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ABSTRACT

Scanning transmission x-ray microscopes (STXM) focus monochromatic
X-rays into an intense sub-30 nm diameter spot. Samples are then positioned at the
focal plane and raster scanned through the spot while the transmitted x-rays are
acquired to build up images at x-ray photon energies. In addition, x-ray absorption
spectroscopy (XAS) can be performed by recording image sequences over a
photon energy range of interest. STXMs excel at characterizing thin sections of
inhomogeneous soft matter with their combination of high spatial (<30 nm) and
photon energy (<0.1 eV) resolution. However, the overarching theme of this
thesis is to apply the intense, tightly focused spot of x-rays to induce spatially
resolved chemical and physical changes, and directly pattern materials, primarily
thin polymer films. The irradiated areas are then investigated using several types
of microscopy (scanning transmission x-ray, atomic force, scanning electron) and
XAS. The experiments cover three broad areas: 1) Nanofabrication; realization of
the smallest possible feature sizes, and fabrication schemes unique to focused
x-rays with applications including nanofluidics. ii) Radiation chemistry and
physics; investigating the mechanisms of radiation-induced processes such as
bond formation/loss, morphological change, carbon contamination, and
temperature increase. iii) X-ray optics; the spatial distribution of x-rays at a focal
plane can be recorded in a thin polymer film and later read out using an atomic
force microscope. Applications include feedback for optics fabrication and

enhanced image processing, the ultimate goal being increased spatial resolution.
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Chapter 1

Chapter 1
Introduction
This chapter sets the context of this thesis, and begins with a discussion of
some relevant, fundamental properties of x-rays and examples of their
applications in materials analysis and materials processing. This is followed by
an introduction to patterning and lithography, featuring several important
applications, leading to examples involving focused x-rays. A short introduction
to radiation chemistry is provided, which highlights the capabilities of STXM
for unique radiation chemistry experiments. An overview of the chapters that
follow concludes this chapter.
1.1 Tunable focused x-rays
X-rays are photons which occupy the portion of the electromagnetic

spectrum from approximately 10 — 0.01 nm, or 100 — 100 000 eV (Fig. 1.1).
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Figure 1.1: The electromagnetic spectrum (from [B58] Table 1-1, © 2012 John Wiley & Sons

Inc., used with permission).
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The absorption cross section for x-rays is low relative to visible or ultraviolet
(UV) photons, therefore they penetrate deeply into matter. Rontgen was first to
demonstrate this property by imaging the bones of a live human hand [R96].
In addition, their short wavelength allows them to resolve small features; the far
field resolving power of a microscope, given by the Abbe criterion [A82] is,

A

resolution,, , =——
2NA (1.1)

where /4 is wavelength and NA is numerical aperture. The x-ray combination of
high penetration and resolving power is well suited for microscopy. Micrographs
of biological material with sub-10 nm resolution have been obtained by placing
specimens between an unfocused x-ray source and an x-ray sensitive film
[FST&77, KR85]. These are among the first and simplest demonstrations of x-ray
microscopy.

Other properties of x-rays make them ideal for materials processing.
X-rays have high energy due to their short wavelength, expressed by the Planck-

Einstein relation [PO1],

E=h=—
A (1.2)

where E is energy, /4 is Planck’s constant, v is frequency, and c is the speed of
light in a vacuum. Expressing E in units of electron volts and A in units of
nanometres, we have,

Fe 1239.84
A

(1.3)
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Consequently, the majority of the possible interactions of x-rays with matter are
ionizing processes which can induce chemical change. One of the largest
materials processing applications of unfocused x-rays is sterilization (medical
equipment, food, etc.) [I10]. Another application is deep x-ray lithography, where
x-rays passed though patterned masks are used to machine micrometre scale
metallic parts for micro-electrical/optical/mechanical systems [EM91]. The short
wavelength of x-rays is also necessary for high resolution pattern transfer, and
both applications utilize the penetration and ionization properties of x-rays. These
examples fall within a larger field of research known as “radiation chemistry”
which covers ionizing radiation-induced chemical changes in matter (Ch. 1.3).
Focusing x-rays was once thought to be impossible due to challenges
which arise in optics fabrication, such as the almost negligible difference from
unity in the refractive index of all materials at x-ray wavelengths, and the
necessity to fabricate optical elements with accuracies comparable to the
nanometre wavelengths of x-rays. The earliest demonstrations of x-ray focusing
appeared in 1931 [J31] and 1933 [J33] involving bent crystals, and in 1947
involving a curved reflective surface [E47]. The field of x-ray optics research
remains very active, perhaps more so now than at any other point in history.
Several techniques have been developed and refined for focusing x-rays

(Fig. 1.2).
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Figure 1.2: Various classes of focusing optics for x-rays (adapted from [SS00] Table 1,
© 2012 American Institute of Physics, used with permission).

The condensed power of focused x-rays has vastly improved existing
x-ray analysis techniques and enabled many new ones such as x-ray diffraction
from samples inside diamond anvil cells to investigate matter at extreme pressures
[IBP11]. Micro- and nano-focused x-ray beams have enabled the collection of
high quality crystallographic data sets from very small crystals of difficult to
crystallize molecules [H92]. Powerful materials analysis techniques such as x-ray
micro-fluorescence have benefit from smaller spot sizes to resolve, identify
and quantify ever smaller amounts of elements within ever smaller volumes
[IBP11]. There are however few examples of focused x-rays in materials
processing, beyond the millimetre scale beams used to treat certain types of
cancer [HG06, EKL&09]. Micro- and nano-focused beams of ionizing radiation,
namely electrons and ions, are used extensively for nanofabrication, especially the
industrial scale manufacture of integrated circuits [B80]. The potential of focused
x-rays for nanofabrication exists, but remains largely unexplored judging by the
paucity of published examples (tabulated in the following section).

The first direct observation of synchrotron radiation occurred in 1947
[P83]. Synchrotrons were the first practical sources of broadly tunable x-rays.

Tunable focused x-rays are especially powerful for materials analysis. Analysis at
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specifically tuned wavelengths often presents advantages over other wavelengths.
The electronic structure of materials can be explored through x-ray absorption
spectroscopy (XAS) [S92]. Spatially resolved XAS can be used not only to locate
and quantify the elements in a sample, but also to determine their chemical
environment [AZC&92]. Techniques such as multi-wavelength anomalous
diffraction in crystallography [H92] or resonant x-ray reflectivity [AHOS8] also
exploit photon energy tunability.

Scanning transmission x-ray microscopes (STXM, described in Ch. 2.3)
focus tunable, monochromatic x-rays into an intense spot — present generation
instruments routinely achieve sub-30 nm Rayleigh criterion [A99] spot sizes.
Samples are then positioned at the focal plane and raster scanned through the
spot while the transmitted x-rays are acquired to build up images at x-ray
photon energies. In addition, XAS can be performed by recording point spectra
or image sequences over a photon energy range of interest. STXMs excel at
characterizing thin sections of matter with a combination of high spatial (<30 nm)
and photon energy (<0.1 eV) resolution. However, the novelty of this thesis lies
in exploring the non-analysis possibilities of tunable focused x-rays using STXM.
Tunable focused x-rays have been applied here to induce chemical and physical
changes and directly pattern materials, primarily polymers. The irradiated areas
were subsequently investigated using several types of microscopy including

STXM, atomic force microscopy (AFM) and scanning electron microscopy
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(SEM), as well as XAS. The research contained in this thesis falls within the

general areas of nanofabrication via lithography, and radiation chemistry.

1.2 Patterning and lithography

Patterning involves exhibiting reproducible spatial control of a chemical or
physical change on a surface or within a volume of material. There are many ways
to pattern. A flow chart with some of the more prevalent patterning techniques is

presented in Fig. 1.3.

no;!; —— selfassembly - block copolymers

skl (‘bottom up”)  [PHC&97]
/ \ - colloidal [YJC&06]

CONTROL
radiation-based o
- interference [GSE&06] _ projection
- EUVL [WH10]
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totally o _—" mask
arbitrary — radiation-based

\ transmission
L - photon [SS72]
) direct write - ion [SKO&79]
contact-based (“maskless”)
\ - electron [CKR&09]
- ion [SKO&79]
. patterned template - photon [LH11]
direct write s - STM [MDD92]
e .. -nanoimprin )
[PZX&99] - PDMS stamp (“soft
lithography™)
[KTO&99]

Figure 1.3: Flow chart of various patterning techniques used in nanofabrication.

Every technique has benefits and drawbacks. The choice of which technique to

use depends on requirements such as desired degree of control, resolution,
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instrument acquisition costs and patterning speed. The first step in lithography is
the creation of a desired pattern in a sacrificial layer of material on a surface,
followed by the subsequent transfer of that pattern onto or into the underlying
substrate via a development process. The use of a post-exposure development step
separates lithography from patterning in this thesis, however the terms patterning
and lithography sometimes take on an overlapping meaning in the literature.

All patterning and lithography experiments in this thesis involve the
radiation-based direct write method. To begin, a substrate is coated with a layer of
radiation sensitive material termed the resist. Radiation is directed upon the resist
in a controlled manner which causes changes to its chemical properties, patterning
it into areas of irradiated and non-irradiated material. The sample then undergoes
a development procedure, accomplished by immersing the entire sample in a
suitable solvent. The chosen solvent may remove the irradiated resist, leaving
behind the non-irradiated material (positive mode), or the solvent may remove
the non-irradiated resist, leaving behind the irradiated material (negative mode).
After development, the desired pattern exists as a mask of resist on the substrate.
Development of the patterned resist is often a crucial step toward actual device
fabrication. The radiation-based lithography process is outlined in Fig. 1.4.

This process was first disclosed in 1852 [T52]. While there has been much
innovation with resists and developer formulations (for a historical review of

resists see [D75]) and radiation sources over the last 150 years, the general steps
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exposing
radiation

irradiated
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substrate

development

positive mode / \.negative mode

Figure 1.4: Side view schematic depicting the general steps of the radiation-based
lithography process.

have not changed. Radiation-based lithography continues to be one of the most
important methods for creating micrometre to nanometre scale structures for a
wide variety of applications. It has enabled the fabrication of electronic devices
on a massive scale with ever superior performance and reduced cost per function
which society is increasing reliant upon. Arguably three of the most important
steps that led to the information age in which we now live were enabled by
lithography:

1) In the earliest electronic devices, the many individual components were
connected together by point-to-point wiring. Circuit boards, fabricated by
lithographic means (radiation-based patterned mask method), were revealed in a

1944 patent [E44]. Assembling devices by affixing the individual components to
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assigned positions on a board immediately led to simpler, faster assembly and
repair and more compact packaging.

2) In 1959 a patent was filed describing a planar process by which the
individual electronic components themselves could be fabricated on inexpensive
Si wafers [H59]. This process involves a series of lithographic steps again
involving the radiation-based patterned mask method. The circuit designs were
hand drawn on large boards (Fig. 1.5), and then reduced in scale by optical
methods to create a set of patterned masks. Optical methods of scaling [GG70]
provided a route to shrink the size of devices to micrometre dimensions, which
made them faster simply via the shorter distance between components and also

cheaper as many devices could be rapidly fabricated using less material.

Figure 1.5: Photograph depicting the hand drawing of original artwork for an integrated
circuit at 200x to 1000x final size (from [CCM66], © Mass Media Publications, Inc.).

3) In 1960, Mollenstedt and Speidel used the focused electron beam of
an electron microscope to directly write sub-100 nm lines in a thin collodion film

[MS60]. Eight years later a resist with a resolution comparable to the nanometre
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focused beam was found [HHS68, H69]. Focused electron beam systems were
then used to create smaller patterned masks for producing devices with
sub-micrometre features. At present, the state-of-the-art in high volume integrated
circuit manufacture involves focused electron beam lithography to create sets of
patterned masks (up to 100 per integrated circuit at present) which are then
illuminated with 193 nm photons from ArF lasers to produce devices with
sub-30 nm features. Several books have covered the role of lithography in the
electronics industry [TWB83, WKO09].

By far the largest application of lithography is electronics production,
however lithographic/patterning techniques have found hundreds of other
applications. Lithographic techniques have been applied to record holograms
[JHK&90], to produce microfluidic [DMS&98] and micromechanical devices
[EMO1], and to create advanced optics such as the zone plate lenses (described

in Ch. 2.3.1) which enable STXM [OHV&04, JVP&07, CKR&09].

1.2.1 Focused (direct write) x-ray patterning and lithography

The introduction of the first published report of x-ray lithography reads,
“X rays cannot be efficiently collimated or focused. As a result, X ray lithography
is limited to shadow printing” [SS72]. This perspective has since been reinforced
in the literature; at present, “x-ray lithography” is essentially synonymous with
the patterned mask method and broadband synchrotron radiation. However there

are indeed published examples of direct write patterning and lithography with

10
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focused x-rays. The following is a comprehensive list of all examples in the peer

reviewed scientific literature at present (Table 1.1).

Table 1.1: Published demonstrations of direct write x-ray (>100 eV) patterning and

lithography.
Reference Photon energy | Focusing method Resist(s) used Minimum feature
(eV) size demonstrated
JWA&I1 341 zone plate (STXM) | Not reported 300 nm
ZJL&95 317 zone plate (STXM) | PMMA 300 nm
PDCO00 Broadband zone plate array PMMA 500 nm
synchrotron
LGD&02 640 zone plate (SPEM) | LiF 500 nm
BJO3 525 zone plate (STXM) | PMMA 4 um
KHW&O03 387 zone plate (SPEM) | thiol monolayers 10 um
AJZ&04 Not reported zone plate Shipley UV-III 67 nm
KHW&04 387 zone plate (SPEM) | thiol monolayers 10 pm
KCH&O05 380, 480 zone plate (SPEM) | thiol monolayers 10 pm
MBD&05 450, 640 zone plate (SPEM) | LiF 200 nm
CHW&06 380, 480 zone plate (SPEM) | thiol monolayers 10 um
BAB&O0O7 650 zone plate (SPEM) | LiF 340 nm
WSHO07 288.4,286.8, zone plate (STXM) | PMMA, PAN, 150 nm
290.4 PPC, PEC
WSH&O07 288.4,286.8 zone plate (STXM) | PMMA, PAN 150 nm
WBW&09 300, 528, 531.6, | zone plate (STXM) | PET 600 nm
534.1, 540.5
WML&09 300 zone plate (STXM) | PS, PMMA, Fg 600 nm
CKS&10 580 zone plate (STXM) | HSQ 90 +14 nm
LHI1 300 zone plate (STXM) | PMMA, PMGI 40 +5 nm
LCK&11 7500 zone plate ZEP520A-7 3 um
DGR&11 8000 zone plate Au coated glass 190 nm
LH12c 282 -300 zone plate (STXM) | C contamination 600 nm
LHT&12 300, 1000 zone plate (STXM) | PMMA 600 nm

Reports of direct write patterning and lithography with focused x-rays are

scarce relative to those involving focused electrons or focused ions (both number

in the thousands). There are several possible reasons for this. The first report of

patterning with a focused electron beam (1960) demonstrated sub-100 nm features

[MS60]. Electron beam writer systems were commercially available as early as

11
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1970, and soon after sub-100 nm patterning was demonstrated with a focused ion
beam [SKO&79]. In contrast x-ray optics capable of sub-100 nm focusing only
became available in the mid to late 1980s, a development spurred by the founders
of x-ray microscopy [KR85]. By that time electron beam lithography was a
mature, established technology, while the raison d'étre of the handful of
instruments capable of sub-100 nm x-ray focusing throughout the 1980s and
1990s was advanced materials analysis. Perhaps it was not immediately clear that
focused x-rays of any energy could provide advantages over a focused electron
beam for sub-100 nm direct write patterning and lithography.

As outlined in Fig. 1.2, there are several methods by which x-rays can be
focused to sub-micrometre spots. One dimensional focusing to 7 nm has recently
been achieved in a long beam line with multiple Kirkpatrick-Baez (KB) focusing
optics [MHK&10]. In principle, focused x-ray patterning and lithography could
be accomplished with KB mirrors or other x-ray optics, yet all known examples
(Table 1.1) involve a zone plate as the focusing element, almost always as part of
an x-ray microscope (STXM, or a scanning photoemission microscope (SPEM)).
Additionally, all examples except one involve a synchrotron as the x-ray source
([DGR&11] used an x-ray free electron laser (XFEL) [MT10]). There is more
variety in sources and optics just outside the photon energy region defined here
as x-ray (>100 eV). 82 nm features have been created in poly(methyl methacylate)

(PMMA) with zone plate focused 26 eV photons from a capillary discharge laser

12
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[VBB&O07], and 6 pm features have been created in PMMA with an off-axis
parabolic mirror focusing 92 eV photons from an XFEL [BCN&09].

Aside from the examples in Table 1.1, there are comparably few examples
of the use of zone plates in patterning and lithography. A zone plate has been used
to demagnify a patterned mask using 589 nm photons [BBC87], and a similar
system for use with 0.83 nm photons (1486 eV, Al Ka line) has been patented
[MI89]. A zone plate array lithography system (ZPAL) involving tens to hundreds
of zone plates coupled to micromechanical shutters to control the parallel focused
beams was proposed in the same publication [BBC87]. Prof. Henry 1. Smith holds
a patent on ZPAL [S97a] and has published at least 12 papers on such systems
between 1996 and 2006 which operated at 193, 442, or 400 nm. The minimum
feature size demonstrated was 115 nm in PFI-88 photoresist with 400 nm photons
[CPB&O05]. Prof. Smith is also the president of LumArray Inc. which markets

ZPAL machines.

1.3 Radiation chemistry

Radiation chemistry is an area of chemistry concerned with the chemical
effects of ionizing radiation on matter. The scope of systems in which radiation-
induced effects have been observed is extremely broad, and many materials have
been thoroughly studied. For example, there were more than 3000 scientific,
technical, and review articles on the radiation chemistry of water as of 1971

[DD71]. The mechanisms of radiation induced chemical changes are often
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complex, and the reaction pathways are not usually the elegant ones of organic
and inorganic chemistry. Therefore, the scope of this thesis has been restricted to
the effects of x-rays on synthetic polymers.

When ionizing radiation interacts with polymers the amount of energy
absorbed often induces chemical (bond breakage and/or formation, cross-linking,
main and/or side chain scission) and physical (mass loss, morphology, carbon
contamination) changes. When the changes are perceived to be detrimental, they
are usually referred to as “radiation damage”. For example, the imaging resolution
attainable using ionizing radiation is ultimately limited by radiation damage
[HBC&O09]. The rapid degradation of some radiation sensitive polymers is
undesirable for materials analysis using x-rays or other ionizing radiation as
there is always a risk that the data collected may not be representative of the
virgin sample. On the other hand, radiation-induced changes, such as the main
chain scission of PMMA, are useful and relevant for patterning and lithography.
There are many commercially available products/technologies that involve
ionizing radiation and polymers, such as polymer-based radiation dosimeters
[B82]. Heat shrinkable tubing (electron-irradiated polyethylene), used to tightly
cover a variety of equipment for practical applications such as packaging and
electrical work, was one of the first and most profitable radiation chemistry
products [S73].

There is an enormous amount of literature on the radiation chemistry of

polymers, with much of it dating from the late 1950s to the 1980s. Several books
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have been written on the subject [B58, C60, D72]. PMMA is arguably the most
studied of all the synthetic polymers, due in part to its important role in
lithography for integrated circuit manufacture. No attempt will be made here to
summarize the hundreds of works on the radiation chemistry of PMMA as there
are already several extensive review articles on that topic which cover the effect
of absorbed dose on molecular weight, the product molecules, the spectroscopic
changes throughout the -electromagnetic spectrum from nuclear magnetic
resonance to inner shell ionization, proposed reaction mechanisms, and so on
[H77, CMC&88, MCI1].

The STXM was used throughout this thesis as a source of x-rays to perform
radiation chemistry experiments. It is an attractive tool in this regard for several
reasons. Accurate quantitation of radiation sensitivity (the absorbed dose required
to produce a quantifiable change, following the Grotthuss-Draper law [KL84])
is essential in many technologies which involve ionizing radiation and polymers.
Using STXM, x-ray flux can be precisely and reproducibly directed onto
sub-100 nm sample areas. The shutter controlling the x-ray flux is both precise
and fast; it can go from closed to fully open to closed in about 1 ms [KTO04].
The x-rays are also monochromatic with an adjustable photon energy bandwidth
that is routinely <0.1 eV and tunable over a range of several hundred electron
volts. The mechanism of photoabsorption dominates over all other x-ray-matter
interactions by orders of magnitude for most elements in the photon energy range

explored in this thesis (over three orders of magnitude for carbon [HGOS80]).
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Therefore any discrepancy between the rate of transmitted photons counted
through a sample versus the rate measured through a blank at the same conditions
can safely be assumed to have been photoabsorbed, depositing their total energy
into a well defined sample volume. To summarize, absorbed dose can be
administered reproducibly with high accuracy and spatial precision. In addition,
the tunable photon energy available using STXM can be exploited for unique
radiation chemistry and patterning/lithography studies. Finally, the STXM can be
used to initiate radiation chemistry, and to analyse those areas by collecting

images and spectra at x-ray wavelengths.

1.4 Thesis overview

The analysis methods which were used extensively throughout this
thesis, including STXM, AFM and SEM are described in Ch. 2. The experimental
details of sample preparation, patterning and lithography, STXM imaging and
spectroscopy are covered in Ch. 3. The remaining chapters have been grouped
into three parts.

The theme of Part I is nanofabrication with focused x-rays, beginning
with Ch. 4 which builds upon the Ph.D. thesis work of Dr. Jian Wang [WO08].
Before this thesis work began, the best minimum feature size demonstrated in our
focused x-ray patterning experiments was about 150 nm, despite direct writing
with a much smaller spot size (43 nm Rayleigh criterion). The incorporation of a

post-exposure development step is described in this chapter which significantly
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reduced the minimum feature size, ultimately leading to a new record of 40 +£5 nm
features in a thin film of PMMA [LH11]. Another important advance described in
Ch. 4 is that a “radiation spreading” phenomenon, by which patterned features
become wider with increasing dose, is shown to be related to the point spread
function (PSF) of the optical system and not the polymeric resists [LHI11].
The performance of focused x-rays relative to other direct write radiation-based
lithography techniques is discussed and the potential for practical applications is
addressed. The work in Ch. 5 describes our best effort to demonstrate the lowest
possible feature size. 33 +4 nm features were achieved in PMMA using a
special zone doubled zone plate in combination with a cold development
procedure, surpassing our previous record. Finally, Ch. 6 describes a fabrication
scheme that takes advantage of the photon energy tunability available using
STXM. Sub-100 nm sealed nanofluidic channels were fabricated in carefully
selected polymer bilayers by patterning at multiple wavelengths, which we have
termed “chemically selective patterning”. The design rules for nanochannel
formation were also investigated and are discussed in this chapter [LH12b].

Part II has a general theme of radiation chemistry of polymers. In Ch. 7
we took a deeper look at the radiation-induced changes that occur in PMMA,
and their dependence on conditions such as dose rate and pre-exposure thermal
treatments. A discrepancy found in the literature involving the radiation
sensitivity of PMMA was explored in depth. From these experiments, a useful

method to determine the detector efficiency of a STXM was developed, which
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was then carried out at several STXM facilities [LHT&12]. Ch. 7 also outlines the
problem of carbon contamination. In Ch. 8, the photon energy tunability of STXM
was again exploited in an experiment designed to reveal the mechanism of carbon
contamination [LH12c]. Ch. 9 presents our findings on x-ray induced changes to
polyacrylonitrile (PAN), with a discussion that centres on identifying and
correcting a misapplication of radiation damage sensitivity units in the literature.
The theme of Part III is characterizing the optical and thermal properties of
the sub-100 nm focal spot of the STXM, beginning with Ch. 10 which returns to
the issue of “radiation spreading” touched on in Ch. 4. A method is presented to
extract the full PSF of the STXM from a series of single pixel exposures in a thin
film of PMMA. This measurement was carried out at several STXMs with the
important observation that the PSF was never found to be fully symmetric as
diffraction theory predicts [LTH11]. The possible significance of beam-induced
sample heating is addressed in Ch. 11. Though the temperature inside the
STXMs when patterning was very stable at 25 £2 °C, it remained possible that the
amount of energy involved in imaging and/or patterning could cause a local rise
in temperature and play a role in the radiation-induced processes. A variable
temperature sample holder was constructed to experimentally determine the rise
in temperature, which was found to be negligible (<1 °C) [LH12a]. A summary of
the original contributions contained in this thesis and a list of promising avenues

of further study are provided in Ch. 12, followed by References and Appendices.
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Chapter 2

Methods
The major analysis techniques, instrumentation and measurement
conditions used throughout this thesis are described in this chapter. All of
the works contained in this thesis involve a STXM, the operation of which is
not considered to be common knowledge among chemists at this time.
Therefore extensive descriptions of STXMs and their synchrotron x-ray sources
are provided. Overviews of NEXAFS spectroscopy and AFM are also included
with emphasis on those particular aspects which were exploited in this thesis.

This chapter concludes with a brief description of SEM.

2.1 Synchrotrons

A synchrotron is a machine that circulates electrically charged particles at
extremely high velocities. The essential components of a synchrotron are depicted
in Fig. 2.1. Particle bunches from a linear accelerator (“linac”) are injected into a
tube (the “ring”) which is under ultra high vacuum (UHV, generally <10 Torr) to
minimize collisions with residual gas molecules [A99, WO03]. Large dipole
electromagnets (“bend magnets” (BM)) deflect the particles and keep them
circulating in a closed orbit. Additional focusing and steering electromagnets
(quadrupoles, hexapoles, octopoles) placed around the ring are used to control
the trajectory and the transverse shape of the circulating particle bunches.

The arrangement of these electromagnets is known as the “magnetic lattice”.
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Figure 2.1: Schematic depicting the essential components of a synchrotron (adapted from
[WSK&93] Fig. 3, © 2012 IBM Corp., used with permission).

The particle bunches make multiple passes through a radio frequency (RF) cavity
which controls their velocity. The fields of the magnetic lattice are synchronized
to the ramping of the frequency of the RF cavity, and this is the origin of the
“synchro” in synchrotron. The particles commonly reach kinetic energies which
are “relativistic”. A particle becomes relativistic when its kinetic energy is about
equal to or greater than its rest mass (for electrons, £ = mc* = 0.511 MeV).
The kinetic energy of the electrons circulating in the Advanced Light Source
(ALS) synchrotron at Lawrence Berkeley National Laboratory (LBNL) is
1.9 GeV. This works out to a velocity which is only about 11 m/s less than c!
Many different charged particles have been accelerated using synchrotrons.

For example, the Large Hadron Collider near Geneva, Switzerland, is a
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synchrotron which accelerates protons and Pb ions. The Advanced Photon Source
near Chicago, USA is a synchrotron which uses positrons or electrons [RMF&97].
Synchrotrons are commonly used for high energy particle physics experiments

and the production of synchrotron radiation.

2.1.1 Synchrotron radiation

Charged particles emit electromagnetic radiation when accelerated.
This can be described using classical physics and is summarized in Maxwell’s
equations [GP75]. If the charged particles are moving at relativistic speeds when
accelerated, the emitted radiation is highly collimated (narrow angular spread) in
the forward direction, perpendicular to the acceleration vector, and the emission
spectrum is shifted toward higher frequencies (higher photon energy i.e. into the
x-ray and gamma ray region of the electromagnetic spectrum). This is known as
synchrotron radiation, and was named as such because it was first directly
observed (visually) emanating from a synchrotron in 1947. Synchrotron radiation
is not exclusive to synchrotrons; it has since been observed as a product of
astronomical phenomenon [WBHO1, S10] and can be produced by other machines
such as XFELs [MT10]. The pivotal events leading up to the visual discovery can
be found elsewhere [B88a], and the personal recollections of those who witnessed
this event have also been published [P83].

In a synchrotron, the acceleration necessary to produce synchrotron

radiation is centripetal and induced by BMs (Lorentz force), and in addition,
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insertion devices (ID) such as wigglers and undulators. These are periodic
magnetic structures, consisting of two or more rows of magnets in which the

relativistic particles undergo oscillatory motion (Fig. 2.2).

electron
beam
o> electron

‘ baam‘

synchrotron
radiation

synchrotron
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Figure 2.2: Schematic diagrams of (left) a bend magnet and (right) an insertion device
(from [R12], images provided by RIKEN, used with permission).

They are called IDs because they are “inserted” into straight sections of the ring
between BMs. Their only function is to produce synchrotron radiation, whereas
BMs are an integral part of the machine and the radiation happens to be a
desirable by-product of their primary function. Provisions can be made on
synchrotrons so that the radiation emanating from BMs and IDs is allowed to
travel down evacuated pipes called “beamlines”. Beamlines often contain mirrors,
gratings, slits, intensity choppers, etc., and are meticulously designed to prepare
the radiation for certain experiments while protecting the workers from radiation
exposure. Experimental end stations which make use of the radiation (e.g. STXM)

can be temporarily or permanently attached onto beamlines.

2.1.2 Synchrotron light sources
A synchrotron light source is a facility, often organized at a national level,

which produces and utilizes synchrotron radiation. The first generation facilities
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were designed and operated primarily as particle accelerators. The synchrotron
radiation produced was essentially a by-product, and provisions were made to
access it at the request of interested scientists. The earliest facilities were not
optimum with respect to producing synchrotron radiation but still produced
outstanding science. An example of a first generation facility still in operation
today is the Cornell High Energy Synchrotron Source which is parasitic to
an electron-positron collider. The success of first generation machines lead to a
wave of second generation synchrotrons in the late 1970s and the 1980s.
These designs were dedicated solely to producing synchrotron radiation. A typical
second generation facility is the National Synchrotron Light Source (NSLS,
Brookhaven National Laboratory, Upton, USA). While these facilities greatly
expanded the field of synchrotron science, they were designed primarily to exploit
BM radiation. The first IDs were introduced in the early 1980s, after many of the
second generation facilities had committed to their specific ring and magnetic
lattice designs.

The first third generation synchrotrons were completed in the early 1990s
(e.g. the ALS had its first operational beamline in 1994). These facilities are again
fully dedicated to producing synchrotron radiation with a focus on increased
brightness. This has been primarily accomplished primarily through decreased

emittance' of the particle beam in the ring, especially in the horizontal direction,

' Emittance (nm-rad) is a measure of the phase space of the electron beam — the product of the
angular divergence and lateral size. The brightness of a synchrotron is directly relatable to the ring
emittance.
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and the incorporation of long straight sections between the BMs for IDs.
The maximum brightness of synchrotron sources has improved by 15 orders of
magnitude from the first generation to present third generation machines
[BBC&10]. Third generation synchrotron light sources actually consist of two
synchrotrons with the same essential parts as shown in Fig. 2.1. The first
synchrotron (the “booster ring”) accelerates particle bunches from the linac to the
desired final speed. These are then transferred into another, larger diameter ring
known as a “storage ring”. Storage rings are technically synchrotrons but their RF
cavities only serve to maintain a constant particle velocity by replacing the energy
lost through the synchrotron radiation process. All of the synchrotrons used in this
thesis were third generation electron synchrotrons. These were the ALS, at LBNL,
Berkeley, USA; the Canadian Light Source (CLS), Saskatoon, Canada; the Swiss
Light Source (SLS), at the Paul Scherrer Institute (PSI), Villigen, Switzerland;
and the Berliner Elektronenspeicherring-Gesellschaft fiir Synchrotronstrahlung

(BESSY II), Berlin, Germany.

2.1.3 Properties of synchrotron radiation from synchrotron light sources
Synchrotron radiation has several distinguishing properties: 1) The
radiation is tunable; BMs and wigglers emit a broad spectrum which can be tuned
over almost the entire electromagnetic spectrum from THz and infrared (IR) to
hard x-rays >100 000 eV. The spectrum of undulator emission is sharply peaked

at periodic energies (a fundamental and many harmonics) but the peak positions
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can be adjusted over a wide range by adjusting the undulator gap (the
distance between the rows of magnets). 2) Brightness, the measure by which the
properties of a radiation source are characterized, is the number of photons
emitted per second, per bandwidth, per unit solid angle, and per unit area of the
source (photons/s/0.1% bandwidth/mrad’/mm?) [MHK&O05]. Brightness is an
intrinsic property of the radiation source and cannot be improved with subsequent
optics. Synchrotrons are the highest average brightness sources of radiation
available today for extreme ultraviolet (EUV) and shorter wavelengths [R12].
3) Synchrotron radiation is extremely collimated by nature. 4) The radiation is
polarized; radiation from a BM in the plane of the synchrotron orbit is linearly
horizontally polarized, while that above and below this plane is partly circularly
polarized. Certain IDs such as elliptically polarizing undulators (EPU) can
provide full control of the polarization from 0 — 180° linear, left or right circular,
and any desired elliptical polarization via adjustable rows of magnets. 5) Finally,
the radiation has a pulsed time structure; the RF cavity that maintains the particle
energies also forms potential wells (“buckets” or “packets”) which cause the
electrons to form into bunches. These bunches passing through BMs or IDs in
turn create pulsed photon emission with pulse widths of 10 — 100 ps. The pulsed
structure can be exploited to probe dynamic processes that take place on a similar
temporal scale. The properties of the synchrotron radiation such its spectral,
intensity, polarization, spatial and temporal distributions, can be predicted with

high accuracy from the properties of the accelerator used [A99, W03].
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2.1.4 Modes of operation

There are several modes of synchrotron light source operation. In multi-
bunch mode, several hundred electron bunches circulate in the storage ring.
Although the ring is under UHV, electrons are gradually lost over time through
interactions with stray gas molecules and other processes, and these losses follow
an exponential decay curve with lifetimes which can be anywhere from 30 min to
50 h. The photon flux also decays as it is directly proportional to the electron
beam current. After several hours the electron beam is “dumped” and the storage
ring is refilled to regain the lost flux. The CLS and BESSY II operated in multi-
bunch mode for all experiments in this thesis.

In top-up mode, electrons are injected into the storage ring from the
booster ring every 30 s or so to offset the losses described above. The photon flux
is always high and effectively constant in this mode; the electron beam current
can remain constant for days. In addition the stability of the storage ring and
beamline optics generally improves due to the effectively constant thermal loads.
The ALS and SLS operated in top-up mode for all experiments described in this
thesis, which was the preferred mode for STXM experiments.

Another common operational mode is single- or few-bunch. This is
essentially the same as multi-bunch, except there is one or just a few bunches
circulating in the storage ring, resulting in increased time separation between
photon pulses. This is advantageous for experiments which exploit the pulsed

nature of synchrotron radiation at the cost of greatly decreased average photon
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flux. None of the experiments described in this thesis were performed in few-

bunch mode due to the low photon flux.

2.2 NEXAFS spectroscopy
2.2.1 Overview

Near edge x-ray absorption fine structure (NEXAFS), synonymous with
x-ray absorption near edge structure (XANES), is a spectroscopy involving
transitions of core (i.e. inner shell) electrons. To collect a NEXAFS spectrum,
materials are placed in the path of a monochromatic x-ray beam which is
then scanned in photon energy. While the NEXAFS spectra in this thesis
were all recorded by measuring the photons transmitted through samples
(and subsequently applying the Lambert-Beer law), spectra can also be recorded
by measuring the emitted electrons (total electron yield, sample current, Auger)
or emitted photons (x-ray fluorescence, optical). Core electron ionization edges
are encountered as the photon energy is scanned which are observed as sharp
increases in x-ray absorption. These “absorption edges” (or simply “edges’) occur
at photon energies which are characteristic of specific elements and specific inner
shell energy levels. For instance, the C 1s edge is always encountered between
284 — 290 eV, the O 1s between 530 — 536 eV, the Fe 2p between 704 — 710 eV,
etc. Thus NEXAFS is an element specific spectroscopy. The approximate
locations of core absorption edges for all but the highest atomic number elements

have been tabulated [TAG&09]. Sharp absorption features (i.e. fine structure) are

27



Ph.D. Thesis - A.F.G. Leontowich Chapter 2
McMaster University - Chemistry

often observed in the immediate vicinity of an absorption edge; a typical
NEXAFS spectrum from low to high photon energy consists of a featureless pre-
edge region, a few sharp peaks (often the most intense features), followed by a
few broad ones and finally a featureless post-edge region. The C 1s NEXAFS
spectra and chemical structures of three polymers used in this thesis, PAN,

poly(dimethyl glutarimide) (PMGI) and PMMA, are presented in Fig. 2.3.
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Figure 2.3: C 1s NEXAFS spectra of PAN (red), PMGI (green) and PMMA (blue)
normalized to 1 nm thickness, along with their chemical structures.

The NEXAFS spectrum of a molecule can be loosely considered as a map
of its unoccupied electronic structure and is related to its chemical composition;
the fine structure is due to unoccupied or partly occupied electronic energy levels
(orbitals, in the context of molecular spectroscopy, or empty bands in the context
of extended solids) that lie near or just above the ionization potential. An electron
from a core orbital (ground state) can be promoted into these unoccupied or partly
occupied energy levels (excited state) via the energy obtained through resonant
absorption of an x-ray photon i.e. photoabsorption. Conversely, there has to be an

unoccupied state available for a core electron to go into if there is to be any
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absorption event at the given photon energy. The relationship between schematic

orbital energy diagrams and a typical NEXAFS spectrum (e.g. PAN) is presented

in Fig. 2.4.
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Figure 2.4: (Left) Schematic orbital energy diagram for the C atoms of PAN.

(Right) The C 1s NEXAFS spectrum of PAN (black) normalized to 1 nm thickness,
overplotted with the spectrum for 1 nm PAN calculated from the weighted sum of the atomic
photoabsorption cross sections [HGD93] (red). The spectra have been rotated 90° to depict
the relationship between orbital energy diagrams and NEXAFS spectra.

2.2.2 X-ray absorption theory

The probability for photoabsorption is described by the photon energy
dependent x-ray absorption cross section ogx(E), which is the number of electrons
excited per unit time from the initial core state to a final state Pif(E), divided by

the photon fluence, Fpn(E), the number of incident photons per unit time per unit

area,
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o)=Lt 2.1)

The intensity of a NEXAFS transition / is proportional to Pi(E) and can be

derived from a variation of Fermi’s “Golden Rule” [F50],
- 2 2
Jzzzf(E)zkz//f |E-r|t//i>‘ cos’ @ 2.2)

which describes a transition from an initial state |l//i> to a final state <1//f|
induced by a time-dependent perturbation, in our case, a resonant electromagnetic
wave/photon, where E is the electric vector of the photon, 7 is the sum of the

linear moment operators of the electrons, and @ is the angle between E and 7.

A full derivation of Eqn. 2.2 can be found in [S92].

2.2.3 Peak widths and assignment

The natural width of the absorption peaks is proportional to the lifetime
of the excited states which can be derived from the Heisenberg uncertainty
principle [S92]. Essentially, sharper absorption features are associated with long
excited state lifetimes, which are on the order of 10"° — 10"* s. A photon energy
resolution of <0.1 eV is required to realise all the subtleties in the NEXAFS
spectra of polymers, while an energy resolution of <0.05 eV will most likely not
reveal additional features [AU02]. All STXMs used to acquire the NEXAFS
spectra in this thesis had energy resolutions <0.1 eV.

NEXAFS peaks are often assigned in terms of the symmetry of the

final states, which are formally determined by a group theoretical analysis.
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The probability of creating any specific final state is determined by the

transition dipole moment, <1//f |E -17| l//i>. For molecules with a totally symmetric

ground state (|l//i> cI'i, all those investigated in this thesis), the electric dipole
allowed transitions are those in which the final state is constructed from the core
level and a ground-state-unoccupied level, where |wf> =‘((0;01re,(oumc )> cl,..

For spectra involving 1s core level excitation (all those studied in this thesis),

where ¢, cI';g, the requirement for a dipole allowed transition is that the

unoccupied orbital belongs to the same irreducible representation as that of the

dipole operator, ¢, I, .. The excitation features are typically labelled as

either o (with the un- or partly occupied orbital symmetric with respect to rotation
about the bond axis), or m (with the un- or partly occupied orbital antisymmetric
with respect to rotation about the bond axis). In addition to the formal group
theory selection rules, among all possible allowed NEXAFS transitions the
intense ones are those where the unoccupied orbital has a large density on the
atom where the core level is excited. For 1s NEXAFS, this is equivalent to saying
the spectra are dominated by unoccupied levels with a strong 2p contribution at
the core-excitation site. An important factor in determining the energetics of
NEXAFS transitions is the influence of the core hole. Typically the core hole
stabilizes the final state; the valence electrons reorganize (relax) to the new core
hole potential, thereby lowering the transition energy relative to that expected

from a ground state frozen orbital/band approach (i.e. the sudden approximation,
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which assumes that the transition energies are given simply by the difference
between the unperturbed orbital energies). The core hole can also strongly distort
the spatial distributions of the unoccupied levels [WRH92].

The assignment of the observed peaks to specific excited states can be
complicated, and is often hotly debated [P99]. The accepted assignments for
some molecules have changed multiple times [FUO5] as the instrumentation,
data collection and calculation methods, etc., have improved remarkably since the
first NEXAFS measurements of the 1980s. Peak assignment can often be aided
by comparing the spectrum of a material to those of chemically similar reference
compounds i.e. compounds containing similar functional groups or other
structural motifs. Online compendiums of core excitation spectra of gas phase
small molecules, amino acids and other molecules, and polymers are maintained
by the groups of Hitchcock, Jacobsen and Ade, respectively, and serve as an
excellent starting point [HJA12].

The symmetry of the excited state giving rise to a spectral feature can

sometimes be determined using a pure long range oriented sample and linearly

polarized x-rays; I depends on @, the angle between E and the transition dipole
moment (Eqn. 2.2). The peak intensities of final states of o symmetry are
maximized when the electric vector is aligned parallel with the bond axis, while
those of m symmetry are maximized when the electric vector is perpendicular to

the bond axis [RLR86, FU05].
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The photon energy of NEXAFS features can be indicative of the bonding
environment through correlation diagrams [UA02]. For example, the most intense
feature in the C Is NEXAFS spectrum of PMMA is the C 1s(C=0) — n*c-0
peak at 288.4 eV (Fig. 2.3). The most intense peak of PMGI is also the
C 1s(C=0) — m*c-0, but it appears at 287.7 eV (Fig. 2.3). The bonding
environment of the C atom of the carbonyl bond in PMMA is O-C=0, while
in PMGI its N-C=0. The 0.7 eV energy difference is due to the different
electronic environment of the carbonyl group. O is more electronegative than N,
which reduces the electron density around the carbonyl C atom in PMMA
relative to PMGI. In response, the carbonyl C atom of PMMA has a tighter
hold on its electrons, thus requiring greater energy to promote one from PMMA.
The same electronegativity dependent trends are evident in x-ray photoelectron

spectroscopy (XPS) correlation diagrams [BGO03].

2.2.4 Additional properties

The integrated intensities of NEXAFS spectral features have been
demonstrated to be quantitative [AHO8]. Thus, if a NEXAFS feature can be
unambiguously assigned to a certain functional group, that signal is proportional
to the quantity of that functional group present in the volume sampled.
Likewise, the intensity of the continuum signal is proportional to the total
amount of that element present in the volume sampled. In this thesis, the

NEXAFS spectra of polymers were viewed as being indicative of radiation-
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induced chemistry, and were monitored as a function of dose. NEXAFS was
also used for chemical mapping [AZC&92] i.e. making x-ray images with the
STXM at photon energies corresponding to absorption resonances which might
be exclusive to one component/bond over others present in the sample. The vast
majority of NEXAFS spectra contained in this thesis are at the C 1s edge, with
some collected at the O 1s edge. Several review articles have covered the many

other applications of NEXAFS [KJH95, HIW07, AHOS].

2.3 Scanning transmission x-ray microscope

Scanning transmission X-ray microscopes (STXM) focus tunable,
monochromatic x-rays into an intense spot — present generation instruments
routinely achieve 30 nm spot size (Rayleigh criterion) using zone plate lenses.
Samples are then positioned at the focal plane and raster scanned through the
spot using piezo and/or mechanical stages while the transmitted x-rays are
acquired to build up images at x-ray photon energies. In addition, NEXAFS
spectra can be acquired by recording point spectra or image sequences over a
photon energy range of interest. STXMs excel in characterizing thin sections of
matter with a combination of high spatial (<30 nm) and photon energy (<0.1 eV)
resolution, but they can also be used for direct write x-ray patterning and
lithography as demonstrated in this thesis. The essential components of a STXM

are presented in Fig. 2.5.
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Figure 2.5: Schematic depicting the essential components of a STXM (adapted from [A99]
Fig. 9.21, © 2012 Cambridge University Press, used with permission).

The first STXM to operate with this general layout (use of a zone plate
and a monochromator) was built in 1982 at the NSLS [RKK&84]. The basic
layout today remains unchanged, except that every subsystem has vastly improved
over the past 30 years. All of the experiments in this thesis involved a STXM.
Six different STXMs were used, which are summarized in Table 2.1. Henceforth
the individual instruments will be referenced by the beamline at which they
presently reside. While the beamlines differ, five of these STXMs are essentially
based on the ALS 5.3.2.2 design [KTS&O03] (formerly referred to as 5.3.2, now
available through Bruker Advanced Supercon GmbH). 5.3.2.1 is a new enhanced
design built at the ALS after ten years of experience with the 5.3.2 design, but
they are similar in many ways. There are many excellent reviews of STXM
technology, history, applications and x-ray microscopy in general [KRS85, A99,

H12]. The most technically thorough are [KJH95, KTS&03, HIWO07].
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Table 2.1: The STXMs used within this thesis.

Facility Beamline (Name) X-ray source | Instrument publication | Used in Ch. #
ALS 5.3.2.1 BM Forthcoming 7

ALS 5322 BM [KTS&03] 3,4,6,7,8,10,11
ALS 11.0.2 EPU [TWK&04] 7,10,12

BESSY II | UE46 (MAXYMUS) | EPU [FSW&10] 7

CLS 10ID-1 (SM) EPU [KKL&O07] 4,7,8,9,10,11,12
SLS X07DA (PolLux) BM [RTF&08] 5,7

2.3.1 Fresnel zone plate lenses

Fresnel zone plates (ZP) are circular transmission gratings where the
period (also called the pitch) of alternating transparent and opaque zones
decreases with increasing zone radii. The period of the zones is arranged such
that, when the ZP is fabricated within certain tolerances and sufficiently
coherently illuminated (described in a forthcoming section), the physical path
length difference between neighbouring transparent zones to the (first order) focal
point differs by exactly one wavelength; the diffracted radiation from each
transparent zone arrives in phase and interferes constructively at the (first order)
focal point. If the N4 of the ZP is <<1 (which is the case for all ZPs used in

this thesis), this condition is expressed by the fundamental ZP relation,

v} =mnif, (2.3)
where 7, is the radius of the n™ zone, m is the focus order, 4 is the wavelength
of operation and f,, is the m™ order focal length. ZPs with >100 zones behave

like conventional refractive lenses and can produce diffraction limited focal

spots; the point spread function (PSF) is essentially the same as that of a
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conventional refractive lens with equivalent parameters [M86]. A Fresnel ZP
was the focusing element in all six STXMs used in this thesis.

The nanofabrication of high resolution ZPs for x-ray microscopy is
currently a very active area of research. ZPs for x-ray microscopy have been
fabricated by holographic [RS80] and sputter-slice methods [KTS&97], but since
the mid 1980s the highest resolution ZPs have been fabricated by electron beam
lithography. Except for those experiments reported in Ch. 5, ZPs with identical
parameters obtained from the same supplier (Center for X-ray Optics (CXRO),
LBNL) were installed in all of the separate STXMs for every experiment reported
in this thesis: 240 pm diameter D, 25 nm outer most zone width Ar, 90 or 95 pm
central stop diameter Ds. The opaque zones are 150 nm tall while the central stop
and surrounding support are 2 pum thick, all made of Au on the flat side of a
100 nm thick Si3N4 window. Thus the transparent zones are only partly
transparent (100 nm of Si;N, with a density of 2.25 g/cm’ is only about 63%
transmissive at 300 eV) and the opaque zones are partly opaque (150 nm of
Au with a density of 18 g/em’® is <2% transmissive at 300 eV, but about 23%
transmissive at 1 keV) [HGD93]. A pseudo-random buttressing system is
incorporated into the zone layout to prevent the opaque zones from collapsing due
to their high aspect ratio of up to 6:1 [OHV&04]. These were fabricated by an
electron beam lithography process described elsewhere [A99]. A photograph and
scanning electron micrographs of one of these CXRO ZPs are presented in

Fig. 2.6.
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Figure 2.6: (Top left) Photograph of a typical CXRO zone plate used throughout this thesis.
A pencil eraser is included for size reference. The zone plate itself is indicated by the arrow.
(Top right) Scanning electron micrograph of a CXRO zone plate. (Bottom) Scanning
electron micrograph of the area within the red rectangle at top right, revealing the
innermost zones and the buttressing system. The continuous area at right is part of the
central stop.

2.3.1.1 Diffraction limited focusing

ZPs produce the best possible (diffraction limited) focal spot when they
are 1) fabricated within certain tolerances and 1ii) sufficiently coherently
illuminated. The major tolerance requirements are that the zones must be
accurately placed to within about a third of their width (i.e. better than 8 nm
positional accuracy was required to fabricate the CXRO ZPs), and the ellipticity
must be less than 0.05% [M86, JIWA&I1].

Note that the description of ZP focusing in the previous section requires
the wavefront incident on the ZP to be both spatially (transversely) and

temporally (longitudinally) coherent. The incident radiation must be sufficiently
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spatially coherent i.e. in phase across the ZP area, or the radiation emanating from
all the transparent zones will not interfere constructively at the focal point and
the quality of the focal spot will suffer. As ZP focusing is strongly chromatic
(Egns. 2.3, 2.7) the radiation must also be sufficiently longitudinally coherent
i.e. monochromatic. If the photon energy resolution (spectral bandwidth) of the
incident radiation is too large, the focal spot will be smeared along the optical
axis and its quality will again suffer.

Spatial coherence is determined by the monochromator vertical and
horizontal exit slits which are user-adjustable and form a square aperture.
X-rays from the beamline impinge on one side of this aperture and diffract out
the other [BW99]. To fulfil the spatial coherence requirement, the ZP must be
positioned at least fully within the spatially coherent (Airy disk) fraction
emanating from the exit slits. Assuming that the aperture is uniformly illuminated
by the beamline and that the ZP is centred on the optical axis, the vertical and

horizontal widths of the aperture d corresponding to this condition is,

d< 4
sin ¢ (2.4)

where 6 is the narrow angle of a right triangle formed by the exit slit to ZP
distance (adjacent), and half of D (opposite). This condition is depicted in

Fig. 2.7.
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Figure 2.7: Side view schematic depicting the spatial coherence condition described by
Eqn. 2.4. The Fraunhofer diffraction pattern (top right) is that of a square aperture.

The exits slit to ZP distances are sometimes not included in the STXM beamline
papers (Table 2.1). Therefore, these distances were measured at all STXMs used

within this thesis using a measuring tape and are tabulated below (Table 2.2).

Table 2.2: Exit slit to zone plate distances of several operational STXMs.

STXM Exit slit to zone plate distance (m)
ALS 53.2.1 1.80
ALS 5322 1.00
ALS 11.0.2 2.20
BESSY 11 UE46 3.00
CLS 10ID-1 3.30
SLS X07DA 1.07

Other groups have advocated for stricter spatial coherence using different
terminology, describing spatial coherence by the phase space parameter, p/4,

where p = 2s sinf = sd/l, and s is the width of the exit slits (i.e. source size), d is
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the diameter of the illuminated area downstream of the exit slits with the
calculated phase space parameter, / is the exit slit to ZP distance, and @ is the
narrow angle of a right triangle formed by / (adjacent), and half of d (opposite).
A larger phase space parameter indicates lower spatial coherence. [S97b]
calculated a significant loss in spatial resolution when p/2 >0.5, a value which
corresponds to Rayleigh's quarter wavelength rule [R79]. At a phase space
parameter of 0.5, the x-rays across the diameter of the ZP are up to 0.5x, or /4
out of phase. However the results of another calculation indicate that full spatial
resolution is preserved for p <1 [WAB&O00]. The condition previously described
by Eqn. 2.4 corresponds to a phase space parameter of 2, or 4 out of phase at the
edge of the ZP, depicted in Fig. 2.7. STXM beamlines are designed such that the
spatially coherent fraction can overfill the ZP by selecting exit slit widths smaller
than those calculated using Eqn. 2.4. This setting would be used when the highest
spatial resolution is desired. In addition, overfilling the ZP improves stability by
minimizing sensitivity to vibrations, but it also decreases the flux. No significant
improvement in spatial resolution was found using exit slit widths 25% or 50%
smaller than those calculated using Eqn. 2.4 (i.e. p/A = 1.5 or 1.0, respectively).
The longitudinal coherence requirement for diffraction limited focusing is

[M86, T88],

iZNm

A4 (2.5)
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where A4 is the photon energy bandwidth, N is the total number of zones of the

ZP (both the opaque and the transparent), and m is the focus diffraction order.

j—/ﬁs also known as the photon energy resolving power, and is controlled by

the properties of the monochromator and the width of the dispersive exit slit.
This equation (Eqn. 2.5) is essentially the same as the theoretical resolving power
of a planar diffraction grating [PLO5]. Most STXM beamlines are designed to
attain a resolving power >3000 over the entire photon energy range with exit slit
settings that provide reasonable flux [WAK&O02], while N for the CXRO ZP,

90 um Dy, is 2062 (Eqn. 2.11).

2.3.1.2 Zone plate equations

Many of the optical properties of a given ZP can be calculated from a
handful of physical values, namely, Ar, D, and the 4 of operation. The Rayleigh
criterion resolution of a ZP without a central stop is,

1.22Ar
m (2.6)

resolution, , =

The presence of a central stop (apodization) however, changes the PSF. As Dq
increases relative to D, the relative intensity into the central Airy disk decreases,
the central Airy disk becomes narrowed, and the intensity in the surrounding
maxima increases [M86, T88, VGF&11]. The result is enhanced contrast for
higher spatial frequencies but reduced contrast for lower spatial frequencies.

The resolution of a ZP with a central stop operating in the first order focus
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ranges from about 0.8Ar to 1.22Ar, depending upon D; relative to D [M86].
The resolution for the CXRO ZP, 90 um D, is about 1.05Ar.
The m™ order focal length ;, in principle is,

_ DA
Am 2.7)

Son
However, in practice fis determined by,

f=A4E+A, (2.8)
where A4; is the experimentally determined change in f with photon energy E,
and Ay is the distance from the front of the order sorting aperture (OSA) to the

sample.

The depth of focus Az at the first order focus is,

2(ar)’
A (2.9)

Az ==

Within the depth of focus, the on-axis intensity decrease is no more than 20%.

The numerical aperture at the first order focus is,

NA=-—"-
2Ar (2.10)

The total number of zones (both opaque and transparent) in a ZP with or

without a central stop is [VCJ&O01],

a3
4Ar{ D (2.11)

The full derivations of these equations can be found elsewhere [K74, KJH9S5,

A99, HIWO07].
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2.3.2 The order sorting aperture and higher order radiation

Sufficiently coherently illuminated Fresnel ZPs produce more than one
focal point; at distances on the optical axis corresponding to odd whole number
fractions of f (f/3, f/5...) the path length difference between neighbouring
transparent zones happens to be integer multiples of 4 (34, 54...) resulting in a
series of higher order foci (third, fifth...). The path length difference between
neighbouring transparent zones to locations on the optical axis which are even
whole number fractions of f (f/2, f/4...) are also integer multiples of 1 (24, 44...)
but these foci are not observed when the widths of adjacent transparent and
opaque zones are equal (as is the case for the CXRO ZPs used in this thesis) for
reasons discussed in [M86, HIWO07]. A significant second order focal spot has
been calculated for the ZPs used in Ch. 5 [VGF&2011], as well as an interesting
sub-harmonic focal spot at twice the first order focal length. The theoretical
transmitted intensity in each of the foci can be calculated [HIW07] as well as the
undiffracted intensity (zero order) which passes right through the transparent
zones of the ZP.

A central stop incorporated in the ZP in combination with an OSA serves
to prevent the intensity in the higher order fractions from reaching the sample
plane, which would lead to unintended patterning and poor contrast when
imaging. The central stop is made significantly thicker than the opaque zones so
that it is non-transmissive in the photon energy range of the STXM beamlines.

The OSA is a thin (tens of micrometres) metal strip with a small circular hole
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often made by laser ablation. The diameter of the OSA used was almost always
50 um, however some measurements used 40 or 70 pm OSAs. The diameter of
the OSA is slightly smaller than Ds so that when the OSA is centered on the
optical axis and positioned appropriately between the ZP first order focal plane
and the ZP, the zeroth order and ZP higher order foci are blocked in principle and
only the ZP first order focused component can pass and reach the sample plane
(Fig. 2.8).

The situation becomes more complex when beamline higher order
radiation is considered. STXMs use diffraction gratings i.e. monochromators to
obtain the photon energy resolution necessary to acquire good quality NEXAFS
spectra and to reach diffraction limited spatial resolution (Eqn. 2.5). The grating
equation is,

Gm A =sin a +sin 8 (2.12)
where G is the groove frequency (grooves/mm), m is the grating diffraction order,
and a and S are the incident and diffracted angles of radiation of wavelength 4,
respectively [PLOS]. Integer multiples of 4 (i.e. higher diffraction orders m) will
satisfy the grating equation; x-rays with multiples of the first order diffracted
wavelength exit the monochromator at exactly the same f as the desired first order
radiation, assuming the incident radiation contains those wavelengths to begin
with. Left unchecked, this higher order radiation can propagate down the
beamline and eventually reach the sample plane and finally the detector. This is

generally more of a problem with BM and wiggler beamlines because their
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Figure 2.8: Side view schematic depicting the geometry of the foci of a Fresnel ZP in
combination with a central stop and OSA (bl = beamline).

emission spectra are broad with significant intensity at higher energies, whereas
undulators produce less intensity at wavelengths greater than the fundamental.
Beamline higher order radiation is very undesirable; it reduces patterning/imaging
contrast, and the maximum OD range measureable leading to distorted spectra.
It results in a higher dose to the sample, and can introduce spectroscopic artefacts.
STXM beamlines are designed to suppress higher order radiation to some extent
by choosing the appropriate groove profile for the gratings [M86] along with
certain coatings on optical surfaces [KTS&O03]. Still, it can be especially
problematic for experiments at the C 1s edge (270 — 330 eV) and below due to
the cumulative suppression of the beamline first order radiation in this range.
Carbon contamination (Ch. 8) on the beamline optics preferentially absorbs the
first order radiation. The two 100 nm SizNs windows in the optical path (one

separates the UHV beamline from the STXM chamber, the other supports the
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ZP (Fig. 2.8)) happen to be much more transmissive at higher photon energy.
Also, the STXM detectors in use were not energy-dispersive, and the efficiency of
these detectors increases with increasing photon energy [KTS&03].

Some ZP focused beamline higher order x-rays are blocked by the OSA.
For the CXRO ZPs, 90 pm Dy, operated at 300 eV, the focal length for the first
order focused beamline second order radiation i.e. 600 eV is twice that of the first
order focused beamline first order radiation (Eqn. 2.7). Simple trigonometry can
be used calculate that this first order focused beamline second order radiation is
an annulus at the OSA plane with an inner radius of 27 pum if Ay is 280 um
(loosely depicted in Fig. 2.8). Thus in principle a 50 pm diameter OSA should
prevent this radiation from reaching the detector if its position can be maintained
on the optical axis within 2 um. This assumes that the OSA hole is perpendicular
to the optical axis, flat and circular (which can be measured by performing an
OSA scan with the ZP in-focus). In practice, the OSA becomes distorted and/or
polluted over time due to accidental contact with samples as the gap between the
OSA and the sample is typically 200 — 250 pm, depending on the photon energy
and sample flatness. Some of this radiation does pass the OSA and appears as an
annulus at the first order focused beamline first order focal plane with an inner
radius of 25 — 30 um (often referred to as “halo” or simply “higher order”).
The OSA is less effective at blocking the third order focused beamline second

order radiation, and completely ineffective at blocking third order focused
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beamline third order radiation which has the same focal length as the first order
focused beamline first order radiation (Eqn. 2.7).

Higher order suppression systems have been installed on some STXM
beamlines where this is a significant issue. These systems can be taken in or out
of the beam path by the user as desired. Different approaches have been taken
ranging from a simple 200 nm Ti foil at 10ID-1, to a 1.0 m long section of the
beamline differentially pumped with N, at 600 mTorr at 5.3.2.2 [KTS&03], to a
relatively elaborate MgF, coated three mirror system at X07DA [FRW&10].
A mirror system was also used on the now decommissioned NSLS STXM X1A
[FCJ&98], and one will soon be installed at 5.3.2.1. These all effectively act as
low-pass filters with varying ability to suppress higher orders relative to the
desired beamline first order. If the STXM is on an EPU beamline, the amount
of higher order radiation can be reduced by operating in circular polarized
mode, as only the first order (fundamental) is emitted on axis and the other

higher orders (undulator harmonics) are divergent, in principle [C04].

2.3.3 Current number of soft x-ray STXMs
All soft x-ray STXMs in the world which were operating, commissioning
or under construction at the time of submission are summarized in Table 2.3

(Und-L: linearly polarizing undulator).
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Table 2.3: Soft x-ray STXMs in existence at the time of submission.

Facility Name Location Source | E range (eV) Status
ALS 53.2.1 Berkeley, USA BM 250 - 2600 Commissioning
ALS 5322 Berkeley, USA BM 250 - 750 Operating
ALS 11.0.2 Berkeley, USA EPU 80—-2100 | Operating

BESSY II | MAXYMUS | Berlin, Germany EPU 130 — 2000 Operating
CLS 10ID-1 Saskatoon, Canada EPU 130 — 2500 Operating
Diamond 108 Chilton, UK EPU 250 —2500 Construction
Elettra Twin-mic | Trieste, Italy Und-L 250-2200 | Operating
PLS Nanoscopy | Pohang, Korea EPU 100 — 2000 Construction
SLS PolLux Villigen, Switzerland BM 250 -1600 | Operating
SLS NanoXAS | Villigen, Switzerland BM 200 — 1400 Commissioning

SOLEIL Hermes Saint-Aubin, France EPU 250 - 1500 Construction
SSRF SXS Shanghai, China EPU 250 —-2000 Commissioning
SSRL 13-1 Stanford, USA EPU 250 -1000 | Operating

UVSOR-II BL4U Okazaki, Japan Und-L 50 — 800 Construction

The stated E ranges should be considered tentative as they often change with new
optics and other improvements. STXMs are currently commercially available
through two companies, Xradia Inc. (Pleasanton, USA) and Bruker Advanced

Supercon GmbH (Bergisch Gladbach, Germany, formerly ACCEL).

2.3.4 ALSS5.3.2 type STXM

Five of the six STXMs used in this thesis (all except 5.3.2.1) are largely
of the same design pioneered by the ALS 5.3.2 STXM. These STXMs offer
control of the z position of the ZP (x and y control also available at UE46 and
5.3.2.1), the x and y position of the OSA, x, y and z control over the sample,
and x, y and z control over the detector. The positioning is controlled using
motorized stages, except for the sample (x, y) fine stage which is piezo-based.

The arrangement and stacking of the stages is depicted in Fig. 2.9.
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Figure 2.9: (Top) Schematic depicting the general arrangement and stacking of the stages
and components of an ALS 5.3.2 type STXM (from [KTS&03] Fig. 2, © 2012 International
Union of Crystallography, used with permission). (Bottom) Three dimensional CAD
rendering of X07DA (courtesy of Dr. Benjamin Watts and Dr. Jorg Raabe, PSI, used with
permission).

The positioning of the sample (x, y) piezo fine stage is maintained relative
to the ZP to <10 nm via a laser interferometer feedback system (Fig. 2.10).
The feedback system corrects for run-out (transverse motion) of the ZP z stage as

the photon energy is scanned, and negates low frequency vibrations from the
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Figure 2.10: (Left) Schematic depicting the laser interferometer system of ALS 5.3.2 type
STXMs. (Right) Photograph of 10ID-1 depicting the orthogonal interferometers and
mirrors. The sample mount has been removed for clarity.

experimental floor. The feedback-control rate can be maintained indefinitely at
about 100 Hz [KTS&03]. The performance of the feedback system in this family
of STXMs is such that the minimum achievable patterning/imaging resolution
is not limited by the microscope mechanics or vibrations but only by the
properties and quality of the ZP used, though even this limitation is being
overcome by ptycographic [TDM&O08] and scanning probe [SRS&10] imaging
modes (note however that these approaches achieve higher resolution based on
novel detection schemes, not smaller focal spot sizes; these will not improve
minimum patterning resolution). The feedback system was critical for high
fidelity patterning experiments as well as imaging.

Except for UE46, the transmitted x-ray detectors consisted of a phosphor
scintillator to convert x-rays to visible photons which were then counted by a high

performance photomultiplier tube (PMT) [KTS&03, FKT04]. At UE46, the x-rays
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were detected directly using an avalanche photodiode (S2382, Hamamatsu).
The components, stages, interferometers, etc., are all mounted on a large Al block
depicted in Fig. 2.9 (total weight of 150 — 250 kg) and housed inside a vacuum
chamber. Photographs inside and outside of the X07DA chamber are presented in
Fig. 2.11. The chambers can achieve a vacuum of about 10 Torr, except UE46
and 5.3.2.1 which were designed for UHV. A 100 nm Si3N4 window separates the

UHYV of the beamline from the chamber conditions.

X-rays
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Figure 2.11: (Top) Photograph of the X07DA chamber and a portion of the beamline which
includes the exit slits and shutter. (Left) Photograph viewing inside the X07DA chamber.
(Right) Side view close up photograph of the ZP, OSA, sample and detector of 5.3.2.2 set for
measurements at the C 1s edge.
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All of the STXMs used the same operational software, STXM Control
[KTS&03], which controls the STXM and also controls many beamline
components, depending on the beamline. All of the STXM beamlines were
equipped with precise piezo x-ray shutter systems which can reliably go from
closed to open to closed in 1 ms [KTO04]. The shutters were positioned in vacuum
between the exit slits and STXM chambers. Additional instrument details can be

found in the instrument reports listed in Table 2.1 and in the chapters that follow.

2.4 Atomic force microscope

An atomic force microscope (AFM) was used to image and measure the
topography of thin polymer film sample surfaces. This instrument involves a
sharp tip with a radius of a few nanometres bonded to the end of a reflective
cantilever, a laser beam focused onto the back of the cantilever, and a quadrant
photodiode which measures the reflected laser light thereby monitoring the
deflection of the cantilever in response to a surface. Images are built up from a
series of scanned lines like in STXM. A diagram of the basic operation of an
AFM along with a photograph of the Quesant Q-Scope 350 AFM instrument used
for all AFM measurements is presented in Fig. 2.12. This microscope is currently
located in room 332, ABB, McMaster University. Quesant was one of the earliest
AFM manufacturers and was acquired by Ambios Technology Inc. in 2005.
This company was acquired by KLA-Tencor in 2010 which does not appear to be

marketing this AFM, and replacement parts are not readily available.
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Figure 2.12: (Left) Schematic depicting the essential components of an atomic force
microscope (adapted from [RW09] Fig. 1, © 2012 John Wiley & Sons Inc., used with
permission). (Right) Photograph of the Quesant Q-Scope 350 atomic force microscope.

All atomic force micrographs were obtained in intermittent contact mode.
In this mode, the cantilever/tip is driven into harmonic oscillation at its resonant
frequency far away from the surface of the sample. The amplitude of oscillation
with no surface influence is on the order of 100 nm. The oscillating tip is then
brought close to the surface. At some point the tip will begin touching or
“tapping” the surface, which dampens the oscillation. The closer it is brought
toward the surface, the more its oscillation is dampened. The user then sets an
oscillation dampening set point that essentially sets the force with which the tip
presses on the surface. The oscillating tip is then raster scanned (x, y) across the
surface with a piezo ceramic scanning tube under an adjustable feedback circuit.
As the cantilever is scanned the feedback circuit applies a voltage to the piezo

scanning tube in the z direction that attempts to maintain the oscillation
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dampening set point during the scan. If the dampening increases while scanning
(in response to some raised feature on the surface) the feedback system responds
by decreasing the voltage on the piezo z height scan tube, causing it to contract
moving the tip away from the surface until the oscillation dampening set point is
re-established. Conversely, if the dampening decreases (in response to the tip
encountering a depression on the surface) the feedback system increases the
voltage on the piezo z height scan tube, causing it to extend moving the tip down
so it tracks that feature. The voltage applied to the piezo z height scan tube for
each pixel is proportional to the height of the surface and is used to build up a
z height image.

Some images were also obtained in phase mode. In phase imaging, the tip
is driven into harmonic motion, the oscillation dampening point is set, and the tip
tracks the surface via a feedback loop in the same way as described in the
previous paragraph. However the signals which are used to form the image are
different. Contact between the tip and the sample surface while scanning can
cause the phase of the tip oscillation to differ from the phase of the piezo
oscillator driver. This phase lag of the tip oscillation relative to the driver
oscillation is the basis of a phase image. Phase images can be sensitive to
differences in friction and adhesion but do not contain height information.
The Q-Scope 350 instrument acquires both phase and z height images
simultaneously when operating in intermittent contact mode. Phase images

sometimes revealed subtle details that were not resolved in the z height images.
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Budget Sensors Multi75Al (force constant: 3 N/m, resonant frequency:
75 kHz) and Tap 150 Al-G (force constant: 5 N/m, resonant frequency: 150 kHz)
cantilevers were used throughout this thesis. The tips share the same shape and
dimensions (tip radius: <10 nm), however the higher resonant frequency Tap 150
Al-G cantilevers were found to be a much better match to the Q-Scope 350.
Though the image quality for both probes was identical, the Tap 150 Al-G probes
were easier to set up and were more stable during operation. The scan rate in any
case was always 0.5 Hz. Higher scan rates led to resonant coupling of the tip

oscillation with the thin (75 nm) Si;N4 windows and consequently poor images.

2.5 Scanning electron microscope

A scanning electron microscope (SEM) forms images by raster scanning
(x, ¥) a nano-focused beam of electrons across a sample area using electric or
magnetic fields. The inelastically scattered high energy electrons create secondary
electrons (SEs) in the sample, which are collected to form SE images. All SEM
images contained in this thesis were acquired using a SE detector, and are
therefore SE images. A photograph of the JEOL JSM-7000F used throughout this
thesis is presented in Fig. 2.13. This microscope is currently located in the
Canadian Centre for Electron Microscopy, McMaster University.

Samples for SEM analysis were affixed to Al sample holder stubs with
conductive Ag paint. A 5 £1 nm Pt layer was applied to all thin polymer film

samples using a Gatan 682 Precision Etching Coating System, which was
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Figure 2.13: Photograph of the JEOL JSM-7000F scanning electron microscope.

necessary to reduce charging and improve image contrast. The SEM chamber
vacuum was 10° — 10™ Torr. Images were acquired with a voltage of 10 keV,

a 60 pA beam current, and a typical working distance of 5 mm.
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Chapter 3
Experimental
This chapter begins with an in-depth description of sample preparation
and pre-STXM characterization procedures. The initial STXM set up procedure
is described, followed by instructions for acquiring and processing x-ray images
and spectra. Detailed instructions for STXM patterning and dose determination
are also included. The development procedures are outlined, and finally the
importance of the sequence in which the analysis techniques were carried out is

explained.

3.1 Sample preparation
3.1.1 Materials, sources and purities

A comprehensive list of all materials used in the experiments described
within this thesis is presented in Table 3.1. All materials were used as received,
except stearic acid (described in Ch. 11.2.2).

Two types of samples were prepared within this thesis: 1) Thin polymer
films on SizsN4 windows, and 2) thin fatty acid films sandwiched between two
Si3N4 windows. The preparation of thin fatty acid film samples is fully described

in Ch. 11.2.2.
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Chapter 3

Table 3.1: Comprehensive list of all materials used within this thesis.

Material Acronym | Stated purity | Supplier Additional information
2-propanol IPA 99.5% Caledon Common name:

Laboratories Isopropanol
4-methyl-2- MIBK | >98.5% ACS | Sigma-Aldrich | Common name: Methyl
pentanone reagent grade isobutyl ketone
5 minute epoxy LePage®
Double-sided tape M
“Fast drying silver Ted Pella Inc.
paint”
Hexatriacontane 99.9% Supelco
Mica Ted Pella Inc.
N,N- DMF 99.9% Sigma-Aldrich
dimethylformamide Chromasolv®
Parafilm® “M” American

National Can
Palmitic acid 99% Sigma-Aldrich
Polyacrylonitrile PAN Sigma-Aldrich | M,,= 150 000
Poly(dimethyl PMGI MicroChem A gift from Prof. Ash
glutarimide) Corp. Parameswaran, Simon

Fraser University
Poly(methyl PMMA | Electronics Polymer M,=315 000
methacrylate) grade Source Inc. M,/M,=1.05
Scotch® tape M
Silicon nitride SizNy Norcada Inc. 75 nm x 1 mm x 1 mm
windows window in a 200 pm x
5 mm x 5 mm Si frame
Stearic acid 99% Sigma-Aldrich
Toluene 99.9% Sigma-Aldrich
Chromasolv®

3.1.2 Preparation of thin polymer films on Si;Ns windows

3.1.2.1 Preparing polymer solutions

Solutions of polymer in solvent were prepared at least one day before spin

coating to ensure that the polymer had fully dissolved. The dissolution rates

increased substantially upon gently heating the solutions to about 50 °C on a hot

plate. Polymers should have a weight average molecular weight (M,,) of at least
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10 000 g/mol to form strong, consistent films that can be transferred to SizNy4
windows without degrading. Solutions were stored in a laboratory refrigerator at
4 °C and wrapped with Parafilm® to suppress evaporation of the solvent when not

1n use.

3.1.2.2 Spin coating

The polymer solutions were allowed to warm up to room temperature
(20 — 25 °C) before spin coating. Sheets of mica were cut with scissors into
approximately 2 cm x 2 cm pieces. These mica pieces were cleaved using
Scotch® tape immediately before being placed onto the vacuum chuck of the
spin coater (P-6708D, Specialty Coating Systems, Inc.). As the successfully
fabricated polymer films were transparent, a black marker was used to indicate
the non-cleaved (i.e. bottom) side. Enough polymer solution was then pipetted
dropwise onto the mica to fully cover the surface (usually 4 or 5 drops).
The desired spin sequence was then initiated, and after completion the films
on mica were inspected by eye. Films with a cloudy appearance often broke

apart during the subsequent transfer step.

3.1.2.3 Float transfer from mica to SizNy4
The film on mica was then scribed into approximately 2 mm x 2 mm
pieces using a scalpel and enough pressure to barely scratch the mica.

The following steps were greatly aided by observation with a very low power
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optical microscope: The scribed mica was held with tweezers, then very slowly
dipped (polymer side up) in a Petri dish of distilled water at an approximate
45° angle. 2 mm x 2 mm pieces of polymer film then detach from the mica
(sometimes readily, sometimes reluctantly) and float on the waters surface.

The float process is depicted in Fig. 3.1.

Figure 3.1: Photographs depicting the transfer of polymer film pieces from the scribed mica
to the surface of water.

While floating, the film pieces were inspected for variations in thickness.
The colour of the film can be used to estimate the thickness based on the
interference of visible light [H70]. A piece of uniform thickness was then
transferred onto a Si3N4 window by coaxing it over top of a submerged window
held with tweezers, then slowly raising the window out of the water (Fig. 3.2).
It is important to catch the film on the window in an orientation that only
partially covers the window area to allow for measurements of the incident
radiation /y during later STXM experiments. Usually several samples were made

from one piece of mica. Occasionally, unscribed films on mica were prepared
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in advance and stored in a laboratory drawer in labelled plastic dishes (polymer

side up) for later use.

SRR
.

.
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Figure 3.2: (Left) Photograph depicting the transfer of a polymer film piece (dashed
rectangle) from the surface of water to a Siz;N, window. (Right) Photograph of a polymer
film piece on Si;Ny, covering the bottom right corner of the 1 mm x 1 mm window area.

3.1.2.4 Annealing

After transferring onto SizNy, all thin polymer film samples were
annealed, except for some specifically listed in Ch. 7. This was done to remove
trapped solvent molecules, nano-voids, and to promote adhesion of the film to the
window. To that end, the polymers were annealed at or above their glass transition
temperature (7,), but below their lowest thermal degradation temperature (7g).
The glass transition and degradation temperatures for the polymers used in this

thesis in bulk form have been tabulated in Table 3.2.

Table 3.2: Glass transition and degradation temperatures of the polymers used in this thesis.

Polymer T,(°C) T, (CC)
PAN 85 [Aldrich] 311 [AGR&02]
PMGI 190 [MicroChem] 350 [MicroChem]

PMMA 103 [Ch. 7.3.1] 230 [Ch. 7.3.1]
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Annealing was performed using a homebuilt vacuum annealer currently located
in room 332, ABB, McMaster University. The temperature was monitored with a
K type thermocouple and a glass thermometer (+1 °C). Sometimes the annealing
was performed under a low vacuum (2 x 107 Torr). The annealing conditions
(temperatures, times, vacuum or no vacuum) varied between experiments.

The exact conditions of each experiment are noted in the chapters that follow.

3.1.2.5 Thickness measurement

The thickness of the polymer films on SizN4 was measured using AFM.
A tweezer tip was used to scratch a line across the part of the film covering the
Si3N4 window frame, and an atomic force micrograph was acquired over that line.
The thickness of films produced by the spin coating process was found to be fairly
consistent (+x10 nm) using constant conditions of polymer solution concentration,
volume and final spin speed. Any changes in height due to annealing were less
than the topographical resolution of the AFM (+1 nm) for all polymers
investigated. However, annealing was found to affect the surface roughness of
polymer films (Ch. 7).

Though there are published works regarding spin coating theory
[TWBS83], obtaining a desired film thickness was a trial and error process.
In general, the film thickness could be coarsely tuned by varying the
concentration of the polymer solution, and fine tuned by varying the final

spin speed. Polymer solutions within 1 — 5 wt% polymer, and final spin speeds
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between 1500 — 4500 rpm produced 20 — 300 nm thick films acceptable for
STXM measurements at photon energies spanning the C 1s edge.
A comprehensive list of conditions used to prepare the various polymer films

in this thesis has been compiled in Table 3.3.

Table 3.3: The conditions used to prepare the thin polymer film samples used in this thesis.

Polymer Thickness Solvent Concentration Final spin speed Used in
(nm, +£10) (wWt%) (rpm) (Ch. #)
PAN 60 DMF 1.5 3000 9
PMGI 50 DMF 2.8 2500 4,6
PMMA 30 Toluene 1.0 4500 5,12
PMMA 50 Toluene 1.5 4500 3,4,6,7
PMMA 100 Toluene 1.5 2500 10
PMMA 300 Toluene 5.0 1900 12

3.1.2.6 Optical microscopy

Samples were inspected with an optical microscope after fabrication.
They were checked for homogeneity, continuity, foreign material and other
defects, using low and high power magnification in reflection and transmission
modes. Small wrinkles and folds were common, as were micrometre-sized
specimens of foreign material, suspected to be mica or dust. These were often
sparsely distributed but more prevalent at the film edges. The bits of foreign
material were in fact critical to the experiments; they were used to set and confirm
the focus of the STXM. Samples that were obviously inhomogeneous, had too
many specs of foreign material (>1 every 10 pm x 10 pm) or otherwise judged as

defective were discarded. Optical micrographs were taken of the acceptable
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samples, which aided in locating areas of interest in later STXM, AFM and

SEM measurements.

3.1.2.7 Alternative transfer/fabrication methods

Some polymers investigated, but not used in this thesis, simply refused to
separate from the mica during the float procedure. This problem could possibly be
overcome by adjusting the pH of the water. If not, one option could be to spin cast
the polymer solution directly onto the SizN4 window, although films produced in
this manner were often of non-uniform thickness possibly due to flexing of the
thin window at high spin speeds. In addition this usually leads to complete
coverage of the window with no area for an /, measurement. However, the
thickness and purity of two windows cleaved side by side from a parent wafer
were found to be practically identical by NEXAFS spectroscopy. Therefore, one
window can be used for spin coating while the other can be dedicated to /.
Drop casting directly onto a portion of the window is another option, but again
non-uniform thickness and also limited thickness reproducibility should be
expected. Other interesting fabrication methods include spin casting on NaCl
plates, which are then dissolved in water [MPK&O05], drop casting onto liquid Hg,
or microtoming sufficiently thin sections from a solid block of material

[WBW&09].
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3.1.3 Affixing/removing samples to/from STXM sample holders

Thin fatty acid samples (between two SizN4 windows) were affixed to
sample holders using 5 minute epoxy. Polymer film samples (on SizN4 windows)
were affixed using 2 mm strips of double-sided tape. Samples on double-sided
tape can be successfully removed from the sample holder by carefully working
a scalpel blade under the sides of the window while avoiding the corners.
Great care must be taken (going slowly, only slight pressure, and working at

multiple sides) as only a small amount of stress will crack the fragile windows.

3.2 STXM data collection and analysis
3.2.1 STXM and beamline set up

The following procedure was executed at the beginning of every STXM
run. After loading the sample holder in the STXM, the chamber was evacuated to
about 0.1 Torr by pumping for about 10 min, then backfilled with 250 Torr He.
The evacuation step is important because O, has been shown to affect the rates
of radiation chemistry process that occur in thin polymer layers [CUAO02].
The OSA was carefully centered on the optical axis at the start of every run and
about every 4 h after that. The OSA diameter and 4y were chosen to select only
the first order focused beamline first order component. Higher order suppression
systems were used on beamlines that had such systems (Ch. 2.3.2) for all
experiments carried out at the C 1s edge (270 — 330 eV). The monochromator exit

slit widths were chosen to provide diffraction limited focus (Ch. 2.3.1.1).
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Occasionally the calibration of the exit slits (and entrance slit, if present) was
checked for accuracy, though they were never found to be miscalibrated by
significant amounts. The detector was centered on the optical axis and positioned
as close to the back of the sample holder as possible without touching it so that
the active area (600 um at 5.3.2.2) accepted the entire transmitted bright field
signal. The detector-to-sample distance could differ by as much as 1.5 mm while
still satisfying the above condition, however this has a negligible effect on its
efficiency; the transmission of 300 eV x-rays through 1.5 mm of 250 Torr He
used in these experiments is 97.7% [HGD93], which increases at higher photon
energies [KTS&O03]. The photon energy scale was calibrated to an accuracy of
0.05 eV using the known C 1s(C=0) — mn*c-o peak of PMMA at 288.45 eV
[WSH&O07]. The photon energy scales at each beamline were almost always
accurately calibrated upon arrival and shifts during a set of measurements over a

few days at any given beamline were <0.1 eV.

3.2.2 Collecting optical density images

Transmission images were acquired after bringing an area of the sample
into the focal plane. The user defines the image area, pixel size, dwell time, and
the photon energy. The sample is then raster scanned (x, y) through the x-ray focal
point while the transmitted photon flux is simultaneously recorded under
computer control to build up a transmission image. These transmission images

can then be converted to optical density (OD) images using the Lambert-Beer law,
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OD=—1nT=—1n(ILJ=,upt 3.1

0

where OD is optical density (absorbance), T is transmission, / is the transmitted
photon flux for each pixel in the image (photons/s), Iy is the incident photon flux
(photons/s), 4 is the photon energy dependent mass absorption coefficient of the
material (cm?/g), p is the density of the material (g/cm’), and ¢ is the thickness of
the material (cm). /) values were always recorded at the time of measurement for
the most accurate OD scale possible. The conversion from transmission images
to OD images was performed with the program aXis2000.

The importance of recording a relevant and accurate /y measurement
(i.e. flux measured through a blank) to accompany each / measurement (i.e. flux
measured through the sample and blank) for patterning, imaging, and
spectroscopy experiments is paramount and cannot be understated. There must be
a suitable area on the sample or some alternative area available to record /.
It should ideally be measured during, or immediately before or after recording /
with exactly the same parameters as /. There should be no refocusing, changes to
slit settings, or changes to the OSA or detector positions in the time between
measuring / and /o, as backlash in some motorized stages, run-out and
thermal drift lead to slightly different positions/alignment and a different
Ip. Even if STXM components could achieve, maintain and reproduce sub-
angstrom level alignment, /, will still gradually change over time due to carbon

contamination on the optics, sample and detector [LH12c], higher order radiation,
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changes in the orbit in the storage ring, gradual degradation of the detector, and
so on. It is almost never possible to go back later on (more than one day) and
record /y, and without a relevant, timely and accurate /, measurement the results

will be at least dubious, possibly meaningless and at worst misleading.

3.2.3 Collecting image stacks and NEXAFS spectra

NEXAFS spectra were obtained from image “stacks” [JWF&O00].
An image stack is a series of successive monochromatic transmission images
of the same area of the sample which span a photon energy range of interest,
usually an x-ray absorption edge. The user can define the photon energy of the
images (i.e. the photon energy sampling) and the dwell times. Stacks were often
set up with a fine photon energy sampling (<0.1 eV) in the regions of sharp
absorption features and a coarser sampling (0.2 — 0.6 eV) in the pre-edge and
ionization continuum regions. This decreases the possibility of introducing
radiation damage artefacts (through decreased sample dose) and the stack
acquisition time without sacrificing spectral quality. Stacks were collected with a
slight defocus in situations where diffraction limited spatial resolution was not
required which further reduces the dose associated with the stack acquisition.
After acquiring the stack, each transmission image was converted to an OD image
by applying the Lambert-Beer law (Eqn. 3.1) with an x-ray transmission spectrum
of the incident radiation (/, spectrum). Iy spectra were always recorded at the time

of measurement for the most accurate OD scale possible, usually concurrently
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within the stack area. If instrument drift was present, the images in the stack were
spatially aligned using Fourier transform based cross-correlation procedures
available in the program aXis2000. The aligned stack of images contains a

NEXAFS spectrum for every pixel in the image.

3.2.4 Creating “OD1” spectra for quantitative analysis

The NEXAFS spectra acquired with STXM in transmission obey the
Lambert-Beer law (Eqn. 3.1). For a single pure material, 4 and p are intrinsic
material properties whereas ¢ varies with sample thickness; OD is linearly
proportional to 7 (so long as absorption saturation is avoided). The thickness of
a layer of known material can therefore be determined in units of nanometres
by acquiring a NEXAFS spectrum with STXM (OD scale), and dividing this
spectrum by a NEXAFS spectrum of the same material in which the OD scale
has been normalized to the response for 1 nm of material (i.e. an “OD 1 nm”,
or simply “OD1” spectrum). These thickness-normalized spectra can be used for
quantitative microscopy of single or multi-component samples. OD images can
also be converted to thickness images using information from an OD1 spectrum,
so long as there are single component areas within the imaged area.

The creation of an ODI1 spectrum begins with the acquisition of a
NEXAFS spectrum with a generous pre- and post-edge photon energy range.
This spectrum must be of the highest quality: 1) The STXM photon energy scale

must be accurately calibrated, ii) the material used to create the ODI1 spectrum
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must be identical to that in the real sample, iii) the maximum OD feature should
be >0.2 but <1.0 to avoid absorption saturation, and iv) the spectrum should be
free of radiation damage [WML&09]. A calculated OD spectrum is then created
from a calculated x4 value, the density of the material (e.g. PMMA, CsHzO,,
p=1.18 g/cm3), and 1 nm thickness. Given the molecular formula of the material,
4 can be calculated as the sum of the weighted atomic photoabsorption

coefficients,

N,
AT 3.2
7 ME (3:2)

where Nu is Avogadro’s constant, M is the molecular weight of the compound
containing x atoms of element i, and o,; is the atomic photoabsorption coefficient
(cm*/atom) of atoms of element i. Measured and/or calculated o, values for
elements of atomic number Z = 1 — 92 and photon energies from 50 — 30 000 eV
have been tabulated [HGD93] and are also available (and updated) on the CXRO
website [C12]. These tabulated atomic photoabsorption coefficients are not
accurate in the immediate vicinity of the absorption edge fine structure but are
very accurate in the pre- and post-edge photon energy ranges. Calculated OD
spectra were created with the program aXis2000 which contains the tabulated
values list of the CXRO website. Finally, the OD scale of the high quality
NEXAFS spectrum is normalized to the pre- and post-edge regions of the
calculated absorption spectrum (between 275 — 282 eV and 340 — 360 eV
respectively for the C 1s edge), resulting in an OD1 spectrum which is saved for

later use. The OD1 spectra of PAN, PMGI and PMMA appear in Fig. 2.3.
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Thickness values obtained by dividing acquired NEXAFS spectra by OD1 spectra

agreed with those obtained by AFM within 10%, validating this approach.

3.2.5 Patterning
All patterning was performed using a scan option in STXM_Control called
PatternGen. Patterning is fully described in Ch. 7.2.4.2. Instructions to create and

execute patterns can be found in Ch. 7.6.1 and 7.6.2, respectively.

3.2.6 Determining absorbed dose

Calculation of absorbed dose (energy absorbed / mass) is fully described
in Ch. 7.2.4.3. The Systéme International unit of dose, the gray (1 Gy =1 J/ kg),
is used throughout this thesis. The doses used in this thesis range from
100 kGy — 1.5 GGy, while dose rates ranged from 10 MGy/s — 2.7 GGy/s.
Some works cited in this thesis use the older unit of rads to quantify absorbed
dose, where 100 rad = 1 Gy. In some of the works cited, the ionizing radiation
used is electrons. Electron “dose” when patterning in an electron microscope is
often reported in units of C/cm” (and is actually electron fluence). C/cm” can be
converted to grays for electrons with energies less than about 200 keV by the

following relationship [HHJ09],

(Gy)=(7.8x 10”{022 j(%j[%jm(ni ] (3.3)
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where Z is the atomic number of the irradiated material, 4 is the atomic
weight of the irradiated material, and E. is electron energy in electron volts.
Another equation to convert electron fluence to dose in grays can be found
in [WBW&09, Eqn. 3], although two critical values in this equation are

estimations, in contrast to the first principles approach of [HHJ09].

3.3 Development

The role of development in the general lithography process was discussed
in Ch. 1.2. To develop, the sample was held with locking tweezers, then
completely immersed and gently stirred in a 20 mL vial containing about 15 mL
of a premixed developer solution for a precise length of time. This was sometimes
immediately followed by immersing and stirring the sample in a rinse solution
contained in another waiting vial. The development procedures used in this thesis
are modified versions of those found in the lithography literature; the PMMA
development procedure (3:1 v/v solution of IPA:MIBK, followed by a rinse in
IPA) is essentially that discovered by [HHS68], with some additional inspiration
from [GSE&O06]. The PMGI development procedure (7:3 v/v IPA:H,0) has been
slightly modified from [JFP&O08]. The exact immersion times, order, etc. are
noted in the experimental section of each chapter which utilized a development
step (Ch. 4 — 7, 10, 12). With the exception of Ch. 5, all development occurred at
room temperature (20 — 25 °C). After development, all samples were allowed to

dry in ambient air while held with locking tweezers. Developer solutions were
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prepared in advance and stored in a laboratory refrigerator at 4 °C wrapped with

Parafilm® to suppress evaporation of the solvent when not in use.

3.4 Proper sequence of analysis to avoid artefacts

As mentioned in Ch. 1.3, changes are often observed in polymers which
have been exposed to ionizing radiation; polymers are radiation-sensitive.
Two of the three major imaging techniques used throughout this thesis, STXM
and SEM, probe the sample with ionizing radiation, which can induce mass
loss, chemical change, and deposit carbon. The experiments in this thesis were
conducted in an order which was cognisant of that. For example, imaging in
STXM, however briefly, results in the sample receiving some quantity of
absorbed dose. Special care was taken so that areas of the polymer film that were
to be patterned using STXM were not previously imaged. AFM imaging did not
noticeably alter the polymer films with the parameters used (Ch. 2.4), and was
therefore always performed before STXM or SEM if images of the same area of
the sample were desired. In some experiments STXM and SEM images of the
same feature were desired. Here, identical duplicate structures were made on
separate samples to obtain artefact free STXM and SEM images.

SEM imaging was always performed last as it was found to be the most
destructive. Even the process of sputter coating a 5 nm or even a 1 nm metal film

onto the polymer samples to enable SEM imaging was found to induce significant
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chemical change observed in the NEXAFS spectra. These coating-induced

changes to the C 1s NEXAFS spectrum of PMMA are presented in Fig. 3.3.
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Figure 3.3: C 1s NEXAFS spectral changes induced by sputter coating 0 nm Au (red), 1 nm
Au (green) and 5 nm Au (black) onto 50 nm PMMA films (acquired using 5.3.2.2).

I nm of Au caused mass loss, judged by the decrease in the signal intensity at
photon energies >305 eV, and loss of C=0O bonds judged by the decrease in
the prominent C 1s(C=0) — n*c-o signal at 288.4 eV. In addition, a new signal
at 284.8 eV formed, indicative of C=C bonding. The thicker the coating,
the greater the spectral change. These spectral changes of PMMA are similar
to those induced by controlled x-ray exposure using STXM (Ch. 7, Fig. 7.3).
After SEM imaging, the imaged sample was regarded as destroyed; once a
polymer has been inside the SEM, it should be considered a changed material

until proven otherwise, and not the other way around.
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Chapter 4
Zone plate focused soft x-ray lithography

This chapter reports the fabrication of small features directly written
in thin layers of PMMA using the zone plate focused x-rays of a STXM.
The incorporation of a post-exposure development step is described in this
chapter, and a minimum feature size of 40 +5 nm was achieved. A “radiation
spreading” phenomenon by which patterned features become wider with
increasing dose was found to be related to the PSF of the optical system and not
the polymeric resists.

Reprinted with permission from Applied Physics A: Materials Science &
Processing 2011, 103, 1-11, A.F.G. Leontowich, A.P. Hitchcock. DOI:
10.1007/500339-010-6172-4, © 2012 Springer Science + Business Media.

A.P. Hitchcock and the author of this thesis conceived the experiments.
The author of this thesis prepared all samples and developed them, performed all
the experiments, analyzed the data and wrote the manuscript which was edited by

A.P. Hitchcock.
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Abstract The zone plate focused soft X-rays of a scanning
transmission X-ray microscope have been used to pattern
poly(methyl methacrylate) and poly(dimethylglutarimide)
films by a direct write method which is analogous to litho-
graphy with a focused electron beam. The lithographic
characteristics of both polymers have been determined for
300 eV X-rays. With low doses (1 MGy), developed lines
40 £ 5 nm wide were created in poly(methyl methacrylate).
At higher doses an exposure spreading phenomenon sub-
stantially increases the lateral dimensions of the developed
patterns. The spreading mechanism has been identified as
the point-spread function of the zone plate lens. The per-
formance of focused soft X-ray lithography is compared to
other direct write methods. The practicality of a dedicated
focused soft X-ray writer instrument is discussed.

1 Introduction

The radiation based lithography process was first disclosed
in 1852 [1]. Continuous improvement of radiation based
lithography techniques has played a central role in facilitat-
ing the fabrication of ever shrinking devices (electronic [2],
nanofluidic [3], photonic [4], mechanical [5], optical [6])
with ever superior performance which modern society is in-
creasing reliant upon. Yet after more than 150 years of inno-
vation the fundamental steps have not changed: a substrate
is coated with a layer of radiation sensitive material, termed
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the resist. Radiation is directed upon the resist in a con-
trolled manner which causes changes to its chemical proper-
ties, patterning it into areas of irradiated and non-irradiated
material. The sample then undergoes a development proce-
dure, often accomplished by immersing the sample in a suit-
able solvent. The chosen solvent may remove the irradiated
resist, leaving behind the non-irradiated material (positive
mode), or the solvent may remove the non-irradiated resist,
leaving behind the irradiated material (negative mode). Af-
ter development, the desired pattern exists as a mask of resist
on substrate. Development of the patterned resist is a crucial
step toward actual device fabrication.

There are at least three general methods to arbitrarily pat-
tern resists via radiation.

(1) Position a patterned mask with transparent and opaque
areas between a radiation source and the resist, and flood
the mask with radiation [7]. Current state of the art tools
for mass production of electronic devices such as micro-
processors employ the patterned mask method and use
193 nm photons to produce sub-50 nm features on an
industrial scale [8].

Position a patterned reflecting surface between the ra-
diation source and the resist, irradiate this surface, and
allow only the reflected radiation to impinge upon the
resist [9]. It is anticipated that this projection method
with extreme ultraviolet photons (13.5 nm) will super-
sede the pattern mask method for industrial scale pro-
duction at the 15 nm node.

Focus radiation with optics or electromagnetic fields to
a small point, then scan either the beam above the resist,
or the resist below the beam, in a controlled manner.
This is the direct write method.

@

3

Both patterned mask and projection methods rely on the di-
rect write method to create the arbitrarily patterned masks
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and surfaces for micron and sub-micron lithography. Fo-
cused beams are also generally used for low volume produc-
tion when the cost of fabricating a mask is prohibitive, such
as producing masters for microfluidic devices, prototyping,
and in fabricating one-off devices.

Reports of sub-100 nm direct write patterning and litho-
graphy with focused photons are scarce relative to those in-
volving focused electrons and ions. We hypothesize several
reasons for this. The first report of patterning with a fo-
cused electron beam (1960) demonstrated sub-100 nm fea-
tures [10]. For far field techniques, the Rayleigh criterion
prevents focusing of photons at visible and UV wavelengths
into sub-100 nm spots (though sub-100 nm direct write pat-
terning with visible light and highly specific resists has been
reported [11]). As one reaches beyond the deep ultraviolet in
search of higher resolution, massive challenges arise in op-
tics fabrication: almost negligible differences in refractive
index from unity, relatively large absorption coefficients,
and the necessity to fabricate optical elements with an accu-
racy comparable to the wavelength of X-rays [12]. Another
early problem was the unavailability of bright X-ray sources.
Meanwhile, very early in the history of electron beam litho-
graphy, electron beams could be focused into sub-10 nm
Rayleigh resolution spots with adequate current to expose
resist materials. By 1980 there were commercially avail-
able electron beam writer systems, and focused ion beams
had demonstrated sub-100 nm patterning capability [13].
An early comparison of direct write electron and UV sys-
tems reported that focused electron beams had greater write
speed and could produce narrower features [14]. In addition
to the massive technological challenges that needed to be
overcome at that time, it was not clear that a focused photon
source of any energy could provide any advantages over a
focused electron beam for sub-100 nm direct write pattern-
ing. At present, “X-ray lithography” is nearly synonymous
with the patterned mask method and broadband synchrotron
radiation, while direct write electron beam systems are the
exposure tools of choice in terms of minimum feature size
and flexibility.

Spurred by the developers of water window (2.5-4.5 nm)
soft X-ray microscopy [15, 16] the technological barriers
hindering sub-100 nm direct write patterning with focused
X-rays have since been overcome. Modern scanning trans-
mission X-ray microscopes (STXM) [17-19] routinely fo-
cus monochromatic soft X-rays into sub-40 nm Rayleigh
resolution spots using Fresnel zone plates [20] (fabricated
by electron beam lithography!) with the state of the art res-
olution being 10 nm [21]. Though the efficiencies of zone
plates are quite low (often less than 10%) the performance of
modern third generation synchrotrons and associated beam-
lines is so tremendous that instrument performance is rarely
flux limited. The first example of direct write X-ray pattern-
ing was reported by Zhang et al. [22], who used focused
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317 eV soft X-rays at the National Synchrotron Light Source
(NSLS) to pattern poly(methyl methacrylate). Larciprete et
al. [23] used focused 640 eV soft X-rays at ELETTRA to
pattern LiF films. Wang et al. [24, 25] using Advanced Light
Source STXM 5.3.2.2 (formerly referred to as 5.3.2) have
pioneered direct write X-ray patterning at multiple wave-
lengths to pattern multi-layer polymer films with chemical
selectivity.

However, in all reported direct write X-ray patterning ex-
periments to date the best minimum feature size of either
undeveloped or developed patterns is only 90 & 14 nm in
hydrogen silsesquioxane (HSQ) [26], despite writing with
focused X-ray sources of much finer spot size. The resolu-
tion limitation is due to an exposure spreading phenomenon
whose origin has not been understood until this work. Here
we report the creation of patterns at 40 + 5 nm feature size
in thin layers of polymeric resists with focused soft X-rays,
their development, and subsequent characterization. Feature
broadening at higher doses is documented and the exposure-
spread mechanism is shown to be due to the point-spread
function of the zone plate lens. The performance relative
to other radiation based lithography techniques is discussed
and the potential for practical applications of focused soft
X-ray lithography is addressed.

2 Experiment
2.1 Materials

Poly(methyl methacrylate) (PMMA) M,,: 315000 M,/ M,;:
1.05 electronics grade was purchased from Polymer Source
Inc. Toluene 99.9% Chromasolv®, 4-methyl-2-pentanone
(MIBK) >98.5% ACS reagent grade, and N, N-dimethyl-
formamide (DMF) 99.9% Chromasolv® were purchased
from Sigma-Aldrich. 2-Propanol (IPA) 99.5% and water
HPLC grade were purchased from Caledon. Mica was pur-
chased from Ted Pella Inc. 75 nm Si3Ny windows (1 x 1 mm
window area in a 5 x 5 mm Si wafer frame) were purchased
from Norcada Inc. Poly(dimethylglutarimide) (PMGI) was a
gift from Professor Ash Parameswaran, Simon Fraser Uni-
versity, British Columbia, Canada.

2.2 Complementary characterization

Atomic force microscopy (AFM) measurements were per-
formed with a Quesant 350 microscope equipped with Bud-
get Sensors Multi75Al probes. All images were collected
with the AFM operating in non-contact mode at a 0.5 Hz
scan rate with 512 x 512 pixels. Scanning electron micro-
scope (SEM) measurements were performed with a JEOL
JSM-7000F microscope operating at 10 keV with a 60 pA
beam current at a working distance of 5 mm. A Gatan model
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682 Precision Etching Coating System was used to coat all
samples with 5 nm Pt before analysis. AFM measurements
were always performed before Pt coating and SEM measure-
ment to avoid artifacts due to Pt deposition or electron beam
damage.

2.3 Preparation of thin polymer films on SizNy substrates

Thin polymer films were fabricated by spin casting four
drops of a 1.0% w/w PMMA/toluene solution, or a 2.8%
w/w PMGI/DMF solution onto a 1.5 x 1.5 cm piece of
freshly cleaved mica. The films remained in ambient air for
10 minutes and were then cut into 3 x 3 mm pieces with a
scalpel. Upon slowly dipping the mica into a Petri dish filled
with water, small pieces of the film release and float on the
surface, which were then caught on SizN4 windows. The
pieces were positioned such that the polymer film only par-
tially covered the window to allow for measurements of the
spectrum of incident radiation (/,). The samples were then
annealed for 1 hour at 140°C (PMMA) or 230°C (PMGI) at
reduced pressure (~2 x 10~2 Torr). The annealed films were
consistently 45 &5 nm (PMMA) and 65 + 5 nm (PMGI)
as measured by AFM and near edge X-ray absorption fine
structure (NEXAFS) spectroscopy.

2.4 Scanning transmission X-ray microscope and
patterning

An interferometrically controlled STXM [17] on bend mag-
net beamline 5.3.2.2 [27] at the Advanced Light Source
(ALS) at Lawrence Berkeley National Lab (LBNL) was
used to direct write the desired patterns. The zone plate
lens (25 nm outer zone, 240 um diameter, 90 um central
stop) was supplied by the Center for X-ray Optics (CXRO),
LBNL. A N gas filter (a differentially pumped 1 m long
section of the beamline at a pressure of ~0.6 Torr) was used
to eliminate higher order radiation. The patterning was car-
ried out with the STXM tank backfilled with He to 1/3 at-
mospheric pressure, after evacuation of air. A uniform area
of the film was located and a sharp focus was established at
a point within 80 um of the area to be patterned. Patterning
was executed using the pattern generation capabilities of the
STXM Control software, as described by Wang et al. [24].
Special care must be taken to ensure that the patterning is
done on a pristine area of the film just beside the area of fo-
cusing, since even very brief (1 ms) exposures used while
imaging are sufficient to cause unwanted patterning, espe-
cially to PMMA. The patterned areas were never imaged by
STXM before or after patterning. For all experiments the ex-
posure energy was fixed at 300 eV. The detector efficiency
in the C K edge region [17], mass loss, and other instrumen-
tal parameters have been taken into account in computing
the absorbed radiation doses presented, which are believed
to be precise within 10%, using methods described in detail
earlier [24, 25].
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Fig. 1 (a) The pattern used to drive the sample positioning stages rel-
ative to the focal point consists of nine 600 x 600 nm areas. (b) Each
square in (a) is composed of 10 x 10 individual exposures spaced
60 nm center to center. (¢) AFM image of the pattern directly writ-
ten in PMMA with focused 300 eV monochromatic X-rays after de-
velopment. (d) Expanded three dimensional view of the eighth area
in (¢). The measured center to center spacing of the crosslinked PMMA
mounds is 60 =5 nm

2.5 Development of patterned polymer films

Development of PMMA was accomplished by immersing
the entire Si3Ny window in 3:1 IPA:MIBK for 30 s, then
IPA for 15 s. PMGI was developed by immersing the entire
SizN4 window in 7:3 IPA:H,O for 30 s, following the pro-
cedure of Johnstone et al. [28]. All development occurred at
ambient temperature (~20°C).
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Fig. 2 AFM image of the pattern directly written in PMGI with fo-
cused 300 eV monochromatic X-rays after development (the resolution
of this image is equal to Fig. 1c)

3 Results

3.1 Lithographic characteristics of PMMA and PMGI
patterned with 300 eV soft X-rays

PMMA was exposed to a pattern consisting of nine 600 x
600 nm exposure areas (Fig. 1a) which was designed to effi-
ciently characterize the lithographic transitions of PMMA.
We define two lithographic transitions: (a) the dose/dose
range required for complete removal of the resist from the
exposure area after development (positive mode), and (b) the
dose/dose range required to transition from positive mode to
negative mode. Each square is composed of 10 x 10 pix-
els spaced 60 nm center to center (Fig. 1b). The pixel dwell
time of the exposure areas increases from left to right and
top to bottom such that each area receives a controlled dose
that progressively increases from one area to the next. After
patterning the sample was removed from the STXM and de-
veloped. The developed pattern was then imaged with AFM
(Fig. 1c) and SEM (not shown). A high resolution AFM im-
age of the eighth area (Fig. 1d) shows that all 10 x 10 ex-
posed points are resolved as mounds of crosslinked (neg-
ative mode) PMMA with a center to center spacing of
60 =5 nm.

Many areas of the PMMA film were patterned covering
a dose range from 0.1-300 MGy. The dose dependent litho-
graphic transitions of PMMA were determined from analy-
sis of AFM images of these features and the observations
are summarized in Table 1.

The dose dependent lithographic transitions of PMGI
were measured in the same fashion. Patterned areas were
prepared by controlled exposure to 300 eV focused X-rays,
developed and imaged with AFM (Fig. 2). The lithographic
transitions of PMGI were determined from analysis of the
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Fig. 3 Plot of residual thickness, as determined by AFM after devel-
opment, as a function of dose for PMMA and PMGI exposed to 300 eV
monochromatic X-rays. 1 corresponds to the initial spun cast thickness,
0 being full removal

AFM images and the observations are summarized in Ta-
ble 2. The response of both polymers to dose after develop-
ment was quantified by AFM and is presented graphically in
Fig. 3.

3.2 Minimum developed feature size

An elbow pattern (Fig. 4a) was directly written in a PMMA
film with a dose of 1 MGy. After patterning the sample was
removed from the STXM, developed, and imaged with AFM
(Fig. 4b). The developed lines were determined by AFM to
be ~50 nm deep (Fig. 4¢), indicating that these lines extend
down to the substrate. The SEM image of the developed el-
bow pattern (Fig. 4d) reveals a different surface morphology
at the center of the lines versus other areas of the film. The
morphology at the center of the lines is identical to that of
bare Si3Ny4, again confirming complete removal of PMMA
from the exposure area after development. We determined
the width of the developed horizontal lines to be 40 & 5 nm
with a pitch of 120 nm (a 1:2 linewidth-to-spacewidth ra-
tio) by analyzing the SEM image. The width of the vertical
lines is somewhat larger and less regular which we suspect is
due to incomplete closure of the shutter between pixels and
the direction in which the patterns are written (horizontal
line after horizontal line from bottom to top). The minimum
1:1 linewidth achievable, as well as the minimum negative
mode linewidth, were determined by adjusting the size of
the elbow pattern and were characterized in the same fash-
ion. Minimum linewidth values for PMMA are presented in
Table 3.

3.3 Exposure spreading phenomenon

While attempting to find the optimum doses for positive
mode lithography it was readily apparent that the width of
the developed features increased with increasing dose. To
demonstrate, several identical elbow patterns were written
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Table 1 Lithographic

Observation

Incomplete removal of irradiated material

Complete removal of irradiated material (positive mode)
Onset of crosslinking (negative mode)

Fine crosslinked features

Extensive crosslinked features

Observation

characteristics of PMMA Dose (MGy)
exposed to 300 eV soft X-rays
<1
1-85
85-95
95-150
>150
Table 2 Lithographic
characteristics of PMGI exposed Dose (MGy)
to 300 eV soft X-rays
<15
15-110
110-140
>150

Incomplete removal of irradiated material
Complete removal of irradiated material (positive mode)
Onset of crosslinking (negative mode)

Extensive crosslinked features

directly in PMMA differing only in dose. After pattern-
ing, the sample was removed from the STXM, developed,
and imaged with SEM. The series of SEM images (Fig. 5)
clearly shows that as dose increases, the width of developed
features increases. Closely spaced features experience sub-
stantial distortion; at higher doses the exposure spread can
cause closely spaced lines to merge together. In Fig. 5d the
exposure areas received sufficient dose to be in the nega-
tive mode regime; the 1:1 lines of crosslinked PMMA are
90 & 5 nm wide. Surprisingly, material was removed more
than 300 nm away from the expected exposure area. It is this
type of exposure-spread phenomenon that has limited the
minimum achievable feature sizes for direct write X-ray pat-
terning in the past [23-26]. Understanding the origin, which
in turn could lead to strategies to minimize the spread, was
a major goal of this research.

Two single pixel exposures were made in PMMA with
relatively high doses (370 MGy) to investigate the exposure-
spread phenomenon. After patterning the sample was re-
moved from the STXM, developed, and imaged by AFM
(Fig. 6a). This image shows that the spatial distribution
of the exposure spread around a single pixel exposure is
anisotropic and extends several hundred nm from the cen-
tral exposure point. The second single pixel exposure made
under identical conditions has an identical spatial distribu-
tion. The spatial distribution of the apparent exposure spread
around multiple separated single pixel exposures is com-
pletely reproducible with fine detail in PMMA. The de-
veloped single pixel exposures were also imaged by SEM
(Fig. 6b). The spatial distribution observed by SEM is iden-
tical to that measured by AFM (Fig. 6a), negating AFM
tip convolution effects as the origin of the reproducible
anisotropic pattern.

The same single pixel, high dose exposure experiment
was performed in PMGI. The developed patterns were im-
aged with AFM (not shown) and SEM (Fig. 6¢). AFM im-
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Table 3 Minimum developed feature widths created in PMMA

Feature Classification Width (nm)
Positive mode 1:2 lines 40+5
Positive mode 1:1 lines 75+£5
Negative mode 1:1 lines 90+£5

ages were not included because the features observed were
identical to those in the SEM images. The spatial distribu-
tion of the exposure spread around multiple separated single
pixel exposures is anisotropic and reproducible with fine de-
tail in PMGI. A comparison of Figs. 6b and 6¢ shows the
overall shape of the anisotropic spatial distribution is inde-
pendent of the resist.

4 Discussion

4.1 Focused soft X-ray lithography in PMMA and PMGI
at 300 eV

4.1.1 Lithographic characteristics of PMMA and PMGI for
300 eV monochromatic X-rays

There are hundreds of reports of radiation based lithogra-
phy involving PMMA but relatively few involving PMGI.
Our measured dose value of 1 MGy to adequately expose
PMMA for positive mode lithography (Table 1) is consistent
with other reported values (0.85 MGy [5], 1.4 MGy [29],
0.42 MGy [30]). However, caution must be used when com-
paring this value, as well as all dose values compiled in Ta-
bles 1 and 2, to other studies involving PMMA and PMGI, as
these values also depend critically upon certain development
(composition, development and rinse time, temperature) and
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Fig. 5 SEM images of identical elbow patterns directly written in
PMMA with focused 300 eV monochromatic X-rays after development
(all images are the same scale). (a) An optimum dose of 1 MGy pro-
duces the narrowest positive mode features. The developed linewidth
increases with increasing dose (b), 3 MGy, (¢) 4 MGy. (d) An exten-
sive positive mode region extends beyond the high dose (100 MGy)
negative mode regions. The crosslinked 1:1 lines of (d) are 90 & 5 nm
wide

is much more gradual. It takes much more dose to cause
a thickness change to PMGI as compared to PMMA, and
the last few nm of PMGI are especially difficult to remove.
Fig. 4 (a) The elbow pattern used to drive the sample positioning More dose is required in order to fully remove all ma.ter-
stages relative to the focal point. (b) AFM image of the pattern directly 12l down to the substrate. Consequently, the feature sizes
written in PMMA with focused 300 eV monochromatic X-rays after ~ broaden, and so the developed resolution of PMGI is not
development. Dose: 1 MGy. (¢) Line out from the dashed vertical line as high as PMMA.
@n (b). (d) SEM image of the region outlined by the dashed rectangle PMMA and PMGI are somewhat uni que in that they be-
in (b) demonstrating 40 £ 5 nm 1:2 developed lines . . . i

have as positive resists at low doses and negative resists at

high doses, as demonstrated in Figs. 1c¢ and 2. This dose de-
resist (M, and My, casting solvent, thermal treatment) de-  pendent transition from positive to negative mode has been
tails [31, 32]. Still, we note that even though the wavelengths  known for some time for PMMA [2], but we are unaware
between these studies are very different (and thus primary  of any reports of this behavior for PMGI. The onset of
radiation effects are different), a similar dose for full re-  crosslinking for PMMA consistently occurred within a rel-
moval was determined, which suggests that secondary ra- atively narrow dose range (Table 1), and fine sub-100 nm
diation damage processes dominate, and the overall process  features can be made with doses just beyond the onset,
is mainly related to total energy deposited per unit of mater- as demonstrated in Figs. 1d and 5d. Within the extensive
ial (i.e. absorbed dose). We find it difficult to avoid causinga  crosslinking dose range the crosslinked material from in-
measurable change to the developed height of PMMA, even  dividual pixels blurs together, such that the pixilation is
with the shortest possible dwell times (~1 ms due to the  smoothed and the thickness is even within £1 nm (Fig. Ic,
time needed to open and close an in-vacuum piezo shutter)  area 9). In contrast, the onset of crosslinking in PMGI is
and very narrow entrance and exit slit settings (thus mini-  not as well defined and occurs over a much larger dose
mizing the photon flux). The transition from non-irradiated ~ range (Table 2). Within this dose range we observe random
height to full removal inside the exposure area is very rapid  blobs of crosslinked PMGI with spotty coverage of the sub-
and occurs over a dose range of less than 1 MGy (Fig. 3). On strate (Fig. 2, area 8). The substrate could be fully covered
the other hand the positive mode response of PMGI (Fig. 3)  with crosslinked PMGI using doses greater than 140 MGy,
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Fig. 6 (a) AFM image of a developed PMMA pattern consisting of
two single pixel exposures, each at a dose of 370 MGy. The dots in the
centers are crosslinked PMMA. (b) SEM image of the top left single
pixel exposure of (a). (¢) SEM image of a developed PMGI pattern
consisting of two single pixel exposures, each at a dose of 900 MGy.
The dots in the centers are crosslinked PMGI

though the thickness of this coverage was uneven at =5 nm
(Fig. 2, area 9).

4.1.2 Minimum feature size

We have reduced the minimum feature sizes fabricated with
focused soft X-rays by a factor of five from our earlier re-
ports. In our previous work [24, 25, 33] films were patterned
with high doses, and the patterned areas were then imaged
at low doses with the STXM using photon energies sensitive
to the damage chemistry (in PMMA and PMGI, C=0 bond
removal). The feature sizes were determined from analysis
of the STXM images. In the case of PMMA, when imaging
at 288.5 eV (the sensitive C 1s(C=0) — ﬂézo transition)
the contrast in each pixel of the image is proportional to the
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number of carbonyl bonds. As the exposure area receives
more dose, more carbonyl bonds are broken. Doses below
5 MGy show negligible change in contrast for PMMA [32],
so the patterned areas must receive more than 5 MGy to just
be observable above the background, which is five times that
required for positive mode lithography.

The mechanism for development of PMMA is very well
known [2, 34]. Briefly, PMMA experiences primarily main
chain scission when exposed to ionizing radiation. Lower
molecular weight (irradiated) PMMA is extremely soluble
in the developer solution, whereas higher molecular weight
(non irradiated) PMMA is only sparingly soluble. One main
chain scission in the middle of a polymer chain will reduce
its molecular weight in half, which has a very large effect
on its solubility [31, 34]. Thus, without development, one
bond scission has a negligible effect on contrast when vi-
sualizing the patterns by X-ray microscopy, whereas, with
development, one bond break can produce a very large con-
trast change. Furthermore, in this work we have imaged the
developed patterns by AFM and SEM which have signif-
icantly better spatial resolution, in the sub-5 nm range, as
opposed to the 30 nm spatial resolution of the STXM with
25 nm zone plates. By incorporating a development step and
employing imaging techniques with higher resolution we are
able to visualize very low doses and avoid the large dose and
thus exposure-spread regime, which has lead to the signifi-
cant improvement in minimum feature size.

We believe the 40 + 5 nm features presented here are the
smallest created with a zone plate lens at any wavelength in
any orientation (including demagnifying a patterned mask
[35]). The zone plates used in this study achieve 30 nm
diffraction-limited resolution, thus we have demonstrated
patterning at 1.3 times the diffraction limit. Still, many vari-
ables were not optimized. Avenues toward further reduction
of minimum feature size are discussed in Sect. 4.3.

4.2 Exposure spreading mechanism for focused soft X-rays

Previous reports of STXM mapping of chemical changes
caused by focused soft X-rays have observed signs of appar-
ent exposure beyond the expected exposure area [24, 25].
Moving to development of patterns has reduced minimum
achievable feature sizes dramatically but the exposure-
spread phenomenon qualitatively depicted in Fig. 5 still
exists. This spread is also apparent in Figs. 1 and 2—the
squares become much wider than their defined 600 x 600 nm
exposure areas with increasing dose. The features of this ex-
posure spreading mechanism are quantifiable - the lateral
extent of the spread depends on the polymer used and dose
[24, 25]. Other direct write X-ray patterning studies have
noted that this takes place not only in organic resists, but
also inorganic resists [23, 26], and self assembled monolay-
ers [36]. The radiation based lithography literature contains
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numerous examples of effects which can cause the actual
exposure area to be larger than intended (i.e. “proximity ef-
fects”) with very similar observable characteristics to this
study, though the underlying mechanistic theories are very
different. Several hypotheses have been put forward, but
there is no consensus for focused soft X-rays.

Reports have shown that instability of a patterned mask
or the radiation source can degrade the fidelity of patterning,
blurring sharp features [37]. The possibility of unwanted
movement of our focal point, which could cause the actual
exposure area to be larger than anticipated, was considered
but dismissed since the position of the focal point relative to
the sample is stabilized by an interferometric feedback sys-
tem to £10 nm in X, Y, and Z [17] with a feedback response
in the 100 Hz range. The positional accuracy and stability of
the STXM microscope is clearly demonstrated by the im-
age presented in Fig. 1d where all 10 by 10 single pixel
exposures are faithfully reproduced as dots of crosslinked
PMMA spaced 60 £ 5 nm apart. The beam was positioned
over each pixel for 225 ms, which is ~200 times longer than
necessary for positive mode lithography in PMMA. This is a
testament of the positional accuracy of ALS STXM 5.3.2.2,
be it for patterning or imaging.

Observing the spread distribution surrounding single
pixel exposures as revealed by development provides tre-
mendous insight into the mechanism of exposure spread for
the case of focused soft X-rays. Our PMMA and PMGI films
are expected to be uniform since they were annealed above
their respective T,’s for one hour. Therefore, one expects an
isotropic circular pattern for the case of a migrating dam-
aging species spreading outward in a uniform medium. In-
stead, Fig. 6a shows that the spatial distribution of damage
is not isotropic. Had this only been observed in one expo-
sure, the source of the anisotropy could be rationalized as
statistical variation in the migration of a damaging species,
possibly due to a non uniform film. However we observe an
identical anisotropic exposure-spread distribution in AFM
and SEM images of identical repeated single pixel expo-
sures. The migration of any damaging species produced by
radiation, outward from the exposure area either through the
sample or above it, is reasonably expected to be a random
walk. Any suspected primary scattering processes [36] or
possible radiation initiated propagating chemical reactions
[38] would also be random. Since the spatial distribution of
damage is not random, we deduce that the exposure-spread
mechanism does not involve any process with a statistically
random spatial distribution. Comparison of the SEM images
of the spread distribution in PMMA (Fig. 6b) and PMGI
(Fig. 6¢) shows that the exposure spread is the same in two
different polymers, when patterned under identical condi-
tions. Ongoing work involving similar single pixel pattern-
ing experiments executed with the STXM at the Canadian
Light Source (Saskatoon, SK) produced different, repro-
ducible anisotropic spread patterns. Since the anisotropic
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exposure-spread distribution is independent of the resist, it
must involve something outside the sample.

The point-spread function of any given (zone plate) lens
is expected to be the same for each single pixel exposure. In
the best-case scenario, a perfectly fabricated lens, uniformly
illuminated with coherent radiation will produce an inten-
sity distribution that is an Airy disk in the focal plane. The
focal point is not a “spot” of uniform intensity and finite di-
ameter, but is in fact an intensity/dose distribution [39]. We
have determined that a 1 MGy exposure is required to clear
PMMA from the exposed area after development. When the
exposure times are increased, the dose threshold of 1 MGy
is exceeded further and further away from the central axis of
the focal point, leading to the exposure-spread phenomenon.
The relationship between the distance of exposure spread
from the center of the focal point versus dwell time reflects
the point-spread function. This approach has been used to
characterize the point-spread function of zone plate lenses
in two dimensions with non-ionizing radiation [40]. If the
illumination or the lens itself deviates from perfection, the
point-spread function will not be symmetric and the pattern
developed after a single pixel exposure will mirror these de-
viations, leading to a non symmetric dose distribution and
therefore a non symmetric exposure-spread distribution, in-
dependent of the resist.

We hypothesize that the anisotropy of the exposure-
spread distribution for a single pixel exposure is due to some
combination of aberrations in the zone plate and/or non uni-
form illumination of the zone plate. At this stage we can
only say that the exposure-spread mechanism for the case
of patterning with zone plate focused soft X-rays is related
to the instrument properties, in particular, the point-spread
function of the lens. Though the diffraction-limited value for
resolution (the Rayleigh resolution) is often referred to as
the “spot size”, this is a clear illustration of why that should
not be taken literally. For example, the diameter of the first
null of the Airy pattern for a zone plate with a 25 nm out-
ermost zone at perfect focus is 61 nm, and 16.2% of the to-
tal intensity lies beyond that in the best-case scenario [39].
Acknowledgement of the point-spread function in STXM
is clearly important for patterning but it is also critical for
spectromicroscopy where spectral signals ascribed to a very
small object do in fact contain contributions from X-ray ab-
sorption outside of that small object. While this is not impor-
tant for majority signals, it could be important for minority
components.

There is much debate concerning the radius over which
a secondary electron (or any migrating damaging species
for that matter) produced within the exposure area could
migrate and spread damage, and it is this distance that is
thought to be a fundamental limit of lithographic techniques
which employ ionizing radiation [41, 42]. In solids the ra-
dius over which a liberated secondary electron could migrate
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and cause damage can be predicted by the universal inelas-
tic mean free path curve [43]. This distance is not likely to
be more than 10 nm given that the maximum kinetic en-
ergy is the photon energy itself, and 300 eV soft X-rays are
used. The observed damage spread distribution surrounding
single pixel exposures provides an excellent opportunity to
briefly comment. Under identical conditions, the anisotropic
exposure-spread distribution is completely reproducible in
fine detail within the resolution of the AFM and SEM im-
ages. Therefore, we infer that the radii of any damaging sec-
ondary processes initiated by 300 eV photons must be less
than 10 nm, for, if this were not the case, these fine details
would noticeably change from exposure to exposure.

4.3 Avenues toward reducing minimum feature size
4.3.1 Improving the resist and development

PMMA was chosen as a resist for this study because it is
consistently found to be one of the highest resolution re-
sists using many different radiation sources and patterning
techniques. One avenue to higher resolution would be opti-
mization of the development procedure. The 3:1 IPA:MIBK
developer system was employed due to its popularity in the
literature, which should facilitate a more valid direct com-
parison of our results to those of others. Ultrasonic agita-
tion methods [44], cold development [45], as well as other
solvent systems [44, 46] have been reported to reduce the
width of developed features in PMMA. Thermal treatment
methods have also led to reduced minimum features sizes
in PMMA [47]. Other resists such as HSQ [26] could offer
higher resolution than PMMA. One can also envisage a re-
sist and developer system designed specifically for focused
soft X-ray lithography.

4.3.2 Improving the optics and exploring new energies

Perhaps the most obvious way to increase the resolution of
any direct write technique would be to incorporate higher
quality optics; patterning with improved zone plates should
lead to a reduction in minimum feature size. Zone plates
with 12 nm outer zone width, which have resolved 1:1 12 nm
lines, have recently been fabricated [6]. Another possibility
would be to use the third order rather than first order focus
of a zone plate. This operational mode is difficult to estab-
lish but it provides three times smaller Rayleigh spot size
[20, 48]. This approach has been used to resolve 1:1 14 nm
lines with a zone plate having 25 nm outer zones [49]. In
principle, patterning with focused X-rays could be accom-
plished with Kirkpatrick-Baez (KB) X-ray focusing mirrors
instead of zone plates [20]. One dimensional resolution as
small as 7 nm has recently been achieved in a long beam
lines with multiple KB focusing optics [50]. KB focusing
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has the added benefit of being achromatic. It may be possi-
ble to achieve lower minimum feature sizes by patterning at
other soft X-ray energies. Patterning with lower energy elec-
trons has been reported to decrease linewidths [51, 52] but to
our knowledge this has not been explored for patterning with
monochromatic X-rays. We note that lower electron beam
energy is not intrinsically a recipe for higher resolution since
the electron beam writers used to fabricate the smallest zone
width zone plates, such as the LBNL Nanowriter [53], oper-
ate at 50-100 keV.

4.4 Outlook

Like the earliest reports of focused electron beam pattern-
ing [10], we and others have adapted existing X-ray micro-
scopes to write patterns. Currently there are eight soft X-ray
STXMs in the world and at least three more are under con-
struction or are approved projects [54], all of which are tech-
nically capable of this type of work. Due to the requirement
of strictly monochromatic X-rays for best focus with zone
plates, at present STXMs are only found at high brightness
third generation synchrotron light sources, for which there
is high demand. These microscopes were not designed for
patterning and so one faces certain instrumental limitations.
For the STXM, fine focus is achieved by scanning the zone
plate to sample distance and observing the transmitted im-
ages of a small opaque object. Soft X-ray absorption cross
sections are relatively high, so STXM samples must be thin
(~100 nm for illumination at the C 1s edge) and positioned
free standing or on a soft X-ray transparent substrate such
as SizNy or thin polymer materials such as polyimide or
formvar. Consequently these thin substrates are extremely
fragile. We are also limited to patterning relatively small ar-
eas. With the current instrument and relatively flat SizNg
substrates the microscope stays in reliable focus over ap-
proximately 80 x 80 um. Then there is the issue of write
speed. It takes approximately 2-3 ms for the microscope to
accurately position the stages based on interferometer feed-
back. The shortest period of time the shutter can open and
close is about 1 ms. 1 ms in the current configuration pro-
vides enough dose to bring PMMA into the positive mode
regime; thus the speed of patterning in positive mode is not
limited by flux. This provides some estimate of the speed of
patterning: 10% of a 20 x 20 um area with 30 x 30 nm pix-
els can be sufficiently exposed in about 3 minutes. It should
be noted that PMMA is not considered to be a very sensi-
tive resist and others are much more sensitive (though their
sensitivity to soft X-rays remains to be measured). A faster
acting shutter and more sensitive resist would provide some
improvement. Many of these issues could be overcome by
designing a dedicated X-ray writer instrument optimized for
speed with autofocusing capability for patterning large areas
(glass microscope slides, Si wafers, etc.).
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Has the time come for such an instrument?

In our opinion, no. Even if the cost and access issues of
third generation synchrotrons were addressed by compact,
affordable, commercially available X-ray sources with simi-
lar performance, we feel it is unlikely that focused soft X-ray
lithography will ever compete with electron beam lithog-
raphy in terms of spatial resolution or throughput. Other
groups have investigated zone plate arrays with multiple
shutters for high throughput patterning [35, 55, 56]. After
noting the difficulty in reproducibly fabricating a single high
resolution zone plate, achieving and maintaining the sam-
ple to zone plate distance, keeping the order sorting aperture
centered, etc., we feel that a large leap in technology will be
required to fabricate and manage a zone plate array (tens to
hundreds of beams) with parallel performance comparable
to this study. Thus it seems that direct write lithography with
focused soft X-rays offers negligible advantages for applica-
tions currently well covered by electron beam lithography.
However one can envisage a number of special and possibly
unique applications where focused soft X-ray lithography
might be an attractive approach. In our view the biggest ad-
vantage is the ability to tune the photon energy. Chemically
selective patterning in bilayer [24] and trilayer [25] systems
has already been demonstrated. Exploitation of the chemi-
cal selectivity will likely drive applications of focused soft
X-ray lithography.

5 Conclusion

A scanning transmission X-ray microscope has been used
to pattern thin films of PMMA and PMGI with 300 eV
monochromatic X-rays in a manner analogous to direct
write lithography with a focused electron beam. The litho-
graphic characteristics of both polymers were determined
over a dose range from 0.1-300 MGy. With optimized doses,
40 = 5 nm developed lines have been produced, which is
approaching the diffraction-limited resolution of the zone
plate lens used. We believe this to be the smallest feature
size created with a zone plate lens at any wavelength in any
orientation. The mechanism of the exposure spreading phe-
nomenon was determined to be related to the point-spread
function of the zone plate lens. We consider the develop-
ment of a dedicated X-ray writer instrument to be premature
at this point in time. Further investigation using present and
future generation STXMs is adequate until there are specific
examples which demonstrate unique advantages of focused
soft X-ray lithography over existing direct write methods.
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Chapter 5
33 nm feature sizes via direct write x-ray lithography
This chapter presents our best effort to create the smallest feature size
possible with focused x-rays. Continuous and reproducible 33 4 nm wide lines
were created in a thin layer of PMMA using a STXM equipped with a 15 nm outer
most zone width zone plate and a cold development procedure. These are among
the smallest feature sizes demonstrated with the direct write method and photons

of any wavelength.

5.1 Introduction

Prior to this report, the lowest feature size created with focused x-rays and
the direct write method was 40 £5 nm in PMMA using a STXM operating at
300 eV [LHI11, Ch. 4]. This result was not limited by the properties of the resist
(the ability of PMMA to record sub-10 nm features has been demonstrated
multiple times [FST&77, YHAOI, CLBO07]) but rather the x-ray optical system,
specifically the zone plate lens used. Assuming that the zone plate is fabricated
within certain tolerances and sufficiently coherently illuminated (Ch. 2.3.1.1),
the diffraction limited x-ray spot size will be proportional to the outer most
zone width of the zone plate, Ar (Eqn. 2.6). The result of [LHI1, Ch. 4] was
accomplished with a 25 nm Ar zone plate. Incorporating a zone plate with a
reduced Ar should lead to smaller spot sizes and correspondingly smaller feature

sizes. The fabrication of high resolution x-ray zone plates is technically
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demanding and remains a very active area of research. Zone plates with 15 nm Ar
have been achieved by novel fabrication schemes such as double patterning
[CKR&09] and zone doubling [JVP&O07]. Recently these high resolution zone
plates have been made available to general users at some STXM beamlines.

Alternative resist development procedures have also been reported to
benefit patterned features. Several groups have reported the effects of simply
lowering the temperature of the development solution. Benefits include reduced
number of defects [PAM9S], increased contrast [RKV&02] and most importantly,
decreased feature size. Development of PMMA in the pseudo-standard developer
of 3:1 v/v IPA:MIBK at 4 — 10 °C has been reported to produce narrower features
versus development at room temperature [HSL&04, CLB07]. Cold development
decreases the feature sizes in patterned polymeric resists by reducing the
molecular weight range between those values which are soluble enough to
be removed during development and those which are not. This resolution
enhancement has been found to peak at -15 °C for PMMA [CLBO07]. Development
aided by ultrasonic agitation has also been reported to reduce feature sizes
[YHAOL1]. In a direct comparison, [HSL&04] found cold development produced
smaller features than an ultrasonic method at room temperature.

In this chapter we seek to decrease the minimum feature size created with
focused x-rays through patterning with higher resolution x-ray optics and

implementing a cold development procedure.
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5.2 Experimental

A PMMA film on a 75 nm thick SizN4 window was fabricated following
the procedures outlined in Ch. 3.1. Minimum feature size has not been found to
depend upon the weight average molecular weight (M) of PMMA [B88b, KF96],
therefore the same batch of PMMA from the same supplier with the same M,, was
used as our last attempt [LH11, Ch. 4]. The sample was annealed under vacuum
(2 x 107 Torr) at 150 °C for 1 h. After annealing the film thickness was found to
be 37 £2 nm by AFM.

The STXM at beamline X07DA [RTF&O08], at the SLS, PSI was used to
pattern the sample. The zone plate used for these experiments was made by
Dr. Joan Vila-Comamala at the Laboratory for Micro- and Nanotechnology
(LMN), PSI. Briefly, an electron beam was used to directly write template zones
in an HSQ film on a Si;N; window. The irradiated arecas become SiO, after
development. A 15 nm layer of Ir was conformally deposited on the 120 — 150 nm
high SiO, template zones by atomic layer deposition, which in effect produces
15 nm wide Ir zones with double the period of the SiO, template [JVP&O07]

(Fig. 5.1). The dimensions of the zone plate were 15 nm Ar, 150 um D, 60 pm Dx.

Low refractive index material — HSQ resist

membransa

Figure 5.1: Schematic of a zone doubled zone plate made of HSQ resist and Ir (from
[VGF&11] Fig. 1, © 2012 Optical Society of America, used with permission).

90



Ph.D. Thesis - A.F.G. Leontowich Chapter 5
McMaster University - Chemistry

The 2 um thick central stop was prepared by a second electron beam lithography
exposure. Patterning was carried out at 1 keV, corresponding to the photon energy
of maximum diffraction efficiency (first order focused) for this zone plate.
The monochromator exit slit widths were set to 10 um x 10 pm to exceed
diffraction limited focusing conditions given the zone plate diameter, photon
energy, and the 1.07 m exit slit to zone plate distance at X07DA (Ch. 2.3.1.1).
The zone plate was centred on the optical axis by adjusting the position of the
entire STXM chamber using a girder mover system [RTF&08]. A 40 um OSA
was used to suppress undiffracted zeroth order and higher order x-rays, in
combination with the central stop incorporated in the zone plate. Otherwise,
the STXM was set up as described in Ch. 3.2. Details of patterning and dose
determination are described in Ch. 7.2.4.2 and 7.2.4.3, respectively. A pattern
consisting of several 1 pm long lines with a pitch of 160 nm was created using
the program aXis2000. Patterning was executed using the PatternGen routine
in the STXM_Control software. Instructions to create and execute patterns can be
found in Ch. 7.6.1 and 7.6.2, respectively. The patterned sample was developed
for 60 s in a solution of 3:1 v/v IPA:MIBK cooled to -8 °C, mimicking the
procedure of [CLBO7]. The sample was then allowed to dry in ambient air
(20 — 25 °C). The developed patterned areas were imaged by AFM first (Ch. 2.4,
Tap 150 AI-G cantilevers), and then by SEM (Ch. 2.5) to avoid artefacts
introduced by Pt coating and SEM imaging (Ch. 3.4). Feature widths were

measured from the scanning electron micrographs.
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5.3 Results

The absorption cross section of PMMA at 1 keV is very low relative to the
C Is edge; the thin PMMA film is practically invisible. However, sub-micrometre
bits of mica or dust in or on the film from the sample preparation are conveniently
opaque to 1 keV x-rays. These were used to set the final focus of the STXM.
A defect-free area of the film was located by cross referencing the acquired
STXM images to an optical micrograph of the sample. The pattern of lines was
then executed over a range of dwell times corresponding to a range of absorbed
doses. After patterning the sample was removed from the chamber, developed,
and then imaged using AFM and SEM. Scanning electron micrographs of some of

these developed patterns are presented in Fig. 5.2.

Dose: 25 +4 MGy

Bk
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24 +4 MGy 23 +4 MGy

Figure 5.2: Scanning electron micrographs of 1 pm long lines of cross-linked PMMA with a

pitch of 160 nm, made with various doses. a) Continuous 33 +4 nm lines, dose: 25 +4 MGy.

b) Discontinuous 26 nm lines, dose: 24 £4 MGy. ¢) At a dose of 23 +4 MGy the cross-linked
lines hardly form.
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Continuous 33 +4 nm (full width) lines of cross-linked PMMA were produced at
a dose of 25 +4 MGy (Fig. 5.2a). These line width measurements are pessimistic
as they include the 5 +1 nm Pt coating. The average height of these lines was

17 £1 nm measured using AFM before Pt coating and SEM imaging (Fig. 5.3).

20

0 200 400 600
-Y (nm)

Figure 5.3: Averaged AFM line trace of lines presented in Fig. 5.2a, recorded before
Pt coating and SEM imaging.

Doses greater than 25 MGy resulted in line widths >33 nm. This increase
in feature size with dose, which is in many ways similar to the proximity effect
known in electron beam lithography [C75], is in fact due to the point spread
function (PSF) of the optical system [LTHI11, LH11]. Lines made at a dose of
24 +4 MGy had an average width of 26 nm, and some were continuous over their
1 pm length (Fig. 5.2b). However, lines made with doses of <24 MGy were not
reproducibly continuous. Lines just begin to form (i.e. onset of negative mode) at
a dose of 23 +4 MGy (Fig. 5.2¢). This is significantly lower than the 90 +5 MGy
onset of negative mode for PMMA developed using the same developer but at
20 °C [LHI1]. However, this reduction is consistent with the observations of

others [CLBO07].
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5.4 Discussion

The lines demonstrated here are the smallest continuous features
produced with focused x-rays and the direct write method, and the smallest
produced involving a zone plate lens at any wavelength in any orientation.
Furthermore, these may be the smallest totally arbitrary, continuous, and
reproducible lines produced with the direct write method and photons.
The minimum feature size attainable when patterning (and also imaging) in the
far field with visible photons is usually limited to >100 nm due to diffraction
[KPGO09]. However, sub-100 nm direct write lithography with visible photons has
been achieved through several innovative approaches [F10]. Advancements in the
far-field technique of multi-photon absorption polymerization have led to
examples of 80 nm lines with 800 nm laser light [LGG&09], and 65 £5 nm lines
with 520 nm light [HCH&O07]. Near-field patterning schemes have demonstrated
80 nm line width capability using wavelengths of 325 nm and 633 nm [ATMO09].
Sub-100 nm features have also been directly written with scanning near-field
optical microscopes (NSOM) [SCL02, TDH&O02, SL04, MWK &08]. The smallest
continuous line widths achieved appear to be between 20 nm and 40 nm [SLO04,
MWK&O08].

There are still avenues available to improve minimum feature size and
feature quality produced using STXM. -8 °C is a convenient temperature for
development as it can be reached in any refrigerator-freezer, but [CLB07] found

the greatest benefit from cold development occurred at -15 °C. The roughness
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of the Si3zN4 window, resolved in the scanning electron micrographs (Fig 5.2),
is presumed to significantly contribute to the line width roughness.
STXM patterning is currently limited to thin x-ray transmissive substrates such as
Si3Ny as they enable accurate focusing. Patterning on atomically flat Si wafers as
well as other opaque substrates will soon be possible with the incorporation of
an auto-focusing system in STXM (Ch. 12.3.4.1). Finally, high resolution x-ray
optics fabrication is a very active field of research, and sub-5 nm focusing is a
goal of several current synchrotron beamlines. The goal is in fact 1 nm focusing at
the National Synchrotron Light Source II (NSLS-II) which is under construction
at the time of submission. It seems probable that this will be achieved by the end

of the decade using multilayer Laue lenses [KMS&06].

5.5 Conclusion

A scanning transmission x-ray microscope equipped with a 15 nm outer
most zone width zone plate was used to create totally arbitrary, continuous,
and reproducible 33 +4 nm lines in a thin PMMA film with 1 keV x-rays.
This represents the smallest feature size involving focused x-rays and the direct
write method, and the smallest feature size created involving a zone plate at any
wavelength in any orientation. Furthermore, this is among the smallest feature

size created using the direct write method and photons of any wavelength.
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Chapter 6
Zone plate focused soft x-ray lithography for
fabrication of nanofluidic devices

This chapter reports the development of a method to fabricate sealed
nanofluidic channels in polymer bilayers with tunable x-rays. The design rules for
nanochannel formation are investigated and discussed.

Reprinted with permission from the Proceedings of the SPIE 2012, 8323,
83231D, A.F.G. Leontowich, A.P. Hitchcock. DOI: 10.1117/12.915803, © 2012
SPIE.

The author of this thesis conceived the experiments, prepared all samples
and developed them, performed all the experiments, analyzed the data and wrote

the manuscript which was edited by A.P. Hitchcock.
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Zone plate focused soft X-ray lithography for fabrication of
nanofluidic devices

Adam F. G. Leontowich and Adam P. Hitchcock*

Brockhouse Institute for Materials Research,
McMaster University, Hamilton, ON, Canada L8S 4M1

ABSTRACT

Sealed nanofluidic channels with cross sections of sub-100 nm * 100 nm were created in a polymer bilayer using the
focused soft X-rays of a scanning transmission X-ray microscope and the direct write method. The width of the
nanochannels can be controlled by the area patterned in X and Y, while the height can be controlled by tuning the layer
thicknesses. Formation of the desired structures has been confirmed by near edge X-ray absorption fine structure
spectromicroscopy and scanning electron microscopy. The maximum length of the nanochannels fabricated by this
method was found to be limited by the efficiency of excavation of patterned material out of the channel, as well as the
stability of the polymer over-layer which seals it. Schemes toward interfacing these nanochannels with conventional
microfluidics are discussed.

Keywords: nanofluidics, X-ray lithography, advanced lithography, zone plates, NEXAFS spectromicroscopy
*aph@mcmaster.ca; phone 1 905 525-9140 x24749; fax 1 905 521-2773

1. INTRODUCTION

Monochromatic zone plate focused X-rays offer the possibility of direct write lithography, analogous to lithography with
a focused electron beam, using established electron beam resists and development procedures. Historically, the majority
of this work has been performed using scanning transmission X-ray microscopes (STXM) operating at soft X-ray photon
energies (100 — 2500 eV, 12 — 0.5 nm). The minimum feature size obtainable is steadily approaching that of focused ion
or electron beams. Initial work by Zhang et al. (1995)" with the Stony Brook scanning transmission X-ray microscope at
National Synchrotron Light Source (NSLS) reported feature sizes of 300 + 20 nm in poly(methyl methacrylate)
(PMMA), significantly worse than the quoted spot size of the instrument. Caster et al.? using hydrogen silsesquioxane
(HSQ) as the resist, were able to achieve 90 + 14 nm lines. Recently Leontowich et al.,> working at 300 eV and much
lower X-ray exposures, were able to achieve 40 + 5 nm lines in PMMA. The demonstrated feature size here was quite
close to the Rayleigh resolution limit dictated by the properties of the zone plate lens used.

Patterning with monochromatic soft X-rays with full control over the photon energy, and a band width better than 0.2
eV, has opened up a unique patterning technique for multilayer resists that we have termed “chemically selective
patterning”. The concept is as follows: Different molecules containing different elements or chemical functional groups
often display different X-ray absorption spectra. Most resist-type molecules (polymers) experience chemical changes
when irradiated with X-rays which can then be probed by X-ray absorption spectroscopy.*® If the sufficiently
monochromatic X-ray beam is tuned to a photon energy corresponding to an absorption resonance exclusive to one
component, then one can induce a chemical change to that component nearly independently of the others at the same
point on the sample by patterning at that energy. Modern STXMs on synchrotron beamlines exceed the system
requirements necessary to realize this concept. Using the Advanced Light Source (ALS) STXM 5.3.2.2, Wang et al.
demonstrated chemically selective patterning of bilayer’ and later trilayer® samples.

In this report we have combined chemically selective patterning of polymer multilayer samples with a suitable

development procedure in order to demonstrate in a proof of concept experiment fabrication of nanofluidic (sub-100 nm)
channels with the tunable, focused soft X-rays of a STXM. The restrictions on materials, patterning, developers, etc. for

Alternative Lithographic Technologies IV, edited by William M. Tong, Douglas J. Resnick, Proc. of SPIE
Vol. 8323, 83231D - © 2012 SPIE - CCC code: 0277-786X/12/$18 - doi: 10.1117/12.915803
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this technique, and the underlying mechanisms of nanochannel formation are discussed. A potentially functional
nanofluidic device is presented, and schemes to interface such devices with conventional microfluidics to realize fully
functional fluidic devices are described.

2. METHODOLOGY

2.1 Appropriate resists for chemically selective lithography
2.1.1 Controlling the location of energy absorption by chemically selective patterning

Only those samples which fit the criteria outlined in this report may be suitable for chemically selective patterning with a
STXM. The foremost sample requirement is that it must contain at least two chemically different components, and each
component must display a significantly different X-ray absorption spectrum over a chosen photon energy region. Ideally,
the spectrum of each component molecule should have a large inner shell resonance at a chosen absorption edge, and
these resonances should be separated in energy by more than their feature width, i.e. by 1 eV or more. The absorption
edge must also be within the energy range achievable by the beamline (100 — 2500 eV for existing soft X-ray STXM
beamlines; 270 — 580 eV for ALS STXM 5.3.2.2 where this work was performed). The photon energy is then tuned to
those specific resonance energies of the sample when patterning, so that the rate of energy absorption by one component
is significantly greater than the other and vice versa. In principle the components could be selected based on different
elemental composition (i.e. one component could contain F but not N, while the other contains N but not F) but in
practice patterning at one absorption edge is preferred as moving between absorption edges often requires re-
optimization of the STXM and beamline which may compromise the spatial alignment of multiple patterns. In addition,
higher energy edges such as the N 1s edge, have a significant underlying absorption from the C 1s ionization continuum
which is common to all molecules containing C.

Wang et al.”® showed experimentally that differing X-ray absorption cross sections and a monochromatic beam are not
sufficient to realize chemically selective patterning. The concept only succeeded when applied to vertically-segregated
multilayer structures, rather than phase separated blends or homogeneous material with multiple chemical functional
groups sharing the same polymer backbone, or within the monomeric repeat unit. The mechanism put forth by Wang to
explain the success of the layered structure has since been proven incorrect by Leontowich,’ and a new mechanism to
explain the successful patterning of only layered samples is proposed here: When one component is selectively irradiated
with soft X-rays, it initiates a cascade of damaging secondary processes, the dominant process being generation of
secondary electrons (photoelectrons, Auger, shake-off, shake-up, etc.). The initial photoabsorption of energy can be
made specific by tuning the patterning photon energy to an absorption resonance exclusive to one component, however,
the damaging secondary processes are not specific. The specificity is lost if both components are within the damaging
radius of the secondary processes. In a layered sample, there can be sufficient spatial separation of the absorbing and non
absorbing components of the sample if enough of the non-resonant layer lies outside the damaging radius of the
secondary processes emitted by the resonant layer, which typically have a range of a few nm at soft X-ray photon
energies.” This distance sets a minimum layer thickness for which chemically selective patterning will succeed, which
we estimate to be 20 nm. The maximum total thickness of all layered components can only be about 300 nm to avoid
absorption saturation.

2.1.2 Added requirements for chemically selective lithography

A development step which often consists of dipping the sample in a suitable solvent to reveal the patterned areas is
necessary to realize nanofluidic channels or other unique structures, and differentiates chemically selective patterning”®
from the present approach of chemically selective lithography. The solubility of the components of the multilayer sample
in the developer must be taken into consideration. If for example, a bilayer is made of two components which both act as
positive resists (irradiated material is removed by developer, non-irradiated material is unaffected), then the developer
for the top layer can not significantly attack/dissolve the non-irradiated portions of the bottom layer and vice versa, or the
structure would be ruined. This is perhaps the most inflexible requirement of chemically selective lithography. As one
uses more layers of different components (beyond two) it becomes increasingly difficult to find polymeric components
with both the appropriate X-ray absorption properties and suitable orthogonal developers.
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2.2 Sample preparation

The samples in this report consist of a 30 — 100 nm layer of poly(dimethylglutarimide) (PMGI, a gift from Prof. Ash
Parameswaran, Simon Frasier University, British Columbia, Canada), on a 30 — 100 nm layer of poly(methyl
methacrylate) (PMMA, electronics grade, 315,000 M,,, 1.05 M,,/M,, Polymer Source Inc.), on a Si;N, window (75 nm *
1 mm * 1 mm window area in a 200 um * 5 mm * 5 mm Si frame, Norcada Inc.). PMMA layers were fabricated by spin
casting 1.0 —2.0% w/w solutions of PMMA in toluene (99.9% Chromasolv®, Sigma-Aldrich) onto freshly cleaved mica
(Ted Pella Inc.). The layer on mica was scribed into 3 * 3 mm pieces with scalpel, and slowly dipped into a Petri dish of
distilled water. Pieces of the film detach from the mica and float upon the waters’ surface, and one piece was then caught
on a Si;N, window in an orientation which partially covered the window to allow for measurements of the spectrum of
incident radiation (I,) later on. The sample was then annealed for 1 hour at 150 °C at reduced pressure (~2 * 10 > Torr).
Next, layers of PMGI were fabricated by spin casting 1.0 —2.0% w/w solutions of PMGI in N, N-dimethylformamide
(99.9% Chromasolv®, Sigma-Aldrich) onto freshly cleaved mica. The PGMI layer on mica was then annealed for 5
minutes at 230 °C. One 3 * 3 mm piece of PMGI was transferred onto the sample by the float method above in an
orientation that partially covered the PMMA layer yet only partially covered the window. This multiple float procedure
has opened up greater possibilities for samples than our previous multiple spin casting procedure.”® Finally, the sample
was annealed for 15 minutes at 150 °C at reduced pressure (~2 x 107 Torr).

2.3 Scanning transmission X-ray microscope (STXM)

Patterning of samples, collection of near edge X-ray absorption fine structure (NEXAFS) spectra, and imaging was
performed with the STXM'® at beamline 5.3.2.2'! at the Advanced Light Source (ALS), Lawrence Berkeley National
Laboratories (LBNL). Zone plate lenses were supplied by the Center for X-ray Optics (CXRO) with the following
parameters: 25 nm outer most zone width, 240 pm diameter, 90 um central stop. A 50 um order sorting aperture was
used to suppress higher order light, as well as a 1 m long section of beamline differentially pumped with 0.6 Torr of N,.
Experiments were performed with the STXM chamber backfilled with 250 Torr He, after the evacuation of air. Entrance
(50 um) and exit (25 * 25 pum) slit settings were chosen so that focusing performance would be diffraction-limited,
offering the smallest possible spot size.'”'* Details of the pattern generation program and the calculation of doses, which
are believed to be precise within 10%, have been reported previously.>”*

2.4 Development

A 7:3 2-propanol (IPA, 99.5%, Caledon) : H,O solution was used as the developer for PMGL,'® while a 3:1 IPA : 4-
methyl-2-pentanone (MIBK, >98.5% ACS reagent grade, Sigma-Aldrich) solution was used to develop the PMMA
layer.'® The performance of both developer/resist systems for this application has been explored previously.® To develop,
a sample was held with locking tweezers, then fully immersed in a vial containing the PMGI developer solution and
gently stirred for 10 s. The sample was then immediately immersed into a waiting vial containing the PMMA developer
solution and stirred for 30 s. Afterward, the sample was allowed to dry in ambient air. All development occurred at
ambient temperature (~20 °C). These specific development times and conditions were applied for all results presented in
this report.

2.5 Imaging

Optical micrographs of samples were collected using an Olympus BX51 optical microscope equipped with a CCD
camera. The nanofluidic structures were imaged by three techniques, atomic force microscopy (AFM, Quesant 350
microscope, Budget Sensors Tap150A1-G probes, tapping mode), NEXAFS spectromicroscopy (section 2.3), and
scanning electron microscopy (SEM, JEOL JSM-7000F microscope, 10 keV, 60 pA beam current, working distance: 5
mm). A 5+ 1 nm Pt layer was applied (682 Precision Etching Coating System, Gatan) prior to SEM imaging to reduce
charging and improve contrast. It is imperative to image the structures in the proper order to avoid introducing artefacts.
Both SEM and STXM involve ionizing radiation which can induce mass loss, chemical changes, and deposit carbon,'”
permanently altering the sample.* Tapping mode AFM imaging did not noticeably alter the sample and therefore was
always performed before SEM or STXM imaging. Identical duplicate structures were made on separate samples to
obtain artefact free SEM and STXM images of the same structure.
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3. RESULTS
3.1 Layered structure and NEXAFS spectra

An optical micrograph of a PMGI/PMMA/Si;N,4 sample is presented in Figure 1a. C 1s (K) NEXAFS spectra were
collected from areas of this sample composed only of one of the layers. These spectra were normalized to 1 nm thickness
of material using the elemental response for the formula repeat unit,'® and the known bulk densities. The normalized
spectra are presented in Figure 1b. The spectrum of PMGI is dominated by the large C 1s(C=0) — n*c_o absorption
feature at 287.7 eV, while the spectrum of PMMA is dominated by a slightly larger C 1s(C=0) — n*_o absorption
feature at 288.5 eV. The n*_o resonance of PMGI is red shifted by 0.7 eV relative to PMMA due to differences in the
electronic environment surrounding the carbonyl bond."
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Figure 1: a) Optical micrograph of a PMGI/PMMA/Si;N, sample. b) X-ray absorption (NEXAFS) spectra of PMGI and PMMA,
normalized to 1 nm thickness.

3.2 Fabricating nanochannels

Two pattern generation files, each consisting of sets of discrete points on a 30 nm rectilinear grid, were created to
fabricate nanochannels. Pattern A (Figure 2a) consisted of two parallel 570 * 570 nm square areas (i.e. 19 x 19 point
exposures) separated by 4000 nm, while pattern B (Figure 2b) consisted of a 4680 nm long, 90 nm wide area. A
graphical representation of the final desired structure and its orientation relative to the incident X-ray beam is presented
in Figure 2c.
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Figure 2: a) Pattern A; access hole pattern for the top PMGI layer. b) Pattern B; channel pattern for the bottom PMMA layer.
¢) Exploded view drawing of the desired nanofluidic structure. a) and b) are on the same positional scale.

A region of the PMGI/PMMA bilayer was then brought into sharp focus in the STXM, and was subsequently chemically
selectively patterned in the following manner: The photon energy was tuned to 287.7 eV and pattern A was executed
using the PatternGen routine® in the STXM_control program with precise dwell time and sample position control (better
than 10 nm by laser interferometry'®). After completion, the photon energy was tuned to 288.5 eV and pattern B was
executed over the exact same area as pattern A. Several combined A B patterns were made on the same sample covering
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a range of dwell times. The sample was then removed from the STXM chamber and developed (section 2.4). The
developed samples were loaded into the STXM chamber, and imaged at 288.5 eV (Figure 3). Figures 3a — e are STXM
optical density (OD) images of developed patterns generated with successively increasing exposure times (2 — 5 ms)
corresponding to increasing doses (1 — 3 MQy) for pattern B, while the exposure times for pattern A were held constant
(14 ms, 10 MGy).
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Figure 3: STXM OD images at 288.5 eV of developed PMGI/PMMA/Si;N, samples patterned with different exposure times for the
channel (a =2 ms, b=3 ms, ¢ =4 ms, d =5 ms, e = 5 ms). Exposure time for the access holes for a — d was 14 ms. Access holes were
not patterned for e). With a sufficient dose (3 MGy), the channel is fully cleared by the developer, if access holes are present. All
images are on the same positional and OD scale.

The patterned PMMA material in the nanochannel is removed beginning from the square areas of pattern A (i.e. access
holes) inward. As the dose received by the PMMA in the nanochannel area increases the nanochannel is developed
further underneath the PMGI layer. The dose received by the patterned PMMA material in the nanochannel in Figure 3d
was enough that it could be fully cleared during development. In Figure 3e, pattern B was executed with the same dwell
time/dose as Figure 3d, but here pattern A was not executed; enough dose was given to clear the nanochannel, yet in this
case the patterned material in the nanochannel was not removed during development.

3.3 Characterization of the nanochannel

A C 1s image sequence (or stack”®) of the nanochannel structure of Figure 3d was collected with the STXM. The stack,
which consists of a C 1s NEXAFS spectrum for every pixel in an imaged area, was fit to the normalized PMGI and
PMMA reference spectra (Figure 1b) using singular value decomposition (SVD) routines?' implemented in aXis2000.*
Figure 4 displays the resulting quantitative PMGI (Figure 4a) and PMMA (Figure 4b) component maps along with a
color coded composite (Figure 4c). Since the NEXAFS spectra used for the fit procedure are normalized to 1 nm
material, the component maps are literally thickness maps of each component in the system. As there are only two
components here (PMGI and PMMA) the fit is very good and allows an accurate (£5 %) determination of the thickness
of each layer at every pixel. The total thickness of the bilayer derived from the individual component maps is consistent
with data from an AFM image of the structure (not shown), within measurement uncertainties. The thickness of the
PMMA layer within the nanochannel area is equal to that of the developed access hole areas, based on SVD analysis of
the C 1s NEXAFS spectrum of the nanochannel. This indicates that the patterned PMMA in the nanochannel area has
been practically fully removed by the developer. The thickness of the PMGI layer in the area of the nanochannel, which
serves to seal it, is slightly different from elsewhere on the film; there was loss of 20 +5 % of the PMGI top layer in the
patterned nanochannel area. An SEM image was also taken of the nanochannel structure of Figure 3d and is presented in
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Figure 4d. The morphology of the square areas is consistent with that of bare Si;N,, and despite some loss of PMGI

material the layer sealing the nanochannel appears intact and free of pinholes.
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Figure 4: Quantitative component maps of a) PMGI and b) PMMA derived from SVD analysis of NEXAFS spectromicroscopy data,
on the same positional and thickness scales. ¢) Non rescaled two color composite map of a) in green, and b) in red. Yellow
corresponds to the presence of both polymer layers. d) Scanning electron micrograph of the nanochannel structure. ¢) and d) are on the
same positional scale.

3.4 Optimizing doses and development times

SEM images collected at a 45° tilt of developed nanochannel structures are presented in Figure 5. The dwell time/dose to
the channel in Figure 5a is the same as Figures 3d and 4. The entrance to the nanochannel is clearly observed, as well as
the defect free PMGI top layer. SEM images of nanochannel structures fabricated with increased doses are presented in
Figures 5b and 5c. As the dose is increased, pinhole defects in the PMGI top layer are observed, and eventually this
covering layer is fully removed. Thus under the conditions presented, a “dose window” between 2.5 — 3.5 MGy exists in
which the patterned PMMA in the nanochannel can be fully cleared while the top PMGI remains free of pinhole defects,

sealing the channel.

Channel dose: @

3 MGy 4 MGy ©) 5 MGy

— 500 1M
Figure 5: Scanning electron micrographs of nanochannels tilted at 45° fabricated by chemically selective lithography. a) Under optimal
dose conditions (3 MGy), the channel is cleared yet the PMGI overlayer remains intact. b) Pinholes appear at channel doses
>3.5 MGy, or c¢) the PMGI overlayer is fully removed. All images are on the same positional scale.
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The development time for both PMGI and PMMA developers was also optimized. To reduce the removal of the PMGI
layer sealing the nanochannel the amount of time the sample spends in PMGI developer should be as short as possible. It
was found that the development time could be reduced to 10 s from the recommended time of 60 s'* if the dwell time for
pattern A was increased. Here the increased dwell time was acceptable as both layers in the patterned area need to be
fully removed to the substrate, although a larger increase in dwell time will result in rounded edges and expanded access
holes (section 4.3). It is also conceivable that the amount of time the sample spends in PMMA developer should be as
long as possible to increase the maximum nanochannel length. PMMA development times of 30 s, 60 s and 120 s were
tested, but it was found that the 60 s and 120 s only increased the number and size of pinholes in the PMGI layer
covering the nanochannel, therefore 30 s was optimal.

3.5 Cross sectional area of the nanochannel in relation to its maximum length

The pattern generation files were modified to explore the effect of a wider patterned channel area on its developed
length. One 570 * 570 nm square was deleted from pattern A, and the length of pattern B was increased to 30 pm, while
the width was varied (60, 90, 150, and 210 nm). Patterning of the sample was carried out as previously described. The
dwell time/pixel (5 ms) was constant for all modified pattern B channel patterns, as well as the modified pattern A (14
ms), respectively. The patterned samples were then developed and imaged by STXM and AFM (Figure 6).
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Figure 6: STXM OD and AFM images of nanochannels created with the same dwell time (5 ms) but different width. STXM and AFM
images are on the same OD and Z scale, respectively, and all are on the same positional scale.

The STXM OD images show that as the width of the patterned nanochannel is increased, it’s developed length increases.

AFM images reveal the entire nanochannel area patterned undergoes a decrease in height. A cross comparison with the
STXM OD images reveals that the height reduction is the same whether the patterned PMMA material underneath is
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removed or not. This result suggests that the thickness reduction is due to removal of PMGI during development, rather
than the sagging of the PMGI top layer over the nanochannel, which is in agreement with the NEXAFS
spectromicroscopy PMGI component map.

Although the same dwell times were used for all nanochannel patterns (pattern B) in Figure 6, the dose for the wider
channels is not precisely the same as that of the narrower channels. The intense spot of focused X-rays at the focal plane
is a distribution (often showing side lobes'*, characteristics of being diffraction limited'>'?) rather than a finite circle,
thus there is a cumulative dose overlap from adjacent exposures and as a result the material at the center of the channel
receives a higher dose than that at the edges. However, a conceptually analogous experiment yielded an identical result.
The height of the nanochannel is dependent upon the thickness of the bottom layer, which can be fine-tuned by adjusting
the concentration of polymer solution before spin casting; increasing the thickness of the bottom PMMA layer increases
the cross sectional area of the nanochannel. With a thin layer of PMMA (40 nm), the maximum length that a 90 nm wide
nanochannel could be fully cleared yet free of pinholes is 5 = 1 um. With a thicker layer of PMMA (90 nm), this distance
increased to 8§ £ 1 um.

4. DISCUSSION
4.1 Maximum nanochannel length

Patterning of the nanochannel was performed at 288.5 eV, corresponding to the maximum absorption cross section of
PMMA at the C s edge. The energy absorption rate of PMMA at this photon energy is significantly greater than that of
PMGI allowing its selective patterning. However, PMGI also absorbs energy, albeit at a lower rate, because the
absorption cross section of PMGI at 288.5 eV is not zero (Figure 1b). This residual dose into the PMGI top layer during
patterning of the nanochannel is enough to cause partial removal of the PMGI top layer, as observed by NEXAFS
spectromicroscopy (Figure 4) and AFM (Figure 6). Within an experimentally determined dose window, this process is
insignificant overall as PMGI remains continuous and seals the nanochannel. But at higher dwell times the residual dose
induces significant pinhole formation, and eventually results in the full removal of the PMGI layer as well. This imposes
an upper limit on the dwell time for patterning the nanochannel, even when done chemically selectively.

To realize the nanochannel, the PMMA developer solution must diffuse under the PMGI layer, into the nanochannel,
dissolve the patterned PMMA material, and then diffuse out. When PMMA is exposed to ionizing radiation at low dose
it primarily undergoes main chain scission which decreases the molecular weight and dramatically increases solubility in
the PMMA developer solution.'® The development/excavation process of the patterned PMMA material in the
nanochannel can therefore be facilitated by increasing the dose to the nanochannel, but only up to the limit imposed by
the pinhole formation in the PMGI layer. The maximum length of the channel then becomes dependent upon the
diffusion of developer into and out of the nanochannel. The longer the channel is, the more difficult excavating the
patterned material inside the channel becomes. The diffusion limited excavation can be aided by increasing the cross
sectional area of the nanochannel. When the cross sectional area is increased, conceivably better flow occurs, and longer
nanochannels were realized. Consequently, this gets away from the uniqueness of our approach as the nanochannels take
on larger dimensions. The maximum length that a 100 * 100 nm nanochannel could be fabricated without pinholes was
10+ 1 pm.

4.2 Interfacing with conventional microfluidics

The nanochannels fabricated here should be viable for working fluidic devices. The impermeability of the PMGI
overlayer sealing the nanochannel is demonstrated in Figure 3e. Here only pattern B was carried out at the dose required
to clear the nanochannel. Without defined “access holes”, either the developer could not reach the patterned PMMA or
the solvated material could not escape (or a combination of these two effects) and the nanochannel was not realized.
Work on functioning fluidic devices has begun. Images of a double T injector test structure fabricated with STXM
5.3.2.2 are presented in Figure 7. A major challenge now is plumbing this device so that the flow of liquid in and out can
be controlled, and the velocity and flow rate measured, etc. We are attempting to interface this structure with more
conventional microchannels by ‘bonding’ a poly(dimethylsiloxane) (PDMS) chip on top of the structure.” To that end,
the access holes have been extended to a length of 50 um to ease the alignment when mating the two structures.
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Figure 7: A double T injector device fabricated by chemically selective lithography. a) Optical micrograph (100x, reflection) of the
entire device. b) Non rescaled two color composite map (PMGI in green, PMMA in red) derived from SVD analysis of NEXAFS
spectromicroscopy data. ¢) Scanning electron micrograph of the device. Pinholes occured at the intersections of channels.

4.3 Outlook

The survival of the top PMGI layer was a major challenge in this project. Here the absorption cross sections of the two
components were just different enough to be viable but it would be beneficial if the difference in X-ray absorption was
much larger. Furthermore the orthogonal developer requirement imposes limits which will probably make it difficult to
evolve to completely three dimensional fluidic structures. Perhaps a better approach would be to use one resist with
different initiator molecules such as photoacid generators>* in layers which would bypass the need for orthogonal
developers for each layer. Use of a self developing resist” would alleviate both the orthogonal developer and diffusion
issues. Moving to higher X-ray photon energies may allow patterning and fabrication of thicker, more complex structures
as photoabsorption cross sections decrease with increasing photon energy, reducing absorption saturation. However, the
damaging radii of secondary processes increases; the inelastic mean free path, and the significance of fluorescence
increase with higher photon energy. The soft X-ray region appears best suited to this type of approach.

This is a proof of concept demonstration for the formation of nanochannels by chemically selective lithography. For a
functional nanofluidic device, the materials of the structure must ultimately be compatible with the solvent and analyte
molecules. Although not yet tested, these PMGI/PMMA/Si;N4 nanochannels should be compatible with water and mild
buffer solutions with a pH near 7.

Direct write patterning in STXM would benefit from a point spread function' correction program, which would
calculate the cumulative dose overlap from adjacent exposures and adjust the dwell time for each pixel to correct for it.
For example, the holes seen only at the nexus of the nanochannels (Figure 7¢) are likely due to overlap of point spread
functions. Solutions to this problem exist for electron beam lithography but have yet to be applied to patterning in
STXM. Integrating a point spread function correction into the pattern generation program should increase the
homogeneity of dose providing uniform exposure for complex patterns.

Finally, the concept of chemically selective lithography (section 2.1) is not exclusive to the direct write method, which is
not well suited to the photolithographic mass production of devices. Multiple patterned masks, one for each layer/photon
energy, could be fabricated and exposed with a suitable monochromatic beam for full wafer production. The exposures
would need to be precisely aligned, but development of this technology is well underway within the deep X-ray
lithography community.>’ The necessity of bright, tunable soft X-rays precludes a synchrotron source, therefore the
experiment would essentially require mating an X-ray lithography scanner endstation with multiple patterning ability
with a soft X-ray beamline at a synchrotron facility.
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5. CONCLUSION

Sealed nanochannels with dimensions on the order of sub-100 nm were created in polymer bilayers with tunable focused
soft X-rays and the direct write method. For a 100 x 100 nm channel, the maximum nanochannel length realized was 10
+ 1 pm. Excavation of the patterned channel material was found to be the largest impediment to the realization of even
longer channels. If the cross sectional area is increased, a longer channel can be realised.
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Chapter 7
Accurate dosimetry in scanning transmission x-ray microscopes via the
cross-linking threshold dose of poly(methyl methacrylate)

This chapter presents several responses of PMMA to various doses of
300 eV x-rays, and explores their dependence on conditions such as dose rate,
pre-exposure thermal treatments and x-ray polarization. A discrepancy found in
the literature involving the radiation sensitivity of PMMA was explored in depth.
A method to determine the efficiency of a STXM transmission detector was
developed based on the onset of negative mode (cross-linking) dose and was
carried out at several STXMs worldwide.

Reprinted with permission from the Journal of Synchrotron Radiation,
2012, 19, forthcoming, A.F.G. Leontowich, A.P. Hitchcock, T. Tyliszczak,
M. Weigand, J. Wang, C. Karunakaran. DOI: 10.1107/50909049512034486
© 2012 International Union of Crystallography.
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detector efficiency photodiode measurement at 5.3.2.2.
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The sensitivity of various polymers to radiation damage by soft X-rays has been
measured previously with scanning transmission X-ray microscopes. However,
the critical dose values reported by different groups for the same material differ
by more than 100%. Possible sources of this variability are investigated here for
poly(methyl methacrylate) (PMMA) using controlled exposure to monochro-
matic soft X-rays at 300 eV. Radiation sensitivity, judged by several different
criteria, was evaluated as a function of dose rate, pre-exposure thermal
treatments and X-ray polarization. Both the measured critical dose and the dose
required to initiate negative mode (cross-linking) were observed to depend only
on dose, not the other factors explored. A method of determining detector
efficiency from the dose required to initiate negative mode in PMMA is
outlined. This method was applied to many of the soft X-ray STXMs presently
operating to derive the efficiencies of their transmitted X-ray detectors in the

C 1s absorption-edge region.

© 2012 International Union of Crystallography

Printed in Singapore — all rights reserved detector efficiency.

1. Introduction

Many advanced technologies use ionizing radiation as a
processing tool. In these applications, knowledge of the
radiation sensitivity [the absorbed dose required to produce a
defined outcome, following the Grotthuss-Draper law (King
& Laidler, 1984)] of materials is critical. For example, polymer
thin films or resists are irradiated and used as sacrificial layers
in the manufacture of integrated circuits. The sensitivity of
a resist is an important characteristic when considering its
suitability for a specific manufacturing process. Assuming all
other processing properties are equal, a more sensitive resist,
i.e. one which requires less dose to reach the same outcome,
would increase productivity. The dose accuracy when
measuring radiation sensitivity is therefore of critical impor-
tance. In proton therapy, beams of energetic protons are used
to destroy cancerous tissues (Hall & Giaccia, 2006). The goal
is to destroy the offensive tissue using the minimum dose
possible to limit the destruction of the surrounding healthy
tissue, therefore the accuracy of the radiation dose adminis-
tered is of utmost importance. For dose-dependent applica-

Keywords: poly(methyl methacrylate); STXM; radiation damage; dosimetry;

tions of ionizing radiation, the precision and accuracy of
dose determinations are critical to achieving reproducible
outcomes across the field of radiation science.

Several studies involving radiation damage to polymer thin
films have been carried out using scanning transmission X-ray
microscopes (STXMs) (Zhang et al., 1995; Coffey et al., 2002;
Beetz & Jacobsen, 2003; Wang et al., 2007, 2009a,b). In these
studies the sensitivity is often reported in terms of a critical
dose, or the absorbed dose required to cause a decrease (or
increase) in the intensity of a chosen spectroscopic feature to
1/e or 37% of its initial value. Although the methodology is
seemingly quite similar, there is frequently relatively poor
agreement among critical dose values derived for nominally
the same material and spectral feature, with values in some
cases differing by more than 100%. Reported critical dose
values for the decrease of the C 1s(C=0) — m¢_ signal
(288.4 eV) of poly(methyl methacrylate) (PMMA) measured
by STXMs differ by more than 500% (Zhang et al., 1995;
Coffey et al., 2002; Wang et al., 2007, 2009a). It is puzzling why
the goal of deriving what should be a fundamental property
of a material has so far been elusive to STXM microscopists.

J. Synchrotron Rad. (2012). 19
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PMMA-based radiation dosimeters for the 0-100 kGy dose
region are commercially available (Red 4034, Amber 3042,
Harwell Dosimeters) and have been in use for several decades
(Barrett, 1982). They are commonly used in industrial radia-
tion processing applications such as the sterilization of medical
devices and the processing of foods. Once critical control
parameters are understood and protocols are established,
dose can be measured very accurately. There are several
possibilities that may explain the discrepancies in the litera-
ture. Dose rate has been shown to affect radiation sensitivity
using electrons (Jiang & Spence, 2012), ions (Schrempel &
Witthuhn, 1997) and high-energy photons (Placek et al., 2003;
Leiros et al., 2006). The possible influence of dose rate for the
STXM studies cited above was acknowledged by some (Coffey
et al., 2002; Wang et al., 2009a) but not further investigated.
Pre-exposure thermal treatments could also play a role, as was
suggested by Zhang et al. (1995).

In this report PMMA is used as an example of a radiation-
sensitive material, and several factors which could explain why
accurate radiation sensitivity quantitation has been a chal-
lenge for STXMs are examined. First, pre-exposure thermal
treatments, dose rate and X-ray polarization were system-
atically varied while the effects on the radiation damage
characteristics of PMMA as a function of dose were measured
by a combination of lithographic techniques, atomic force
microscopy (AFM) and near-edge X-ray absorption fine-
structure (NEXAFS) spectroscopy. The dose for the onset of
negative mode (cross-linking) was found to be very repro-
ducible, and independent of the factors investigated. A facile
method to determine the efficiency of a STXM X-ray detector
involving the onset of negative mode is presented. This
measurement was then carried out at most of the currently
operational soft X-ray STXMs. Large differences were found
among the detector efficiencies of different STXMs, which
may account for much of the variation in critical dose values
reported in previous studies.

2. Methodology
2.1. Materials

PMMA (electronics grade, M,, = 315000, M,,/M, = 1.05,
synthesized by living anionic polymerization, sec-butyllithium
initiator) was purchased from Polymer Source. Toluene 99.9%
Chromasolv and 4-methyl-2-pentanone (MIBK) >98.5%
ACS reagent grade were purchased from Sigma-Aldrich.
2-Propanol (IPA) 99.5% was purchased from Caledon
Laboratories. Mica was purchased from Ted Pella. Si;N,
windows (75 nm x 1 mm X 1 mm window in a 200 pm X 5 mm
x 5 mm Si wafer frame) were purchased from Norcada. All
materials were used as received.

2.2. Sample preparation

Thin films of PMMA were fabricated by spin casting four
drops of a 1.5% w/w PMMA/toluene solution onto a 1.5 cm X
1.5 cm piece of freshly cleaved mica. The films remained in
ambient air for 10 min and were then cut into 3 mm x 3 mm

pieces with a scalpel. Upon slowly dipping the mica into a Petri
dish filled with distilled water, small pieces of the film release
and float on the water’s surface. These were then caught on
Si;N, windows in an orientation such that the film only
partially covered the window to allow for measurements of the
incident X-ray flux (/) in the bare regions. Samples labelled
‘as-spun’ underwent no further processing. Samples labelled
‘vacuum dried’ were placed in a vacuum oven (2 x 1072 torr)
at 343 K for 24 h. Samples labelled ‘annealed’” were placed on
a hot plate at 423 K for 1 h. Temperatures were monitored
using a K-type thermocouple and a glass thermometer (1 K).
The film thicknesses were 50 £ 5 nm, measured by AFM
across a scratch through the film, and by STXM by dividing
the measured optical density (OD) in the C 1s region by the
response of 1 nm of PMMA, established by matching the C 1s
NEXAFS spectrum of PMMA between 275-282 eV and 340-
360 eV to the absorption predicted from the literature
elemental X-ray absorption coefficients (Henke et al., 1993)
for CsHgO,, and the bulk density of PMMA (1.18 g cm™).
Thickness values from both techniques were in agreement
within 5%.

2.3. Development

The sample was held with locking tweezers and gently
stirred in a vial containing a 3:1 v/v solution of IPA:MIBK for
30 s, then immediately stirred in a waiting vial of IPA for 15 s.
The sample was then allowed to dry in air. Development and
air drying occurred at ambient temperature (293-298 K).

2.4. Scanning transmission X-ray microscope

Five soft X-ray (80-2500 eV) STXMs were used to expose
PMMA samples to 300 eV X-rays and to probe the irradiated
material after exposure. The instruments used were located at
the following beamlines: 5.3.2.2 (Kilcoyne et al., 2003) and
11.0.2 (Tyliszczak et al., 2004) at the Advanced Light Source
[ALS; Lawrence Berkeley National Laboratory, Berkeley
(LBNL), USA]; 10ID-1 (Kaznatcheev et al, 2007) at the
Canadian Light Source (CLS; Saskatoon, Canada); X07DA
(Raabe et al., 2008) at the Swiss Light Source (SLS; Paul
Scherrer Institute, Villigen, Switzerland); and UE46 (Follath et
al., 2010) at Berliner Elektronenspeicherring-Gesellschaft fiir
Synchrotronstrahlung (BESSY 1II; Berlin, Germany). Hence-
forth the individual instruments will be referenced by the
beamline at which they presently reside. While the beamlines
differ, all five of these STXMs are essentially based on the
ALS 5.3.2.2 design (Kilcoyne et al., 2003) which is now
commercially available (Bruker Advanced Supercon GmbH,
formerly Accel). All are equipped with precise in-vacuum
piezo shutter systems which can reliably go from closed to
open to closed in 1 ms (Kilcoyne & Tyliszczak, 2004). At
present all of these STXMs use the same operational software,
STXM_Control (Kilcoyne et al., 2003). All maintain the
sample position (x, y) relative to the zone plate lens to better
than 10 nm by laser interferometer feedback systems. For
these experiments all were equipped with zone plates with the
same characteristics (25 nm outer most zone width, 240 pm
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diameter, 90 pm central stop) from the Center for X-ray
Optics, LBNL. Except for UE46, the transmitted X-ray
detectors consist of a phosphor scintillator to convert soft X-
rays to visible-wavelength photons which are then counted by
a high-performance photomultiplier tube (PMT) (Kilcoyne et
al., 2003; Fakra et al., 2004). At UE46 the X-rays were detected
directly using an avalanche photodiode (S2382, Hamamatsu)
gated to the arrival times of the 500 MHz flashes of synchro-
tron light to reduce background.

Samples were fixed to an aluminum sample plate and
loaded into the STXM chamber. The chamber was evacuated
to 0.1 torr by pumping for about 10 min, then backfilled with
250 torr He. The evacuation step is important because O, has
been shown to affect the radiation damage chemistry of thin
polymer layers (Coffey et al, 2002). All possible efforts
were taken to eliminate higher order radiation. Higher order
X-rays were blocked geometrically by the sufficiently
absorbing central stop incorporated in the zone plate, and an
order-sorting aperture (OSA), carefully centered on the
optical axis. The OSA diameter and OSA-to-sample distances
were chosen to select only the zone plate first order compo-
nent. In addition, higher order suppression systems were used
on beamlines that currently have them [a 200 nm Ti foil at
10ID-1, a 1.0 m-long section of the beamline differentially
pumped with N, at 600 mtorr at 5.3.2.2, and a MgF,-coated
mirror system at X07DA (Frommherz et al., 2010)]. The
detector was positioned so that the active area accepted the
entire transmitted bright field signal. The photon energy scales
were calibrated to an accuracy of 0.05 eV using the known
C 1s(C=0) — m{_o peak of PMMA at 288.45 eV (Wang et
al., 2007). Photon energy scale shifts during a set of
measurements over a few days at any given beamline were less
than 0.1 eV.

2.4.1. Imaging and spectroscopy. STXMs focus mono-
chromatic X-rays into an intense 30 nm-diameter spot
[Rayleigh criterion for a 25 nm outer most zone width zone
plate operated under diffraction-limited conditions (Howells
et al., 2007)]. Samples are then positioned at the focal plane
and x-y raster scanned through the X-ray spot under
computer control while the transmitted signal is acquired to
form transmission images at X-ray photon energies. These
transmission images can be converted to OD images by
applying the Lambert-Beer law with an [, measurement
through a suitable blank. In addition, NEXAFS spectra can be
measured by recording image sequences, or ‘stacks’ (Jacobsen
et al., 2000), over a photon energy range of interest. If
necessary, the images were aligned spatially using Fourier-
transform-based cross-correlation procedures. The resulting
data set (x, y, E) provides a NEXAFS spectrum at each pixel.
The detailed procedures for imaging, spectroscopy and data
analysis have been reviewed elsewhere (Jacobsen et al., 2000;
Ade & Hitchcock, 2008; Hitchcock, 2012). Image and spec-
troscopic data processing was performed using the program
aXis2000.

2.4.2. Patterning. Samples were precisely patterned using
PatternGen, a routine within STXM_Control. The pattern-
generation input files (*.xyt) consist of a set of records, with

each record providing the x—y positional coordinates for each
point exposure and the length of time the piezo shutter is to be
opened. The input file used for all experiments here consisted
of nine 600 nm x 600 nm areas, each composed of 10 x 10
single point exposures with a pitch of 60 nm (see Fig. 1 of the
supplementary material), and each area has a progressively
increasing exposure time. This input file and instructions for
creating such files are included as supplementary material." In
order to obtain reproducible results it is necessary to set the
microscope to best focus before executing the pattern, which
can be achieved using a micrometer or sub-micrometer
specimen of radiation-insensitive material in/on the sample,
which is typically a piece of mica from sample preparation.
The focus must be set within a few tens of micrometers of the
patterned area, as it is not currently possible to reliably have
the sample perfectly orthogonal to the X-ray beam over much
more than 80 um. Care was taken during set-up so that the
areas of the sample to be patterned were never imaged with
the STXM, as even a single image with typical microscope
settings can cause quantifiable radiation-induced effects
(supplementary Fig. 2). When the pattern-generation scan is
initiated, the program performs the following sequence: (i)
with the shutter closed, move to the desired position (x, y)
under interferometric feedback, (ii) open the shutter, (iii)
close the shutter after the specified exposure time for that
point. This sequence is repeated for each record in the input
file until all points have been exposed. Patterning in this way is
very accurate, precise and reproducible. The temperature of
the aluminum sample plate during patterning was monitored
with a K-type thermocouple bonded 2 mm from the sample,
and was found to be 298 £ 2 K.

In order to determine dose, /; at the patterning photon
energy must be measured immediately before and/or after
patterning. It is critical to measure I, with exactly the same
parameters used for patterning, i.e. no refocusing, no changes
in slit settings, no changes to the OSA position, efc. The CLS
(10ID-1) and BESSY II (UE46) synchrotrons were operating
in multi-bunch mode when these experiments were
performed. For those measurements, I, was measured before
and after each pattern was executed, and the average value
was used. As the total time to execute the nine area patterns is
5-10 min, the before-after difference was never more than
3%. The SLS (X07DA) and ALS (5.3.2.2, 11.0.2) operated in
top-up mode so the storage ring current and thus the X-ray
flux through the shutter was constant (to within 0.2%); only
one /, measurement was necessary.

2.4.3. Calculating dose. Absorbed dose (amount of energy
absorbed by the sample volume divided by the amount of mass
irradiated) D was calculated using the following equation,

D = (F/K)tE/Vd 1)

where D is the dose in Grays (Gy = J kg™'); F is the photon
absorption rate of the irradiated volume of material (photons

! Supplementary data for this paper are available from the IUCr electronic
archives (Reference: HF5212). Services for accessing these data are described
at the back of the journal.
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s~ ') at the chosen patterning photon energy; K is the detector
efficiency (unitless), which is the ratio of the number of single
photon events per second counted, over the photons s~ that
impinge on the detector, and must be determined experi-
mentally at the photon energy of exposure. At 5.3.2.2, K was
determined by comparing the PMT signal with that from a
calibrated Si photodiode (AXUV-HS1; International Radia-
tion Detectors) and found to be 35 £ 5% at 300 eV; ¢ is the
exposure time (s); E is the energy per photon (J photon™') at
the patterning photon energy (300 eV throughout this work);
V is the volume of the material irradiated (cm®), in this case
the exposure area multiplied by the film thickness; d is the
density of the material (1.18 g cm™ for PMMA).

If the X-ray absorption cross section at the patterning
photon energy does not change significantly as a function of
dose (which must be determined experimentally, but is often
valid for very short exposures, highly radiation-resistant
materials, and materials which do not undergo mass loss with
increased dose) the photon absorption rate is simply the
difference between I, and I, the photons s7! transmitted
through the sample,

F=1I—1I 0)

This approach is valid in the photon energy region currently
accessible with soft X-ray STXMs (80-2500¢V) where
photoabsorption dominates over all other process by orders of
magnitude for most elements [three orders of magnitude for
carbon (Hubbell ez al., 1980)] and it can be safely assumed that
F is due to photoabsorption alone. A convenient form of
the photon absorption rate for STXMs is (derivation in the
supplementary material),

F = I[1 - exp(~OD)] 3)

where OD is the optical density of the polymer film at the
patterning photon energy, measured from an OD image
recorded adjacent to the patterning area. These values depend
on the individual beamlines and the response of the material
at specific photon energies and must be determined experi-
mentally.

It is often the case, however, that irradiation induces
chemical change, mass loss, etc., which results in changes to the
X-ray absorption cross section of a material as a function of
dose. F is then not constant, and the changes in F during
exposure must be accommodated when determining the dose.
For several polymers including PMMA, the change in
absorption cross section as a function of dose has been
experimentally determined to follow first-order rate laws
(Zhang et al., 1995; Coffey et al., 2002; Beetz & Jacobsen, 2003;
Wang et al, 2007, 2009a,b). Specifically, when the X-ray
absorption features decay exponentially to a residual value,
the following applies,

OD = OD_, + aexp(—bt) 4)

where OD is the OD of the polymer film after exposure time ¢,
OD, is the residual OD value of the polymer film after
receiving a very high dose, and a and b are found through a fit
to the data points by plotting OD as a function of « To

compute absorbed dose in cases where the X-ray absorption
cross section at the patterning photon energy undergoes
exponential decay in response to dose as the patterning
proceeds, the OD term in (3) is replaced by the integrated OD
at the patterning photon energy for a given exposure time,

f(;[ODOO +a exp(fbt)] dr

OD =

t
_ OD_ .t + (a/b)[1 — exp(—b1)]
; .

&)

As PMMA is irradiated, it undergoes mass loss, which results
in the exponential decay of the X-ray absorption cross section
at 300 eV. Therefore, the integrated OD [equation (5)] was
used in this work. Doses were calculated using an Excel
spreadsheet, which is available upon request.

2.5. Other characterization techniques

Thermogravimetric analysis was performed with a Netzsch
STA 409 PC/PG thermal analyser. Optical micrographs were
collected with an Olympus BX51 optical microscope equipped
with a 100x objective and a CCD camera. AFM was
performed using a Quesant Q-Scope 350 microscope with
Budget Sensors Tap 150 Al-G probes in intermittent contact
mode with a 0.5 Hz scan rate.

3. Results
3.1. Thermal characterization of PMMA

Thermogravimetric analysis was performed on PMMA in
as-received powdered form measured in air with a tempera-
ture ramp of 5K min~' (Fig. 1). The glass transition (T,)
occurred at 376 K while thermal degradation (74) took place
at and above 503 K.

3.2. Surface roughness of PMMA films

Atomic force micrographs were taken of the as-spun,
vacuum-dried and annealed samples. RMS roughness values
were determined from these micrographs and are presented
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Figure 1
Thermogram of as-received powdered PMMA in air. Ramp rate:

5K min .
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Table 1
Effect of thermal treatments on the surface roughness of PMMA as
measured from atomic force micrographs.

Sample RMS roughness (nm)
As-spun 0.78
Vacuum dried (343 K, 2 x 1072 torr, 24 h) 1.08
Annealed (423K, 1 h) 0.70

in Table 1. The annealed samples showed the lowest RMS
roughness relative to the as-spun and vacuum-dried samples.

3.3. Patterning

As-spun, vacuum-dried and annealed samples were loaded
into 5.3.2.2 and patterned using the input file described in
§2.4.2. After patterning, the samples were removed from the
STXM and inspected with an optical microscope (Fig. 2a). All
nine patterned areas are resolved, and they become increas-
ingly transmissive with increasing dose. An atomic force
micrograph of the patterned areas is presented in Fig. 2(b).
The individual exposures which make up each area are
resolved in detail. The heights of individual patterned areas
were measured and plotted versus dose (Fig. 2c). The height of
the PMMA film decreased with increasing dose roughly line-
arly until 60 £ 15 MGy, at which point the film thickness was
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T -5 1 O Vacuum dried - 90
= & Annealed
© —
8 -10 1 Q Lso &
5 @
@ i
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=
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=25 T T T T S50

0 50 100 150 200 250
Dose (MGy)

Figure 2

(a) Optical micrograph (transmission, 100x) of an annealed PMMA
sample after patterning with 300 eV X-rays. (b) Atomic force micrograph
of PMMA after exposure [same area/doses for (a) and (b)]. (¢) Plot of the
height reduction of individual patterned areas versus dose. Results from
different pre-exposure thermal treatments [as-spun, vacuum-dried
(343 K, 2 x 1072 torr, 24 h) and annealed (423 K, 1 h)] are compared.

reduced by 40%. No significant height changes were observed
for doses beyond this point up to 900 MGy, as long as carbon
contamination was not significant (§4.4). This behavior was
found to be independent of the different pre-exposure thermal
treatments and dose rate over the 73-1230 MGy s™' range
investigated, accomplished by adjusting the monochromator
exit-slit widths (increasing/decreasing /) and .

3.4. Spectromicroscopy

Spectroscopic changes within the patterned areas were
investigated with 5.3.2.2. Stacks of the patterned areas were
collected, and C 1s NEXAFS spectra of individual patterned
areas were obtained by extracting the average spectrum of the
central region of each area (roughly 400 nm x 400 nm). The
dose associated with the stack acquisition was 5-10 MGy.
Spectra corresponding to four different doses are compared
in Fig. 3. Several spectral changes were observed as the dose
increases. A new feature at 285.1 eV attributed to C—C bond
creation appears and increases with dose. The signal intensity
at 288.4 eV, corresponding to the C 1s(C=0) — m{_q
decreases with dose, as does the C 1s continuum signal
(=305 eV). The signal at 305 eV was reduced by 30% relative
to the virgin polymer after receiving 150 MGy. These obser-
vations are consistent with other NEXAFS investigations of
PMMA (Zhang et al., 1995; Coffey et al., 2002; Wang et al.,
2007, 2009a). In this work the spectral trends versus dose were
investigated for the different pre-exposure thermal treatments
noted and several dose rates between 73 and 1230 MGy s~ ..
The spectral behavior in all cases was found to be identical
given identical dose.

The integrated area of the 288.4 eV peak (above a back-
ground estimated as the average of the spectral intensities at
288.0 eV and 289.5 eV) is proportional to the number of C=0
bonds in the volume sampled. Thus, a decrease of this peak is
proportional to the amount of C—O bond loss or chemical
change. OD images of several areas of as-spun, vacuum-dried

0.50
=
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g
-
g
-4
=]
000 T - - -
430 285 290 215 00 05
Photon enangy (V]
Figure 3

C 1s NEXAFS spectra of PMMA extracted from individual areas
patterned with different doses of 300 eV X-rays (color online): 0 MGy
(red), 21 MGy (green), 60 MGy (blue), 150 MGy (black). The spectral
trends were observed to be independent of the pre-exposure thermal
treatments noted and dose rate (73-1230 MGy s™").
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(a) STXM OD image (288.4¢V) of an annealed PMMA sample
patterned with various doses of 300 eV X-rays. (b) Plot of the OD at
288.4 eV values of individual patterned areas versus dose for different
dose rates ranging from 73 to 1230 MGy s™". In each case the OD at
288.4 eV exponentially decreases with a critical dose of 62 + 8 MGy
derived from the indicated fit (solid line) to the average of all data sets.
The separate data sets all agree within measurement uncertainty.

and annealed samples patterned with different doses were
collected with STXM 5.3.2.2 at 288.4 eV [an example image is
shown in Fig. 4(a)]. The dose associated with collecting these
OD images was less than 1 MGy. Average OD values of the
central regions of many individual patterned areas were
determined, and then plotted versus dose (Fig. 4b). These data
were used to calculate the critical dose for the C 1s(C=0) —
Té_o decrease at 288.4 eV. The critical dose was found to be 62
+ 8 MGy (average of the critical doses derived independently
for each measurement; the uncertainty is the standard devia-
tion). This result was independent of the pre-exposure thermal
treatments noted and also independent of dose rate over the
73-1230 MGy s~ range investigated.

3.5. Development

Some of the samples were subjected to development (§2.3)
after patterning. An atomic force micrograph of developed
annealed PMMA which was patterned at 5.3.2.2 is presented in
Fig. 5(a). Doses greater than 1 MGy result in the full removal
of the irradiated material by the developer, i.e. positive mode,
while no measurable difference in the thickness of the non-
patterned film away from the patterned areas was observed.
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(a) Atomic force micrograph of developed annealed PMMA showing
several 600 nm x 600 nm areas patterned with various doses of 300 eV
X-rays. (b) Measured heights of several ‘cross-linked” PMMA areas
plotted versus dose for as-spun, vacuum-dried (343 K, 2 x 1072 torr, 24 h)
and annealed (423 K, 1 h) samples.

At a dose of 90 + 4 MGy, PMMA switches from positive mode
to negative mode, i.e. the irradiated material remains after
development (Leontowich & Hitchcock, 2011). The height of
this ‘cross-linked” PMMA remaining in the patterned areas
after development was measured for as-spun, vacuum-dried
and annealed samples and the values were plotted versus dose
(Fig. 5b). As the dose increases beyond the 90 &+ 4 MGy onset
of negative mode, the height of cross-linked PMMA increases
and eventually reaches a maximum value near 350 MGy. The
maximum height of the cross-linked PMMA corresponds to
about 60% of the original film thickness. No further height
changes were observed for doses from 350 to 900 MGy, as long
as carbon contamination was not significant (§4.4). This
behavior, and the onset of negative mode dose, was found to
be independent of (i) pre-exposure thermal treatments; (ii)
dose rate over the 73-1230 MGy s~ ' range investigated; and
(iii) X-ray polarization [left circular, right circular, 80% linear
(circular polarized experiments were performed with 11.0.2)].
The individual 600 nm x 600 nm areas of cross-linked PMMA
are large and dense enough to be resolvable in an optical
microscope with a 5S0x or greater magnification objective lens
(Figs. 6a, 6b). Although the as-spun, vacuum-dried and
annealed samples required the same dose for the onset of
negative mode and exhibit the same dose-dependent cross-
linked material growth behavior (Fig. 5b), differences were
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Figure 6

Optical micrographs (reflection, 100x) of developed (@) as-spun and (b)
annealed (423 K, 1 h) samples, patterned with identical doses (20, 40, 59,
99,198, 296, 395, 593, 790 MGy) and dose rates (620 MGy s~ of 300 eV
X-rays [(a) and (b) are on the same spatial scale]. Atomic force
micrographs of developed (¢) as-spun, (d) annealed and (e) vacuum-dried
(343 K, 2 x 1072 torr, 24 h) samples which received the same dose [(c),
(d) and (e) are on equal height and spatial scales].

observed in the area immediately surrounding the patterned
areas. The mechanism of the increased lateral removal of resist
beyond the presumed exposure area with increasing dose was
previously identified as resulting from the point spread func-
tion of the optical system (Leontowich & Hitchcock, 2011;
Leontowich et al., 2011). However, given identical dose, the
lateral distance beyond the patterned area over which mate-
rial was removed by development was significantly greater for
the as-spun and vacuum-dried samples (Fig. 6a) compared
with annealed samples (Fig. 6b). Identically patterned areas
were inspected by AFM (Figs. 6¢-6¢) for each of the sample
types. The as-spun samples showed the most extensive lateral
removal. The edges of the two non-annealed films are much
rougher and seem to show the presence of spherical PMMA
aggregates 80-100 nm in diameter. Similar PMMA aggregates
or nodules have been observed previously using AFM (Dobisz
et al., 1997). The annealed film showed the lowest lateral

removal, smoother edges and smaller aggregates. These
behaviors were independent of dose rate over the 73—
1230 MGy s~ range investigated.

4. Discussion
4.1. Thickness decrease

Several reports have shown that PMMA undergoes a
change in height in response to dose. Here, the height of
PMMA was observed to decrease with increasing dose, but
only until 60 £ 15 MGy where the rate of thinning drops to
zero. A decrease in film height with dose has been reported
previously with soft X-rays (Zhang et al., 1995) and other
radiation sources including electron (Dobisz et al., 1997) and
ion beams. Schrempel & Witthuhn (1997) reported a linear
dependence of the thickness on ion (H*, He") fluence. The
samples used were 1.5 mm thick, and the maximum decrease
in height observed was only 1 pm, less than 1% of the virgin
film height. Using ion (**N*) fluences two orders of magnitude
larger than those of Schrempel & Witthuhn (1997), Kallweit
et al. (1991) observed an initial linear height decrease with
fluence, and no further decrease beyond a certain fluence.
Schrempel et al. (2002) reported that irradiated areas of 1 mm-
thick PMMA initially increased in height, before relaxing over
200 min to show a net decrease. An attempt was made to
observe this process, and an increase in height of the patterned
areas was observed in atomic force micrographs collected
within 60 min of patterning at 10ID-1 (supplementary Fig. 3a).
However, these patterned areas did not decrease in height
after 36 days. The thickness increase observed here was later
determined to be an artefact of carbon contamination.

The change in height in response to dose has been attrib-
uted to both loss of material and/or densification. When
centimeter-sized blocks of PMMA were irradiated with
neutrons and y-rays, bubbles were observed in the interior,
indicating trapped gaseous products, while the zone within
approximately 1 mm from the surface did not show bubbling,
which was ascribed to outgassing of the product molecules
(Charlesby & Ross, 1953; Ross & Charlesby, 1953). Hiraoka
(1977) identified many of the gas molecules given off by mass
spectrometry. The thickness decrease could also involve a
densification of the material. Riick ef al. (1992) found that He™
ion-irradiated PMMA had an increased index of refraction
and decreased thickness and attributed this to increased
density, while Kallweit et al. (1991) concluded that the loss
in height is entirely due to loss of material via outgassing as
opposed to radiation-induced densification. Loss of material
from an irradiated surface has been classified into desorption
and ablation regimes (Haglund, 1996). The ablation threshold
for PMMA occurs with power density levels which are at least
three orders of magnitude greater than presently available at
the STXMs used here (Makimura et al., 2011). The desorption
mechanism is most compatible with our observations; the
observed reduction in thickness is likely due to the diffusion of
gaseous product molecules out of the irradiated areas. This is
supported by the observed decrease in the intensity of the C 1s
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NEXAFS continuum signal with increasing dose (Fig. 3). The
signal in the continuum region is proportional to the total
amount of carbon, and eventually reaches a residual amount
of approximately 70% of the virgin film. This decrease in
continuum intensity has also been observed at room
temperature in other STXM experiments (Coffey et al., 2002;
Wang et al., 2007, 2009a) and transmission electron microscope
electron energy-loss spectroscopy experiments (Egerton,
1980), and the same residual continuum signal value was
observed by Coffey et al. (2002). Atomic force micrographs
reveal a decrease in film height to a residual value of 60%
(Fig. 2b), thus indicating the link between topography and
spectroscopy. The same residual film height value was
observed by Teh er al. (2003). The discrepancy between the
larger height decrease relative to the amount of carbon lost
could indicate a slight densification, but the contribution
appears to be minor relative to outgassing of molecular frag-
ments.

In passing, it is important to note that this height reduction
of PMMA has been found by others to be temperature-
dependent. This process of film thinning of PMMA (and other
polymers) with dose has also been termed ‘photo-etching’.
There can be further removal of material, even full removal of
the polymer film down to the substrate or ‘self-development’ if
PMMA is heated during or following irradiation (Katoh &
Zhang, 1998). Radiation-induced mass loss is often found to
be temperature-dependent (Egerton, 1982; Beetz & Jacobsen,
2003). Here, the sample temperature was maintained at 298 +
2K throughout, and the temperature rise within the focal
point has been experimentally determined to be <1 K for dose
rates twice as high as the maximum used in this work
(Leontowich & Hitchcock, 2012a).

4.2. Effect of annealing

Surface roughness was observed to decrease after annealing
above T, (Table 1), and the lateral extent of material removed
around the patterned areas after development was found to
depend upon the pre-exposure thermal treatment involved.
Arjmandi et al. (2009) similarly reported that increased
surface roughness was proportional to increased developed
line-edge roughness for PMMA. Our measured value of 7T, for
powdered PMMA (376 K) is in agreement with other reported
values [378 K (Riick et al, 1997), 393 K (Kunz & Stamm,
1996)]. However, T, has been shown to depend on film
thickness, substrate and other effects (Fryer et al., 2001); a
value of 391 K has been reported for a film of similar thickness
to the 50 & 5 nm films used in this work (Keymeulen et al.,
2007). Our sample preparation temperatures were chosen with
these values in mind. The temperature at which the vacuum-
dried samples were heated was chosen so that the samples did
not approach the lowest reported 7T, that we are aware of for
PMMA by tens of K. Likewise, the temperature at which the
annealed samples were heated was tens of K higher than the
highest literature T, example that we are aware of, ensuring
that the annealed samples passed through T,. Furthermore,
the amount of heat produced at the focal point of a STXM has

been shown experimentally to be <1 K with dose rates two
times greater than those used in this work (Leontowich &
Hitchcock, 2012a), negating unintended thermal processing
during patterning.

In photolithography, polymer films are often baked above
their T, before being irradiated as this “promotes adhesion to
the substrate” (Brewer, 1980), and also serves to remove
residual solvent molecules trapped in the glassy polymer
matrix during spin coating (Broers, 1981; Moreau, 1988). Ross
& Charlesby (1953) and Hajimoto et al. (1965) have shown
that small molecules trapped in a polymer ‘glassy cage’ can be
released upon reaching or exceeding 7,. Residual solvent in
the polymer layer has been shown to drastically increase the
removal rate of PMMA during development (Greeneich,
1975). In addition, positron annihilation studies have shown
that the size of physical voids within PMMA films decreases
for films annealed at 423 K relative to non-annealed films
(Puglisi et al., 2001). Here, the combination of residual casting
solvent and the greater permeation of the developer into the
two non-annealed films owing to the increased void size
increases the development rate, leading to greater lateral
removal.

4.3. Critical dose

Several critical dose values for PMMA have been reported
in the literature. Previous STXM measurements of the critical
dose, specifically of the decrease in the C 1s(C=0) — 7¢&_q
(288.4 eV) intensity, which are directly comparable with those
measured in this report, include 69.4 MGy (Coftey et al., 2002),
50.0 + 3.0 MGy (Zhang et al., 1995),13.1 £ 0.2 MGy (Zhang et
al., 1995), 152 £ 1.4 MGy (Zhang et al., 1995), 67 &+ 10 MGy
(Wang et al., 2009a) and 60 £ 8 MGy (Wang et al., 2007). A
critical dose value for C=O loss measured at the O 1s
absorption edge could be considered to be related (Beetz &
Jacobsen, 2003). The possibility of a dose-rate dependence
for the critical dose for PMMA has been discussed in prior
STXM work (Coffey et al., 2002; Wang et al., 2009a) but
never systematically investigated to our knowledge. Room-
temperature measurements of mass-loss critical doses for
PMMA in electron microscopes showed no evidence of dose-
rate dependence (Egerton, 1980). The critical dose measured
here (62 + 8 MGy) was found to be independent of dose rate
(Fig. 4), and the highest dose rate used here (1230 MGy s ') is
significantly greater than those used in all previous STXM
studies [three times higher than Wang ez al. (20094a)]; therefore
dose rate is not a significant cause of the variability in critical
doses reported in the literature.

Zhang et al. (1995) reported that pre-exposure thermal
treatments affect the critical dose of PMMA, and their three
reported critical doses correspond to three different thermal
treatments: 50 £ 3 MGy (as-spun), 13.1 £ 0.2 MGy (423 K,
2h), 152 + 1.4 MGy (473 K, 2 h). In contrast, we did not
observe any change in the critical dose between our as-spun,
vacuum-dried and annealed (423 K, 1h) samples. The
annealing temperature may be a factor. Reported T4 values
vary from as low as 443 K for a 65 nm film (Hutchings et al.,
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2001) to 523 K for a 1 um film (Fragala et al., 1999). Like T,,
T4 depends on many factors, including the method of poly-
merization and the sample thickness (Manring, 1989). It would
seem possible that the sample annealed at 473 K in the Zhang
et al. (1995) report may have partly degraded during the
annealing process as this temperature is above some reported
values for Ty, and could explain why it’s critical dose was
significantly lower. While this might explain that particular
sample, there is more than a factor of four difference between
the critical dose determined here and that reported by Zhang
et al. (1995) for PMMA films annealed at 423 K. This
temperature is well below the Ty measured for the as-received
PMMA, and tens of K below the lowest reported T4 that we
are aware of.

In the Zhang et al. (1995) study the critical dose for the as-
spun sample was determined to be 50 MGy, yet the maximum
dose administered appears to be only 30 MGy. The residual
C=O0 bond concentration may not have been experimentally
determined, and the extrapolated values may not be correct.
An additional conflict is present in the data that Zhang et al.
(1995) used to calculate the critical doses: mass loss, measured
by the decrease in the C 1ls NEXAFS continuum region
(317 eV), was 80-100% of the original film thickness after
receiving 30 MGy, indicating almost complete film loss. The
C=0 peak should have correspondingly decreased by an
equal or greater amount, yet the C=O peak intensity
decreased by only 30-40% for the same dose. Zhang et al.
(1995) indicated that “baked PMMA will have less cross-
linking than unbaked PMMA for a given dose”’. However, this
was only an extrapolation from the NEXAFS data and cross-
linking was not directly observed. Here we have observed the
cross-linked material via atomic force micrographs after
development and found that the amount of cross-linked
material depends on dose, independent of pre-exposure
thermal treatments (Fig. 5).

Two highly probable and potentially significant contribu-
tions to the variation in critical dose are (i) differences in the
data collection method between studies, and (ii) detector
efficiency (§4.5). The STXM measurements of Coffey et al.
(2002) and Zhang et al. (1995) involved an exposure-monitor
sequence; alternatively exposing the same sample area to a
high dose and then interrogating that area with a low dose. In
those studies only the high-dose exposure was counted. In
Coffey et al. (2002) the interrogation was single energy images,
while for Zhang et al. (1995) it involved recording a defocused
C 1s NEXAFS spectrum. In effect, the sample received a
larger dose than reported, which would make the critical dose
appear lower. In contrast, Wang et al. (2009a) patterned
multiple virgin areas over a range of doses, and imaged them
once at a single photon energy to collect the data necessary to
determine the critical dose (Fig. 4).

4.4. Detector calibration in STXM with PMMA

The decrease in film height, the critical dose for C=0 loss
measured at 288.4 eV, and the onset of negative mode were all
found to depend on dose, independent of dose rate and pre-

exposure thermal treatments. Thus it would seem that PMMA
could be a robust platform for dosimetry in STXM. In fact,
PMMA-based dosimeters have been commercially available
for decades (Barrett, 1982). In this section the utility of these
dose-dependent responses for dosimetry in STXM are
outlined.

There are several drawbacks to monitoring dose by
measuring a decrease in film height. Perhaps the largest is that
the STXM chamber must be freshly cleaned. The chamber
contains small partial pressures of carbonaceous molecules
which decompose and build up on irradiated surfaces (Leon-
towich & Hitchcock, 2012b). The measurements for Fig. 2
were made using 5.3.2.2 days after it underwent a thorough
cleaning process (disassemble, plasma clean, solvent rinse,
reassemble, align). The rate of carbon contamination on the
sample was below a measurable level for doses up to 900 MGy.
However, when the nine area exposures were made at 10ID-1,
the height of the patterned areas initially decreased with dose,
and then increased, eventually exceeding the virgin film height
(supplementary Fig. 3a). The growth in this case was due to
carbon contamination on the sample. The carbon contamina-
tion layer could also prevent fragment molecules from
escaping the patterned area, further increasing the height.
Cleaning the chamber takes several days and unfortunately it
does not take long for the STXM chamber to be re-polluted
since the chamber is often vented to atmosphere, samples are
mounted with double-sided tape and epoxy, and many samples
containing volatile organics are studied. This approach also
requires access to an AFM.

The radiation-induced decrease in the C 1s(C=0) — 7¢._q
transition (288.4 eV) of PMMA and the critical dose derived
from that data could be used for dosimetry. Coffey et al. (2002)
standardized the response of multiple copies of a gas
proportional counter detector for STXM relative to the
radiation-induced exponential decay of the intensity of the
C 15(C=0) — m¢_o peak of polycarbonate. The critical dose
measurement requires identification of the residual bond
concentration, and in practice this value must be decided
by the observer which can be somewhat subjective. Carbon
contamination, which over time causes the C 1s NEXAFS
signal to increase (supplementary Fig. 3b), can mask the true
residual bond concentration. This is problematic for critical
dose measurements of radiation-resistant materials (Wang,
2008). To accurately measure the residual bond concentration
for PMMA which we observe around 300 MGy, the chamber
must be clean. The usefulness of critical dose as a monitor of
radiation damage rates has been criticized (Cosslett, 1978).
However, its application in STXM dosimetry does not require
any additional equipment to measure, the data can be
acquired rapidly, and the sample can remain in the chamber
after the data are collected. In our view this is not the most
accurate method, but it can serve as a ‘quick and dirty’ dosi-
meter to gain a fair estimate with relatively little effort.

Under the conditions used here, the dose for the onset of
negative mode is exceptionally precise, within 5%. The onset
occurs at 90 £ 4 MGy, which is below the point where
significant carbon contamination occurred for all STXMs used
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here. Identifying the onset of negative mode does require
keeping the development chemicals on hand, but these are
inexpensive, stable, of low hazard, and only small volumes
(<10 ml) are needed per sample. The development procedure
is simple, and the onset can be observed in an optical micro-
scope equipped with a 50x or 100x objective, which most
facilities have adjacent to the STXM for pre-characterization
of samples.

4.5. Determination of detector efficiency using the onset of
cross-linking dose

In order to compute dose, the detector efficiency must be
known [equation (1)]. This value was recently measured at
5.3.2.2. However, at the other STXMs (except UE46) the
detector efficiency was not known or had not been measured
for some time. For most users this is not an issue as the primary
use of STXMs is to collect images and X-ray absorption
spectra; for these purposes it is not necessary to know the
values of detector efficiency or dose. However, it is good
practice to record an additional image at a damage-sensitive
photon energy after any exposure-intensive measurement (e.g.
a long stack) to check for excessive radiation damage. If the
additional damage check image appears the same or only
slightly different from an image recorded prior to the exten-
sive analytical measurement, then the dose involved can be
deemed acceptable (Wang et al., 2009a). Such a check does not
require that the dose be known, only that it did not signifi-
cantly compromise the measurement.

The onset of negative mode at 300 eV was measured at
5.3.2.2,11.0.2, 10ID-1, X07DA and UE46. Identical annealed
samples and development procedures were used for these
experiments. In each experiment the /, values were recorded,
nine area patterns were executed with various dwell times, and
the exposure time for the onset of negative mode was iden-
tified from an atomic force micrograph of the developed
sample. The dose was then calculated with the assumption that
the detector efficiencies at 300 eV at all STXMs were identical
to that measured at 5.3.2.2. Under this assumption the dose
values at which the onset of negative mode occurred differed
among the various STXMs by more than an order of magni-
tude. Given the constant sample development conditions, dose
rate and polarization independence, and that PMMA has been
used as a stable and accurate dosimeter in other applications
for over 40 years, an assumption was made that the dose for
the onset of negative mode at 300 eV is an intrinsic value.
Equation (1) was rearranged to solve for detector efficiency
with 90 MGy as the value of D. The values for the detector
efficiency at all the STXMs were then calculated based on this
method (Table 2). In a separate and independent study, the
efficiency of the avalanche photodiode detector at UE46 had
been recently determined to be 4% at 300 eV by calibration
against a GaAs photodiode [G1127-04, Hamamatsu (Weigand,
2012)]. With no prior knowledge of that measurement, the
value obtained by our PMMA-based method matched the
value determined by the photodiode method, confirming the
validity of this approach.

Table 2
Measured detector efficiency (K) at 300eV for various STXMs
(measurements made between October 2010 and December 2011).

STXM K (%)
5322 35
11.02 10
10ID-1 74
X07DA 12
UE46 4.0

There could be several reasons why detector efficiency can
differ between otherwise similar scintillator-PMT detectors.
Different scintillator materials used in this application have
different properties (Fakra et al, 2004), and the length and
face smoothness of the Lucite tubes may not be equal.
Although the detectors were centered on the optical axis and
the active area accepted the full bright-field signal, the
detector-to-sample distance could differ by as much as 1.5 mm.
However, this is expected to have a negligible effect on the
detector efficiency measurements as the transmission of
300 eV X-rays through 1.5 mm of 250 torr He used in these
experiments is 97.7% (Henke et al., 1993). The detector, like
the sample, experiences carbon contamination which degrades
its performance over time. The scintillator can be contami-
nated and/or physically damaged by accidental contact while
mounting samples. At 5.3.2.2 the scintillator is changed on a
regular basis (~annually). However, the detector efficiency at
5.3.2.2 has been measured several times by our onset of
negative mode method over the last three years and at 11.0.2
over the last year. The detector efficiency at each STXM had
not changed significantly during those periods even though the
scintillator coatings had been replaced numerous times and
there were significant changes in the beamline intensity for
otherwise standard slit settings, owing to changes in the
storage ring and beamline optics. Nevertheless, detector effi-
ciency values are likely to be subject to change over time.
Uncertainty in the measurement of the detector efficiency is
a likely reason why the critical doses for the same polymer
measured in different STXMs do not match.

The common method of determining the detector efficiency
of a STXM is by comparing the response of an uncharacter-
ized detector with that of a calibrated photodiode. With
current STXM designs this requires exchanging detectors
which is disruptive and time-consuming; therefore the onset of
the negative mode method could be an attractive complement.
PMMA films are easy to make, cheap and stable for long
periods of time: a time delay as long as two months between
dosing and development did not affect the results, and two-
year-old samples stored in a laboratory drawer in gelatin
capsules gave consistent results. PMMA is insensitive to
visible light [A > 260 nm (Lin, 1975)]. Although M,, and M,
have not been found to affect the radiation sensitivity of
PMMA (Broers, 1988), variations in M,, and M,, do affect the
development characteristics. M,, values of less than 5 x 10°
but greater than 5 x 10* g mol™ show ideal overall perfor-
mance (Dobisz et al., 2000). Ideally, annealed samples with the
same M,, as that used in this work should be used.
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In this report several factors which were thought to affect
the sensitivity of PMMA were investigated, but we cannot rule
out the possible existence of other factors. A photon energy
dependence has been discussed in the literature (Coffey et al.,
2002; Beetz & Jacobsen, 2003). Radiation sensitivity may be
different below the first core ionization level (where the decay
of the primary electronic excited states is via direct processes)
relative to above the core edge, where the two-electron Auger
process dominates the core hole decay (Egerton ef al., 2004).
However, Fujii & Yokoya (2009) irradiated DNA thin films at
photon energies of 395, 408, 528 and 538 eV and found no
effect on the damage yields. Some of the published critical
doses for PMMA were measured at damage energies different
than the 300 eV chosen here. Experiments are currently
underway to determine the effect of photon energy variation
on the radiation sensitivity of polymers.

5. Conclusions

Several factors which were thought to affect critical dose for
radiation damage to PMMA at 300 eV were tested including
pre-exposure thermal treatments, dose rate and X-ray polar-
ization. None affected quantitative aspects (increase or
decrease in spectral signals and chemical change for a given
dose). Some qualitative effects did depend on pre-exposure
thermal treatments. The most significant sources of dose
quantitation error in prior work appear to be the method in
which the doses are measured and inadequate characteriza-
tion of detector efficiency. The onset of negative mode (cross-
linking) was found to be very reproducible and -easily
measured. Measurement of the exposure needed to initiate
negative mode is proposed as a simple and accurate means to
calibrate detector efficiency and thus establish reliable dose
and dose-rates scales in STXM:s.

Note added in proof. PMMA also has a positive mode (i.e.
full removal of PMMA from the irradiated area after devel-
opment) threshold dose, which was previously determined to
be 1 MGy (Leontowich & Hitchcock, 2011). Very recently, we
performed a detector efficiency measurement at the ALS
STXM 5.3.2.1 using the positive mode threshold dose and the
method described in §4.5. The efficiency of the 5.3.2.1 scintil-
lator-PMT detector was found to be 100% at 1keV. The
positive mode threshold dose was not as precise (within 10—
15%) as the negative mode threshold dose (within 5%).
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1. Create *.xyt files for the PatternGen routine within STXM_Control

- Using a graphics program such as Microsoft Paint, create a black and white *.gif file. With the current
version of STXM_Control, an uncontrolled exposure is made at the bottom left and top right of patterns.
Intentionally adding an extra single pixel at the bottom left and top right of the *.gif image keeps these

unintended exposures away from the desired pattern.

- Read the *.gif file into the program aXis2000 (Read — Images — Graphics — GIF — Data).

- Resize the image (Images — Set XY scale).

- Set the pixel size by remeshing (Utilities — Change mesh).

- Threshold mask the image so the pixel values fall between 0 and 1 (Images — Generate mask —
Threshold, or Images — Multiply/divide).

- Write out the *.xyt file (Write — ALS-xyt).

Note that there is a limit to number of records in *.xyt files (i.e. points in the pattern). STXM_Control
will crash if an *.xyt file with greater than 20000 records is executed. Individual pixel exposure times and

positions can also be manually adjusted by opening the *.xyt file in a program such as Microsoft Notepad.

2. Execution of *.xyt files with the PatternGen routine within STXM_Control
- With the shutter set to AUTO, initiate a PatternGen scan in STXM_Control.

- Select the desired * xyt file.
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- Manually select the pattern origin point. The sample will be patterned beginning at this point from left to

right and bottom to top.

- Choose a time multiplier value. For example, if all pixel values in the * xyt file are between 0 or 1, and a
time multiplier value of 300 is entered, the pixel exposure times will be between 0 and 300 ms. 10000 ms
is the maximum multiplier value. In addition, the minimum time the shutter can go from closed to open to

closed is about 1 ms.

- Estimate the time it will take to complete the pattern before executing by multiplying the number of

pixels by the dwell time per pixel.

3. Derivation of a convenient form of the photon absorption rate

The photon absorption rate F'is,

F=I,=1 (Eqn. 2)
Transmission 7' is,
1
T=— Eqn. 6
I, (Eqn. 6)
Rearranging,
I= T(IO) (Eqn. 7)
Subbing Eqn. 7 into Eqn. 2,
F=1I,- T(IO) (Eqn. 8)
Rearranging,
F=1,1-T) (Eqn. 9)
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Optical density OD is,
OD = —lni
I, (Eqn. 10)
It follows that,
1
e =—=T
I, (Eqn. 11)

Eqn. 3 is the result of subbing Eqn. 11 into eqn. 9.

F=1I(1-¢) Em 3)

Supplemental figures

Time multiplier
L B B BN )

1 pm

Figure S-1: a) The input file used for all patterning experiments. The white numbering serves to identify the areas
and is not a part of the file. The dimensions of each square are 600 nm x 600 nm. b) Each square in a) consists of 10
x 10 individual exposures with a pitch of 60 nm.
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10

Height (nm)

Figure S-2: Atomic force micrograph of a patterned area that had been previously imaged by STXM. The image
parameters were 50/25/25 slits, 288.4 eV, 2 ms dwell time, 60 nm pixel size; the dose associated with collecting the
image was 1 MQGy. The nine area pattern was executed within the area that had been STXM imaged. The outline of

the single STXM image is visible, and the dose associated with it caused a 2 nm reduction in height.
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Figure S-3: a) Atomic force micrograph of as-spun PMMA, patterned with 10ID-1. The patterned areas initially
decrease and then increase with increasing dose due to carbon contamination. b) STXM OD at 300 eV

measurements of each area in a) plotted versus dose. The carbon signal rises with dose, even above the virgin
PMMA film.
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Chapter 8
Secondary electron deposition mechanism of carbon contamination

Signs of carbon contamination were observed in some STXM experiments
performed in this thesis. Some of these observations were reported in Chapter 7.
This chapter presents results of experiments which were expressly designed to
illuminate the mechanism of carbon contamination.

Reprinted with permission from the Journal of Vacuum Science and
Technology B, Microelectronics and Nanometer Structures: Processing,
Measurement, and Phenomena 2012, 30, 030601, A.F.G. Leontowich,
A.P. Hitchcock. DOI: 10.1116/1.3698602, © 2012 American Vacuum Society.

The author of this thesis conceived the experiments, prepared all samples,
performed all the experiments, analyzed the data, wrote the manuscript which was

edited by A.P. Hitchcock and served as corresponding author.
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Secondary electron deposition mechanism of carbon contamination
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Deposition of a carbonaceous contaminant layer on surfaces exposed to radiation exceeding 7-10 eV
is ubiquitous in many fields of research. The mechanism of this deposition process is still debated. A
scanning transmission x-ray microscope has been used to create and interrogate carbonaceous depos-
its with photon energies spanning the C 1s ionization edge. For equal fluence, the rate of carbon dep-
osition is proportional to the x-ray absorption spectrum of the deposited material. The results are
consistent with a deposition mechanism involving secondary electrons. Implications of this measure-
ment with regard to future generations of high volume photolithography are discussed. © 2012
American Vacuum Society. [http://dx.doi.org/10.1116/1.3698602]

I. INTRODUCTION

The step from the generally non-ionizing or only weakly
ionizing light sources of 193 nm (6.4 eV) presently used in
photolithographic tools for high volume integrated circuit
production, to strongly ionizing light sources of 13.5 nm
(92 eV) being introduced for extreme ultraviolet (EUV) li-
thography has the potential to introduce serious contamina-
tion issues due to radiation-induced cracking and deposition
of carbonaceous molecules.'* The precursor molecules for
such contamination originate from a wide variety of sources
(lubricants, outgassing, atmosphere, etc.), and become fixed
to surfaces as a carbonaceous layer when irradiated with ion-
izing radiation. This phenomenon is common to diverse
technologies that involve high energy radiation (electron
microscopy,>™ x-ray photoelectron spectroscopy,® synchro-
tron and free electron laser beamlines,” space-based
telescopes'®!%). The carbonaceous deposits are often highly
undesirable as they can degrade the transmissive or reflective
properties of optics, introduce spectroscopic artifacts, and/or
decrease the efficiency of detectors. With regards to EUV li-
thography, the carbonaceous layer has been observed to
decrease reflected intensity, distort the wavefront,14 and
change the optical path length,” all conceivably capable of
introducing defects in the devices produced and reducing
throughput. Several methods of cleaning carbonaceous
deposits from delicate optics exist.>>%! 11215717 The results
are sometimes mixed,g’g’12 but in certain cases the reflec-
tance can be fully recovered,'® and an optic can survive mul-
tiple cleaning cycles.'” In practice, the contamination
processes can be mitigated,””'® but often cannot be totally
eliminated, and cleaning processes entail some instrument
downtime, which ultimately reduces productivity. The pre-
cise mechanism of deposition is a matter of debate. A mech-
anism based on secondary electrons (SEs) produced by the
irradiated surface is the most established.’” However,

YElectronic mail: leontoaf@mcmaster.ca

Hollenshead and Klebanoff concluded that the dominant
mechanism of deposition is direct photoabsorption by the
adsorbed precursor molecules, and that the SE mechanism
plays an insignificant role.'” In this Letter, the relationship
between the rate of carbon deposition and photon energy is
probed in the vicinity of the C ls (K) ionization edge to illu-
minate the mechanism of deposition.

Il. EXPERIMENT

Scanning transmission x-ray microscopes (STXMs)
routinely focus monochromatic soft x-ray photons (60-2500
eV) into an intense, sub-30 nm full width half maximum
spot at the focal plane. Carbon deposits tens of nanometers
thick can be created on surfaces within seconds to minutes.
The Advanced Light Source (ALS) STXM 5.3.2.2%° at Law-
rence Berkeley National Laboratories was used to create car-
bon deposits on an initially clean 75 nm thick SizN, surface.
With a STXM, one can accurately control and rapidly vary
the conditions of deposition, such as photon energy (with a
bandwidth as low as 0.05 eV), area irradiated, fluence [pho-
tons/s (s~!) x dwell time (s) x photon energy (J)/area (nm?)]
and fluence rate. The STXM 5.3.2.2 chamber is a low vac-
uum environment, capable of only 10~® Torr. For these
experiments, the chamber was evacuated then backfilled
with 250 Torr He. Areas of 600 nm x 600 nm consisting of
10 x 10 single pixel exposures were irradiated to form the
deposits. The thickness of the deposited material was quanti-
fied by two techniques; measuring the maximum height of
the deposit by atomic force microscopy [(AFM)*1 nm],
and measuring the average optical density [(OD) *£0.02] at
293 eV of the center of the deposit with the STXM. The pre-
cursor molecules for the deposits created here probably
include those which originate partly within the STXM cham-
ber (lubricants from mechanical stages, outgassing, or
ablated organics from previous samples), and partly outside
the chamber (fingerprints, venting the chamber to atmos-
phere, double-sided tape and epoxy used to mount samples).

20,21
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Fic. 1. Images of a 600 nm x 600 nm carbon deposit created by focused
300 eV soft x rays of a scanning transmission x-ray microscope (STXM),
recorded by (a) atomic force microscopy in tapping mode, and (b) STXM at
293 eV [transmission measurement converted to optical density (OD)].

lll. RESULTS AND DISCUSSION

Several carbon deposits were made at the specific photon
energy of 300 eV with increasing fluence. These deposits
were imaged and quantified by AFM and STXM (Fig. 1).
The rate of deposition observed was directly proportional to
fluence (Fig. 2), which is consistent with the observations of
others.”'>!1° The fluence involved in collecting single
images for OD measurements was 0.5 £ 0.1 mJ/cm?.

A near edge x-ray absorption fine structure (NEXAFS)
spectrum of the carbon deposit material in the C 1s NEXAFS
region (Fig. 3) was collected with the STXM in a second
mode of operation where the sharp focus was maintained on

30 7y 0.20
o
25 - O  AFM
A OD@ 293 eV o - 0.15 5
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T 10 A =
Y L 0.05
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Fluence (mJ.fcmz)

FiG. 2. Amount of carbonaceous material deposited at a single energy (300
eV) vs fluence, quantified by atomic force microscopy (circles) and STXM
(OD at 293 eV, triangles).
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Fic. 3. C 1s x-ray absorption (NEXAFS) spectrum of a carbon deposit
(dots) compared to the amount of carbonaceous material deposited at con-
stant fluence (395 = 13 mJ/cm?) at several specific photon energies, quanti-
fied by atomic force microscopy (circles) and STXM (OD at 293 eV,
triangles).

the carbon deposit while the monochromator energy was
scanned. The fluence involved in collecting this spectrum
was 24 = 5 mJ/cm?. The spectrum shows a sharp feature at
285 eV, indicative of C=C bonds, a feature at 288.5 eV
potentially indicative of C=O0 bonds, and a broad absorption
maximum near 293 eV. NEXAFS spectra of carbon deposits
made by the same method using another STXM [Canadian
Light Source (CLS) beamline 10ID-1] under the same condi-
tions were identical. The spectra of the carbon deposits at
both the ALS and CLS are similar to a reported C 1s NEX-
AFS spectrum of carbon deposited in a system expressly
designed to evaluate contamination rates and phenomena for
EUV optics.? It appears that beam-deposited carbonaceous
material tends to have the same chemistry and thus a similar
spectrum, independent of the precursor material.

Areas were then irradiated at specific photon energies
spanning the C 1s NEXAFS region, forming carbon deposits
as a function of photon energy (Fig. 3). Each area irradiated
received the same fluence of 395 + 13 mJ/cm?. The fluence
rate available at each energy differed between 74 and 388
mJ/cm?/s due to carbon contamination on the beamline and
STXM optics; therefore the dwell times were varied to estab-
lish the desired fixed total fluence condition. In a separate
experiment, the thickness of deposits made at specific photon
energies at the same total fluence was observed to be inde-
pendent of fluence rate over the same 74-388 ml/cm?/s
range. Figure 3 shows that, for constant fluence, the rate of
carbon deposition is strikingly proportional to the C 1s NEX-
AFS spectrum of the carbon deposit material. Most notably,
the prominent spectral feature at 285 eV is reflected in the
quantity of material deposited; the deposition rate at 285 eV
is significantly greater than at 284 or 286 eV, in accord with
the spectrum. The maximum deposition rate occurred at 293
eV, coinciding with the maximum absorption cross section
of the carbon deposit material.
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IV. SUMMARY AND CONCLUSIONS

The number of SEs emitted by a substance irradiated with
x-rays is proportional to its x-ray absorption spectrum, which
is the basis of the total electron yield (TEY) acquisition
mode.?® Note that this approximation is widely accepted to
be valid over short photon energy ranges, such as that in
Fig. 3, but careful examination over large energy spans indi-
cates that it is necessary to take into account other factors, in
particular photon energy variations in the number of primary
electrons produced, in order to have a fully quantitative
agreement.”* The results are consistent with a deposition
mechanism primarily involving SEs. The rate of carbon dep-
osition follows the spectrum of the carbon deposit material
because the deposition process is driven by SEs emitted by
the surface, and the surface rapidly becomes deposited car-
bon once the deposition is initiated. For an equal fluence, the
number of SEs emitted by the carbon deposit when irradiated
at 285 eV is significantly higher than at 284 or 286 eV,
which leads to the higher deposition rate at that particular
photon energy. For deposits less than about 4 nm thick (less
than the escape depth), the SE emission of the underlying
surface (SizNy in this case) should play a greater role, which
may be why the data points in the pre-edge region of Fig. 3
are higher than the NEXAFS spectrum. If the mechanism of
deposition was primarily direct photoabsorption by the
adsorbed precursor molecules, the rate of deposition should
be closely linked to the C 1s NEXAFS spectra of saturated
hydrocarbons®*?*3 which do not contain features at 285 eV
and have very prominent absorption features between 287
and 289 eV. This is not what was observed.

This result suggests a possible contamination mitigation
strategy: For a given photon energy, the irradiated surface
with the lowest TEY should display the lowest deposition
rate. Ru, widely used as a capping layer for 13.5 nm EUV
optics, conveniently approaches a minimum electron yield
value around 13.5 nm. This minimum in TEY has been
hypothesized as a reason why Ru performs so well in this
role.'® However, this mitigation strategy would only be
effective until a carbon contamination layer of a few nano-
meters forms.

What are the implications of these results for high volume
photolithography? The industry standard photon energy
(wavelength) used for the critical layers has increased
(decreased) stepwise over time,”® which has been a major
reason why the size of integrated circuits and the devices
that employ them have steadily decreased while performance
has increased. This “wavelength scaling” is expected by
some to continue®’ beyond the expected to be state-of-the-
industry of 13.5 nm; research and development is already
under way on a second generation of sources and optics for
sub-10 nm “beyond EUV” systems. Early candidate wave-
lengths include 6.7, 3.37, and 2.48 nm.”” The first two of
these wavelengths approach the C s ionization edge, while
the third exceeds it. We have shown that for equal fluence,
the rate of carbon deposition is roughly four times higher
above the edge than below it. This work indicates that, if
future high volume photolithography tools operate at a
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wavelength at or above the C 1s edge, the rate of carbon
deposition on the optics will increase substantially. Perhaps
the increase in deposition rate might be offset by an increase
in resist sensitivity, if C-based photoresists continue to be
used, as the x-ray absorption cross section will increase
above the C 1s edge for all C-based materials. The composi-
tion of the resists remains an open question, even for 13.5
nm. Early identification of challenges in wavelength scaling
will narrow the choices, and ultimately decrease the time
necessary to develop and implement new technology.
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Chapter 9
Utility of the G value and the critical dose to soft x-ray radiation damage of
polyacrylonitrile

This chapter presents our observations of radiation induced chemical
changes of PAN and their kinetics. A misapplication of radiation damage
sensitivity units in the literature was noted. PAN is used as an example to
demonstrate this discrepancy and clarify the current situation. This work was
submitted to the Journal of Physical Chemistry B on June 1, 2012. It is presented
here in manuscript form.

The author of this thesis conceived the experiments, prepared all samples,
performed all the experiments, analysed the data, wrote the manuscript with

minor input from A.P. Hitchcock and served as corresponding author.

129



Ph.D. Thesis - A.F.G. Leontowich Chapter 9
McMaster University - Chemistry

Utility of the G value and the critical dose to soft x-ray radiation damage of
polyacrylonitrile
Adam F. G. Leontowich*
Department of Chemistry and Chemical Biology, McMaster University,
1280 Main Street West, Hamilton, ON, Canada L8S 4M1
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ABSTRACT: The sensitivity of organic matter to ionizing radiation is often
reported in terms of a G value, and/or a critical dose value. Several reports exist
where both a G value and a critical dose value have been derived from the same
data set for a material when the behaviour of the signal chosen to represent its
response to absorbed dose is described by first-order kinetics. In this report, the
response of an x-ray absorption spectral feature of polyacrylonitrile to increasing
doses of 300 eV soft x-rays is measured using a scanning transmission X-ray
microscope and shown to undergo exponential decay. Both a G value and a
critical dose value are derived, and the usefulness of each descriptor is discussed.
The utility of G values was found to be greatly diminished in cases such as this

and only a critical dose should be assigned.

KEYWORDS: STXM, NEXAFS, radiation sensitivity, damage rates
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INTRODUCTION

When ionizing radiation interacts with soft condensed matter the amount of
energy absorbed often induces chemical (bond formation and/or bond breakage)
and physical (mass loss, morphology, carbon contamination) changes in the
material."* The rapid degradation of radiation sensitive materials is undesirable
for microscopic and/or spectroscopic investigations as the data collected may not
be representative of the virgin sample. On the other hand, radiation-induced
changes such as the main chain scission of poly(methyl methacrylate), are useful
and relevant for patterning and lithography.”® Quantitation of radiation sensitivity
(the absorbed dose required to produce a quantifiable change, following the
Grotthuss—Draper law) is essential in many technologies which involve ionizing
radiation and organic matter, such as medical device and food sterilization,
macromolecular crystallography, and lithography.

At present there are two common single number descriptors of radiation
sensitivity: The “critical dose”, and the “G value”. If the signal chosen to
represent the response of the material diminishes exponentially as a function of
dose (i.e. first-order kinetics), the rate can be described by the critical dose, which
is the dose at which the signal is reduced to 1/e or 37% of its original value.
Exponential decay of a signal with increasing dose is common to many fields,
including radiobiology (where the concept of critical dose originated’),

4,10,11

crystallography,®® electron'® and x-ray spectroscopy. This descriptor has

also been termed the 37% dose (radiobiology) and the characteristic dose
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(electron energy loss spectroscopy). The other descriptor of sensitivity, the G
value, was introduced by Burton.'? A G value s,

3 yield
100 eV absorbed

(Eqn. 1)

where yield is essentially the change in a signal chosen to represent the response
of the material, normalized to 100 eV of energy absorbed. This unit was put forth
to replace an even earlier and long since abandoned sensitivity descriptor “M/N”,
where M is the number of molecules chemically transformed and N is the number
of ions produced in the system.'*'* There are several reports where both a G value
and a critical dose have been derived from the same data set for the same material
when it is clear that the damage-sensitive signal displays first-order kinetics.”"!
This paper reports quantitative measurement of the radiation-induced decrease
of an x-ray absorption signal of polyacrylonitrile (PAN) using a scanning
transmission x-ray microscope (STXM). The critical dose and G value are derived

from the same data set and compared.

EXPERIMENTAL

A PAN (M,, = 150 000, Sigma-Aldrich) film was fabricated by spin casting four
drops of a 1.5% w/w PAN/N N-dimethylformamide (99.9% Chromasolv®,
Sigma-Aldrich) solution onto a 1.5 cm x 1.5 cm piece of freshly cleaved mica
(Ted Pella, Inc.), and then transferred onto a 75 nm thick Si3Ns window

(Norcada Inc.) by the float method." The sample was then annealed at 80 °C
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(above the glass transition temperature for thin PAN films but well below
that of nitrile cyclization or degradation'’) for 30 min at reduced pressure
(2 x 10 Torr). The film thickness was determined to be 62 +3 nm by atomic
force microscopy and NEXAFS spectroscopy using STXM.

The interferometrically controlled STXM 10ID-1'° at the Canadian Light
Source (CLS, Saskatoon, Canada) was used to expose the film to 300 eV x-rays
with dose accuracy and precision of better than 10%. Patterning was carried
out with the STXM chamber filled with 250 Torr He, after evacuation of air.
A 200 nm thick Ti strip, as well as a carefully selected and aligned order
sorting aperture in combination with the central stop in the zone plate were
used to suppress higher order radiation to negligible levels. Areas of the film
were exposed using the PatternGen routine in the STXM Control software.
Details of STXM operation, patterning, dose calculation, determination of the
detector efficiency, image and near edge x-ray absorption fine structure

(NEXAFS) spectra acquisition are covered in greater depth elsewhere.'”'®

RESULTS AND DISCUSSION

A C 1Is NEXAFS spectrum of a 62 £3 nm thick PAN film was collected using

the STXM and is presented in Figure 1.
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Figure 1: C 1s NEXAFS spectrum of a 62 =3 nm PAN film. The prominent feature at
286.8 eV is the C 1s(C=N) — w*c=y core electron transition.

The spectrum is dominated by a large absorption feature at 286.8 eV which
corresponds to the C 1s(C=N) — m*c=y core electron transition. Several 600 nm x
600 nm areas of the film were then exposed to 300 eV x-rays over a range of
dwell times, corresponding to a range of absorbed doses from 8§ — 700 MGy.
An optical density (OD) image of several irradiated areas was collected using the
STXM at 286.8 eV and is presented in Figure 2a. The irradiated areas display
decreased contrast relative to non-irradiated areas. C 1s NEXAFS spectra of
irradiated areas were obtained by collecting an image stack'’ and averaging the
signal from the central (60%) regions of these areas. Several of these spectra are
overplotted in Figure 2b and depict the spectral changes of PAN with dose.
As dose increases, the feature at 286.8 eV decreases while a new signal appears
and grows at 285 eV. This C 1s — mw*c—c transition is indicative of the
concomitant formation of C=C bonds. A shoulder at 287.6 ¢V, attributed to
C 1s — m*c— transitions, also grows with dose. No significant trends were

observed in the remaining photon energy region from 288 — 320 eV with dose up
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to 700 MGy, indicating that PAN does not experience significant mass loss within
this dose range. In addition, these processes and trends were found to be

independent of dose rate over the range 54 — 952 MGy/s.
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Figure 2: (a) STXM optical density (OD) image of several irradiated areas of a PAN film.
(b) C 1s NEXAFS spectral changes induced by 300 eV x-rays. The signal at 286.8 eV
decreases while new signals appear at 285 eV and 287.6 eV, and increase with dose. (¢) The
change in OD at 286.8 eV of PAN measured from images like (a) as a function of dose.

The prominent absorption feature at 286.8 eV was chosen to be the signal that
represents the response of PAN to 300 eV x-rays. This feature is directly
proportional to the number of nitrile bonds within the area of the film
investigated, therefore changes in its magnitude are proportional to the number of
nitrile bonds lost or gained as a result of absorbed dose. Averaged values of OD at
286.8 eV of the central regions of irradiated areas as well as a virgin area were

measured from images like Figure 2a. Values of AODsgss v (AODg2ges v =
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OD286.8 ¢V irradiated area — OD286.8 ¢V virgin area) Were determined for several irradiated
areas, and plotted versus dose (Figure 2¢). The least squares fit of an exponential
decay curve to the data points in Figure 2c¢ is quite good (R* = 0.98), thus it is
reasonable to conclude that the ODyg6 5 ey 0f PAN displays exponential decay over
the dose range investigated. A similar response has been found for several other

4,10,11,14

polymers. The critical dose value can be determined from this data set

using the following equation,

OD=0D,+ A4 exp(— i] (Eqn. 2)
a

where OD is the OD of the PAN film after receiving an absorbed dose a,
OD,, is the residual OD value of the PAN film after receiving a very high dose
(saturation of damage) on the same scale, 4 is an intensity scale factor and a. is
the critical dose. If the damage process follows first-order kinetics, a plot of
In(OD — OD.,) versus a should be linear with a slope of -1/a., which was deduced
by ordinary least squares (linear) regression. By this method, the critical dose of
PAN measured at 286.8 eV was found to be 130 =10 MGy. Another simple
method to determine the critical dose is to plot normalized OD values as a
function of dose (Figure 2¢) by determining the residual OD value, subtracting it
from each OD measurement, then setting the OD of the virgin area to be 1
(normalized AOD). The dose where the normalized AOD decreases to 37% is

then the critical dose.
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The data points of Figure 2c have been replotted as (AODages ev/energy
absorbed) versus dose in Figure 3. The quantity “energy absorbed” is a value
which is already known as dose is (energy absorbed/mass), and does not involve
any additional measurements. The left scale of Figure 3 is (AODyges ev/J
absorbed), while the right scale is (AODygss v/100 eV absorbed). Each data
point is a G value. The G(AOD,gs 5 v) value is highest for lightly irradiated PAN.
A relatively small amount of energy absorbed produces the largest AODygs s ev.
As the polymer absorbs more energy i.e. as dose increases, less of it is translated
into further nitrile bond loss. Since the x-ray absorption cross section of PAN at
300 eV did not change as a function of dose over the range investigated here, the
material continues to absorb energy at the same rate, but there are fewer and fewer
nitrile bonds to break. The G(AODygss «v) of PAN begins to saturate after
receiving about 300 MGy; there very few C=N bonds left in the material that

remains, resulting in almost no change with further increase in dose.
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Figure 3: The data from Figure 2c replotted as (AOD,g 5 .v/energy absorbed).

Thus, for a signal which undergoes exponential decay as a function of dose,

such as the C 1s(C=N) — n*c=y feature of PAN at 286.8 eV, the G value will be
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dependent on the dose received. To achieve a cross-comparable measure of
material sensitivity using a G value in this case, the measurements for all
materials compared would have to be performed to the same dose. A dose value
should then accompany the G value, and comparison to other studies would not be
valid unless those also measured the G value at the same dose. This could be
complicated as x-ray absorption cross sections are material and energy dependent,
and may also be subject to change in response to dose. Still, this dose dependent
G value would be sensitive to the initial state of the material; if the material was
unknowingly degraded before the measurement, the comparisons might not be
valid. Whereas in principle if the kinetics are truly exponential, one critical dose
number describes the sensitivity of a material for all doses, and the same value
will be obtained regardless of the amount of damage of the initial state.

It is unclear how measuring a single G value for a first-order radiation-induced
process would be useful. However, if the response is directly proportional to dose
i.e. a zeroth-order processes, a single G value can be determined which is
independent of dose and the amount of damage of the initial state. A G value is
essentially a zeroth-order rate constant, yet several studies have derived a single
G value and a critical dose from the same data set when it is clear that the
damage-sensitive signal displays first-order kinetics.”'' Some materials display
different reaction kinetics depending on the dose range or signal probed.
For example, the AODj3i4 nm for poly(methyl methacrylate) displays zeroth-

order kinetics over the dose region 5 — 45 kGy19 whereas the AODjggs v of
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nominally the same material displays first-order kinetics over the dose range
1 -300 MGy.*"*

CONCLUSION

The kinetics of radiation-induced reactions should always be determined before
deriving radiation sensitivity values. If zeroth-order kinetics are discovered, G
values are appropriate. If the process displays first-order kinetics, the critical dose
should be used. The use of G values for first-order radiation-induced processes
should be discontinued, except perhaps for the special circumstance where the
materials being compared receive the same dose and have not been pre-irradiated,

with that information accompanying the measurement.
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Chapter 10
Measurement of the point spread function of a soft x-ray microscope by
single pixel exposure of photoresists

This chapter reports the development of a method to extract the full
PSF of a STXM from a series of single pixel exposures in a thin PMMA film.
This measurement was carried out at several STXMs, with the important
observation that the PSF was never found to be fully symmetric as diffraction
theory predicts.

Reprinted with permission from the Proceedings of the SPIE 2011,
8077, 80770N, A.F.G. Leontowich, T. Tyliszczak, A.P. Hitchcock. DOI:
10.1117/12.887553, © 2012 SPIE.

A.P. Hitchcock and the author of this thesis conceived the experiments.
The author of this thesis prepared all samples and developed them, performed all
the experiments, analyzed the data with input and assistance from A.P. Hitchcock

and T. Tyliszczak and wrote the manuscript which was edited by A.P. Hitchcock.
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Measurement of the point spread function of a soft X-ray
microscope by single pixel exposure of photoresists

Adam F. G. Leontowich,” Tolek Tyliszczak® and Adam P. Hitchcock**
*Brockhouse Institute for Materials Research,
McMaster University, Hamilton, ON, Canada L8S 4M1
®Advanced Light Source, Lawrence Berkeley National Laboratory,
1 Cyclotron Road, Berkeley, CA, USA, 94720

ABSTRACT

The monochromatic zone plate focused soft X-rays of scanning transmission X-ray microscopes (STXM) can be used to
directly write patterns in common photoresists, analogous to lithography with a focused electron or ion beam. A
radiation damage spreading phenomenon when patterning with high doses was recently determined to be due to the point
spread function of the optical system (Leontowich et al., Applied Physics A: Materials Science and Processing 103, 1
(2011)). We have used this phenomenon to measure the point spread function of three different STXMs by making a
series of single pixel exposures in a photoresist at focus over a controlled dose range. Our results suggest this
measurement is sensitive to zone plate aberrations; thus, it could be valuable feedback for optimizing zone plate
fabrication schemes and STXM performance.

Keywords: Zone plate, point spread function, X-ray lithography, radiation damage, aberrations

*aph@mcmaster.ca; phone 1 905 525-9140 x24749; fax 1 905 521-2773

1. INTRODUCTION

The current generation of soft X-ray (60 — 2500 eV) scanning transmission X-ray microscopes (STXM) employ Fresnel
zone plate (ZP) lenses'” to focus sufficiently coherent soft X-rays into a tightly focused probe. The sample is then
positioned at the focal point and x-y raster scanned while the transmitted signal is acquired to form images at specific
photon energies.' In addition, near edge X-ray absorption fine structure (NEXAFS) spectra can be measured by
recording image sequences over the energy range of interest.”” STXM is an excellent instrument for NEXAFS
spectromicroscopy and has been used extensively to characterize many diverse types of samples with high spatial and
spectral resolution.*’

Advancements in ZP fabrication via electron beam lithography®’ have steadily improved the spatial resolution of
STXMs. The state-of-the-art is now 10 nm, and routine spot sizes (as defined by the Rayleigh criterion'®) are ~30 nm.
Soft X-ray STXMs can provide an intensity of 10" — 10® photons/sec in the focal spot; typical absorbed dose rates are in
the 100 - 1000 MGy/s range, assuming an optical density of 1. The absorbed dose can be large enough to induce a
variety of changes to the sample,” and fundamentally limits useful spatial resolution.'® For sensitive samples, this can
result in a race to capture spectroscopic information before it is modified by the effects of radiation.

Intense tightly focused probes of ionizing radiation (most commonly electrons or ions) are used extensively to direct
write pattern materials for micro and nanofabrication. Zhang et al.'' were the first to demonstrate sub-micron direct write
patterning with focused X-rays by operating a STXM in a manner analogous to an electron beam writer. Since that initial
work, several groups have investigated ZP focused X-rays for direct write patterning and lithography."*"> A common
observation in these experiments is that the minimum feature sizes created when patterning with ZP focused soft X-rays
were always larger than the Rayleigh resolution predicted from the ZP properties and measured by imaging high contrast
resolution test patterns. Further experiments revealed that feature sizes were dose dependent, implying the existence of
an exposure spread mechanism which is in many ways similar to the proximity effect observed in electron beam
lithography.'® We have recently shown'’ that the exposure spread mechanism is caused by instrument properties,
namely, the point spread function (PSF) of the optical system, i.e. the distribution of radiation intensity about the focal
axis. This was experimentally determined by making repeated, long dwell time, single point exposures in photoresists

Damage to VUV, EUV, and X-ray Optics lll, edited by Libor Juha, Sasa Baijt, Richard A. London,
Proc. of SPIE Vol. 8077, 80770N - © 2011 SPIE - CCC code: 0277-786X/11/$18 - doi: 10.1117/12.887553
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positioned at the focal plane of the ZP, and observing asymmetric yet fully reproducible patterns which delineate the
spatial extent of the PSF.

In this report, we use thin films of poly(methyl methacrylate) (PMMA) positioned in the focal plane of the ZP to record
precisely where X-rays impinge, analogous to photographic film. Soft X-rays cause primarily main chain scission in
PMMA at low dose, and crosslinking at high dose. The lower molecular weight areas are then revealed by a wet
chemical development step. We have previously determined that PMMA is fully removed from the substrate if it
receives a dose of 1 MGy, but even a dose of 0.1 MGy will result in partial removal of material.'” The developed films
are then read out using an atomic force microscope (AFM). Here, we explore more fully the relationship between
developed pattern features, properties of the ZP, and its illumination. We have extracted full PSFs from a series of single
pixel exposures in PMMA, at focus, over a controlled dose range. We have observed partial Airy patterns with three
different STXMs. We have not yet observed the fully symmetric Airy pattern that theory predicts should be formed with
a high quality zone plate and optimal illumination. We hypothesize some reasons for this, and discuss planned
experiments intended to isolate the source(s) of the asymmetry.

2. METHODOLOGY

2.1 Sample preparation

Thin films (~100 nm) of poly(methyl methacrylate) (PMMA) (My: 315 000 M,/M,: 1.05 electronics grade, Polymer
Source Inc.) were produced by spin casting a 1.5% w/w solution of PMMA in toluene (99.9% Chromasolv®, Sigma
Aldrich) onto freshly cleaved mica (Ted Pella Inc.). The film on mica was scribed into 2 mm x 2 mm pieces with a
scalpel. Upon slowly dipping this mica into a Petri dish of water (HPLC grade, Caledon), the film pieces release and
float on the surface. These were then caught on Si;N, substrates (1 mm x 1 mm x 75 nm window in a 5 mm x 5 mm Si
wafer frame, Norcada Inc.) and annealed at 140°C for one hour at reduced pressure (~2 x 10~ Torr).

2.2 Scanning transmission X-ray microscopes, resist exposure, development and visualization

Three interferometrically controlled STXMs were employed to pattern the films: STXM 5.3.2.2,'8 and STXM 11.0.2" at
the Advanced Light Source (ALS), Lawrence Berkeley National Labs (LBNL), and the STXM at beamline 10ID-1%° at
the Canadian Light Source (CLS). The methods of STXM operation are described elsewhere.”® Each STXM’s zone plate
had the same parameters (25 nm outermost zone width, 90 pum central stop, 240 um diameter) and were fabricated by the
Center for X-ray Optics (CXRO) at LBNL. The PMMA samples were affixed to an Al sample plate and loaded into the
STXM, which was then evacuated and backfilled with 250 Torr He. Patterning was carried out with 300 eV photons
using a pattern generation program in the STXM control software.'®

receeree
cecoeree

Figure 1. AFM topography image of a developed 100 single pixel exposure pattern in PMMA, made with ALS
11.0.2. Four separate images have been combined.
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s 500 NM
Figure 2. High magnification AFM phase image of the 5000 ms single pixel exposure
from the top right corner of figure 1.

We note that it is imperative that the area which is to be patterned not be STXM imaged, either before or after patterning,
as even brief imaging (about 1 ms) is enough to cause unintended patterning. The patterned sample is removed from the
sample plate, and developed at ambient temperature (~20°C) by gently stirring it in a 3:1 solution of 2-propanol ((IPA)
99.5%, Sigma Aldrich) : 4-methyl-2-pentanone (>98.5% ACS reagent grade, Sigma Aldrich) for 30 s, followed
immediately by stirring in IPA for 15 s, then drying in ambient air. The developed patterns were then imaged with a
Quesant 350 atomic force microscope (AFM) equipped with Budget Sensors Multi75Al probes, operating in non-contact
mode at a 0.5 Hz scan rate. For large areas, it was necessary to make several smaller images and combine them to
achieve high spatial sampling and to reduce skew.

3. RESULTS

The pattern designed to record the PSF consisted of 100 single pixel exposures, in a 10 x 10 array, spaced 1 um apart.
The dwell time for each exposure increases in 50 ms steps from left to right and bottom to top, from 50 ms in the lower
left, up to 5000 ms in the top right. Figure 1 shows an AFM image of the developed 100 single pixel pattern, made using
ALS 11.0.2. As pixel dwell times increase the diameter of the fully removed material becomes larger and larger.
Insoluble crosslinked PMMA remains in the central part of the pattern, beginning around the tenth exposure. Many rings
appear and expand around the central axis as the exposure time increases. A high resolution AFM phase image of the
5000 ms developed point exposure is shown in Figure 2 to highlight these details. Clearly the rings tend to be circular
but are incomplete. The performance of all three STXMs is diffraction limited (see discussion), therefore one expects an
intensity distribution of an Airy pattern® at the focal plane. We have thus recorded a partial Airy pattern.

Threshold

Isolate, Combine, Align
Render

Figure 3. Extracting the full point spread function from the AFM images of developed single pixel exposures. (a)
Threshold-ed AFM phase image of the 5000 ms exposure. (b) The procedure used to make the 3D object (c) 3D
view, of the outer surface of the stacked AFM images (the z-axis is the image number) made using IDL Slicer3%.
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The full PSF was extracted from the AFM images of the developed single pixel patterns in the following way. A
threshold was applied to the AFM phase images such that areas with a height less than 80% of the film thickness were
made black. One hundred threshold-ed image files were created, one for each single pixel exposure. There is some
unintended overlap from adjacent exposures so that, while 1 um was used in this work, the spacing should be somewhat
larger. The subsequent data processing was carried out using aXis2000.%' The set of 100 images was converted into an
image sequence (stack) and the individual images were then aligned (translational in x and y only) using Fourier
transform cross-correlation procedures. The aligned images were then combined into a three dimensional object using
IDL Slicer3? within aXis2000, displayed in Figure 3. This surface represents the full PSF of the optical system.

Arbitrary cross sections of the PSF derived from this 3D object yield information equivalent to the common knife edge
method, if one performed it over 180 degrees. A horizontal cross section is shown in Figure 4. It is difficult to assign the
maxima we have recorded. Theoretically the separation between two neighboring rings of an Airy pattern approaches the
value A/ 2NA.® For our ZP this value is ~25 nm. The strongest recorded rings are regularly spaced, but the spacing is 60

10 nm (Figure 4b). The relative intensity of the maxima are also given by theory,® but again we find no definitive
agreement. There may be several reasons for this discrepancy (see discussion).
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Figure 4. a) Horizontal cross section of the point spread function. The direction and width of the cross section
are indicated by the dashed line in figure 3c. b) Intensity on a log scale, showing the maxima and minima.

4. DISCUSSION

A similar method for extracting the PSF of a ZP operating in the visible region has been described by Menon et al.”,
which is also similar to Chang’s experimental measurement of the radial exposure intensity distribution introduced by a
point source of electrons.'® In both methods the radial exposure intensity distribution (i.e. PSF) was extracted by plotting
normalized intensity (constant/dwell time) versus the radius of the area of removed material. Using our dataset of 100
threshold-ed images, we have found that these methods can not model intensity minima, such as those present in the Airy
pattern. In these methods, the presence of a minima would imply that the radius of removed material was observed to
decrease with increased dwell time. This is impossible; the radius will only increase or remain the same with increasing
dwell time. Our method can measure a minima (figure 4b), making it more accurate than the previous methods. Both
prior methods extrapolate the full PSF from data in only one direction, and assume that the PSF is radially symmetric.
However, we have shown that this assumption is not always true,'” and it is certainly not the case for each of the three
STXM systems we have investigated. Knife edge measurements are also commonly radially extrapolated. They are
challenging at soft X-ray wavelengths because the edge absorber thickness is typically larger than the depth of focus.
Our method is not without its own pitfalls. We find it difficult to record the Airy disk (the most intense central spot of the
Airy pattern, bordered by the first minima) by our method due to limitations of operating the instrument at full focus and
very low exposure doses. The method is also susceptible to artifacts arising from skewed AFM images, and slight
misalignment of the threshold-ed images. Despite these challenges we believe the novel method presented here provides
unique information about the spatial distribution of radiation intensity in a focal plane with applications extending
beyond ZP focused soft X-rays. We are still refining our method, and the findings will be presented in a future paper.
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Our efforts are now directed towards understanding why the pattern is not radially symmetric. It was this asymmetry that
allowed identification of the exposure spread phenomenon observed in ZP focused soft X-ray patterning as the PSF. The
asymmetry is not due to the resist because it is completely reproducible'” when performed in different photoresists or
different regions of the same film. Thus, this pattern must be created by something outside the film, in particular the
mechanism of generating the focused spot by the combination of the properties of the ZP and how it is illuminated.

The criteria for diffraction limited focusing of soft X-rays by ZPs such as those used in this work have been given by
Jacobsen.”* Assuming the ZP is perfectly fabricated, the ZP is centered relative to the exit slits, and that the ZP and
sample are perpendicular to the beam, the basic requirements are that the illumination has sufficient temporal and spatial
coherence. For a ZP with n zones the energy resolving power (A / AX) necessary to exceed the temporal coherence
requirement (sufficient monochromaticity) at a given diffraction order m should be?

iZn*m (1)

The ZPs used in these microscopes have 800 zones, and thus a resolving power of 1000 is more than sufficient to achieve
adequate temporal coherence at the first order focal point used to pattern. The ALS 11.0.2 and CLS 10ID-1 undulator
based beamlines are routinely operated at a resolving power greater than 3000, while the ALS 5.3.2.2 bend magnet
beamline is typically operated with a resolving power of 1500. Thus, the temporal coherence requirement is met by all
three STXM beamlines. Spatial coherence is determined by the exit slits, which in each microscope are independently
adjustable in x and y, forming an aperture. This aperture diffracts, and the ZP must be fully within the Airy disk
emanating from the slits. The exit slit width d corresponding to this limiting condition is

d< L (@)
sin@

where A is the wavelength (300 eV = 4.13 nm) and 0 is the narrow angle of a right triangle formed by the distance from
the exit slits to the ZP (1 m for both ALS microscopes, 4 m for CLS 10ID-1) (adjacent), and half the diameter of the ZP
(opposite). For our 240 um ZPs both slits should be < 34 pum. In all experiments the exit slit widths are set significantly
smaller. For the exposures performed at ALS 11.0.2 (figures 1-4) the exit slit sizes were 25 pum x 25 pum, therefore
performance should be diffraction limited. As a result the focused intensity of the ZP should produce a symmetric Airy
pattern in the focal plane. However we only observe a partial Airy pattern, with significant distortions in specific
directions. Even if the ZP and sample were not perpendicular to the beam, that would not explain the roughness of the
pattern, since, regardless of such misalignment, the wavefront should be smooth.

We can not yet rule out possible contributions to the PSF asymmetry from non-uniform ZP illumination or other
unforeseen instrument problems. The illumination of the zone plate differs considerably among the three STXM
microscopes we have examined with this methodology, and depends on the degree of overfill (which is related to the
basic design of the beamline optics), and the position and directionality of the electron beam at the source point for the
beamline. In the case of ALS 11.0.2, the ZP is uniformly illuminated, as evidenced by the uniformity of the annulus of
light in an order sorting aperture scan (Figure 5), yet the PSF is not radially symmetric. The ZP illumination of CLS
10ID-1 appears equally uniform, but the PSF is farther away from the expected symmetric Airy pattern. At ALS 5.3.2.2,
the illumination was observed to be non-uniform; the PSF here is also farther away from theory. The shape of the PSF of
each instrument is unique and very reproducible. In the case of ALS 5.3.2.2 the 100 single pixel exposure measurement
was performed several times over a six month period. Although large changes in the illumination of the ZP were
observed over this period of time, the overall pattern remained essentially the same, suggesting that the source of the
asymmetry lies somewhere after the exit slits and before the sample.

We turn our attention towards the ZP itself. Fabrication of soft X-ray ZPs is at the frontier of electron beam lithography
and subsequent plating processes; it is a real challenge to create sub-30 nm ZPs. It may be that the ZPs have aberrations
in the placement of zones, out of round, partial collapse of zones in certain regions, etc. These ZPs also have a pseudo-
random buttressing system® to support the zones from collapse during electroplating. The buttressing could modify the
ZP focusing from its ideal. There may also be minor contributions from insufficient uniformity in two SizN, membranes,
one which supports the ZP, and another which lies between the exit slits and the ZP that separates the STXM chamber
from the ultrahigh vacuum of the beamline.
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Figure 5. (a) Avg* from ALS 11.0.2 (Avg* is the negative of the average of the 100 aligned threshold-ed AFM
images). (b) Illumination of the ZP at ALS 11.0.2 when the 100 point exposure was made. This image was made by
(x,y) scanning the 72 um diameter order sorting aperture (OSA) through a plane between the ZP and its focal point.
Parts of the left and upper portion of the X-ray distribution (black areas) were unfortunately not included in the
scan. (c) Avg* from CLS 10ID-1. (d) OSA scan for CLS 10ID-1. (e) Avg* from ALS 5.3.2.2. (f) OSA scan for
ALS5.3.2.2.

In order to separate possible effects of non-uniform illumination from those of ZP aberrations, we plan to make single
pixel exposure measurements before and after rotating the ZP, with all other factors the same. If the asymmetric pattern
is rotated by the same angle as the ZP was rotated, one can conclude that the origin of the asymmetry is the ZP. One
difficulty with the three STXMs explored so far is that, once the ZP is rotated, it is possible that it will not be in the same
position relative to the illumination, which is problematic because the position of the ZP is not easily adjustable.
However, there are other STXMs which are more flexible in this regard, such as PolLux at the Swiss Light Source?”,
which has a girder mover system that can be used to re-position the ZP in the light path. Also, a new STXM at the ALS
(on beamline 5.3.2.1, currently being commissioned) incorporates additional motorized stages for scanning the ZP in the
upstream beam. The recently commissioned MAXYMUS STXM at BESSY II has both a girder mover system and the
ability to scan the ZP. We propose to carry out the ZP rotation experiment with one or more of these STXMs, in order to
re-position the rotated ZP in the same spot relative to the illumination and thus ensure a clean separation of the effects of
illumination from those of ZP aberrations on the PSF asymmetry.

Assuming that the asymmetry of the PSF is dominated by ZP aberrations (or that conditions can be adjusted to that end),
we will then have developed a tool to characterize the full PSF of ZPs. This could be extremely useful in a number of
ways. It could be used to evaluate the quality of different ZPs for soft X-ray focusing. Currently this is done only by
examining images of high contrast resolution test patterns such as Siemens star or elbow patterns. Our method could be
used to help improve ZP fabrication, by correlating different aspects of the distorted patterns with various process
variables. It could also be used to remove image artifacts associated with ZP aberrations, by deconvoluting the PSF. This
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approach was used many years ago by Chapman et al.”® to significantly extend the spatial resolution in STXMs and is
currently part of the signal processing of ptychography data.”

5. CONCLUSION

We have previously shown that the exposure spread phenomenon observed when patterning with zone plate focused soft
X-rays is due to the point spread function of the optical system. In this work we were able to record partial Airy patterns,
further strengthening our hypothesis. A method was developed to extract the full point spread function of a sufficiently
coherently illuminated zone plate from AFM images of developed single pixel exposures in a photoresist over a range of
dwell times. Experiments are underway to separate the effect of illumination from zone plate aberrations, in order to
determine precisely the extent to which the recorded pattern reflects the properties of the zone plate.
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Chapter 11
Experimental investigation of beam heating in a soft x-ray scanning
transmission x-ray microscope

This chapter presents results of experiments which were expressly
designed to measure beam heating of samples in a STXM at typical and extreme
conditions. A variable temperature sample holder device fabricated to enable
these experiments is also described in this chapter.

Reprinted with permission from Analyst 2012, 137, 370-375,
A.F.G. Leontowich, A.P. Hitchcock. DOI: 10.1039/clan15688h, © 2012 The
Royal Society of Chemistry.
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A variable temperature sample holder with an operational range of 15 to 200 °C and an accuracy of
+1 °C has been fabricated for scanning transmission X-ray microscopes (STXM). Here we describe the
device, and use it to image the polycrystalline morphology of solid stearic acid and palmitic acid at
temperatures near their respective melting points as a means of checking for possible sample heating
caused by the focused X-ray beam. The melting points observed in STXM were identical to those
observed by conventional methods within measurement uncertainty, even under the most extreme, high
dose rate imaging conditions investigated. The beam-induced temperature rise in the sample is inferred

to be below 1 °C for dose rates of up to 2.7 GGy/s.

Introduction

Improvements in the manufacture of Fresnel zone plate lenses'?
enable the current generation of soft X-ray (60-2500 eV) scan-
ning transmission X-ray microscopes (STXM) to focus as much
as 10® photons/s into a spot of continuously decreasing diameter.
The size of the spot produced at the focal plane of a zone plate is
proportional to the width of it’s outermost zone,* which for this
study is 25 nm. Assuming that the zone plate is manufactured
within certain tolerances,* free of aberrations (which may not
always be the case®), and the beamline and STXM are tuned to
produce the conditions necessary for diffraction-limited
focusing*® (routine with current designs and components’'?)
83.8% of the radiation diffracted into the first order focal point
ends up inside a circle (the Airy disk) with a diameter of 61 nm at
the focal plane.’® The net result is that, with typical microscope
settings, the sample will absorb energy at a rate on the order of
0.1-1 GGy/s. By opening the monochromator entrance and/or
exit slits, it is possible to exceed 3 GGy/s. However, this is
accompanied by a reduction in spatial and energy resolution, and
could exceed the limit of linearity of the detector.

The amount of energy absorbed by the sample during STXM
investigation has been hypothesized to induce a rise in sample
temperature (T), which could affect the outcomes of experiments
in a variety of ways. (i) The heat generated could directly alter the
sample. Braun ez al.'* observed alteration of polymer and soot
extract samples exposed to the focused X-ray beam and attrib-
uted it to heat dissipation in the sample, though no data to
support this claim appears in their report and it is not clear how
this effect was separated from other radiation-induced damage
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mechanisms.*7 (ii) Fu et al.'® entertained the possibility that
a beam-induced rise in T could be large enough to cause reor-
ientation of ordered alkane chains, introducing uncertainty in
quantifying polarization dependent signals. (iii) Beam-induced
heating could indirectly alter the sample. X-rays can create
reactive molecular fragments such as radicals or ions in the
sample,'?' and migration of such molecular fragments is known
to be T dependent.? Wang er al.*® considered the possibility of
beam-induced heating affecting the migration distance of radi-
cals/ions in thin polymer layers, but then negated it by calcu-
lating the rise in T to be less than 1 °C under their conditions. (iv)
A rise in T could affect the quality of spectroscopic data. Certain
X-ray absorption spectral features change shape for T changes in
the range of tens of °C. Such changes have been shown to be
reversible and not due to radiation damage.** An experimental
determination of beam-induced sample heating deconvoluted
from other radiation-induced effects would be a welcome
compliment to the calculation of Wang er al.** However it is not
a trivial task to accurately measure a T change within a sub-100
nm diameter area. To our knowledge there has not been an
experimental study of beam-induced sample heating in STXM.
In the work reported here we sought to determine via experi-
ment whether or not significant beam-induced sample heating
occurs over STXM imaging conditions ranging from typical to
extreme, using an indirect method inspired by reports from the
early days of electron microscopy (reviewed by Reimer and
Christenhusz?®). The polycrystalline morphology of thin films
(30-200 nm) of fatty acids was imaged by STXM as a function of
T. To perform this experiment a variable T sample holder device
which employs a Peltier element was constructed. Here the device
is described and the accuracy of the control of sample T is
evaluated. The T values at which the fatty acids undergo a solid
to liquid phase transition were recorded while being imaged at
soft X-ray photon energies in STXM, and compared to values
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obtained by a conventional melting point (mp) apparatus. Under
the most extreme STXM imaging conditions noted, beam-
induced sample heating is shown to be practically negligible — an
upper limit of 1 °C is estimated.

Experimental
Variable temperature sample holder device

The device fabricated to enable this experiment is presented in
Fig. 1. It was designed to fit the existing three pin kinematic
sample mount of Advanced Light Source (ALS) STXM 5.3.2.2%
(formerly referred to as 5.3.2), at Lawrence Berkeley National
Labs (LBNL) without modification so as to minimize installation
time. The device fits the sample mounts of all operational
STXMs to date which are based on the ALS 5.3.2.2 design (ALS
11.0.2,° Canadian Light Source (CLS) 10ID-1,'° Swiss Light
Source X07DA," BESSY II UE46'%) without additional modi-
fication. The device holds samples in X, Y and Z positions that
are within tens of um of a standard sample holder, which was not
a trivial feat considering the spatial constraints. When operated
in focus at 280 eV the distances from the sample to the zone plate,
order sorting aperture and detector are 1355 pm, 280 um and
~2 mm, respectively. The bottom part of the device, which holds
up to three samples, is thermally isolated from the rest of the
device. Its T is monitored by a K type thermocouple, read to 1 °C
(DM6802B, Sampo). Heating and cooling is enabled by a Peltier
thermoelectric element (TE-65-0.6-0.8, TE Technology, Inc.)
controlled with a variable DC power supply (GPS-1850D, GW
Instek). In this configuration, the bottom part of the device has
a T range of 15 to 200 °C.

Sample preparation

Stearic acid (99%, Simga-Aldrich) was purified by multiple
recrystallizations from hot 4-methyl-2-pentanone (>98.5% ACS

Fig. 1 a) Front view of the variable temperature sample holder device,
assembled, with two samples affixed. b) Back view, assembled. c) Front
view, disassembled. d) Side view, mounted in ALS STXM 5.3.2.2 with
zone plate, order sorting aperture and detector distances tuned for O 1s
edge measurements.
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reagent grade, Sigma-Aldrich), and was pure by 'H NMR
(600 MHz, AV 600, Bruker), mp 69.8 °C. Palmitic acid (99%,
Simga-Aldrich) was used as received, mp 62.7 °C. These mp
values were determined using a conventional mp apparatus
(MF370, Gallenkamp). 75 nm Si3N4 windows (I mm x 1 mm
window area in a S mm x 5 mm Si wafer frame) were purchased
from Norcada Inc.

All samples investigated were prepared in the following
manner: A very small (sub-mg) amount of stearic acid or palmitic
acid was deposited onto the flat side of a Si3N, window, which
rested on the device. The T was raised until the solid melted,
forming a small drop. With the T held above the mp, a second
SisN, window was overlaid (flat side down) onto the drop,
confining it between the two windows. The T was then slowly
reduced to room T, and the thin liquid film solidified, a process
readily observable if the sample is prepared under an optical
microscope. Finally, the sample was affixed to the device with
two small dabs of epoxy. Fatty acid film thicknesses, which were
determined to be 30-200 nm by near edge X-ray absorption fine
structure (NEXAFS) spectroscopy, are typical of most STXM
samples and within the range acceptable for soft X-ray NEXAFS
measurements free of absorption saturation.

Microscopy

In STXM, monochromatic X-rays are focused down to a small
focal point. Samples are positioned at the focal plane and X-Y
raster scanned through this focused probe while the transmitted
photon flux is simultaneously recorded to form transmission
images at X-ray photon energies. These transmission images can
then be converted to optical density (OD) images using the
Lambert-Beer law,

OD = —In(I/Ip) = p-p-t (1)

where I is the incident photon flux, I is the transmitted photon
flux for each pixel of the image, p is the mass absorption coef-
ficient, p is density, and t is sample thickness. In a second mode of
operation, X-ray transmission spectra can be acquired by posi-
tioning the sample at or near the focal plane and scanning the
monochromator across a photon energy range of interest while
recording I. The X-ray transmission spectra can be converted to
X-ray absorption spectra by collecting an I spectrum and
applying the above relationship. Several excellent descriptions of
STXM exist elsewhere. s

STXM measurements at C 1s (K) edge photon energies were
performed using ALS STXM 5.3.2.2.% while those at the O 1s
edge were performed using CLS STXM 10ID-1."° Both micro-
scopes use zone plate lenses with identical parameters (25 nm
outermost zonewidth, 240 um diameter, 90 pm central stop)
supplied by the Center for X-ray Optics (CXRO), LBNL. All
measurements were carried out with the STXM enclosure
backfilled with He to 250 Torr, after evacuation of air. A N, gas
filter (1 m path at a pressure of 0.6 Torr) was used to suppress
second order radiation from the monochromator for measure-
ments performed at the C 1s edge. The efficiency of the scintil-
lation-photo multiplier tube (PMT) detector at the C and O 1s
edge regions,® and other instrumental parameters have been
taken into account in computing the absorbed dose rates

152



Ph.D. Thesis - A.F.G. Leontowich
McMaster University - Chemistry

presented, which are believed to be precise within 10% using
methods described in detail earlier.'”*® Optical microscope
images were obtained with an Olympus BX51 optical microscope
equipped with a polarizer-analyzer set and a CCD camera,
operating in transmission mode.

Results
Device accuracy

Optical microscope and STXM OD images of a stearic acid
sample at 25 °C are presented in Fig. 2. Fig. 2a is an optical
microscope image of the entire sample. Fig. 2b is an OD image at
320 eV of a select area. At 320 eV, away from the fine structure of
the absorption edge, C ls X-ray absorption cross sections
become atomic-like;*” for a pure material, a change in contrast in
an OD image at this energy indicates a change in thickness and/or
density (eqn. (1)). Overall there is a significant increase in
absorption going from the top of the OD image to the bottom. In
addition, the contrast is not uniform; fine heterogeneous contrast
fluctuations (£5% variations in OD) are observed. Fig. 2c is
a polarized (analyser orthogonal to polarizer) optical microscope
image of the same area. A heterogenerous contrast pattern is
observed, identical to that observed by STXM. The contrast in
Fig. 2c is due to birefringence; areas which show increased
contrast are ordered along certain directions. Polarized optical
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Fig.2 a) Optical microscope image of stearic acid confined between two
SizN, windows. b) STXM optical density (OD) image, 320 eV, of the area
outlined by the dotted line in a). ¢) Polarized optical microscope image of
the area outlined by the dotted line in a).
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microscope images of fatty acid samples in the liquid state
showed zero contrast. Therefore, since identical heterogeneous
contrast patterns are observed by STXM and polarized optical
microscopy, we ascribe the heterogeneous contrast patterns
observed in the STXM OD images of the solid fatty acid samples
to be primarily due to fatty acid film thickness variations arising
from the way crystal domains of different orientation are orga-
nized spatially.

To determine the accuracy of T-control and T-measurement of
the device, a stearic acid sample was affixed to the device and
observed under the optical microscope while heating. The
polarized optical microscope image was continuously monitored
while T was raised at a rate of approximately 4 °C min~'. Some
signs of melting, notably movement of the solid material and
some disappearance of contrast in the image, were observed at
67 °C. This low onset may be due to possible impurities on the
Si3N4 windows. The contrast in the image completely and rapidly
disappeared when T = 70 °C and was consistent across the whole
I mm x | mm sample. In summary, the stearic acid sample
mounted on the device melted at the identical T (within
measurement uncertainty) determined earlier for the same
material by a mp apparatus. Therefore the control system and
temperature measurement of the device are accurate within
+1 °C. Note that T is measured at the bottom part of the device
to which the samples are affixed, not the samples themselves. We
therefore infer that the thin fatty acid films and the SizNy
windows conduct heat sufficiently well and evenly enough that
the samples are in thermal equilibrium with the device, at these
conditions.

Measurement of beam-induced heating in STXM

A palmitic acid sample was affixed to the device and mounted in
ALS STXM 5.3.2.2. The sample was imaged at 288.0 eV with an
entrance slit setting of 50 um, exit slit settings of 25 pm x 25 um,
and a pixel dwell time of 2 ms. These settings are typical for
diffraction-limited imaging at the C 1s edge. The dose rate was
calculated to be 360 + 40 MGy/s. A series of OD images of the
same area of this sample at various T’s are presented in Fig. 3. In
Fig. 3a, acquired at a constant T of 25 °C, solid palmitic acid fills
the majority of the imaged area, except for the area along the
right side of the image which is free of material (OD = 0.00). The
solid shows heterogeneous contrast as discussed previously.
After this image was acquired sample T was elevated to 58 °C. T
was gradually increased from 58 to 65 °C as the next image
(Fig. 3b) was acquired (STXM images are acquired one line at
a time; the acquisition/scan direction was always from bottom to
top). Compared to the image acquired at constant T = 25 °C
(Fig. 3a), details in the image began to change when T = 61 °C.
As the scan progressed further, the areas that previously showed
heterogeneous contrast took on a smooth, homogeneous
appearance when T = 63 °C and above. This suggests that for the
remainder of the image acquisition the palmitic acid was in the
liquid state, which would be expected at this T. T = 65 °C was
maintained after this image (Fig. 3b) had been acquired, and
another image of the same area was recorded at constant T =
65 °C (Fig. 3c). The palmitic acid in this smooth featureless image
is unambiguously in the liquid state. The area on the right of this
image, which in the solid state (Fig. 3a) had an OD = 0.00, now
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Fig. 3 STXM OD images, 288.0 eV, of palmitic acid confined between
two SizN, windows at various temperatures. a) Solid at 25 °C. b) On
raising the temperature throughout the image acquisition from 58 to
65 °C, the heterogeneous contrast characteristic of the solid began to
distort at 61 °C. Contrast became homogenous at 63 °C. ¢) Liquid at
65 °C. d) Rapid cooling during image acquisition. All images are same
position and OD scale.

has an OD of ~0.05, indicating movement of material i.e. flow
into this area. Comparing Fig. 3a and 3c, a change in thickness of
the material occurred, which is ascribed to the flow of liquid
between the confines of the two Siz;N4 windows. Sample T was
rapidly decreased from 65 to 25 °C as a final image was acquired
(Fig. 3d). Midway through this image acquisition defined
features reappeared, which we infer as the point at which the
liquid palmitic acid had solidified. At this point the edge
observed in Fig. 3a also reappeared as the material contracts
upon solidifying. The palmitic acid is in the solid state for the
remainder of the image acquistion.

In a second experiment, a stearic acid sample was affixed to the
device and mounted in CLS STXM 10ID-1. An O 1s NEXAFS
spectrum was recorded at 25 °C and is presented in Fig. 4. Based
on this spectrum, we chose to perform our T-dependent imaging
experiment at 532.2 eV as it is the photon energy of maximum
absorption at the O 1s edge for this molecule. The exit slit settings
(15 pm x 15 pum) were chosen such that the photon flux (Iy) was
just below the ~20 MHz limit of linearity of the scintillation-
PMT detector.® The dose rate was calculated to be 2670 +
160 MGy/s. These conditions, which are rarely used due to the
high dose rate, represent our attempt to create the most extreme
imaging conditions which might be encountered in a STXM (see
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Fig. 4 NEXAFS spectrum of stearic acid at 25 °C, in the region of the O
1s edge.

further comments in the discussion). A series of OD images of the
same area of this sample at various T’s are presented in Fig. 5.
The image in Fig. 5a was acquired with the stearic acid in the
solid phase at a constant T = 25 °C. After this image was
acquired sample T was elevated to 59 °C (10 °C below the mp).
The next image (Fig. 5b) was acquired at a constant T = 59 °C.
The heterogeneous contrast pattern in Fig. 5a and 5b is clearly
identical. T was gradually increased from 59 to 70 °C as another
image of the same area (Fig. 5c) was acquired. The heteroge-
neous contrast pattern showed signs of distortion at 67 °C, and
by 70 °C the contrast in the image became homogenous. T was
reduced from 70 to 50 °C as another image (Fig. 5d) was acquired
of the same area. Heterogeneous contrast returned as the stearic
acid solidified. The solid material took on a new heterogeneous
contrast pattern, different from that of the same area before the
melt-freeze cycle. The image presented in Fig. Se was acquired at
a constant T = 25 °C to record the new contrast pattern.

Discussion

All observations regarding the effects of T on the polycrystalline
morphology of thin fatty acid films noted in the results section
can also be made under the polarized optical microscope on the
lab bench, and should not come as a surprise. However, these
observations when made with a STXM reveal useful information
about beam-induced sample heating. The fatty acid samples
absorbed energy from the soft X-ray imaging process while the T
was raised through their respective melting points using a vari-
able temperature sample holder device. If this additional energy
induced a significant rise in sample T, one would expect melting
to occur at a T below the conventionally determined mps. This
was not observed. Both palmitic acid and stearic acid were
observed to melt at T values identical to those obtained with
a conventional mp apparatus within measurement uncertainty
while simultaneously being imaged with STXM (which could
now be considered as a very expensive mp apparatus!). Upon
transitioning from solid to liquid to solid, the heterogeneous
contrast patterns of solid fatty acid films change randomly
(Fig. 5). If, during imaging, the beam had induced a rise in T
sufficient to melt the sample, the heterogeneous contrast pattern
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Fig. 5 STXM OD images, 532.2 eV, of stearic acid confined between
two Si3sN, windows at various temperatures. a) Solid at 25 °C. b) Solid at
59 °C. ¢) On raising the temperature throughout the image acquisition
from 59 to 70 °C, the image began to distort at 67 °C. Contrast became
homogenous at 70 °C. d) Slow cooling during image acquistion. e) New
crystalline pattern which formed after solidifying, 25 °C. All images are
same position and OD scale. The grey rectangle in each image covers an
extremely dense speck of material which has been omitted so that the
contrast of the sample is enhanced.

of the imaged area would change upon successive imaging.
However, successive images of the same area of the sample made
at 25 °C and at a few °C below the mp were identical, again
negating a significant beam-induced rise in sample T. Note that
in our analysis we have ignored possible additional thermal
contributions from X-ray absorption by the two 75 nm SizNy
windows which encapsulate the fatty acids. Although they are
sufficiently transparent for imaging with soft X-rays, each
attenuates the flux by 30-35% throughout the C s edge region,
and 40-45% throughout the O 1s edge region. The heat generated
at the focal spot within these windows is also conducted to the
sample, yet the T rise of the material within the focal spot is
negligible.

Photon flux rates above 20 MHz, greater than the limit of
linearity of the scintillation-PMT detector, can be achieved by
further opening the monochromator entrance and/or exit slits,
especially for those STXMs on undulator beamlines such as CLS
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10ID-1. Flux rates above 20 MHz can be quantified. However, it
would be unusual for a STXM equipped with a scintillation-
PMT detector (at present, the most commonly used detector) to
be operated in the non-linear high dose rate range for making
images and collecting NEXAFS spectra. Other detectors/
methods of detection have been used for this high photon flux
regime, such as photodiodes,*® avalanche photodiodes,'? chan-
neltrons,” monitoring sample current (conductive samples
only),* or fluorescence.*! One must also consider that if the slits
are opened too wide, the zone plate focusing may no longer be
diffraction-limited, causing the spot diameter to increase i.e. the
dose rate will no longer be linearly proportional to the flux rate.
In this investigation we have restricted our determination of the
beam-induced rise in sample T to those conditions encountered
in the vast majority of STXM investigations past and present,
which we define as collecting images and NEXAFS spectra with
the microscope set for diffraction-limited focusing conditions, in
transmission mode with a scintillation-PMT detector, operating
within the limit of linearity of the detector. The O 1s experiments
were performed at an absorbed dose rate of 2670 + 160 MGyl/s,
the maximum possible under linear photon counting conditions
using the scintillation-PMT detector. No sign of beam-induced
sample heating was found. Therefore it is inferred that any beam-
induced rise in sample T was less than the 1 °C accuracy of our T
measurements.

Conclusion

The solid-liquid phase transitions of stearic acid and palmitic
acid were unambiguously observed by STXM with the aid of
a variable temperature sample holder device. While being imaged
at soft X-ray photon energies, these phase transitions occurred
within +1 °C of their conventionally determined values, even
under high dose rate conditions. Therefore, it is inferred that for
the conditions investigated, beam-induced heating within the
focused spot of the STXM is less than 1 °C. This conclusion does
not rely on a direct temperature measurement, but rather is
deduced from observations of an equilibrium phase transition
which acts as an absolute, sample-dependent thermometer. This
indirect method gets around the challenges of directly measuring
the temperature of the sample itself within the focal point of the
X-ray beam, and separates the issue of beam-induced heating
from other effects such as X-ray beam-induced radiation
damage.
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Chapter 12
Summary and future work
This chapter begins with a reflection on certain events that led to
breakthroughs in this research, followed by a summary of the original
contributions contained in this thesis. Promising avenues of further study are

highlighted, accompanied by unpublished preliminary results in some cases.

12.1 Reflection

One of the initial challenges at the dawn of this thesis was to identify the
“radiation spreading” phenomenon (discussed in Ch. 4), which was limiting the
minimum feature size attainable in focused x-ray patterning. The idea to add a
development step was inspired through a literature search; development
procedures optimized by the electron beam lithography community in the 1970s
worked just as well for x-ray lithography (patterned mask method) in the 1980s
and 1990s. To that end, a post-exposure development step was introduced in
an early experiment. The many fine details revealed in a PMMA layer after
development viewed with an optical microscope prompted the desire to
investigate those details with the high spatial resolution of an AFM.
Immediately feature sizes smaller than our previous best were observed. The first
experiment was so successful that development and/or using AFM to image the
x-ray irradiated areas were incorporated into almost every subsequent experiment.

This directly led to the determination of the true mechanism of “radiation
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spreading” i.e. the PSF, right to its ultimate source within the zone plate.
Experimenting with development steps allowed us to excavate buried material
patterned in a polymer bilayer. It also revealed an onset of cross-linking which
was used to determine detector efficiency, and so on. The addition of the
development step resulted in a paradigm shift that spurred many original

experiments.

12.2 Original contributions of this thesis

The major original contributions contained in this thesis are,
- Demonstrated the smallest feature size ever created with direct write focused
x-rays (33 +4 nm in PMMA at 1 keV, Ch. 5). This is also the smallest by a zone
plate lens, in any orientation, at any wavelength. Furthermore, this ranks among
the smallest feature sizes created using the direct write method and photons, if not
the smallest.
- Determined the mechanism of the “radiation spreading” phenomenon observed
in focused x-ray patterning and lithography is due to the PSF, while at the same
time disproved the “migration of a damaging species” hypotheses (Ch. 4).
- Developed a method to create sealed nanofluidic channels (90 nm x 90 nm) in
polymer bilayers with tunable x-rays, and determined the design rules which
regulate their fabrication (Ch. 6).
- Systematically tested several variables which were speculated by some to affect

the radiation sensitivity of polymers, including dose rate and pre-exposure thermal
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treatments. Neither affected the radiation sensitivity of PMMA (Ch. 7) or PAN
(Ch.9).

- Developed a method to determine the detector efficiency of a soft x-ray
transmission detector involving the onset of negative mode for PMMA, and
carried out this measurement at all ALS 5.3.2 type STXMs in existence at the
time of submission (Ch. 7).

- Determined that the mechanism by which carbon contamination forms on
irradiated surfaces is by secondary electrons emitted from the surface, rather than
direct photoabsorption by the precursor molecules themselves, with implications
which favour new mitigation strategies (Ch. 8).

- Discovered a misapplication of sensitivity descriptors for radiation damage in
the literature and attempted to clarify the situation (Ch. 9).

- Developed a method to determine the PSF of a STXM using lithography and
an AFM (Ch. 10).

- Discovered asymmetry in the PSFs of all STXMs tested (Ch. 10).

- Fabricated a variable temperature sample holder and tested it in all ALS 5.3.2
type STXMs in existence at the time of submission (Ch. 11).

- Experimentally determined that the beam-induced temperature rise of the sample
within the focal spot of a STXM is <1 °C for both typical and extreme imaging

conditions (Ch. 11).
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12.3 Future work
12.3.1 Further reduction of minimum feature size

Electrons and ions achieve smaller minimum feature size relative to x-rays
because they can be focused to smaller spot sizes, currently on the order of
nanometres to angstroms. Both electron and x-ray optics continue to advance,
however it does not seem likely that x-rays will ever be able to achieve a spot size
equal to electrons at the same point in time. However, there should come a time at
which they are technically equivalent for patterning and lithography. It has been
observed that the minimum feature size attainable in polymeric resists is around
5 nm, whereas the electron beams used to make these features have a spot size
even smaller than that. The resists are thought to have an intrinsic resolution limit
which may be due to exposure from secondary electrons produced by the ionizing
radiation within the film [B88b, BHR96]. Therefore it would appear that a
sub-5 nm focused x-ray beam should produce the same minimum feature size as a
sub-angstrom focused electron beam. Sub-5 nm x-ray focusing is a goal of several
synchrotron beamlines (the goal is in fact 1 nm focusing at the NSLS-II Hard
X-ray Nanoprobe beamline which is under construction at the time of
submission). It is probable that this will be achieved by the end of the decade with
multilayer Laue lenses [KMS&06] and multi-keV (hard) x-rays. In the future, it
would be worthwhile to attempt patterning and lithography on these beamlines.

Staying with current STXMs, perhaps the most obvious way to decrease

the minimum feature size would be to pattern with improved zone plates.
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Zone plates with 12 nm outer most zone widths have recently been fabricated
[CKR&09]. Another possibility would be to use the third order focal point rather
than the first order for patterning, which provides a three times smaller spot size
in theory (Eqn. 2.6). The third order focal length is one third that of the first order
(Eqn. 2.7), with a corresponding reduction in 4y; the experiment would have to be
done at a higher photon energy such as 800 eV or greater to provide workable
component distances in STXM using the CXRO 25 nm Ar zone plates. One brief
attempt to establish third order focus was made at 11.0.2 at 800 eV but it was not
successful in the limited amount of time dedicated to that goal.

PMMA was chosen as a resist for this study because it is consistently
found to be the highest resolution organic resist using many different radiation
sources and patterning techniques. However, the more recently developed
inorganic resist HSQ is becoming increasingly popular because of its even higher
resolution [GH09, YCD&09]. It would be worthwhile to experiment with this

resist.

12.3.2 Patterning at wavelengths relevant to industry

The wavelengths used in industry for high volume lithography are
standardized and have decreased stepwise over time (Fig. 12.1). This is known as
“wavelength scaling”, and it continues to be a major reason why integrated

circuits and the size of devices which employ them have steadily decreased.
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Figure 12.1: Plot depicting the stepwise decrease of the exposure wavelength used in
industrial lithography systems over time, along with the decrease in device minimum feature
size over the same period (from [WKO09] Fig 1.3, © 2012 McGraw-Hill, used with
permission).

Current state-of-the-art high volume lithography tools operate at 193 nm (6.4 eV)
generated by ArF lasers. The next generation of tools is widely anticipated to
operate at 13.5 nm (92 eV) generated by Xe or Sn plasmas. This technology is
known as extreme ultraviolet lithography (EUVL). EUVL was expected to be
introduced into the production lines of all major integrated circuit manufacturers
by 2010 as depicted in Fig. 12.1. However this step has been repeatedly delayed;
production with 193 nm ArF laser systems continues at present. Wavelength
scaling is expected to continue beyond EUVL [TWP10, WH10]. The prime
candidate wavelength after 13.5 nm is 6.7 nm (185 eV) possibly generated from
Gd or Tb plasmas [OKW&10, MZL&12].

Both 92 eV and 185 eV are accessible with current STXMs. 11.0.2 has
demonstrated operation at photon energies down to 80 eV [NTW&O05], however

it would be very challenging to pattern at 92 eV due to the very short distances
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inside the STXM; with the CXRO 25 nm Ar zone plate operating at 92 eV,
fis 445 pm, Az is <100 nm, and the OSA must be mere tens of micrometres
from the sample. 185 eV on the other hand can be reached at most STXMs
used in this thesis, and is much more forgiving in terms of component distances.
One attempt was made to demonstrate narrow lines in a 30 nm layer of PMMA

patterned at 185 eV (Fig. 12.2).

Figure 12.2: Scanning electron micrograph of developed PMMA patterned at 185 eV using
11.0.2.

Unfortunately the dose was too high and the pattern (three columns of 1 um long
lines) was over-exposed. The dose was unknown because the detector efficiency
has not yet been determined at this photon energy for 11.0.2.

There are at the moment very few published works on 6.7 nm lithography,
and there are currently few places to do such work. A possible project could
involve testing new resists designed for high volume use at 6.7 nm provided by a
collaborator in the lithography industry. Early identification of promising resist
formulations will narrow the choices, and ultimately decrease the time necessary

to develop and implement new high volume lithography technology.
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12.3.3 Focused deep x-ray lithography

In deep x-ray (or deep etch) lithography a pattern on a mask is transferred
into a thick (5 pm — 5 mm) layer of resist via keV x-ray exposure, which then
undergoes a development procedure. The negligible scattering property of
x-rays leads to very high aspect ratio features with almost perfectly vertical
sidewalls. The patterned area then becomes a small metal part by electroplating
in various metals. This process is known as LIGA (in German: Lithographie
Galvanoformung Abformung) [EM91].

The potential exists for a direct write version of deep x-ray lithography,
which would bypass the need to fabricate a mask. This would require a
STXM with significant flux in the 1500 — 2500 eV range; the higher the photon
energy the greater the penetration [HG@80] and the thicker the resist layer that
can be processed. As an added benefit, Az for a given zone plate increases
with increasing photon energy (Eqn. 2.9). Az at 2500 eV is £2.5 um for the
CXRO 25 nm Ar zone plate. For a 40 nm Ar zone plate (another common
size), Az increases to +6.4 um. The central stop however becomes increasingly
transmissive at these higher photon energies, which could reduce patterning
contrast.

An initial attempt at focused deep x-ray lithography was made at 10ID-1.
A 600 nm thick layer of PMMA on Si3sN4 was fabricated by floating a 300 nm
layer on top of another 300 nm layer, then annealing the sample at 150 °C for 1 h.

Several 600 nm x 600 nm areas were patterned at various dwell times at 1 keV.
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After patterning the samples were developed by a 30 s dip and stir in a 3:1 v/v
IPA:MIBK solution, immediately followed by a 15 s dip and stir in IPA.
A scanning electron micrograph of the developed structure is presented in

Fig. 12.3.

Figure 12.3: Scanning electron micrograph of 600 nm x 600 nm holes in a 600 nm layer of
PMMA on Si;N, patterned at 1 keV using 10ID-1.

The square areas were cleared down to the substrate. The dose for each square
was unknown because the detector efficiency has not yet been determined at this
photon energy for 10ID-1. SEM imaging caused a large amount of cracking and
warping of the thick PMMA layer. The squares are rounded and misshapen,
which was at least partly caused by SEM imaging. The SEM imaging conditions
and the development conditions were those optimized for 30 — 100 nm layers of
PMMA. Some immediate challenges of this project would be optimizing the thick
resist sample preparation, adjusting the development conditions for thick resists

[RKV&02], and finding acceptable SEM imaging conditions.

12.3.4 Towards a dedicated x-ray writer instrument
Advances in microscopy have become advances in lithography.

The principles of immersion microscopy from the mid 1800s were applied to high
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volume photolithography in the 2000s. The electron microscope of the 1930s
became the electron beam writer by the 1970s. The atomic force microscope of
the 1980s became the Dip Pen Nanolithography® system of the 2000s. History
suggests the likelihood that the STXM is the starting point for a dedicated
focused x-ray writer instrument of some sort. Until such an instrument arrives the
following changes could be incorporated into existing or future STXMs that

would facilitate existing patterning experiments and/or enable new ones.

12.3.4.1 Auto-focusing: Large areas, opaque substrates

Currently fine focus is achieved in STXM by scanning the zone plate to
sample distance while observing transmission images of a thin opaque object
amongst a transparent background. STXM samples must be thin enough to be
transmissive at photon energies of interest (<300 nm for work at the C 1s edge)
and positioned free standing or on x-ray transparent substrates such as SizNj.
These thin substrates are consequently extremely fragile. Current STXMs are
also limited to patterning relatively small areas because they do not adapt the
zone plate to sample distance to account for real non-flat substrates; currently
the microscopes stay in reliable focus over approximately 80 pm x 80 um using
Si3N4 windows.

An auto-focusing system would enable both patterning on x-ray opaque
substrates such as Si wafers, and in-focus patterning over larger areas. One simple

idea would be to create four micrometre-sized holes in a Si wafer, possibly by
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laser ablation, in the corners of a 2 cm x 1 cm rectangle (the approximate x-y
stage travel limits of current STXMs). After mounting in the STXM, the tilt of the
wafer could be determined by finding focus at each of the four holes, and noting
the zone plate z positions. That information could be used to adjust the zone plate
z motion during patterning so that the zone plate to sample distance would be
constant over the area of the rectangle. The flatness of commercial Si wafers can
be less than 50 nm across a 20 cm wafer, which is well within the £300 nm Az of
the STXM with CXRO 25 nm Ar zone plates at 300 eV. If the patterning does
not have to be at the C 1s edge, it would be beneficial to pattern at a higher
photon energy as the greater depth of focus (Eqn. 2.9) would be more forgiving.
The holes could also be used as registration marks to enable several overlaid
steps of processing and patterning as is often necessary in integrated circuit

manufacture.

12.3.4.2 Throughput

Electrons or ions can be easily deflected and focused using electric or
magnetic fields because they possess charge. During patterning the substrate is
motionless while the beam is deflected above the substrate. The situation is
different with x-rays as they do not possess charge. The substrate must be
translated under the stationary beam for patterning and imaging, which is
relatively slow in comparison. On the other hand, electrons and ions exhibit space

charge. This repulsive force between like-charged particles limits the maximum
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current that can be put into a narrow beam [B88b]. Patterning with charged
particles can also lead to charge build up in certain resists and/or substrates
such as quartz which can then deflect the incoming beam [ZFY&11, BSS&12].
These effects place a limit on ultimate patterning speed with charged particles.
X-rays do not experience either of these effects which may one day result in an
advantage for rapidly patterning extremely small feature sizes, but at the moment
the motion of the stages from pixel to pixel is the rate limiting step.

The speed of patterning was in some cases limited by the minimum x-ray
shutter speed. For example, the shortest period of time the shutter can go from
closed to open to closed is about 1 ms [KT04]. In their current configurations, all
of the STXM beamlines used in this thesis could provide more than enough dose
in 1 ms to surpass the threshold necessary for positive mode development of
PMMA while maintaining slit sizes necessary for diffraction limited focusing.

A faster acting shutter could therefore provide some improvement in throughput.

12.3.4.3 Software

Several adjustments to the current PatternGen routine could lead to more
efficient patterning experiments. Currently the PatternGen routine has a limitation
on the maximum number of pixels it can write (20 000), and it takes a nearly a
minute to offer the choice to save or discard the pattern generation header file
after executing a pattern with many pixels. Also, PatternGen must be executed

two or more times to do multiple patterns over the same area, such as for the
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chemically selective patterning work in Ch. 6. It would be ideal if successive
exposures at multiple photon energies could be input and executed with a single
command.

Software additions could also increase patterning fidelity. In multi-
bunch mode the storage ring current decreases over time at a predictable rate.
Therefore the pixels which are the last to be patterned receive less dose than
intended when the synchrotron is operating in this mode. This difference in dose
was negligible for the patterns created in this thesis, which took no more than
10 min to complete, but it is expected to be large enough to cause fidelity issues
for patterns with more pixels and/or longer exposure times. Adding an option to
the PatternGen routine that would adjust each pixel’s exposure time to correct for
the predictable decaying ring current would increase pattern fidelity.

The PSF results in a dose overlap between adjacent pixels when
patterning, which leads to non-uniform doses and decreased patterning fidelity
especially at edges, corners or in densely patterned areas. This problem was
noted during patterning experiments and is further discussed in Ch. 6.4.3.
Several solutions, so called “proximity effect corrections”, have been successfully
implemented in electron beam lithography systems to counter this problem.
The strategies include manipulating the shape of the patterned area, manipulating
the dose, or equalizing the exposure background [MP89]. A PSF correction

program has also been applied in a ZPAL system [MPG&O0S5]. Incorporating a
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PSF correction in the PatternGen routine would increase pattern fidelity. It would

be most effective using PSF data obtained with the method developed in Ch. 10.

12.3.4.4 Is it practical?

It is probable that the minimum achievable feature size of focused x-ray
lithography will be as good as electron beam lithography in 5 — 10 years
(Ch. 12.3.1). But it is less likely that the throughput will be as good, and even
less likely that the cost of the two systems will be remotely comparable. The very
best commercially available electron beam writer systems today cost about four
million Canadian dollars, which is about two orders of magnitude less than a
STXM and an associated synchrotron (though it could be argued that synchrotrons
can serve dozens of experiments simultaneously). The electron beam instrument
can fit in a room of a few square metres, whereas a synchrotron usually requires
its own hundreds-of-square-metre-sized building. At the moment, focused x-rays
are not practical for patterning and lithography, for applications already covered
by focused electron or ion beams.

Though the present performance doesn’t exceed that of electron beam
systems, it does rival them. If no such electron or ion instrument was available,
the upgraded patterning ability of STXM would be advantageous. Other potential
advantages which have yet to be explored are patterning samples that experience
excessive charging with electrons or ions, and possibly focused deep x-ray

lithography. The photon energy tunability remains the property which will enable
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unique experiments, such as the work on nanofluidics (Ch. 6) and carbon
contamination (Ch. 8); exploitation of the photon energy tunability will likely

drive future applications of focused x-ray patterning and lithography.

12.3.5 Functional nanofluidic devices

Sealed sub-100 nm nanofluidic channels were created in a polymer bilayer
using tunable focused x-rays in Ch. 6. This was largely a proof of concept
experiment to demonstrate the formation of nanochannels by chemically selective
lithography, and there was no clear goal as to what would be done with them
afterwards. In a functional nanofluidic device the materials of the structure must
ultimately be compatible with the solvent and analyte molecules. In addition, the
device would have to be “plumbed” to control the flow into and out of the device.
Our best idea at the moment is to align and bond a PDMS stamp with access
holes on top of our devices. Other ideas are listed in Ch. 6.4. Going forward, the
first step that would need to be settled upon is what the experiment(s) involving
the fabricated nanochannels might be. Then hopefully compatible polymers
with the right properties (criteria listed in Ch. 6.2.1) can be identified and finally

methods of plumbing the devices could be attempted.

12.3.6 Deconvolution of the PSF from STXM images
The image of an object acquired using STXM (or any microscope) is a

product of the object intensity convoluted with the PSF. If the PSF is known, then
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it is possible to deconvolute the PSF from the image of an object to attain an
image with enhanced spatial resolution [S87]. PSF deconvolution is commonly
applied to certain methods of optical microscopy, and there are commercial
software packages available for such work. PSF deconvolution was applied to
STXM images using calculated PSFs in the early 1990s [JWA&91, JKW92],
however this approach does not appear to have caught on within the STXM
community. Since there is now a way to measure the real PSF in great detail
(Ch. 10) it would be worthwhile to revisit PSF deconvolution experiments.
These experiments would involve making the 100 pixel exposures in PMMA,
followed by imaging the desired samples at the same photon energies.
After the run, the PSF would be extracted from the exposures by the method
outlined in Ch. 10. Conceivably the images acquired during the same run could
then be deconvoluted by adapting the STXM data to a form acceptable to a

commercial optical microscopy PSF deconvolution software package.

12.3.7 Variable temperature sample holder

The variable temperature sample holder was constructed to investigate
beam heating in STXM (Ch. 11), but its utility is not limited to that experiment.
The sample holder was also used to collect NEXAFS spectra of fatty acid
molecules at elevated temperatures. The C 1s and O 1s NEXAFS spectra of
stearic, palmitic, myristic and lauric acids showed no change with temperature

until just above their respective melting points. The C 1s NEXAFS spectrum of

172



Ph.D. Thesis - A.F.G. Leontowich Chapter 12
McMaster University - Chemistry

solid stearic acid collected at 25 °C is compared to the spectrum obtained of the

liquid at 75 °C in Fig. 12.4.

0-8' r T T T i

—— Solid (257C)
—— Liquid (75°C)

Optical density
= o
~ ™

=]
[3%]
L

0.0 T T T 1 T T YT

280 290 300 310 320 286 287 288 289 290

Photon energy (eV)

Figure 12.4: Comparison of the C 1s NEXAFS spectra of stearic acid in solid (blue) and
liquid (red) phase, acquired at 11.0.2. The right plot has been rescaled to highlight the
carbonyl peak shift.

The absorption peak in the spectrum of the solid at 288.4 eV is that of the
carbonyl C atom, which was confirmed by comparing this spectrum to that of
hexatriacontane (CscH74), a similar molecule with no carbonyl group that happens
to have a similar melting point. This peak undergoes a slight but reproducible red
shift to 288.3 eV in the liquid form. Our current hypothesis is that this is due to
the conversion of the carboxylic acid from the hydrogen bonded dimer form in the
solid phase [SO77] to the monomer form in the liquid phase. A similar shift was
also observed at the O 1s edge (not shown).

Copies of the device have been made for collaborators and are enabling
other science. Prof. Stephen Urquhart and Sahan Perera at the University of

Saskatchewan are currently using a copy of the device to study the structure
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dependence in the C 1s NEXAFS spectra of alkanes. Another copy is available for
users at 10ID-1. The study of thermochromic materials would be an ideal fit for
this device [WL99]. These materials are often heterogeneous mixtures of
molecules including dyes and polymers, and sometimes polymer microcapsules.
The thermally induced reactions occur on micrometre length scales, and many of

the mechanisms of thermochromism are not yet known.
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Appendix B

This appendix lists all software packages used for this thesis.

B.1 Software packages used for this thesis
Adobe® Acrobat® X Pro
This .pdf file editing program was used to prepare written reports and

figures for presentations and publications.

Adobe® Photoshop® CS v. 8.0
This powerful graphic design program was used to edit figures, and

convert images from one file type to another.

aXis2000

aXis2000 is a freeware program written in Interactive Data Language
(IDL) by Prof. Adam P. Hitchcock. This program was used for STXM data
analysis, including imaging, stacks, NEXAFS spectra, and in creating patterns for
the PatternGen routine in STXM_Control. Multiple versions of aXis2000 were
used. However, version 21-Apr-2010 was preferred, operating within IDL Virtual

Machine® v. 6.3.
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Gwyddion v. 2.26
Gwyddion is a freeware scanning probe microscopy data visualization and
analysis program. It was used to analyze acquired atomic force micrographs and

prepare them for presentations and publications.

ImageJ v. 1.45s
This freeware graphics program was used to measure feature sizes in

scanning electron micrographs.

Microsoft® Office v. 2003, 2007

The word processing program Word was used to write all computer
generated reports and publications. The presentation program PowerPoint was
used to prepare oral and poster presentations, and to prepare figures for
presentations and publications. Excel is a spreadsheet application which was used
for dose-damage data analysis, NEXAFS spectral analysis, regression analysis,
and preparing graphical representations of data. Office v. 2007 was used from

September 2011 onward.

Microsoft® Paint XP
This graphics program was used to create pattern generation files for the
PatternGen routine in STXM_Control, and to prepare figures for presentations

and publications.
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NoteTab v. 6.2
NoteTabe is a text editing program by Fookes Software Ltd. The freeware
version of this program was used to manually edit the individual pixels of pattern

generation files for the PatternGen routine in STXM_Control when necessary.

ScanAtomic® v. 4.05.7
ScanAtomic is a scanning probe microscopy control program from
Quesant Instrument Corp. It was used to acquire and process atomic force

micrographs obtained with the Quesant Q-Scope 350 AFM.

SigmaPlot 11
SigmaPlot is a plotting program by Systat Software, Inc. It was used to

produce publication quality graphs and for regression analysis.

STXM_Control

This program controls the STXM microscope and was in use at all STXMs
used in this thesis (Table 2.1). It also compiles the data acquired and controls
many beamline functions, depending on the beamline. This program was written
by Dr. Tolek Tyliszczak and Dr. Peter Hitchcock. Dr. Tyliszczak designed and
wrote the PatternGen routine used extensively in this thesis. This program is
under development thus several versions were used throughout this thesis.

Additional details of this program have been reported elsewhere [KTS&03].
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