires 300 mW CW laser operating power per lens considering the case of 50%
light delivery efficiency, 2% PL coupling efficiency and 50% resist absorption efficiency. In
comparison with the case of 10-ps pulsed laser source, the minimum average power required to
expose the resist with the same 2 ns time interval is about ~0.05 mW considering a 10nm thermal
diffusion length, which corresponds ~0.1 pJ heat per pulse. It only requires 10 mW average laser
operating power per lens using the same optical system and plasmonic structure.

One of the disadvantages of using ultrafast lasers in PNL is their pulse induced structure
damage such as ablations. The dashed line in Figure 4.9 shows the estimation of the damage
thresholds for the PL used to focus and deliver the energy to the resist layer. The damage
thresholds show a similar trend as the curve for required energy. The vertical distance between the
two curves defines the working margin where laser power is high enough to generate exposures
but not high enough to damage the PL. This estimation shows that an optimal working region
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operates at the pulse duration close to 10 ps.

Table 4.1 shows an itemized comparison between a 10-ps pulsed ultrafast laser and a 2-ns
modulated CW laser. The 10-ps ultrafast laser promises patterns with much finer feature size and
pattern contrast. As shown in the previous estimation, the overall power is reduced by roughly 30
times which will significantly reduce the heat accumulation effect and allow the employment of
the close-packed PL array for parallel pattern purpose.

Table 4.1 Comparison between a 10-ps pulsed laser and a 2-ns modulated CW laser.

Items 10 ps ultrafast laser | 2 ns modulated CW laser
Required Average Power I 30x%
Working Margin 1x 2x
Heat Accumulation Effect 1x 30x
Exposure Contrast,' 1.e., 10% 1%
Temperature gradient
Expected Litho Feature Size 10 nm % 10 nm 20 nm x 100 nm
PL fi llel
Number of PLs supported > arrays o.r paratie A few PLs
patterning

It should be mentioned that, in processing of larger scale and dense patterns where the heat
accumulation still can affect the pattern uniformity, a heat sink structure consisting of a high
thermal conductive metallic layer and a low thermal conductive dielectric layer underneath the
resist layer will be very helpful.

4.2.5 Lubricant and Overcoats Stability

Similar to the heat-assisted magnetic recording (HAMR) system, which also requires the
nanoscale local heating of the recording media to several hundreds of degrees higher temperature
within a nanosecond, such a high and rapid temperatures change can lead to catastrophic head-disk
interface failure due to the desorption and/or degrading of the lubricant and the overcoats [128]. In
this part of the study, we used plasmonic flying heads to investigate the effects of nanoscale laser
irradiation on the disk lubricant under different laser heating power levels and laser heating cycles.
After each test, the disk surface was examined using a Candela OSA to study the medium surface.

Figure 4.10 shows the scheme of the lubricant durability tests. Because of the spatial
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resolution limitation of the Candela OSA, we performed the lubricant laser burning test by
scanning the PL over a 50-um wide strip consisting of multiple adjacent patterning tracks. Free
space direct laser burning tests were also performed for comparison purposes. In the direct laser
burning tests, the laser source was synchronized and modulated according to the spindle’s motion
in order to better distinguish the generated marks. Furthermore, in order to exaggerate the lubricant
changes, the head radial scan speed was varied in the range of 20~40 nm/s which is one order
slower than the typical radial scan speed in the common lithography tests. All of the following
tests were performed with the lubricant PFPE Z-Tetroal at a spindle speed of 1000 rpm,
corresponding to a disk velocity of about 4 m/s.

Figure 4.10: Scheme of lubricant durability tests.

Figure 4.11 shows the results of three flying tests at different radial positions of the same
medium. The top two were performed as lubricant laser burning tests with laser power of 30 mW.
The radial scan speeds are 25 nm/s and 40 nm/s, respectively. And the third one was performed
with the laser off and scanned at 40 nm/s for comparison purpose. It can be clearly seen that the
laser indeed caused visible lubricant changes in addition to those generated by the ABS, and a
larger number of burning circles produced more obvious marks.

Figure 4.12 shows multiple lube laser burning tests at different radial positions by varying the
laser power levels as labeled. The radial scan speed was kept at 40 nm/s for all tests. From the OSA
scans we can see that higher laser power levels generated more obvious marks and no
distinguishable marks were found at laser power levels below 27 mW. The disk was examined with
the Candela OSA one day later to allow the lubricant to reflow in order to study the lubricant
relaxation, and it is seen that the scan results showed the visible signs of lubricant relaxation.
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Figure 4.11: Three lubricant flying tests at different radial positions of the same disk under
different laser irradiation conditions.

Lube reflow

Figure 4.12: Multiple tests at different radial positions and the laser power levels.
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Figure 4.13 shows a single lube laser burning tests at the laser power of 33 mW and a radial
scan speed 30 nm/s. The top figure shows clear marks of a laser caused burning line, ABS caused
depletion line and wash-board-like modulation marks. The middle figure shows the lubricant
relaxation result after 4 days. And the bottom figure shows the OSA scan after removal of the
mobile lubricant by soaking the disk in HFE7100 for 1 hour. These test results clearly indicated
that the laser irradiations not only caused lubricant changes in the mobile part but also the bonded
part and/or the protective overcoats were affected too.

Figure 4.13: Comparison between a laser caused and ABS caused lubricant changes.

Figure 4.14 shows a comparison burning test between the free space laser and nearfield PL
under the same laser power of 33 mW and a radial scan speed of 25 nm/sec. We found that the free
space laser source caused similar but weaker lubricant changes although a much larger amount of
photons reached the disk surface. One of the possible explanations is, although the PL only
coupled a small percent of the overall laser energy, it generated an enhanced peak light intensity
which is a few times stronger than that of the incident light. This higher light intensity lead to
higher peak temperature which could greatly accelerate the lubricant degradation. This
phenomenon agrees well with the trend of lubricant thermal degradation.
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Figure 4.14: Comparison between a direct laser irradiation and PL coupled laser irradiation.

The lubricant laser irradiation test results show the lubricant is still functional in the current
lithography process. But because more obvious lubricant degradation phenomena were observed
when working with the PL with high local field enhancement, it might become a critical issue as
both the patterning feature size reduces and PL efficiency improves.

4.3 Summary

In this chapter, we presented the medium structure specially designed for the PNL process. An
inorganic thermal type phase-change resist was developed, tested and prepared. Both the resist
working mechanism and nanoscale thermal management of the head-disk interface were
investigated. Advantages of using an ultrafast laser in the PNL were also discussed based on the
properties of the proposed resist layer. Potential lubricant failure modes were experimentally
studied.

68



Chapter S Plasmonic Nano-Lithography System

5.1 Base System

In the base PNL system, the firing of a laser is synchronized with the position of the plasmonic
flying head enabling lithography of arbitrary patterns as illustrated in the configuration shown in
Figure 5.1. The ultra high speed firing of the laser is controlled by a high speed optical modulator
controlled by the signal from a pattern generator, created according to the object to be written on
the resist as predefined and loaded. As shown in previous chapters, the laser light illuminated upon
the PL is focused into a nanoscale spot. And the air bearing spindle on which the disk is mounted
allows the resist-coated recording disk to be spun at extremely high-speeds equivalent to a disk
linear velocity of several meters per second while maintaining the close proximity gap between
lens and resist by use of the advanced airbearing surface (ABS) technique that allows the exposure
of sub-wasvelength details. The relative position of the head to the disk can be obtained from the
angular position of the disk from the spindle encoder and the radial position of the nanostage,
which holds the head. This position information is used to control the firing of the laser to achieve
the desired pattern. The previously introduced inorganic TeO, based thermal type resist is used as
the recording medium due to its superb mechanical properties, good sensitivity and high
resolution.
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Figure 5.1: A schematic of the PNL experimental setup. The PL focuses ultraviolet laser pulses
onto the rotating substrate by concentrating surface plasmons (SPPs) into nanoscale spots. An
advanced airbearing surface (ABS) technology is used to maintain the gap between the lens and
the substrate at 10 nm. A pattern generator is used to pick the laser pulses for exposure through an
optical modulator according to the angular position of the substrate from the spindle encoder and
the radial position of the flying head from a nanostage.

Similar to most other maskless lithography approaches, it is a great challenge to manage large
scale arbitrary patterning especially for the PNL in order to fulfill its potentials of good reliability,
high throughput and very high resolution. Many issues need to be addressed including wafer
throughput, die-to-database pattern inspection, pattern stitching and controlling the variability
between beams in multi-beam systems.

In particular for PNL, these issues such as data and pattern management, pattern positioning
error control, need to be considered and addressed in order to achieve good system performance,
including patterning accuracy, process reliability and manufacture throughput. In this work,
several modularized subsystems were built in addition to the previously illustrated base setup as
shown schematically in Figure 5.2, and a system snap-shot is shown in Figure 5.3.

The shown PNL testbed was designed and optimized for an ultrafast pulsed laser, and it
includes the laser pulse modulation system, pre-focusing monitoring and CW laser assisted system,
mechanical and electronic adjustment system and the FH and light transmission monitoring
system.
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Figure 5.2: Illustration of modularized subsystems in addition to the base PNL system shown
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previously.

Laser control system Optical & Mechanical System  OptoMech Control System

Figure 5.3: Snap-shot of PNL base system

Our first generation of the prototype system aimed for 50nm patterning resolution within a
4-inch wafer. According to the International Technology Roadmap for Semiconductors (ITRS)
lithography roadmap (2009 edition), the maskless requirements are the same as the wafer
requirements except that the data volume is half that of an optical mask and the grid size is
one-quarter of the optical requirements. This leads to small critical dimension (CD) changes, high
overlay accuracy between layers and sub-10 nm lithography tool positioning accuracy in both the
radial and circumferential directions.

5.2 Process Monitoring Systems

In order to ensure the process reliability, some monitoring modules are built into the base PNL
platform including a FH and PL transmission monitoring module and acoustic emission sensing
module.

The FH and PL transmission monitoring module is set to monitor the FH of the plasmonic
flying head during the lithography process. This is done by using white-light (or multi-wavelength)
interferometry at the head-disk interface together with a visible/UV imaging system. This
monitoring system is schematically illustrated in Figure 5.4.
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Figure 5.4: Illustration of the FH & PL transmission monitoring module.

In the head-disk interface, this white-light interferometry can achieve a gap sensing resolution
reaching 0.1 nm. Without careful calibration and high accuracy sensing modules, this method can
still qualitatively provide the spacing information of the head-disk interface. It is worth pointing
out that the PL transmission monitoring system only senses the far field propagating components
of the transmitted light and the scattered portion of the nearfield components, therefore it cannot
provide direct nano-focusing performance of the PL.

5.3 Patterning Data Rate and Lithography Throughput
5.3.1 Pulse Rate Multiplication

The required laser pulse rate of each PL is determined by the relative linear scanning speed
and pattern pixel size. For example, a process with 50 nm pixel size and 10 m/s scan speed
corresponds a 200 MHz minimum pulse rate, and a four-time higher rate (i.e. 800 MHz) will be
more desirable to achieve patterns with good uniformity and accuracy.

Currently, most commercially available ultrafast lasers operate at the repetition rate on the
order of 100 MHz. One way to obtain high repetition rate is to internally modify the laser cavity
and pulse triggering circuits. An alternative way is to split the laser pulse train into multiple beams,
introduce different time delays to each beam and then combine them back, as shown in Figure 5.5.
One of the advantages of this alternative approach is that it allows the use of optical modulators
with much lower bandwidth. An example optical layout is shown in Figure 5.6, where the laser
pulse rate is doubled twice from 80 MHz to 320 MHz using polarizing optics.
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Figure 5.5: Illustration of external laser pulse rate multiplication by introducing different time
delays to split beams and then combine them back together.
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Figure 5.6: A method for doubling the laser pulse rate twice from 80 MHz to 320 MHz using
polarizing optics.

In practice, we can also relax this pulse rate requirement by using a combination of different
types of PLs (for example, the H-shaped PL and recessed H-shaped PL) during the parallel
patterning but it may be at the expense of increasing the complexities of pattern processing and
requirements of stitching accuracy.
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5.3.2 Parallel Patterning

Although one single PL scanning at a speed of 10 m/s already has much higher throughput
than many other maskless lithography approaches, parallelizing multiple PLs will further enhance
the lithography throughput. As an example of a previously discussed plasmonic flying head design
with modified H-shaped PLs, up to 16,000 lenses can be placed on the bottom of the ABS
considering the changes of mean FH and pitch and roll angles at different linear velocities, which
allows the patterning of a 12-inch wafer in less than 1 minute. But in practice, it is a great challenge
in maskless lithography to independently manage 16,000 lenses and the huge amount of data
required for the patterning process. And development of PNL still needs advances in developing
high speed and compact modulator arrays or picosecond laser diode arrays.

For many high volume manufacturing applications, another alternative can address the above
issue by using synchronized spindle arrays (or multiple lithography heads) associated with
modulator arrays (or laser diode arrays) to achieve the desired high throughput, i.e., an array of
spindles or lithography heads is synchronized and fed by the same array of modulators or ultrafast
laser diodes as illustrated in Figure 5.7.
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Figure 5.7: Schematic of a parallel array of spindles fed by the same array of modulators to reduce
the required number of modulators for high volume mass production.

For example, we consider the case of writing 12-inch wafers at 10 nm resolution close-packed
features using 400 lenses per plasmonic flying head (i.e., a 20 by 20 PLs/modulator/laser diode
arrays) and 16 synchronized spindles (i.e., a 4 by 4 spindle array) with one head per spindle. The
required data feeding rate is about 400 Gb/s which is manageable using current chip and telecom
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based technologies. The hourly throughput can be as high as 100 wafers which is more than
enough for most of high volume manufacturing.

In this work, we parallelized two PLs for demonstration purposes by placing them 5 um apart
along the circumferential direction as shown in Figure 5.8. Two laser beams are delivered onto two
lenses using the same prefocusing lens by using slightly different incident angles. The prefocusing
lens focuses both laser beams down to about 2 um spots, which avoids possible crosstalk between
the PLs.

Imrad N ,
Radial

Lens #1 & #2

~5 um

W Circumferential

Designed Pattern

FIL FIL FIL

FIL FIL FIL

Figure 5.8: An example of parallelizing two PLs for demonstration purposes by placing two PLs
with 5 pm separation along the circumferential direction.

As an example as shown in Figure 5.8, two lenses write patterns independently where lens #1
writes the letter “P” and lens #2 writes letters “IL” at Sum away along the circumferential direction.
Combination of the two patterns gives the patterns of “PIL” periodically.

In this configuration, two laser beams are controlled independently by two different
modulators as shown in Figure 5.9. The current experimental system configuration can support up
to 4 PLs for parallel arbitrary patterning due to the limited number of modulators built into the

75



testbed but it can be expanded by adding more modulators.

Figure 5.9: Scheme of using two laser beams which are controlled independently by two different
modulators.

5.4 Plasmonic Lithography Positioning System

5.4.1 Sources of Error Motions

Sensing and compensating the system’s motion errors are important for achieving good
pattern definition especially during the high speed lithography process. The major motion errors
are from the relative motions between the PL and the prefocusing lens and the relative motions
between the PL and the disk. And they are mainly caused by the nonflatness of the disk substrate,
windage acting on the head/suspension assembly and the disk, and motion errors of the spindle
including both synchronized (or repeatable) motion error and asynchronized (or non-repeatable )
motion error. Figure 5.10 shows an illustration of the motion error resources decomposed into
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XRZ (off-track, down-track and off-plane) coordinates and some of the motion errors are coupled.
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Figure 5.10: Schematic illustration of Precision Rotary-Multi Axis Positioning System (R-MAPS)
(left) and definition of movement direction (right).

Figure 5.11 shows an example of typical sources of vibrations and their spectra measured in
the head-disk system. For the purpose of PNL, the overall magnitude of motion errors needs to be
suppressed well below 10 nm for most of applications.
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Figure 5.11: Typical sources of vibrations and their spectra in the head-disk system.
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5.4.2 Prefocusing Control For Light Delivery

The off-plane motion error is mainly caused by nonflatness of the disk substrate and windage
induced disk vibrations, and both of them affect the alignment between the prefocusing lens and
the PL in both the Z and XR directions because of its projection components by the suspension arm.
The vibrations of the disk can be effectively suppressed to a desirable range by switching to a
thicker disk substrate, but the disk nonflatness (both thickness and curvature) are usually
uneconomical to manage for a variety of practical reasons. Therefore, a pre-focusing control
system is built into the PNL platform to sense and compensate the relative motion between the PL
and prefocusing lens.

As illustrated in Figure 5.12, the prefocusing control system uses another CW laser as the light
source to sense the position of the PL. A high speed quad photo detector is configured as a position
sensitive detector (PSD) to detect the image of the PL. And another high speed quad photo detector
works with a set of cylindrical and convex lenses to detect the distance between the PL and the
prefocusing lens. Also, a CCD camera is used for acquiring lens images for initial alignment and
process monitoring purposes. The prefocusing lens is hosted by a PZT lens actuator and controlled
by a Labview real-time system based on the sensing information.

MIRROR

CW LASER

Quad photo

detector
Lens-set

Quad photo

detector

Polarizing beam

splitter

Beam splitter
Cylindrical &

Convex Lenses
Quarter wavelength

plate

Mirror

Actuator

Figure 5.12: Illustration of the prefocusing control system which uses another CW laser as a light
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source to sense the in-plane position and distance of the PL, and a PZT lens actuator is used to
compensate the motion errors based on the sensing information.

The actuator’s dynamic response is measured in the prefocusing system by using a sweep sine
as input and capturing the output from quad photo sensors. As shown in Figure 5.13, after loading
with the prefocusing lens, the PZT lens actuator behaves as a 2" order dynamic system with 400
Hz bandwidth, which is large enough to compensate the out-of-plane disk motion errors.
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Figure 5.13: Response of prefocusing lens actuator before and after loaded with prefocusing lens.

Figure 5.14(top) shows a typical measurement of a sensor signal power spectrum. In this test,
the disk rotated at 2000 rpm corresponding to a base signal frequency at 33.3 Hz. Figure
5.14(bottom) shows the sensor’s noise floor where the major noise peaks are mainly from the 60
Hz disturbances and can be further suppressed by improving electrical shielding as needed. As
shown in the measurement, the signals are more than three orders stronger than the noise level in
terms of magnitude which is accurate enough for our applications.

Real-time controllers were designed and implemented based on a Labview real-time module
and C language embedded subroutines. Figure 5.15(left) shows the direct measurement of the
disk’s motion errors with a peak-to-peak magnitude of 10 um. Figure 5.15(middle) shows the
sub-2 um peak-to-peak motion error after compensation using a modified PID controller. Figure
5.15(right) shows the sub-1 pm peak-to-peak motion error after compensation using a
self-adaptive controller with a noise filter. The achieved control accuracy well meets the process
requirements but it can be further improved by using another control algorithm such as
feed-forward.

The major in-plane (XR) components of motion errors between the prefocusing lens and PL
are caused by the slow drifting of alignment when the head travels over a larger range along the
radial (R) direction. They can be easily compensated by low bandwidth in-plane actuators. Figure
5.16 shows a schematic of a prefocusing system as it was integrated with the nanolithography
testbed.
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Figure 5.14: A typical measurement of a sensor signal power spectrum (top) and sensor noise floor
(bottom) where the major noise peaks are mainly from the 60 Hz disturbances before electrical
shielded. The disk rotation speed was 2000 rpm corresponding to a base signal frequency at 33.3
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Figure 5.15: Direct measurement of the disk’s error motions. (left) Before implementation of the
controller the magnitude is about 10 um peak to peak. (middle) After compensation using a
modified PID controller it is reduced to sub-2 pm. (right) Sub-1 um peak to peak motion error was
achieved using a self-adaptive controller with a noise filter.
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Figure 5.16: Schematic of prefocusing control system

5.4.3 Plasmonic Flying Head Positioning Control

One of the great challenges in PNL is the detection and compensation of relative motion errors
between the PL and the disk. Unlike HDDs where the position information is pre-coded into the
servo sectors on each side of the disks, currently the PNL approach requires external positioning
sensors to detect the relative motion error because of its stringent requirements on pattern stitching
accuracy. In order to reach sub-10 nm positioning accuracy in both the radial and circumferential
directions, it is desirable to detect the motion errors at sub-1 nm accuracy and sub-100 kHz
bandwidth. Figure 5.17 shows one possible sensing scheme (top) and control scheme (bottom)
where multiple sensors are employed to detect the motion errors and a head actuator is used to
drive the slider/suspension assembly.

Tool implementation for PNL is an ongoing effort within the NSF Center for Scalable and
Integrated NanoManufacturing (SINAM) in collaboration with the Center for Precision Metrology
at the University of North Carolina Charlotte (UNCC) and the University of California at Los
Angeles (UCLA), as shown in Figure 5.18.

Figure 5.19 shows the CAD design of the nano-positioning base stage working next to a high
precision spindle with ultra-low none-repeatable runout (NRR).
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Figure 5.17: One possible sensing scheme (top) and control scheme (bottom), where multiple
sensors are employed to detect the motion errors and a head actuator is used to drive the
slider/suspension assembly.

82



Implementation Scheme

Figure 5.18: Tool implementation for PNL is an ongoing effort in collaborations with other
researchers.

Figure 5.19: CAD design of the nano-positioning base stage working next to a high precision
spindle with ultra-low none-repeatable runout (NRR).
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The nano-positioning base stage provides a precise radial linear motion (R) in a wafer range
and also serves as a carrier for most of positioning sensors and actuators. As an example, Figure
5.20 shows the assembly of the base stage and the prefocusing control module.
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Figure 5.20: Model of the current nano-positioning base stage design

After being integrated with motion error sensors and high speed actuators for the
head/suspension assembly, the nano-positioning base stage will provide a controllable motion in
all of the out-of-plane (Z), down-track (X), and off-track (R) directions achieving sub-10 nm
stitching accuracy.

5.5 CW Laser Assisted FH Control and Resist Pre-heating Module

Inspired by the thermal flying-height control (TFC) method used in current HDDs, we
developed the CW laser assisted FH control and resist pre-heating module using the same laser and
optics as used in the prefocusing control module. By adjusting the incident CW laser power and
size of the laser heating region, we can dynamically regulate the PLs working distance and the size
of the protrusion area at the locations of the PLs. In addition, it also locally pre-heats the resist
layer through HDI heat conduction to a higher temperature for the purpose of further reducing the
exposure dosage of the ultrafast laser and improving process reliability.

Figure 5.21 shows two examples of ANSYS thermal/mechanical simulation results. In these
simulations, we used a local laser heating at the power of 300 mW (equivalent to a net heat power
of 100 mW) which is calculated from the experimental conditions (a CW laser with output power
up to 500 mW at 532 nm, 33% absorption efficiency of 60 nm thick Chromium film, and 70%
overall optical efficiency). The left figure shows a peak protrusion of 10 nm with a maximum
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temperature rise of 50 K and with a heating spot size around 40 pm. The right figure shows a peak
protrusion of 7 nm with a maximum temperature rise of 10 K with a heating spot size around 40
um. In the extreme case when the focus spot size is reduced to 2 um, the laser heating will provide
a peak temperature rise of 1000 K and a 14-nm peak protrusion where the temperature is too high
for our current application. The optimal performance is achieved using ~20 pm heating spot which
will provide a peak temperature rise of about 300 K and a protrusion of about 10 nm.

Figure 5.21: Two examples of ANSYS thermal/mechanical simulation results with a local laser
heating at the power of 300 mW. The left figure shows a peak protrusion of 10 nm with maximum
temperature rise of 50 K with heating spot size around 40 um. And the right figure shows a peak
protrusion of 7 nm with a maximum temperature rise of 10 K with a heating spot size around 40
um.

There are two things worth noting regarding the above simulations and this FH regulation
scheme. First, the thermal protrusion also affects the flying attitude of the plasmonic flying head
due to the push-back force acting on the trailing pad[102], therefore the FH reduction is somewhat
smaller than the simulated protrusion. But because the plasmonic flying head features two
extraordinarily large trailing pads without highly localized airbearing pressure, the push-back
force will only have minor effects on the flying attitude. In experiments, head-to-disk contacts can
be observed by the FH monitoring system at a CW laser power around 300 mW, which agrees well
with the simulation results. Second, although this thermal protrusion is a local effect compared to
the size of the flying head, this scheme is still valid for the parallel patterning process. For example,
working with a 20 pm heating laser spot, the protruded area is about 40 pm in diameter within 1
nm variation. When aligned properly with the ABS pitch angle, the heated region can provide
enough area for several hundred PLs for parallel patterning which is enough for most high volume
manufacturing as discussed previously.
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5.6 Summary

In this chapter, we presented the PNL system architecture for high-throughput, high resolution,
and good reliability. Many issues including data and pattern management, writing positioning
errors and process monitoring were discussed, and solutions were proposed and implemented or
are in the process of being implemented in order to improve the system’s performance, accuracy,
reliability and throughput.
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Chapter 6 Results and Discussion

6.1 Continuous Wave (CW) Laser Based PNL Tests

A CW laser based lithography test was performed for the purpose of quick demonstration of
the PNL concept. In this test, a 200-mW broadband UV CW laser (Argon laser, Spectra-Physics,
operating at ~365 nm UV broadband) beam was focused down to a several micrometer spot onto
one of the modified bull’s eye PLs in a 4 by 4 lens array, which further focused the beam to a
sub-100 nm spot onto the spinning disk for writing of arbitrary patterns (Figure 5.1). The laser
pulses are controlled by an electro-optic modulator with timing by signals from a pattern generator.
The writing location is determined by the angular position of the disk from the spindle encoder and
the position of a high accuracy linear stage along the radial direction. We used the previously
introduced TeOy based thermal resist deposited on a quartz wafer by magnetic sputtering. A high
precision airbearing spindle (Stealth 2, Seagull Precision) was used to rotate the wafer at 2,000
rpm which is equivalent to the disk speed of 10 m/s at the outer radius. After pattern writing and
development in diluted KOH solution, the exposed patterns were examined using an atomic force
microscope. The result demonstrated that we can achieve high-speed patterning with 80 nm
linewidth at 10 m/s (Figure 6.1(a)) which is below the size of the far-field diffraction limit. Figure
6.1(b) and (c) show patterning of arrays of the acronym “SINAM” with the feature size of 145 nm.
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Figure 6.1: Maskless Lithography by flying PLs at near field. (a) AFM image of pattern with 80
nm line width on the TeOx based thermal photoresist. (b) AFM image of arbitrary writing of
“SINAM” with 145 nm line width. (¢) Optical micrograph of patterning of the large arrays of
“SINAM”.

In order to achieve even smaller writing linewidths, as shown in the right hand part of Figure
6.2, a dual-spot PL (top-left) was designed for sub-30 nm lines writing. Under a plane wave
illumination, this PL produces two hot spots (top-middle), and under off-center illuminations
(bottom-left) it produces only one very narrow single elliptical hot spot (bottom-middle) which
can be used to writing narrow lines. The right figure shows an AFM image of the achieved
lithography result of semi-dashed lines modulated between 20 nm and 30 nm in width and 1 um in
period.
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Figure 6.2: A dual-spot PL for sub-30 nm lines writing. Top-left figure shows the lens geometry.
Under plane wave illumination, this design produces two hot spots (top-middle) and with
off-center illuminations (bottom-left) it produces one very narrow single elliptical hot spot
(bottom-middle). The right figure shows the AFM image of the lithography result of semi-dashed
lines modulated between 20 nm and 30 nm in width and 1 pm in period.

6.2 Ultrafast Laser Based PNL Tests

In order to fulfill the real-world application needs, as presented in the earlier chapter, a new
high-throughput maskless nanolithography system was developed with 22 nm half pitch resolution
patterning capability. A 10-mW picosecond pulsed UV laser beam(Vanguard, Spectra-Physics,
355 nm wavelength, 12 ps pulse duration, 80 MHz repetition rate) was used as the exposure light
source, to manage the critical laser dose and thermal diffusion in order to achieve good pattern
contrast, uniformity and small feature size. During the lithographic process, a spindle was used to
rotate the substrate with the resist at 2,500 rpm, corresponding to disk speeds of 4~14 m/s at
different radii. The laser pulse train was also probed by an ultrafast photodetector to provide the
external clock for the FPGA-based pattern generator for the purpose of improving the pattern
stitching accuracy. After the PNL experiment, the exposed patterns were developed in diluted
KOH solution and examined using an AFM.
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Using the H-shaped PL, we achieved 50 nm wide line writing. Figure 6.3(a) shows the AFM
image of a group of 50 nm wide lines with 20 nm depth. And Figure 6.3(b) shows an example of
parallel lithography results based on the example scheme illustrated in previous section 5.3.2.
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Figure 6.3: AFM images of (left) a group of 50 nm wide lines with 20 nm depth and (right) an
example of parallel patterning result.

The performance of the H-shaped PL can be further improved by adding the ring reflector as
discussed previously. Figure 6.4(a) shows the AFM image of a typical PNL result of a train of
closely patterned dots obtained using the improved PL design with which the resists work at a
positive tone. Due to the relatively large radius of the AFM tips, the real pattern edge sharpness
and pattern depth cannot be resolved. However, one can determine the pattern’s periodicity, which
is measured to be 44 nm. The pitch size is in excellent accord with the experimental conditions (at
a relative substrate velocity of 3.5 m/s and a laser pulse repetition rate of 80 MHz), thus each dot is
generated by a single laser pulse (~100 pJ/pulse). Although there are some dot size variations
caused by the finite shutter rising time of the optical modulator and pulse-to-pulse heat
accumulation effects, from this result we can conclude that we have indeed successfully achieved
~22 nm half pitch resolution for closely packed dot arrays.

Figure 6.4(b) shows the AFM image of closely patterned dots at 27 nm half pitch using resists
working at negative tone. We have also demonstrated line patterning at 30 nm full width at half
maximum (FWHM) as shown by the AFM image in Figure 6.4(c). It was written at both higher
laser power and higher pattern spatial frequency to allow the dots to merge into continuous lines. It
should be noted that pattern edge sharpness can be greatly improved by the optimization of resist
exposure threshold and developing conditions.
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Figure 6.4: PNL results. (a) The AFM image of closely packed dots with a 22 nm half pitch. (b)
The AFM image of closely packed dots with 27 nm half pitch size. (¢) The AFM image of arbitrary
pattern writing at 30 nm linewidth.
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6.3 Summary

In summary, we have demonstrated a PNL system which is capable of high-speed patterning
with 22 nm half-pitch resolution and 30-nm linewidth patterns. The resolution can be further
improved by utilizing shorter SPPs wavelength and guiding mechanisms [59]. Also, the
lithography throughput can be dramatically enhanced by increasing the scanning speed and
employing a greater number of PLs and flying heads for parallel patterning. Due to the extremely
fast scanning, the single PL at speed of 10 m/s already has a much higher throughput than most
other maskless lithography approaches. Consider a 16,000 lenses array occupying an area of 800
um x 20 um at the bottom of the ABS with each PL of 1 um in diameter. Taking into account the
changes of mean FH, as well as the pitch and roll angles at different linear velocities, our
simulation shows that the corresponding FH variation for all the PLs is with the range from 8 to 12
nm, which is well within the acceptable range of the PL working distance. Thus, at the scanning
speed at 10 m/s, a plasmonic flying head carrying 16,000 lenses can write a 12" wafer in less than
1 minute. Furthermore, a slider of a few millimeters in size may take up to 10’ lenses.

Flying PL arrays at optical near field enables a low cost, high-throughput maskless nanoscale
fabrication with a few orders of magnitude higher throughput than conventional maskless
approaches. It opens a new route towards the next generation lithography (NGL) not only for the
electronics industry, but also for the emerging nanotechnology industry. Besides its application in
nanolithography, this technique can also be used for nanoscale metrology and imaging.
Furthermore, it has strong potential to facilitate the next generation magnetic data storage, known
as heat assisted magnetic recording (HAMR) and Bit-Patterned Media (BPM), to achieve two
orders higher capacities in the future [128]. In future industrial implementation of this technology,
some engineering challenges must be addressed such as pattern data management, lithography
linewidth control, pattern overlay and resist defect reduction, which are common for all maskless
lithography approaches. Integrated approaches for precision engineering, metrology, as well as
new resist development will be needed.
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Chapter 7 Summary

This thesis focuses on developing the PNL technique and PNL tool implementation for the
next-generation lithography (NGL).

After a brief overview of current nanolithography techniques, the fundamentals of surface
plasmons (SPPs) and the status of HDD technology, we presented the use of surface plasmons and
advanced airbearing techniques to develop a novel PNL technique. Chapters 2 - 4 presented the
key PNL components including PLs, plasmonic flying heads and patterning media. Both
numerical and experimental studies were performed to explain their working principles and
optimize the designs. Chapter 5 emphasized the development of the maskless PNL system with
integration of a flying head with PLs, recording medium and an optical/mechanical/electrical
testbed. Chapter 6 presented the PNL results and discussed the potential of this approach. Direct
demonstrations of 22 nm half-pitched dot-pattern writing and 30 nm line-pattern writing were
presented in this thesis.

Our ultimate goal of this work is to develop a high-throughput PNL system which can
generate arbitrary high resolution patterns for high volume manufacturing purposes. Further
studies are needed in system optimization and implementation which include higher performance
PLs, improving the head-disk interface tribological configuration, exploring the possibility of new
resists, and integration of high accuracy motion error sensing and positioning subsystems.

PNL enables agile maskless nanoscale fabrication with the potential to realize a few orders of
magnitude greater throughput than conventional maskless lithography techniques. It is a low-cost,
high-throughput maskless nanolithography approach for the NGL and also for the emerging
nanotechnology applications, nanoscale metrology and imaging. Its strong potential can also
facilitate the next generation magnetic data storage, known as heat assisted magnetic recording
(HAMR) and Bit-Patterned Media (BPM), to achieve a few orders higher capacities in HDDs in
the future. Such a low-cost, high-throughput scheme promises a new route towards the next
generation nano-manufacturing.
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