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Lay abstract

Focused lon Beam — Scanning Electron Microscopy (FIB-SEM) is a powerful tool for versatile
cutting-edge materials characterization and has become more and more popular in recent years.
However, the beam damage caused by these microscopes inhibits the further application of this
technique, particularly for soft materials. Although researchers have developed some common
methods to mitigate the damage, the understanding of underlying physical mechanisms of
damage remains elusive. Here, we explored the relationship between the beam parameters and
the degree of beam damage with the assistance of advanced characterization techniques. We also
build an efficient heat transfer model to simulate the heating event in the system. Together, these
results contribute to the fundamental understanding of beam damage mechanisms and pave the

way to more state-of-art scientific research for the FIB-SEM system.
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Abstract

The versatility and effectiveness of focused ion beam — scanning electron microscopy (FIB-SEM)
instrumentation has advanced the field of electron microscopy, with such applications as high
precision ultrathin site-specific TEM sample preparation, direct-writing lithography in
semiconductor field, and FIB tomography for complex biological structures. However, the beam
damage, including the beam induced heating, knock-on damage, and radiolysis damage from
electron beam fundamentally alters the chemistry and bonding in sample materials. Although
experience-based strategies, such as lowering the beam voltage and current or optimized milling
strategies, have been developed to mitigate the damage, the lack of fundamental understanding of
the underlying damage mechanisms inhibit the development of FIB-SEM strategies for
imaging/milling new material systems. Previous work has shown that the main damage
mechanisms for soft materials system are beam heating and electron radiolysis damage. In this
research, | study the electron beam damage on the EMbed 812 epoxy resin in a systematic way by
studying the relationship of the degree of damage and the common beam parameters, including
beam voltage, current, and total irradiated electron dose. All the damaged samples were
characterized by scanning transmission X-ray microscopy (STXM) which is a unique and suitable
tool for this research. Our results show that the electron damage is a main cause for the chemical
alteration in a plasma-FIB lift-out resin sample. Since there is no direct way to assess the beam
induced heating problem during the milling process, we developed an effective heat transfer model
by COMSOL for predicting the temperature rise during the FIB milling process. In this thesis, |
included a detailed study by FIB-SEM, STXM, simulation work of polyvinylidene fluoride
(PVDF), poly(methyl methacrylate) (PMMA) and the Embed812 epoxy resin.
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Chapter 1 Introduction

This chapter gives a brief introduction of focused ion beam (FIB) technique, its applications in
various research fields, and the importance of understanding and mitigating the beam damage in
its application. After that, different types of beam damage are further introduced, and the different
characterization techniques for evaluating the degree of damage are also discussed. At the end,

the outline of the research goal and each chapter of this thesis are presented.

1.1 Development and application of focused ion beam technique

Developed from late 1970’s, focused ion beam (FIB) microscopy has attracted more and more
attention in the fields of semiconductors, failure analysis, and sample preparation for transmission
electron microscopy (TEM).(Ali, Hung, & Yongqi, 2010; N. Bassim, Scott, & Giannuzzi, 2014;
N. D. Bassim et al., 2012; Lucille A Giannuzzi, 2004) By focusing energetic ions on the sample
surface, the ion-matter interaction can generate many signals as shown in the figure 1, such as
secondary electrons, sputtered material, and secondary ions etc. Many analyses can thus be done
by analyzing these secondary signals. For example, we can use He-ion based FIB for imaging by
collecting the outcoming secondary electrons and ions, with superior results as compared to
scanning electron microscopy (SEM) in the case of non-conducting samples due to diminished
sensitivity to charging.(N. Bassim et al., 2014; Orloff, 1993) Besides, with the more advanced
focusing lens techniques, the ion beam can therefore be further confined and reach the scale of
nanometers and used for direct-write nanomachining. FIB is competitive with others lithography
techniques, like photon and electron lithography.(Alves et al., 2004; Carbaugh, Wright, Parthiban,
& Rahman, 2016; Oshima, Okubo, Oyama, Washio, & Tagawa, 2012) especially in a rapid
prototyping, custom nanostructural environment. Compared with the other two, the FIB provides
a more efficient and straightforward way through (maskless, resistless) direct-writing, more
powerful output, and site-specific milling.(Utke, Hoffmann, & Melngailis, 2008) However, the
energetic ions can easily result in unwanted damage on the sample and research finds that it is hard
to mill sample at specific position without damaging it by the ion beam. By coupling with scanning
electron microscope (SEM), FIB now can extend its applications to versatile research fields and it
becomes widely-known as FIB-SEM system.(N. Bassim et al., 2014) As shown in figure 1.2, the

-1-
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FIB-SEM system configuration usually has two columns with an angle of 54° between
them.(Lucille A Giannuzzi, 2004) In most of the case, the vertical column is the SEM while the
inclined one is the FIB. Due to the incorporation with SEM, the damage induced by the energetic
ions can be reduced dramatically because it is no longer being used to image the sample but rather
pattern/mill the sample. Since SEM can help locate the desired sites and image the sample during
milling without causing noticeable damage on the sample, FIB-SEM becomes a powerful tool for
the ultra-thin site-specific sample preparation of transmission electron microscopy. Besides, the
FIB-SEM system also provides a straightforward method for 3D tomography by using the serial
sectioning method, which also known as FIB tomography. The basic idea is to image the cross-
section face with SEM and then mill away a slice around 50 — 100 nm, then repeat the process
until it reaches the desired distance, often with hundreds or thousands of images. After acquisition,
the stack of images is processed using software for the 3D reconstruction, including alignment,
cropping, segmentation and analysis. Compared with X-ray and TEM tomography, the FIB
tomography is considered as a destructive way to reveal the 3D structure, because the sample is
gone after the data collection process and the process is not repeatable. However, as shown in the
figure 1.3, the FIB tomography is the key element for covering the bridging the length scales
between X-ray tomography and transmission electron tomography in voxel dimension from 10 nm
to 1um.(Burnett et al., 2016) Besides, the sample preparation requirement for FIB tomography is
much easier compared with the TEM tomography, which needs very thin samples, is very site
specific and employs a rotational geometry subject to “missing wedge” artifacts. Therefore, FIB
tomography has become more and more popular within the structure study field of corrosion,
advanced cement, and even the biological materials etc (Bakhsh et al., 2015; Kizilyaprak, Daraspe,
& Humbel, 2014; Titze & Genoud, 2016). Due to the increase attention on the application of FIB-
SEM techniques, many related issues have also become more obvious and some of them are
inhibiting the further development and applications in the new field.(Bakhsh, 2015; Bakhsh et al.,
2015; Zeng, Inkson, Rainforth, & Stewart, 2007) One of the most typical problems of FIB milling
is the curtaining, which is an artifact caused by the uneven distribution of the ion beam, different
sample hardness distribution, and the preferred orientation of the sample during milling.(Denisyuk
et al., 2017; Edwards et al., 2007; Santoro, Neumann, Panaitov, & Offenhausser, 2014; Schwarz,
Kempshall, Giannuzzi, & McCartney, 2003) Methods, including lowering the beam power,

rocking the stage in order to prevent beam channeling effects during milling, and novel protective

-2-
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capping layers on top of the material of interest have been developed to mitigate the curtaining
effect(Denisyuk et al., 2017; Santoro et al., 2014; Schwarz et al., 2003). However, when it comes
to soft materials, like polymers or biological samples, the damage caused by the ion and electron
beam become more obvious than the inorganic materials, since soft materials are usually more
sensitive to the beam damage because of their lower thermal conductivity and weak bonding of
the molecular structure.(Denisyuk et al., 2017; Edwards et al., 2007)

\ ® Energeticions: Ga*,
\ Xe*
, / @ Sputtered matters

+ Secondary electrons

Implanted ions

Figure 1.1 Schematic drawing of ion — matter interaction of FIB. Various signals including the

backscattered ions, secondary electrons, sputtered materials, and X-ray.

electron
ion column

column

sample

Figure 1.2 Schematic drawing of the FIB-SEM system configuration. (Lucille A Giannuzzi,

2004) The ion column is in a 54° with the electron column.
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Figure 1.3 3D imaging methods for materials science.(Burnett et al., 2016) The FIB tomography
technique fills in the gap between the X-ray tomography and TEM tomography.

1.2 Types of beam damage

Researchers have found that the damages caused by the FIB-SEM system can be mainly
categorized into 3 types: ion beam induced heating damage, knock-on damage, and electron
induced radiolysis damage.(Bailey, Geurts, Stokes, de Jong, & Barber, 2013; N. D. Bassim et al.,
2012; Schmied et al., 2014) In different materials systems, the extent of each damage mechanism
is also different. The poor thermal conductivity and weak bonding make soft materials more

sensitive to the heating and radiolysis damage issues.

1.2.1 lon beam induced heating damage

The beam induced heating can be attributed to the phonons generated from the cascade events of
the injected energetic ions within the samples.(N. D. Bassim et al., 2012; Kim, Park, Balsara, Liu,
& Minor, 2011; Rykaczewski et al., 2016; Schmied et al., 2014) The speed of local temperature
rise depends on several instrumental factors, including beam voltage, beam current, and the
scanning and milling strategy, coupled with the thermal properties of the sample. The poorer
thermal conductivity of soft materials, for example PVDF has a thermal conductivity of 0.25 W/m
K and melting point of 167°C(Zhou, Zuo, & Ren, 2012), makes them susceptible to damage by

heating. The distribution of the induced phonon can be simulated by the Monte Carlo simulation
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software named Stopping and Range of lons in Matters (SRIM). Researchers have tried to build
the heating models to simulate the heating event of the FIB milling process and some of them
estimated that the rapid local temperature rise could be high as thousands of degrees Kelvin, which
is far beyond the decomposition temperature of all polymer and biological materials, resulting in
severe heating damage events at the point of impact and even adjacent to the beam interaction
volume.(Brostow, Gorman, & Olea-Mejia, 2007; Ishitani & Kaga, 1995; Rykaczewski et al., 2016;
Schmied et al., 2014; Wolff et al., 2018) Additionally, the temperature rise due to the energetic ion
beam can also lead to mechanical softening of the of the material, which, for example, results in
the poor quality of a final lift-out TEM sample.(N. D. Bassim et al., 2012) To mitigate the beam
heating damage, researchers have developed various methods, including the use of cryogenic
stages, lowered beam currents and voltage, advanced beam scanning strategies, and designing
copolymers with better thermal properties. The cryogenic stages can help reduce the heating by
creating a relatively low starting temperature. The lower beam current and voltage is to reduce the
actual heat deposited on the sample. The advanced scanning strategies can help the heat to dissipate
more efficiently. However, the biggest challenge for the beam heating is the difficulty in assessing

the beam damage directly. Typical understanding relies on a computational heat transfer model.

1.2.2 Knock-on damage

For crystalline materials, the cascade collision of the incoming energetic ions can physically
dislocated atoms in the sample from their lattice sites and easily destroy the crystallinity, creating
a highly-disordered to amorphous layer. This process is also known as amorphization, a common
damage observed in FIB prepared crystal samples.(Ali et al., 2010; N. Bassim et al., 2014;
Belianinov et al., 2017) Techniques to mitigate this kind of damage include lowering the final
milling voltage and current, polishing by broad ion beam, and using different ion sources for the
final milling step.(N. D. Bassim et al., 2012) As for soft materials, since most of them are semi-
crystalline or totally amorphous, it is difficult to observe the direct damage evidence via high-
resolution TEM or via diffraction methods. However, it has been reported that under the
bombardment from the energetic ions, the backbones/sidechains and the function groups can be
ruptured off from the main chain, which can be detected by secondary ion mass spectrometry
(SIMS). (Briggs & Hearn, 1986)



M.A.Sc. Thesis — Weiwei Zhang
McMaster University — Materials Science and Engineering Chapter 1

1.2.3 Radiolysis damage

The electronic structure of soft materials can be altered by the ion/electron induced radiolysis
damage which are often hard to observe directly during the milling process. Bonds can change,
reorder or lose hydrogen under irradiation from charged particles. Although the change in the
chemistry and nature of the bonding may not be visible during the imaging/milling process, the
change may affect other properties of the materials, like causing the chain scission or cross-linking.
This in turn could make the the sample more sensitive or resistive to ion milling thus raising the
difficulty to achieve the high-quality sample due to the inhomogeneous sample properties. Bassim
et. al. has reported that the radiolysis damage mainly comes from the irradiation of SEM during
the sample preparation process and he showed that there is a significant change in the chemical
spectrum between the polyacrylamide (PAAm) with and without the irradiation of electron
beam.(N. D. Bassim et al., 2012) Other studies also revealed that the radiolysis damage from
electron should not be negligible, especially for the soft materials like polymers and
biomaterials.(Bailey et al., 2013; R. F. Egerton, Li, & Malac, 2004; Estivill, Audoit, Barnes,
Grenier, & Blavette, 2016; Jiang, 2013; J. Wang, Button, West, & Hitchcock, 2009) It has also
been reported that the radiolysis damage is correlated with the generation of secondary electrons.
Since both ions and electrons are capable of generating secondary electrons, it is reasonable to

believe that both beams can cause radiolysis damage in the soft materials.(de A. Melo et al., 2016)

1.3 Characterization methods for beam damage evaluation

In order to mitigate the damage, one should first be able to understand factors contribute to the
damage and figure out the relationship among factors and the degree of damage on the sample. To
assess the beam induced heating damage, one may need to equip the FIB-SEM with more advanced
IR detector to measure the in-situ temperature rise during the milling process. Otherwise, it is hard
to distinguish the heating damage from the milling damage based on the appearance of the final
morphology of the sample. To assess the beam induced heating damage, researchers usually use
the simulation to predict the possible temperature rise due to the injection of energetic ions and try
to compare some indirect measurements to benchmark these simulations. Knock-on damage is also

difficult to characterize due to the partial-to-full amorphous properties of the soft materials.
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Therefore, the only type of damage that we can characterize using readily available techniques is
radiolysis damage. To characterize the chemical change in the polymeric materials, four types of
characterization techniques are commonly used: Fourier-transformed infrared spectroscopy
(FTIR), X-ray photoelectron spectroscopy (XPS), electron energy loss spectroscopy (EELS), and
scanning transmission X-ray spectromicroscopy (STXM) with near edge X-ray absorption fine

structure (NEXAFS).

1.3.1 Fourier-transformed infrared spectroscopy (FTIR)
FTIR is the most commonly used characterization technique for organic materials. There are

usually two types of FTIR techniques based on different geometries, transmission and reflection.
In this thesis, Attenuated total reflection (ATR) FTIR was attempted to characterize the electron
beam damage, because the reflective FTIR is more suitable for the characterization of damage
layer on the sample surface. The basic working principle of this type of FTIR is briefly illustrated

in the schematic diagram as shown in the figure 1.4 below. (Sun, Chen, Zhou, & He, 2006)
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Figure 1.4 Schematic drawing of the instrumental setup and working principle of FTIR. The
incoming IR light can interact with the vibration, rotation, and stretching of the organic

molecules and be absorbed to form the spectrum.
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To see whether the FTIR is the suitable tool for our experiment, we used SEM to irradiate the
PVDF and resin sample using automated python-based scripting and characterized the polymers
with our FTIR instrument. However, the interaction volume of infrared in the polymer, which is
more than 10um (Nagai, Matsunobe, & Imai, 2005), is larger than the interaction volume of the
ion and electron in the polymer, which is around several hundred nanometers estimated by SRIM
and CASINO. Besides, the lateral spot size of the ATR-FTIR is about 200um for our instrument.
Therefore, the damage zone is so small compared with the detected zone. Figure 1.5 (a) (b) show
the FTIR spectrum comparison between the pristine and electron damaged PVDF and resin
samples, respectively. Thus, FTIR is not a suitable tool for the purpose of this thesis to distinguish

the chemical change due to the irradiation damage.

Pristine PVDF
Damaged PVDF

Pristine resin
Damaged resin

Intensity (a.u.)

1 A L " 1 i 1 i 1 i " 1 i 1 i 1 i 1 i L " 1

1440 1260 1080 900 720 1840 1610 1380 1150 920 690

Wavenumber (¢cm”-1) Wavenumber (cm”-1)

Figure 1.5 FTIR comparison results of pristine and damaged (a) PVDF and (b) resin sample.

1.3.2 X-ray photoelectron spectroscopy (XPS)

XPS is powerful tool for the characterization of surface chemistry. It uses X-rays to excite the
photoelectron emission from a sample. By measuring the kinetic energy of the outcoming
photoelectron, we can identify the elemental information, composition information, and even the
valence state of the sample surface. XPS has been extensively used in many surface chemistry

research fields, including novel energy materials, biomaterials, and advanced semi-conductor
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materials.(Ektessabi & Sano, 2000; Kochumalayil, Meiser, Soldera, & Possart, 2009; Sato et al.,
2003) We also tried to use the XPS to characterize the electron beam damage PVDF and resin
sample in the research and the results are shown in figure 1.6 (a) and (b) for PVDF and resin
respectively. Carefully inspecting the spectrum results, the damage due to the irradiation of
electron beam can be found. The peak shifting and the missing peaks indicates that there are
changes in the chemical composition and states of the samples after the irradiation electron beam.
However, similar to the FTIR technique, the large spot size of the XPS makes the damage zone
difficult to detect, leading to an unreliable quantitative analysis. Besides, few literature studies on
the relevant materials makes the interpretation of the spectrum results very difficult and the
analysis process requires the researchers to be experienced enough to distinguish whether the peak
shift is due to the chemical states change or the generation of the new peaks in that range. Therefore,
XPS is a suitable tool for proof-of-concept analysis but not an efficient tool for the further beam

damage studies in the research of this thesis.

—— Pristine resin
Damaged resin
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Figure 1.6 XPS comparison results of the pristine and damaged (a) PVDF and (b) epoxy resin.
Obvious C-F and C=0 peak shifts can be observed in PVDF and missing peak of C=0 can be

found in resin.
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1.3.3 Scanning transmission electron microscopy — electron energy loss spectroscopy
(STEM — EELS)

With the fast development of modern electron optics platform and cutting-edge detector, such as
cryogenic stages and direct electron detectors, STEM-EELS has become more and more popular
in many fields of research, including novel functional nanomaterials and nano-devices, structural
biological study, and advanced study on multiferroic materials.(Ray F Egerton, 2011; X. Li, Sun,
Shan, Chen, & Wei, 2018) The main working principle for EELS is shown in the figure 1.7 below.
When the incoming electrons pass through the sample, the electron/matter interaction can result in
elastic and inelastic scattering events, which can lead to the energy loss of the transmitted electrons.
By detecting the energy loss, one can get various information about the materials, including but
not limited to elemental identification, composition mapping, valance states analysis, and even the
band gap measurement.. Researchers have also used EELS to study organic or polymer
materials.(Laffont et al., 2004; Varlot, Martin, Gonbeau, & Quet, 1999; Varlot, Martin, & Quet,
2001; Vilar et al., 1987) However, since the beam voltage used for common TEM study is usually
80 ~ 200 keV, the high energy electron beam may cause damage during the characterization
process. Besides, to acquire accurate EELS information about the C 1s structure for organic or
polymer samples, the acquisition time may be high, which can result in severe damage from
sputtering and heating.(R. Egerton, 2012; R. F. Egerton, 2013; R. F. Egerton et al., 2004; R. F.
Egerton, McLeod, Wang, & Malac, 2010; R. F. Egerton & Rauf, 1999; R. F. Egerton, Wang, &
Crozier, 2006; P. Li & Egerton, 2003) Therefore, STEM-EELS is also not the appropriate

characterization tool for our study.
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Egerton, 2011) The inelastic interaction between incoming electrons and sample makes the
electron loss its energy. The different materials structure can leads to different spectrum, the

comparison of the EELS of nanocrystalline diamond, graphite, amorphous carbon as example.

1.3.4 Scanning transmission X-ray spectromicroscopy — near edge X-ray absorption fine
spectroscopy (STXM-NEXAFS)

Developing to a third generation design, synchrotron facilities have demonstrated powerful
capabilities for materials characterization, including 4D X-ray tomography analysis, in-situ live
biological study, high-end chip analysis, and highly-accurate elemental analysis.(Arrua, Hitchcock,
Hon, West, & Hilder, 2014; N. D. Bassim et al., 2012; A. P. Hitchcock & Toney, 2014; Melo et
al., 2017; Wu et al., 2018) STXM-NEXAFS is one of the powerful techniques developed for the
synchrotron facility. By using the 101D1 beamline at Canadian Light Source (CLS), STXM-
NEXAFS has contributed much to research in the energy materials sector. Researchers also try to
push the limit of STXM by novel instrument designing, such as the development of cryo-STXM
at CLS. Basically, when the X-ray with a specific energy passes through the sample, part of it can

be absorbed by the element for the state excitation. By measuring amount of the X-ray absorbed,
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certain information about the sample can be obtained. The detail of the working principle and the
experimental procedure of STXM and the corresponding data analysis will be discussed in more
detail in chapter 2 and 3. As shown in the table 1.1, although EELS has higher spatial resolution
and ease of access, the higher energy resolution and lowered beam damage during the
characterization process make the use of STXM-NEXAFS more favored in this research. (Jiang,
2013; Jiang & Spence, 2012; Leontowich, Hitchcock, & Egerton, 2016; Jian Wang, Botton, West,
& Hitchcock, 2009; J. Wang, C. Morin, et al., 2009)

Table 1.1 Comparison between STXM-NEXAFS and STEM-EELS technique

STXM EELS
Source Soft X-ray Electrons
Energy of source 130 - 2700 eV 80 keV, 200 keV, and 300
keV
Spatial resolution ~15 nm Several Angstrém

Energy resolution

0.1 eV (43 meV at best)

0.5~1 eV (50 meV at best for
HB Titan in CCEM)

Damage to the sample

Relatively low

High

Instrument 10ID1 beamline at CLS Transmission electron
microscope
Suitability for polymer study Good Relatively poor
Mechanisms Energy absorption Energy loss

1.4 Materials selections and related properties

To investigate the detailed mechanisms of FIB damage on the soft materials, we select three kinds
of polymers in different application areas for testing, Embed 812 epoxy resin, poly(methyl
methacrylate) (PMMA) and polyvinylidene fluoride (PVDF), which are three classic soft materials

used in the bio-application, microelectronic lithography and high performance plastics.
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1.4.1 Soft materials in biomaterials application (Embed 812)

Embed 812 is an epoxy resin which is a widely-used embedding materials for the research of
biology and biomaterials. It is a replacement for EPON 812 from Electron Microscopy Science
(EMS) company and has the similar excellent properties like greater contrast, ease of mechanical
sectioning and relatively stability under the electron beam.(EMSCompany) The basic components
for the Embed 812 kit include Embed 812, Dodecenylsuccinic anhydride (DDSA) as the softener,
2,4,6-Tris(dimethylaminomethyl)phenol (DMP-30) as the accelerator and Methyl-5-norbornene-
2,3-dicarboxylic anhydride (NMA) as hardener. With different mixing ratios and curing condition,
the properties of the final embedding resin will also be different. In this research project, we mainly
focus on the hard resin and we will strictly follow the mixing instruction from the EMS company
website. The basic chemical information and physical information for Embed 812 have been show
in the table 1.2 and 1.3.

Table 1.2 Basic chemical information of Embed 812 kit (Sigma-Aldrich-Company)

Chemical structure Role
Embed 812 Unknown Resin
epoxy resin
Dodecenylsuccinic anhydride Cq2oHos Softener
(0DSA) e
O~ ~0
2,4,6- OH Accelerator
HBC\N N’CH3
Tris(dimethylaminomethyl)phenol CH; CH
(DMP-30) o
Methyl-5-norbornene-2,3- Hardener
dicarboxylic anhydride (NMA)
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Table 1.3 Basic physical information for Embed 812 (EMSCompany; Sawyer, Grubb, & Meyers,

2008):
Glass Possible  thermal | Boiling | Flash Crystallinity status
transition conductivity point | point
temperature
Unknown 0.168 W/m.K >444K | 413K Single phase all-amorphous
(0.15-0.25 W/mK) thermoset polymer
for many epoxy
resin

1.4.2. Soft materials in microelectronics lithography (PMMA)

PMMA, also known as acrylic glass, is a typical glassy thermoplastic material with versatile

applications. Its chain-scission properties under the irradiation of moderately accelerated electron

beams allows it to be used as a positive tone electron beam resist for the lithographic application.

(Carbaugh et al., 2016) Besides, when irradiated under high doses of electrons, it can turn into a

negative tone resist. (Duan et al., 2010) Table 1.4 lists the basic information of PMMA we may

need for building model and results analysis.

Table 1.4 Basic information for PMMA (Porter & Blum, 2000; Smith & Hashemi, 2006):

Full name Chemical Melting | Glass Thermal Boiling | Crystallinity
structure point transition conductivity | point status
temperature
Poly(methyl | 433K 381K 0.167-0.25 | 473K Single phase
methacrylate) O Wim.K all-
amorphous

thermoplastic

materials
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1.4.3. Soft materials in high performance plastics (PVDF)

PVDF is a widely used high performance fluoropolymer-based plastic in many areas, including
the electrical wire protection, pipe fabrication and piezoelectric sensing. The study of FIB damage
on PVDF can help its application in small sensor applications at the micro or nano level and help
study the interaction of PVDF membrane and the protein in the biomedical application. (Kang &
Cao, 2014)

Table 2.4 Basic information of PVDF (EMSCompany):

Full name Chemical | Meltin | Glass Thermal Boilin | Crystallinity
structure | g point | transition conductivit | g point | status
temperatur |y

e
Poly(1,1- F 428- 211K 0.19 W/m.K | - Single phase
difluoroethylene 438K semi-
) crystalline
F thermoplasti

¢ materials

1.5 QOutline of thesis

This thesis aims to study the beam damage mechanisms of FIB-SEM system on soft materials,
with the main focusing on studying the electron beam damage on EMbed 812 epoxy resin. The
results can be useful for optimization of FIB-SEM microscopy on soft materials, especially FIB-

based 3D tomography on epoxy resin embedded biological samples.

Chapter 2 mainly describes the working principle of FIB-SEM system, STXM, and fundamental

ideas of finite element simulation on ion beam heating of FIB.

Chapter 3 describes the electron irradiated sample preparation, including preparation of thin film

and irradiation strategy by SEM. Details of beam heating simulation will also be provided.

Chapter 4 describes the effect of beam voltage and electron dose on the 100 nm epoxy resin thin
film. This work shows that 2 kV electron beam can result in more radiolysis damage than the 1
and 5 kV cases. Besides, the relationship between beam voltage and carbon contamination has also
been discussed in this chapter.
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Chapter 5 describes the effect of electron dose and dose rate on the 100 nm PVDF thin film sample.
It has been found that with more dose and dose rate, the degree of electron damage on PVDF
sample is more significant. The STXM results shows that, the loss of fluorine is one of the main

indicators of the electron beam damage in the PVDF thin film.

Chapter 6 describes the current work done on the simulation of the ion beam induced heating
problem of FIB by using COMSOL finite element software. The work shows the effect of the time
step size on the simulation results and the effect of different dwell times on the beam heating
results. The discussion will be extended to how the simulation results will help improve the current

FIB milling strategy especially for the final lift-out step.

Chapter 7 gives a conclusion of all the work done in this thesis and provides some suggestions

forfuture work.

Appendix presents additional information
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Chapter 2 Methodology

This chapter describe the configurations and the basic working principles of FIB-SEM system and
STXM-NEXAFS. The basic principle of the beam heating simulation is also described in detail and
compared with others previous beam heating models of FIB. The details of how these methods are

used in this thesis can be found in chapter 3.

2.1 FIB-SEM system configuration and working principle

As mentioned in the 1.1 section, the FIB-SEM system integrates both SEM and FIB into one single
machine, with an angle of 54° between the electron column and ion column. Figure 2.1 shows the
image of the latest FEI Helios G4 UXe DualBeam Plasma-FIB located at CCEM.

Electron

LT detector

/ Ion column

manipulator

Figure 2.1 Images of FEI Helios G4 UXe DualBeam Plasma-FIB located at CCEM: (a) Overview
image of the outlook of the PFIB, (b) The layout of the inner chamber of PFIB

The electron column in the system is like the column in most SEMs, with the electron gun,
apertures, condenser lens, scanning coil, and electromagnetic lenses and electrostatic scan coils.
Figure 2.2 (a) shows a schematic configuration plot of the electron column for a typical
SEM.(Goldstein et al., 2017) The layout of the ion column is similar to the electron column, but
the different physical properties of ions makes the configuration more complicated than that of

electron column, as shown in figure 2.2 (b).(Orloff, 1993)
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Due to the different properties of different ions, people designed different ion sources for the
generation of different ion beams. The liquid metal ion source (LIMS) is the most common used
method for Ga-based FIB, which made use of the low vapor pressure properties of the Ga metal
and the formation of Taylor cone, shown in the schematic drawing in figure 2.2 (c). As to the Xe-
based FIB, figure 2.2 (d) gives a very good illustrative drawing on the inductively coupled plasma

source, which uses the radio frequency current to generate the Xe ions inductively.

Although both electrons and ions are charged particles and the columns look similar from outside,
the different mass/charge properties make the focusing principles different. The low mass/charge
ratio of electrons allow them to be focused easily by the magnetic lens, which is what one expects
from a normal SEM. On the other hand, ions can be only focused by using electric fields and the
conditions for a precise focusing are very rigid. For example, it takes a lot more effort to focus the
ion beam than electron beam when the accelerating voltage is changed.(Lucille A Giannuzzi, 2004;
Orloff, 1993)

In a typical operation process, the sample is first imaged and focused by the SEM. Then the sample
is tilted about 52° to be orthogonal to the ion beam for the imaging and focusing. After ensuring
that working distance of the sample is adjusted so that the sample can be imaged by both SEM and
FIB images, the sample should arrive at the central tilt axis, also known as the eucentric point. All
operations, including milling, FIB deposition, and imaging by FIB, should be conducted at this
location for the best result. Figure 2.3 (a) and (b) illustrate of the common FIB-SEM applications
for advanced microscopy studies, the high-precision ultrathin TEM sample preparation and FIB
tomography respectively. These can be achieved due to the addition of the SEM as an “eye” during

the FIB milling procedure.
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Figure 2.2 (a) Schematic configuration plot of the electron column for a typical SEM (b) Schematic
drawing of a common FIB (c) Schematic plot of Ga source ion gun in FIB (d) Schematic drawing
of Xe ion gun source.(N. Bassim et al., 2014; Belianinov et al., 2017; Goldstein et al., 2017; Orloff,
1993)
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Figure 2.3 show the schematic drawing on how (a) an ultra-thin TEM sample and (b) the 3D
tomography can be achieved by the FIB-SEM system. The SEM imaging can make the FIB milling
more accurate and controllable.
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2.2 CLS beam line system configuration and STXM-NEXAFS working

principle

Synchrotron radiation (SR) is the radiation generated from accelerating high energy charge
particles either by natural sources, such as cosmic background radiation, or human-made facilities,
such as the Canadian Light Source (CLS). SR has a broad range of applications in various studies,
including tomography, imaging, and chemical composition analysis etc (Willmott, 2011). The
third generation synchrotron design can generate the electromagnetic (synchrotron) radiation by
changing the direction of the accelerating electrons at highly relativistic velocities via bending
magnets.(Willmott, 2011) As shown in figure 2.4 (a), various types of X-rays are produced by the
Canadian Light Source (CLS) and used for different characterization purposes, forming
characterization stations known as beamlines. The beamline we used in this thesis is 10ID1 soft
X-ray beamline, shown as soft X-ray microscopy (SM) in figure 2.4 (a) and is used, mainly for
STXM and photoemission electron microscopy (PEEM) characterization. Figure 2.4 (b) is the
image of the beamline extended from the CLS synchrotron ring. The X-rays pass through the

extended tube and are used to analyze the sample in a separate room from the source.

The instrumental layout and the basic working principle of STXM-NEXAFS has been illustrated
in figure 2.5. After passing through the Fresnel zone plate, the central stop will block the zero
order of the monochromatic X-ray and the order sorting aperture (OSA) will only let the first order
light to be focused on the sample. The detector will detect the intensity of the transmitted X-ray.

We then can calculate the optical density (OD) by using the Lambert — Beer’s Law: OD = ln(j—0 :
t

where o is the incident X-ray intensity and I; is the transmitted light intensity. When an X-ray
passes through the sample, it can interact with the sample by exciting some inner shell ground state
electrons to excited states and the photons with certain energies are absorbed, which thus forms
the absorption spectrum as the result. Figure 2.6 shows the schematic drawing of the formation of
F 1s STXM spectrum of the pristine PVDF sample used in this thesis. The incoming X-ray photon
can excite one F 1s electron to o*-_r L or o*-_p |l levels which are the lowest unoccupied
molecular orbital (LUMO) and LUMO + 1 of the PVDF. Thus one can see there are two absorption

peaks in the spectrum around 690 eV position and these are the characteristic peaks for the PVDF
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polymer. If an alteration of these peaks is found in another sample after electron or ion beam
irradiation, one may speculate that there should be some chemical change in that sample. Usually,
people use the “stack” method to characterize the sample, which acquires incremental STXM
images within a certain energy range of interest, such as 680 eV — 720 eV for F 1s spectrum, with
each image taken at a designated energy interval. Each stack is a set of images taken under certain
photon energies. One can then use this multidimensional dataset either to extract spectral maps of
the sample, or as energy-filtered images. Usually, we prepare our sample thin enough to prevent
the Carbon signal saturation issues and the best thickness for our sample is around 100 nm,
considering both the requirement of STXM and the availability of the sample preparation

technique we have.

lght e rayonnement
555555 Synchvotron
Experimental Floor

Operating Beamlines

Commissioning Beamlines

Figure 2.4 (a) The beamline distribution map of the Canadian Light Source (CLS) (b) The image
of 10I1D1 beamline at CLS.
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Figure 2.5 shows the schematic drawing and the image of the STXM instrumental configuration.
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Figure 2.6 shows the schematic drawing of the STXM-NEXAFS working principle. The NEXAFS

spectrum of pristine PVDF thin film is shown on the right.
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2.3 Principle for ion beam induced heat transfer simulation

Because not all of the energy of an incident ion can be used for the sputtering, backscattering, and
the generation of secondary ions/electrons, the rest of the energy is deposited into the sample,
which causes nuclear vibrations (or phonons) and generates heat. Due to the strong stopping power
for ions injected into sample, the ion-matter interaction is usually confined to a small region near
to the sample surface. With heat confined in a small region, it can cause a rapid localized
temperature rise. In 1995, Ishitani et. al. proposed a simple model to predict the temperature rise
associated with FIB, following a formalism from laser beam heating. He assumed the FIB-induced
heat region to be hemisphere-like with double the beam size of FIB.(Ishitani & Kaga, 1995) He
predicted a less than 100 K temperature rise for Si and GaAs under the 30 keV FIB and a much
higher temperature for SiO> sample due to the lower thermal conductivity and diffusivity of
heat.(Ishitani & Kaga, 1995) However, since the interaction volume of the ion is much smaller
than the laser, the model is inappropriate to consider the hemisphere-shape heat region. Later in
2014, Schmied et al. took the ion-matter interaction into consideration by combining the phonon
distribution calculated by SRIM and the thermal spike model, and developed a new approach to
predict the temperature rise of the FIB.(Schmied et al., 2014; Vineyard, 1976) The SRIM
simulation is an open source software package that gives a relatively good prediction of the ion
trajectory into the matter by considering both the nuclear and electronic stopping powers during
the ion/matter interaction process. SRIM will be discussed in detail in the later chapters when
simulated ions are “implanted” into target materials with Monte Carlo-based algorithms. (Ziegler,
Ziegler, & Biersack, 2010)

By contrast with the heating associated with phonon generation, an alternative method for treating
the heat rise in a sample is the thermal spike model. The thermal spike model considers the heat
deposited by the energetic particle as instantaneously imparting a local temperature rise and
follows the classic heat transfer law in the continuum matter, and gives a prediction of the potential
temperature rise.(Szenes et al., 2000; Vineyard, 1976) This model predicts a surprisingly high
temperature rise, above 6000 K, for PMMA under 30 kV 500 pA Ga-based FIB, which is far
beyond the decomposition temperature for most materials.(Schmied et al., 2014) Although the ion-
matter interaction volume was carefully considered by adopting the SRIM model, the model

developed by Schmied is less convincing due to several reasons. First of all, the model does not
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consider the phase change of the polymer during the heating process. With the increasing
temperature, the change of the phase in the polymer can have the changing thermal properties, for
example, the heat capacity of PMMA will increase with the temperature. Second, Schmied
mistakenly adopted the thermal spike model in his model by assuming the phonon distribution
calculated from SRIM to have a fixed absolute value. This mistake can be easily identified by the
unreasonably high temperature rise derived from his simulation. The 6000 K temperature rise can
definitely lead to the visible explosion during the milling process, but there is no report on this
phenomenon. Third, the phonon distribution generated by SRIM is only a probability distribution,
and the value of the phonon energy won’t change with more simulated ions. Therefore, the
temperature obtained from Schmied’s model is not real, and cannot predict how the temperature
change with the dwell time of the ion beam. Recently Wolff et. al. published a model of evolved
heat due to FIB by comparing the methods of the Fourier’s law of heat transfer, the finite element
simulation, and numerical modeling.(Wolff et al., 2018) Using a finite element software package,
COMSOL, the heating event can be visualized in a more vivid way. However, it may take a long
time to simulate a line milling in the real world and the author did not consider the distribution of

the ion beam, which may in fact reduce the heating effect due to the spreading of the ion beam.

Therefore, we develop a more efficient FIB heat transfer model to predict the temperature rise
during the milling process. The idea of this model was developed based on the previous models
including Schmied’s and Wolff’s models. Like Schmied’s model, we use the phonon distribution
generated from SRIM to be the shape of the heating source in the model. Unlike Schmied, we
treated the phonon distribution to be a probability distribution of the heat, dividing the value of
each point in the map by the integration value over the whole map. Besides, we treat the ion
injection as a continuum process instead of sequential isolated events for speeding up the
simulation process. The heat flux input into the sample is then the heat flux of the ion beam times
the probability distribution derived from the phonon distribution. By treating the heat source like
this, we can also move the heat source during the process to simulate the real milling process with
moving of the ion beam during raster milling. To take the phase change of the polymer during the
heating process into account, the heat capacity of the polymer was not fixed and replaced with its
temperature-heat capacity curve. The moving of the ion beam (heat source) is described by a step

function, which we can later use to study the effect of different dwell times and beam overlap on
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the temperature rise by adjusting the step function. Table 2.x summarize the comparison of our

model with others previous models. The results of our calculations and simulations will be

presented in Chapter 6.

Table 2.1 Comparison between different model for the beam

simulation(lIshitani & Kaga, 1995; Schmied et al., 2014; Wolff et al., 2018)

induced heat transfer

Ishitani’s model | Schmied’s model | Wolff’s model Our model
Description Hemisphere SRIM simulated | SRIM  simulated | SRIM simulated
of heat source phonon phonon distribution | phonon
shape distribution with | without beam | distribution with
beam spreading | spreading beam spreading
Heat source | Laser-like Thermal  spike | Ion’s stopping | Continuum
model model power heating with
probability
distribution
Accuracy Low Low Very high TBD
Speed of | Very fast Fast Very slow Fair
simulation
Capable of | No No No TBD
the prediction
of real milling
case
Consideration | No No No Yes
of phase
change
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Figure 2.7 shows the schematic drawing of the simulation process. With the combination of SRIM,

a dynamic milling step, and changing heat capacity, the model can be more realistic.
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Chapter 3 Experimental procedure

This chapter describes sample preparation steps, including the synthesis of the EMbed 812 epoxy
resin and ultramicrotomy prepared polymer thin film. The electron irradiation dosing arrays by
SEM are also described in detail. The STXM acquisition and data processing procedures are also
discussed in this chapter. Details of FIB heat transfer simulation by COMSOL are also provided
in this chapter, including how the ion injection is customized, curve fitting methods, and the

preliminary results.

3.1 Preparation of polymer thin films and automated pattern electron
irradiation by SEM

3.1.1 Bulk polymer sample preparation

Two main polymer materials are mainly investigated in this thesis, EMbed 812 epoxy resin and
polyvinylidene fluoride (PVDF). The bulk samples of PVDF were purchased from Sigma-Aldrich
company. The purchased PVDF samples are pellet-shaped, with the molecular weight from 70000
to 110000. The EMbed 812 epoxy resin was synthesized according to the protocol provided by
Electron Microscopy Science (EMS) company. In each batch of the resin sample, we mixed 20
mL EMbed812, 9 mL Dodecenylsuccinic anhydride (DDSA), 12 mL N-methylolacrylamide
(NMA), and 0.72 mL 2,4,6-Tris (dimethylaminomethyl) phenol (DMP-30) with the stirring
machine to fully mix the chemical solutions. The part of the mixture then was injected into the
mold and transferred to the oven with temperature fixed at 60°C curing for 24 hours. The rest of
the uncured resin was stored in the sealed syringe in the fridge for use in the next round of

experiment.

3.1.2 Thin film polymer sample prepared by ultramicrotomy

For the STXM characterization, the samples are required to be around 100 nm to avoid saturation
of carbon signal. A FIB lift-out method, which approximates the steps required to do TEM sample
preparation, will bring both damage from electron beam and ion beam, and poses difficulties in
distinguishing the tangled relationship between ions and electrons. Spin coating is also a popular
method for various thin film preparation. The high viscosity and the poisonous hazard of the
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uncured resin mixture make it hard to control the film quality in a safe way. Therefore, the best
option for the thin film preparation left is through the ultramicrotomy. Figure 3.1 shows the
schematic drawing of the ultramicrotomy. The sample mounted on the holder is sliced into thin
film by the diamond knife and floated on the liquid in the container of the ultramicrotome. The
sliced thin films were then floated into TEM grids for later electron irradiation and STXM
characterization. Different types of TEM grids can have some influence on the final morphologies
of the film laid on the grids. As shown in figure 3.2 (a) and (b), with the use of bare TEM grid,
both resin PVDF films wrinkled severely while freestanding. The wrinkling is a challenge for an
accurate STXM analysis. Most data analysis assumes the film has a uniform thickness, the
wrinkling of the film can cause change of the path length of the transmitted X-ray, leading to the
change in the absorption and thus the height of the peak in the spectrum. This can be confusing
since it is hard to tell whether the change of the peak height is from the film wrinkling or the beam
induced mass-loss damage. Therefore, it is crucial to prepare the polymer film in a flat and uniform
manner. One way to do that is using the formvar carbon-coated TEM grid. Besides, about 5 nm
gold was also sputter-coated on the TEM grid as well to mitigate the charging problem but not
influence the X-ray absorption too much. Figure 3.2 (c) and (d) show the resin and PVDF films
laid on the Au and formvar coated TEM grids in a very flat manner, respectively.

direction

Specimen
of motion

Sample

,/(‘L;ing face
'//4’*— Knife edge

Specimens in trough

o

Trough

Figure 3.1 schematic drawing of the working principle of ultramicrotomy for thin film sample
preparation.(Williams & Carter, 1996)
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Figure 3.2 Polymer films on different TEM grids. (a) PVDF on bare copper TEM grid. (b) Resin
thin film on the bare Cu TEM grid. (c) PVDF and (d) resin thin films on the Au and formvar coated
TEM grid. The wrinkling is more severe for the films on the bare grids than the Au and formvar

coated grids.

3.1.3 9-pad pattern electron irradiation by SEM

Optical microscopy was used to exam the film quality and identify the desired locations prior to
the irradiation by SEM. It is better to identify the locations by OM instead of SEM to minimize
the unnecessary electron dose. The desired locations are often the places with the polymer film
covering more than half of the square region on the grids, leaving one corner.

An FEI Magellan 400 SEM was used to pattern dose arrays of electron irradiation in this research,
as shown in figure 3.3. Compared with other available SEMs in the Canadian Centre for Electron
Microscopy (CCEM), the Magellan is the most modern and capable of high-resolution imaging.
The major advantage of Magellan is that we can let the pattern irradiation process to be
programmably controlled by computer. As shown in the schematic drawing in figure 3.4, starting
from the corner of the square, the beam was manually focused to minimize the beam spreading for
a better dose control. Then, the desired parameters were input in sequence and let the computer to
run the irradiation pattern automatically, with a combination of beam currents, doses and stage
motions. If any beam parameters were changed, the beam was moved back to the origin place, the

corner of the square and refocused manually before the next run. Otherwise, the change of the
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beam parameters can not only cause the beam defocusing, leading to severe beam spreading, but
also shift the actual beam position, resulting in a messsy irradiation pattern. After the pattern
irradiation, the samples were extracted from the SEM without any further imaging on the pattern

area and were prepared for STXM characterization.

Figure 3.3 FEI Magellan 400 SEM at CCEM used for the 9-pad pattern irradiation experiment.

e Origin point for refocusing
= 1%t run
— 2™ run
— 3 run

Figure 3.4 Schematic diagram of auto-run pattern irradiation process. After each run, the electron
beam will move back to the origin point for parameters changes and refocusing.
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3.2 Characterization by STXM

3.2.1 Optical microscope examination and sample mounting

Optical microscopy was used to identify whether the damage patterns were successfully created
or not. Usually, if the irradiation process is successful, there should be noticeable pattern under
OM due to carbon contamination, reduced thickness, and other beam damage making the
reflective/transmitted light intensity different than the rest part of film. This is also why the flat
film is the most desirable configuration for this study. After ensuring that the damage patterns
were created on the film, the samples were mounted on the special holder for STXM by carefully
taping the TEM grid onto the holder. Figure 3.5 shows how the samples are mounted on the Al

special holder for STXM characterization.

Figure 3.5 Samples on the special holder for STXM characterization. The TEM grids are on the

holes for the experiments.

3.2.2 Beamline operation procedure

All the STXM characterization was done with the help from Dr. L. G. A. Melo or Dr. A. Hitchcock
by using the ambient STXM at Canadian Light Source (CLS) 10ID1 beamline. Images and stacks
at C 1s and F 1s edges were acquired for the analysis of PVDF thin films. Images and stacks at C
1s and O 1s edges were acquired for the characterization of EMbed 812 epoxy resin thin film.
Before the characterization, calibrations of energy scales of C 1s, O 1s, and F 1s were done using
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C 1s(C = 0) = m— transition of PMMA at 288.54 eV, O 1s(C = 0) — m;—, transition of CO;
at535.4 eV, and F 1s — a4 4 transition of SF¢ at 688.3 eV respectively.

For the beam damaged PVDF samples, the C 1s is acquired from the energy range 278 — 320 eV
with 1 ms dwelling time and 200 nm pixel size. The energy range for F 1s is 690 — 720 eV. For
the beam damaged resin sample, the energy range is 278 — 315 eV for C 1s scanning, and 524 —
560 eV for O 1s, with 2 ms dwell time and 250 nm pixel size.

3.2.3 Data processing

After the data acquisition from STXM at CLS, all the data was processed by the aXis 2000 software
package developed based on IDL platform (Adam P. Hitchcock, 2019). The basic data processing
includes selecting the proper area on the stack image data as the input of I to calculate optical
density. The reason why we did the 9-pad pattern irradiation near the edge of the film is to allow
us to have the area for (which is the fully transmitted beam) lo near the characterized part of the
sample as shown in the figure 3.6 and make the analysis more quantifiable. The red square region
is used for lo. The lo could reduce the influence of the formvar film background influence on the

spectrum we got.

The other thing which is relatively important is to make sure the uniformity of the thin film sample
for a good quantitative analysis result. One common way is to use the atomic force microscopy
(AFM) method to physically detect the roughness of the sample. However, the AFM tip can easily
damage our sample without extremely careful operation and thus ruin the sample ready for STXM
characterization. As mentioned before, the absorption of the X-ray also depends on the sample
thickness, so we can indirectly assess the film uniformity via the STXM image. To do this, we put
the masks on the lo area and 9-pad pattern area and get an optical density histogram of the rest area
which is the undamaged thin film as shown in figure 3.7. If the standard deviation of the histogram
is smaller than 10% of the mean value, the full width at half maximum (FWHM) of the histogram,
of the optical density, we can say that the film is uniformly flat and the follow-up quantitative
analysis is reliable. If the chemical formula of the sample is known, one can even estimate the film
thickness via the equation OD = p(E)pt, where u(E) is the mass absorption coefficient at X-ray

energy E, correlated with the sample’s chemical formula, p is the density, and t is the thickness.
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By using this, we estimated that the first PVDF sample to be around 200~300 nm, which is very
thick for this analysis. For the resin, though it looks like a better condition than PVDF film, we
cannot estimate its thickness due to the unknown chemical formula of the epoxy resin. After
ensuring the sample is in a good quality, we then can analyze the spectra of the 9 irradiated pads
and compare with each other to dig out the relationship between the electron beam parameters and

the degree of induced damage for the purpose of this thesis.

RIS TR

Figure 3.6 The STXM image of the 9 irradiated pads areas. The area highlighted by the red

rectangle is used for the lo
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Figure 3.7 Method for assess the film uniformity via STXM image. (a) The image of the
undamaged part of the film with thee irradiated area and the lo area covered by the gray mask.
(b) The optical density histogram distribution of the undamaged part. If the standard deviation is

less than the 10% of the mean value, we can expect that the uniformity of the film is good.
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3.3 Details of ion beam induced heat transfer simulation

3.3.1 SRIM simulation of the ion trajectory events and phonon distribution

The Stopping and Range of lons in Matter (SRIM) is a popular Monte Carlo simulation software
package for calculating the trajectory events of ions into different materials(Ziegler et al., 2010).
The simulation considers the effects of both nuclear and electronic stopping powers during the ion
trajectory and the simulation results have been widely recognized as accurate enough in different
fields of research, including semiconductor, high-energy physics, and FIB milling etc. Although
there are also many evolving molecular dynamic (MD)-based simulations about ion trajectory
events due to FIB, we chose to utilize SRIM due to a more efficient and more adaptive framework
for polymer study. To simulate the trajectory events of 10° ions into a system, SRIM may need
about 2 hours to finish the most complicated case in the software, while the MD based software
usually needs several tens of times long than the SRIM. Since the scale of this research aims at
micron scale, the difference in the results might be negligible. Besides, MD usually requires the
system in the simulation to be well-known, like a crystallized system, for an accurate result.
Therefore, MC-based SRIM can do a better job in predicting the ion trajectory events in the

amorphous system than MD based simulation and in a reasonable timeframe.

In the default setting for SRIM simulations, the input ion beam is assumed to be single-point entry
injection with no aberration and no beam spread as shown in Figure 3.10 (a). However, in the real
case, the ion beam can only be focused to less than 10 nm due to the strong Coulomb repulsion
force among ions. Besides, the ion beam aberration is also a problem for fine milling purpose. To
achieve a more realistic simulation of the ion trajectory, we take the beam spreading of the ion
beam into consideration by customizing the beam input data by the SRIM Supporting Software
Module. I assumed the beam spreading to be Gaussian distribution like with the beam radius of 20
nm, the full width at half maximum (FWHM) of 40 nm for the Gaussian distribution, and 2 eV for
energy spread. Then the simulated trajectory path of our customized ion beam is shown in the
figure 3.9 (b). By selecting the phonon distribution in the software, we can generate the phonon
distribution from SRIM. Since the phonon distribution also depends on the trajectory shape of the
ion beam, customized beam can be also found in the phonon distribution, as shown in figure (c).
Therefore, incorporating proper distribution of the ion beam can be very important for the accurate

heat transfer simulation.
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Phonon generation
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Figure 3.9 (a) SRIM simulation with default injective ion beam input. (b) SRIM simulation with
customized injective ion beam input. (c) Phonon generation got from the simulation by using

customized beam input.

3.3.2 Curve fitting for heat flux and optimized parameters setting

As mentioned in the previous section, the phonon distribution generated by SRIM is not the real
one. Therefore, | convert it into the probability distribution through normalizing it by dividing each
point with the integration value of the whole map. Then since the distribution map is a 2D dot map,
a high-order Gaussian distribution function was used to fit the generated map. Using a Python
Gaussian curve fitting package, we are capable to get a good curve fitting. The fitting of the phonon
distrubtion results are shown in figure 3.10 (a), with the residual of the fitting shown in figure 3.10

(b). Since SRIM generated phonon distribution is 2D, we convert it into 3D by replacing x with

\Jx2 + y2. The final probability function for the heat flux can be obtained via using a curve fitting
script in Python.

To make our simulation more applicable to a real FIB column, the heat capacity used is not fixed
but changes with the temperature. Figure 3.11 (a) shows the heat capacity as the function of time
for PMMA from the website. The use of changing of heat capacity can also compensate the
influence of the phase change during the heating process. Besides, as we treat the heat source not
like a fixed input as others models, we can make the simulated heat source move like what it should
do in the actual FIB milling process. A step function was developed to mimic the milling process,

with considering of dwell time of each point and continuous connection between consequential
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points. The step function is shown in the figure 3.12 (b). One can also change the dwell time to

studying the effect of dwell time on the beam heating process.

(a) Curve fitting (b) Improved curve fitting
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Figure 3.10 (a) Curve fitting of the phonon distribution for the customized power input. (b) The

fitting residual distribution.
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Figure 3.11 (a) Step function mimicking the real raster milling beam path. (b) Heat capacity as

the function of temperature for PMMA.
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3.3.3 Heat transfer simulation by COMSOL

The main body of the heat transfer simulation is achieved by using the finite element simulation
software COMSOL. COMSOL is a commonly-used commercial Multiphysics simulation
application for the research in the fields of novel energy materials study, acoustic study of
automotive design, heat transfer in various applications etc. To achieve an efficient simulation, the
shape of the sample for the simulation is designed to be 15um x 8um x 0.8um, which is small
enough for calculation purposes but also a reasonable size of the FIB lift-out sample in the final
milling step without the consideration of the Pt/C deposited layer. Besides, a TEM lift-out sample
geometry is chosen also because heating damage can be more severe in the thin sample and is often
most significant in the final milling step rather than the initial step. The simulated time for the
whole process is 60000us, with various time step size. The simulations were mainly run on a
computer with 2.20GHz Intel(R) Xeon(R) E5-2698 v4 CPU, 128 GB RAM, and 3 GB Nvidia
GeForce GTX 1060 graphic cards. The estimated for a run of 60000 ps with 5 us step size is
about 1.5 hours. A preliminary simulated result is shown in figure 3.12. The size of the simulated
result is about 26 GB per file and increases with the ratio of total-time/step-size. The results of the

heat transfer simulation will be discussed in detail in chapter 6.
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Figure 3.12 Temperature contour for beam heating on PMMA simulation over 600 seconds.
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Chapter 4 Effect of beam voltage and electron dose on the electron

damage on EMbed 812 epoxy resin thin film

This chapter reports the effect of different beam voltage and electron dose on the electron damage
on the 100 nm EMbed 812 epoxy resin thin film. We found that the 2 kV electron beam voltage can
result in more radiolysis damage. The carbon contamination can be treated as the dynamic result
of the electron desorption and carbon deposition process during the electron irradiation and is
found to be most severe under 2 kV in this study. The results of this chapter have been published
in Micron journal. doi: 10.1016/j.micron.2019.02.003
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Abstract:

Focused ion beam coupled with scanning electron microscopy (FIB-SEM) is a popular technique
for advanced electron microscopy with applications such as, high-precision site-specific lamella
sample preparation for transmission electron microscopy (TEM) and slice-and-view FIB 3-
dimensional tomography. Damage caused by the electron imaging component of FIB-SEM may
be compounded with damage from the ions during the ion milling process. There are known
strategies for mitigating damage from ions and electrons (cryo-SEM, dose-control, voltage control),
but the electron damage on common embedding resins for EM has not been explored in detail
beyond their resistance to shape-change. The relationship between beam parameters and damage
mechanisms remains unclear. Since we are relying on the physical, chemical and thermal stability
of embedded samples during ion-beam milling, it is important to distinguish electron beam damage
from ion beam damage. Scanning transmission X-ray microscopy (STXM) has been used for
analyzing the electron beam radiation damage on polymer films by characterizing the chemical
bonding changes. In this paper, we mainly focus on the effect of beam voltage and electron dose
on the damage to epoxy resin thin films. Irradiated areas on polymer thin films were characterized
by near edge X-ray absorption fine structure (NEXAFS) in STXM. We found that, even under low
current and voltage, the electron beam can still cause noticeable chemical changes within the
polymer film. The degree of electron beam damage depends not only on the beam energy, but also
on the amount of inelastic scattering occurring within the material, as determined by the sample

thickness.

Keywords: electron beam damage, scanning transmission X-ray microscopy, carbon deposition,

epoxy resin film

4.1 Introduction

Coupled with scanning electron microscopy (SEM), focused ion beam (FIB) microscopy is used
extensively for high precision site-specific lamella sample preparation for transmission electron
microscopy (TEM), 2D piezoelectric materials preparation, nano-milling, and 3D FIB tomography
(N. Bassim et al., 2014; Burnett et al., 2016; L. A. Giannuzzi & Stevie, 1999; X. Li, Sun, Shan, et
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al., 2018; X. Li, Sun, Wei, Shan, & Chen, 2018). However, for soft materials, the higher sensitivity
to the ion/electron irradiation and lower thermal conductivity (R. F. Egerton et al., 2004; R. F.
Egerton et al., 2006) poses challenges. To achieve high-quality FIB prepared samples and milling
process for 3D tomography, a further understanding of the damage mechanisms involved in the
FIB-SEM system needs to be explored. Previous research found that the chemical damage in soft
materials is mainly caused by the irradiation of electron beam (N. D. Bassim et al., 2012).
Compared with the curtaining artifacts and heating damage, the chemical changes induced by the
electron irradiation during the SEM component of FIB/SEM use is usually neglected when

considering the milling process, but its effect may not be negligible (N. D. Bassim et al., 2012).

Researchers have studied electron beam (e-beam) damage in perovskite materials, nanomaterials,
and polymers and have had some success in understanding the damage features in these materials
and the underlying mechanisms (Lehnert, Lehtinen, Algara-Siller, & Kaiser, 2017; Rothmann et
al., 2018; J. Wang, G. A. Button, et al., 2009; Xu, Shi, Zhang, Wong, & Li, 2011). Due to the wide
variability of soft materials, few solid conclusions have been drawn to explain the damage

mechanisms prescriptively enough for practical applications in the FIB-SEM.

The material chosen for this study was EMbed 812 epoxy resin, a popular polymer for embedding
biological samples for TEM study and FIB-SEM 3D tomography (Tapia et al., 2012). Bubbling
and other chemical degradation, which can come from the electron beam damage (Koval,
Borzenko, & Dubonos, 2003; Scott, 2011), often limits the high-quality sample preparation or
milling of biomaterials. Little research has been carried out on the chemical changes due to the
electron beam irradiation of epoxy resin embedding polymers (Longieras, Sebban, Palmas,
Rivaton, & Gardette, 2007).

In this paper, we studied the effects of beam voltage and dose on low-energy electron induced
damage to 100 nm thick epoxy resin thin films. The damaged areas were created in a 3x3
scanning pattern on the resin thin film by a scanning electron microscope. The irradiated areas
were later characterized with near-edge X-ray absorption fine structure (NEXAFS) in a scanning
transmission X-ray microscope (STXM) (Hitchcock, 2012) at 101D1 beamline at the Canadian
Light Source (CLS). We found that, even at low beam current, the electron beam can still cause
chemical alteration and carbon contamination on the resin thin film. We also found that, at the

same electron dose, the degree of electron beam damage depends on the amount of inelastic
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scattering occurring within the material, which is determined in part by the thickness of thin film
polymer samples. In this situation the beam voltage necessary for FIB-SEM applications such as
TEM sample preparation and serial sectioning becomes an important parameter. Carbon
contamination, as a dynamic result of the mass loss and deposition process, was observed to be

most severe in the case of 2 kV imaging condition in this study.

4.2 Materials and methods

4.2.1 Preparation of polymer films:
The EMbed812 epoxy resin (Electron Microscopy Science) was synthesized following the

manufacturer protocol: 20 mL EMbed812, 9 mL Dodecenylsuccinic anhydride (DDSA), 12 mL
N-methylolacrylamide (NMA), and 0.72 mL 2,4,6-Tris (dimethylaminomethyl) phenol (DMP-30)
was mixed and cured at 60 C for 24 hours. The cured resin was then sectioned to about 100 nm
films by a Leica ultramicrotome (model Leica Ultracut UCT). The sectioned resin film was then
placed on a 200 mesh Cu grid which had been coated previously with 30 nm formvar carbon and
5nm sputter-coated gold. The formvar supports the resin thin film and provides film-grid adhesion,

while the gold layer is used to minimize charging during SEM exposure.

4.2.2 Electron irradiation patterning:
The electron beam patterning irradiation was done using a ThermoFischer-FEI Magellan 400 SEM.

Before the irradiation patterning, the microscope chamber was cleaned by a plasma cleaner for 20
minutes resulting in a vacuum of 5x<10“pPa. The beam current was fixed to be 50pA through the
whole study to minimize both carbon contamination and charging. The voltage of the electron
beam was varied from 1 kV to 5 kV to cover commonly-used parameters for imaging soft materials
(David C. Joy & Joy, 1995; D. C. Joy & Joy, 1998). Each exposed area was approximately
3.m = 2,m . As mentioned by Egerton, the common critical dose for organic materials in TEM
application is 0.01 c/cm?, (R. F. Egerton, Lazar, & Libera, 2012). In this experiment, we did not
install a Faraday cup for measuring the exact beam current, so the exposure (which is proportional

to dose for thin samples) was calculated using
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Beam currentxExposure time
Scanning area

Exposure= (Eqn. 1)

Since the beam current and the scanning area are fixed, exposure time is monitored to get the
desired electron dose in this experiment. A 3x 3 scanning pattern was used and the dose
parameters are shown in table 4.1. Python scripts were used to control the exposure time and create
the pattern automatically to reduce the effect of unwanted electron irradiation due to manual
operation. For clarification, the term ‘dose’ commonly used in electron-microscopy studies usually
refers to the electron exposure (units of c/cm?), rather than radiation dose (absorbed energy per

mass, in units of 3 /kg =Gray ) commonly used in other radiation damage studies (Du &

Jacobsen, 2018; R. F. Egerton et al., 2004). For thin samples this is a reasonable approximation
since the energy deposited by inelastic scattering is only a small portion of the total e-beam energy
(Jiang & Spence, 2012). In this study, the irradiation process was strictly controlled by the
computer program with fixed beam current and scanning area. The computer-controlled exposure

time was varied to achieve the desired doses.

4.2.3 Materials characterization
The irradiated resin film was characterized by using near-edge fine-structure absorption

spectroscopy (NEXAFS) measured in the ambient scanning transmission X-ray microscope
(STXM) at the 10ID-1 beamline at the Canadian Light Source (CLS). A defocused beam size of
250 nm and a step size of 250 nm were used to avoid any X-ray damage. Imaging at 288.3 eV, an
energy very sensitive to radiation damage, after STXM acquisition did not show any damage (see
supplementary information Fig. S-4.1). The optical density (OD) at each photon energy was
calculated from the transmitted intensity, I, and the incident intensity, lo, using the Lambert-Beer

law: OD=—In(IL} (Stohr, 2013). Peaks in the absorption spectra are related to excitation of

0
inner-shell electrons to unoccupied molecular orbitals. C 1s and O 1s image sequences (also called
stacks) (Jacobsen, Wirick, Flynn, & Zimba, 2000) were acquired.

4.2.4 Monte Carlo Simulation
The electron trajectory was simulated using a Monte Carlo simulation package, named monte

CArlo SImulation of electroN trajectory in sOlids (CASINO v2.5.0) (Drouin, 2011).
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Since the chemical formula of the EMbed 812 resin is unknown and proprietary, we chose 100
nm PMMA thin films as the simulated material model due to the similarity of the STXM spectra
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Figure 4.1 (a) Reflection mode optical image of the 100 nm resin thin film on the TEM grid. A
magnified image of the 9-pad irradiated areas outlined by the white box is inset in the upper-right
corner. (b) C 1s spectra of undamaged and damaged (pad 4) resin, taken from a 93 energy stack
measured by STXM using a defocused spot to minimize X-ray damage. (c) Color coded composite
of the undamaged (green) and damaged (red) component maps obtained by fitting the C 1s stack to
the spectra in Fig. 1b. (d) O 1s spectra of undamaged and damaged (pad 4) resin, taken from a 54
energy stacks measured by STXM using a defocused spot. () Color coded composite of the
undamaged (green) and damaged (red) component maps obtained by fitting the O 1s stack to the

spectra in Fig. 4.1d. The scale bars in Fig 4.1c, 1e are 5 um.
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of Embed812 and PMMA. 1, 2 and 5 kV beam voltage cases were simulated, with the beam size
of 10 nm set as default. The remaining parameters were set to default values.

4.3 Results

An optical image of the electron beam 9-pad irradiated pattern is shown in Figure 4.1a. An image
sequence, consisting of images at 93 photon energies from 278 to 320 eV was measured, aligned
and converted to optical density. Figure 4.1b are C 1s spectra extracted from the undamaged area
between the pads and from the most heavily damaged pad (pad #4). The aligned, optical density
image sequence was fit to the C 1s spectra (Fig. 1b) to generate component maps of the undamaged
and damaged resin. Figure 4.1c is a color-coded composite with the undamaged map in green and
the damaged map in red. Figure 4.1d presents the O 1s spectra extracted from the undamaged
region and from the most heavily damaged pad (pad #4). Figure 4.1e is a color-coded composite
with the undamaged map in green and the damaged map in red. The color composites show that
the largest extent of damage occurred for a beam energy of 2 kV and the longest exposure time
used (200 s). This indicates a relationship between the extent of damage and the physical
appearance of the irradiated areas under the optical microscope and STXM. Based on the spectra
in Fig.4.1 (b) (d), one can also see that the chemical bonding changes dramatically between the
undamaged part and the severely irradiated part of the resin film. From the pixel intensity
histogram of the non-irradiated area (supplementary information Figure S-4.1), the resin film
appears to be uniform. Given that the sample is uniform, it appears that the 2 kV electron beam
generates more damage to the resin film than the 1 and 5 kV electron beams, for the same exposure

time.

The C 1s NEXAFS spectra of the resin film areas damaged by the 1, 2, and 5 kV electron beam
are shown in Figure 4.2. The STXM spectrum of the non-irradiated area is also plotted. There are
three main features of the non-damaged resin spectrum: the C 1s(C-H) — 1mn*c=c transition at
285.3 eV, the C 1s5(C=0) — 1rn*c=o transition at 288.4 eV, and a broad continuum peak centered
around 293.2 eV due to C 1s(C-H) — 1n*c.c transitions (Urquhart & Ade, 2002).
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Table 4.1 Beam parameters used for the scanning pattern
Dose & Exposure Time
0.1 C/cm? 0.01 C/cm? 0.001 C/cm?
Voltage
(200 secs) (20 secs) (2 secs)
5kv Areal Area 2 Area 3
2 kv Area 4 Area 5 Area 6
1 kv Area 7 Area 8 Area 9
(a) (b) (c)

Optical density
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Figure 4.2. Comparison of the C 1s spectra of the resin thin film irradiated areas by an electron

beam at 2, 20 and 200 secs using a beam voltage of (a) 1 kV, (b) 2 kV, and (c) 5 kV. The STXM

spectrum of undamaged sample is plotted as black line in each graph as the reference. The arrow

L
288

1
297

in each figure shows the position of the newly created C 1s — o*c.o damage peak at 286.6 eV.

4.3.1 Chemical analysis of full C 1s spectra
With longer exposure time a new peak arises at 286.6 eV which is related to the formation of

C —0O bonds (see Fig. 4.2). The intensity of this peak increases with longer exposure times and

thus is due to electron irradiation damage to the resin thin film. Similarly, the intensity of the 288.4

eV peak (most likelya C 1s — 7 _._, transition) decreases with increasing exposure time in all
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cases. The height and shape of the broad peak at 293 eV changes with the exposure time as well
as with the electron beam voltage. The peak height decreases with the exposure time when the
applied beam voltage is 1 kV, which is similar as the trend of the 288.4 eV peak. In the case of 2
kV beam voltage, a 20 second exposure time led to the lowest intensity of the 293 eV peak while
the 200 second irradiation resulted in the highest peak. The shape of the 293.2 eV also becomes
broader after 20 seconds electron beam irradiation as shown in Fig 4.2 (b). For 5 kV electron beam
irradiation, the 293 eV peak is the weakest for 20 s exposure. The height of the 293.2 eV peaks in
the spectra of the 2 and 200 second irradiated pads are similar but have different peak widths. The
increase of the 285.3 eV peak and the broadening of the 293 eV peak may be signatures of
deposited amorphous carbon (Leontowich & Hitchcock, 2012). Based on the changes of the peak
height and shape of the 9 irradiated areas, the area with 2 kV electron beam irradiation for 20
seconds is identified as the area with the most severe carbon contamination caused by the electron
beam deposition.

4.3.2 Effect of beam voltage and exposure time on the radiation damage

To study the chemical changes mainly from the radiation, we select the areas with minimal carbon
contamination for comparison, region 3,6,9 for studying the influence of beam voltage and region
7, 8, 9 for studying the effect of exposure time. Figure 4.3(a, b) shows the C 1s spectra of selected
irradiated, for the purpose of studying the effect of beam voltage and exposure time on the damage
induced by the radiation. Fig 4.3(a) shows the spectra of the irradiated areas under 1 kV beam
voltage irradiation with varied exposure time, where the carbon contamination is minimal. The
extent of radiation damage increases with the exposure time as indicated by the increase in the
intensity of the 286.6 eV peak and the diminishing of the 288.4 eV peak. The decreasing of 288.4
eV peak with exposure time indicates that the electron beam damage breaks C = O bonds.
Similar observations were found in previous STXM studies of photon irradiated PMMA films
(Leontowich et al., 2012; J. Wang, C. Morin, et al., 2009). Similarly, in Fig 4.3(b), the 2 kV
electron beam resulted in the most severe radiation damage to the 100 nm resin thin film. The

carbon contamination was minimized with 2 seconds exposure time.

Figure 4.3(c, d) show the corresponding O 1s spectra for the same areas selected in Fig 4.3 (a, b).

The sharp peak at 532 eV in the spectrum of the non-irradiated area is due to O 1s — 7__,

transitions. With longer exposure time, the 532 eV peak decreases and shifts to lower energy,
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which are the features for radiation damage to the O 1s spectrum in this study. The decrease in

intensity of the 538.5 eV peak indicates that the resin film lost oxygen with longer exposure time.

For 2 second irradiation, the 2 kV electron beam resulted in the most significant peak shift and

peak drop, indicating the most severe damage, consistent with the result of Fig 4.3 (b).

undamaged

undamaged

undamaged

———200 secs

20 secs 2 :::i

2 secs
iy —1kV
7
=
] 1 . A 1 A " 1 1 1 1
© 285 288 291 285 288 291
«
2
2 t(©) - (d)
-

—— undamaged

—— 200 secs - s
3 20 secs // 2kV
2 secs o
- L A A 'l A A 1 A - L L L
530 535 540 530 535 540
Photon Energy (eV)

Figure 4.3. C 1s and O 1s spectra of radiation damaged resin thin film. (a) C 1s spectra for 1 kV

electron beam irradiation for 2 seconds, 20 seconds and 200 seconds. (b) C 1s spectra for 2

second irradiation with voltages of 5 kV, 2 kV and 1 kV. (¢) O 1s spectra for 1 kV electron

beam irradiation for 2 seconds, 20 seconds and 200 seconds exposure. (d) O 1s spectra for 2
second irradiation with voltages of 5 kV, 2 kV and 1 kV.
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4.3.3 Monte Carlo Simulation by CASINO
Due to the unknown chemical composition of this commercial polymer, we selected PMMA as

the material to simulate the electron trajectory and the distribution of inelastic electron scattering.
The simulated electron trajectory results for the 1, 2 and 5 kV beam voltages are shown in Figure
4.4. For a 100 nm polymer thin film, the depth of the interaction volume for a 1 kV electron beam
is about 40 nm, and the inelastic scattering region is confined to a relatively shallow volume of the
thin film. The depth of the interaction volume for a 2 kV electron beam is around 100 nm, similar
to the thin film thickness, and the inelastic scattering is distributed widely across all of the thin
film. The 5 kV electron beam requires a larger interaction volume than provided by the resin film
so that most electrons pass through the sample and the probability of inelastic scattering within the
film is much lower. The simulation graphically illustrates why the 2 keV beam energy exhibits the

highest extent of radiation damage.

(a) LKV electron trajectory (c) 5KV electron trajectory

(b)

O

30 naa| 30 na| 30 naa |

60 nrm| 60 nrm) 60 nm|

PMMA 100 nm 90 | parnis 100 nm /7L 90 nra/ | PAMMA 100 nm 90 naw

120 nrn 120 nra 120 nra

-93.1 nra -49.1 nn 0 e 49.1 rn -98.1 i -98.1 nm -49.1 nra Onm 49.1 nra -98.1 nn -93.1 nm -49.1 n Onm 49.1 nra -98.1 nu

Figure 4.4. CASINO Monte Carlo simulation of electron trajectory in 100 nm PMMA thin film
with beam voltages of (a) 1 kV, (b) 2 kV, and (c) 5 kV. The red lines refer to the simulated tracks
of backscattered electrons that exit the sample. The yellow to blue transition indicates the
electron energy decreasing from the incident energy to lowest allowed energy, 0.0001 keV, in

each simulated track.

4.4 Discussion

There are two main types of electron beam damage categorized by different electron-matter

interactions: elastic scattering due to electron-nucleus interaction (knock-on) and inelastic
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scattering due to electron-electron interaction (radiolysis) (R. F. Egerton et al., 2004). Soft
materials, like organic specimens and biomaterials, are very sensitive to inelastic scattering of the
electrons and are often degraded by the radiolysis damage (R. F. Egerton et al., 2004; R. F. Egerton
et al., 2006). Beam heating may also be a problem for thin films. For example, a polymer thin film
may encounter a few hundred degrees temperature rise if it is under stationary electron beam
irradiation (R. F. Egerton et al., 2004). However, the heating effect can be negligible under small
beam current conditions for most beam diameters in a scanning mode due to the small dwell time
(R. F. Egerton et al., 2004). Therefore, the electron beam damage mechanisms discussed in the
following are limited to e-beam induced mass loss, structural damage and mass loss (radiolysis),
and e-beam induced deposition (i.e. carbon contamination).

Before we did the irradiation patterning process, we confirmed that the damage observed by STXM
came from the intentional electron beam exposure rather than a mixture of intentional patterned
damage and background irradiation caused by the navigation process for locating the desired area.
To do this we used STXM to measure the spectra of a pristine resin thin film which never went
into the SEM chamber. The STXM spectra of the pristine resin film and the spectra of regions with
no intentional irradiation on the damaged film are essentially the same (see Supporting Information,
Figure S-4.2). The spectral shapes are identical; there is only a small change of the absolute OD
which is due to a slightly different thickness of the two films. Therefore, we can say that chemical

change induced by navigation imaging and residence in the SEM chamber is negligible.

4.4.1 Carbon contamination
Carbon contamination due to electron beam induced carbon deposition is a common problem in

SEMs and may be the result of competition of induced mass loss and gain processes(R. F. Egerton
et al., 2004). As we discussed in section 4.3.1 for the case of 1 kV beam irradiation, the C 1s
continuum peak height decreases with longer exposure time mainly due to the mass loss. The effect
of carbon contamination is minimal. When the beam voltages were 2 and 5 kV, with longer
exposure time the amount of carbon first decreases due to mass loss, which we attribute to the
electron beam-induced mass loss and radiolysis, and then increases due to beam-induced carbon

deposition. The spectral signal of cracked carbon is growth of the C 1s — z__. peak at 285 eV.

This is very significant, especially in the 2 kV electron beam irradiated pads. At relatively low

voltages, the deposition rate may grow faster than the mass loss rate with increasing voltage. When
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a 2 kV beam voltage is used the deposition process dominates, resulting in more deposited
amorphous carbon. Under 5 kV electron beam irradiation, the mass loss process catches up with
the deposition process, so the relative carbon content of the 5 kV irradiated areas appear to be
similar with each other. The change of relative carbon content with different exposure time
calculated from the STXM spectrum image can be found in the Supporting information Figure S-
4.3(a) which confirms that the 2 kV e-beam did lead more severe mass loss as well as deposition
process. One may also notice that a new peak at 286.6 eV appears in the spectra of all damaged

areas (Fig. 4.2), which is a feature of radiolysis damage to the resin film.

4.4.2 Beam voltage and exposure time effect and Monte Carlo simulation
Based on the previous section, we know that higher beam voltage and longer exposure time can

lead to a significant deposition and mass loss process. To characterize the chemical change from
radiolysis, we used 1 kV and 2 s exposure time as the baseline for minimum carbon contamination.
Under 1 kV beam irradiation, more damage will be introduced with longer exposure time,
appearing as a lowered carbon content, as shown in the Supporting Information. The chemical
bonding environment also changes with increased exposure time and appears as a drop of the 288.4
eV peak and arise of the 286.6 eV peak. However, the amount of inelastic scattering events, which
is the main cause of the chemical structure change, does not necessarily have a linear relationship
with the beam voltage, due to the strong change in range with beam voltage in the range studied.
In fact, in the case of a 100 nm resin film, 2 kV beam voltage leads to more radiolysis damage than
5 kV. This can be explained with the assistance of the results of the beam energy dependence of
the electron trajectories in a 100 nm PMMA thin film which was simulated by the CASINO Monte
Carlo simulation package. From the simulated results, at 2 kV beam voltage, the interaction
volume is very similar to the thin film thickness, with a distribution of inelastic scattering very
uniformly spread across the whole width of the film. In contrast, many of the 5 kV electrons pass
completely through the thin film without inelastic scattering so that the total number of inelastic
scattering events is much smaller than at 2 kV. For the 1 kV case, the interaction volume is quite
small compared to the whole resin thin film thickness, confining the damage zone only to the top
surface of the film and resulting in less damage. Figure S-4.3(b) gives a more direct view on the
changes in the amount of C=0 bonds as a function of exposure time and beam voltage. The extent
of chemical change induced by the electron beam irradiation depends on how efficiently the
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inelastic scattering is distributed across the thin film. The whole spectral comparisons results can
be found in the supporting information (Figure S4.4 & S4.5).

For FIB-SEM serial sectioning tomography with a plasma FIB, the single slice thickness is usually
around 100 nm, similar to the film thickness in this study. For gallium FIB, the slice thickness can
be as low as 5 nm (Holzer & Cantoni, 2012). To minimize the radiation damage from the electron
beam, a low beam voltage is preferable. However, a low beam voltage can lead to poor-quality
compositional analysis due to the low yield of backscattering electrons. Since the cut face in serial
sectioning is a flat block face and secondary electrons (SE) are sensitive to topography, the SE
image would not provide as much information as the image formed by the backscattered electrons.
A balance between signal yield and radiation damage needs to be explored. Despite carbon
contamination and radiation damage, the extent of the radiolysis damage of a 2kV beam is closely
matched to the typical slice thickness, of 100 nm, and thus the electron beam damage from the
imaging will be milled away in preparing the next slice, leaving little damage for further imaging.
The 5 kV beam did not cause much damage to the thin film in this study due to a greater penetration
than the film thickness, but that means subsequent layers will be partially damaged from SEM
imaging of the previous 2-3 slices. Essentially, we are depositing damage deeper into the sample.
The accumulated damage may finally lead to more severe damage in soft materials. Therefore, a
beam voltage of 2 kV may be a good choice for imaging during FIB/SEM slice-and-view 3D

tomography, despite causing the highest radiation damage.

4.5 Summary

Irradiation damage by low voltage electron beams to EMbed 812 epoxy resin in a scanning electron
microscope was studied using scanning transmission X-ray microscopy. We found that the carbon
contamination is the dynamic result of electron induced carbon deposition and mass loss process
and depends on the beam voltages and exposure time. In our study, a 2 kV electron beam energy
led to the most severe carbon contamination of the resin thin film sample due to (i) close match of
electron range and sample thickness, (ii) a more significant deposition process than mass loss
process, and (iiif) more radiolysis damage than a 1 keV or 5 keV beam energy. The decrease of the
288.3 eV peak height and increase of the 286 eV peak height can be attributed to ¢ = O bond

breaking. Radiolysis damage of resin thin films depends not only on dose but also whether the
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inelastic scattering is confined within the sample. We found that, for a 100 nm polymer film,
radiolysis damage caused by the 2 kV electron beam is more severe than that from 1 kV or 5 kV.
To achieve a balance between imaging quality and extent of electron beam damage, 2 kV is a good
choice for SEM imaging in FIB/SEM 3D tomography applications to soft matter samples, when

the slice thickness is ~100 nm.
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Figure S4.1 (a) The STXM image of the resin film taken using a photon energy of 288.3 eV.
The grey masks covering the unwanted region. Scale bar is 5 um. (b) Histogram of optical

density distribution to measure the uniformity of the thin film. The mean value of the optical
density is 0.23. The standard deviation of the distribution is 0.02 (10%) which is small enough to

justify that the film is uniform.

-54 -



M.A.Sc. Thesis — Weiwei Zhang
McMaster University — Materials Science and Engineering Chapter 4

—— Undamaged part
—— Non-irradiated film

Optical density

280 290 300 310

Photon energy (eV)

Figure S4.2 Comparison of rescaled C 1s STXM spectrum of pristine resin thin film (red curve)
and the undamaged part of the resin film with irradiation pattern (black curve). The scaling factor
is 1.75 for the spectra of non-irradiated film. No obvious difference between the spectra indicates
that there is almost no effect of the background electron irradiation on the chemical alteration of

the resin film.
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Figure S4.3 The change of (a) relative carbon content, measured by the integration of the whole
spectrum after background subtraction (b) relative C=0 content, measured by the integration of
the range from 288 — 290 eV of the spectrum after background subtraction with different

exposure time under different beam voltages.
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Figure S4.4 C 1s and O 1s spectra of radiation damaged resin thin film. (a) C 1s spectra for 2 kV
electron beam irradiation for 2 seconds, 20 seconds and 200 seconds. (b) C 1s spectra for 20
second irradiation with voltages of 5 kV, 2 kV and 1 kV. (c) O 1s spectra for 2 kV electron
beam irradiation for 2 seconds, 20 seconds and 200 seconds exposure. (d) O 1s spectra for 20
second irradiation with voltages of 1 kV, 2 kV and 5 kV.
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Figure S4.5 C 1s and O 1s spectra of radiation damaged resin thin film. (a) C 1s spectra for 2

kV electron beam irradiation for 2 seconds, 20 seconds and 200 seconds. (b) C 1s spectra for 20

second irradiation with voltages of 5 kV, 2 kV and 1 kV. (c) O 1s spectra for 2 kV electron

beam irradiation for 2 seconds, 20 seconds and 200 seconds exposure. (d) O 1s spectra for 20
second irradiation with voltages of 1 kV, 2 kV and 5 kV.
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Figure S4.6 O 1s STXM spectra of PMMA (black) and resin thin film (red). The similar peaks at
532.1eV, 535eV, and &  bond condition indicate the similarity in the oxygen chemical

environments of these two types of polymer.
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Chapter 5 Effect of electron dose and dose rate on electron beam in

polyvinylidene fluoride thin film

This chapter describes the effect of electron dose and dose rate on electron beam damage to a 250
nm polyvinylidene fluoride (PVDF) thin film. STXM analysis showed that increased carbon
content and loss of fluorine are the main features of the electron damage on PVDF thin film. High
electron dose at low dose rate results in more electron damage in the PVDF thin film. An earlier
study of dose and dose rate dependence of electron beam damage, which gave ambiguous results,
is presented in appendix |. Here more reliable results were achieved by improving the polymer
film quality, using more appropriate beam parameters and pattern irradiation strategy which
avoided unwanted background irradiation.

5.1 Introduction

As shown in chapter 4, beam damage depends on both the irradiated electron dose and the
interaction volume distribution within the sample. Due to the unknown chemical formula of the
epoxy resin, it was not possible to quantify the damage from changes in the STXM spectra. To
further study the effect of other beam parameters on the electron beam damage and have a better
understanding of the damage mechanism, polyvinylidene fluoride (PVDF) thin film was chosen.
PVDF is a polymer with chemical formula of [CH, — CF,]n. The objective of this chapter is to
explore effect of dose and dose rate on the electron damage on the beam-sensitive materials. In
this study, 250 nm PVDF thin films were prepared by ultramicrotomy. The films were then
irradiated by a 2 kV electron beam, creating a 9-pad pattern with different dose and dose rate
settings. The irradiated sample was characterized by C 1s and F 1s spectroscopy measured using
the STXM at CLS beamline 101D-1. Creation and increases of signals at 285 eV (C 1s — m*c=c)
and 287 eV (C 1s — n*c=0) and fluorine loss are the major consequences of electron beam damage
to PVDF. Early work of this study can be found in appendix I, which did not provide the
convincing conclusion about the dose and dose rate effect due to various reasons. This study shows

that: there is strong dose dependence, which is similar at each beam current, and that, for the same
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nominal dose, the exposure carried out at the lowest beam current (~dose rate) is the largest.
Possible explanations for this unexpected result are presented.

5.2 Experimental setup

PVDEF thin films were prepared by sectioning to 250 nm using a Leica ultramicrotome (model
Leica Ultracut UCT). The sectioned films were laid on a TEM grid coated with 30 nm formvar
carbon and 5nm sputter-coated gold film. The formvar supports the PVDF thin film and provides
film-grid adhesion and the gold film can dissipate the accumulated charge during the SEM
irradiation process. The formvar coated PVDF film was much flatter than the free standing film
used in the Feb 2017 study (see appendix I). The 9-pad irradiation was carried out by python-script
controlled Magellan SEM, which greatly reduced the background irradiation during the navigation
process which was a major problem in the earlier study. The SEM chamber was cleaned by plasma
to minimize carbon contamination. Based on the results of chapter 4, the beam voltage was fixed
to 2 kV to provide greater penetration into the film than at the 1 keV voltage used in Feb 2017,
and at the same time, confine the interaction volume inside the thin film sample. Each pad size is

about 3um x 2um created with a fixed magnification of 10° times. The dose can be calculated by

Beam currentx Exposure time

the equation dose= . Since the scanned area is the same for all pads, we can

Scanning area
calculate the exposure (which is proportional to dose) for different beam currents. Details of the
beam current (dose rate) and dose design settings are shown in the table 5.1. Damage analysis was
determined from the C 1s and F 1s spectra of each pad, which were acquired by Professor
Hitchcock using the STXM s at beamline 10ID-1 at CLS.
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Table 5.1 Beam parameters of 9-pad electron scanning area under 2 kV electron beam.

Dose and exposure time

Beam current 0.1 C/lcm? 0.01 C/cm? 0.001 C/cm?
Area 7 Area 8 Area 9
400 pA
(255) (2.559) (0.255)
Area 4 Area s Area 6
200 pA
(50s) (559) (0.55)
Area l Area 2 Area 3
50 pA
(200 s) (20s) 25s)

5.3 Results and discussion

Figure 5.1 (a) shows the optical image of the irradiated pattern on PVDF thin film, annotated with

the beam parameters and dose design. Figure 5.1 (b) is the damage map of the 9-pad region

obtained by fitting the C 1s stack to the spectra of the off-pad (undamaged region) and pad#1 (most
damaged region). Directly judging from figure 5.1, it is seen that pad#1 suffers the most severe
damage. With increasing dose, the extent of damage will increase as what we expected from the
study of electron beam damage to Embed resin (Ch. 4) and other such studies. The fringes in the

optical image of the patterned 9 pads may be due to interference of the light rather than the electron

beam damage.
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Figure 5.1 (a) Image of the 9 irradiated pads on PVDF thin film with the dose and dose rate
(beam current) indicated. (b) Damage map of the 9 pads on the PVDF thin film by fitting the C
1s stack to the off-pad (undamaged region) and pad #1 (severely damaged region) spectra.

If the chemical formula and density are known then the absorption spectra measured by STXM
can be used to determine the sample thickness via the formula OD = u(x)pt, where u(x) is the
absorption coefficient, p is the density, and t is the thickness of the sample. The chemical formula
(C2H2F,) and density (1.78 g/cm?®) were used to generate the elemental response function for 1 nm
thickness of the PVDF. By dividing the spectrum of the undamaged area by this elemental
response per nm, the thickness of the sample was estimated to be 2455 nm. Dividing the spectrum
of the undamaged region by 250 yields the C 1s and F 1s optical density per nm (OD1) spectra
presented as black curves in Fig. 5.2. The elemental response function is plotted, without any
change in vertical scale as green curves in Fig. 5.2. Despite some deviation at the high energy

range of the F 1s spectrum the overall match demonstrates that the thickness is indeed 250 nm.
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Figure 5.2 Absolute optical density per nm (OD1) spectra of PVDF. (a) C 1s. (b) F 1s. The black

curve is the OD1 spectrum while the green curve is the elemental response per nm function.

As to the effect of the dose and dose rate on electron beam damage on the PVDF film, maps of
the undamaged and damaged signal were generated from both C 1s and F 1s stacks by fitting each
stack to the spectra of undamaged PVDF and severely damaged PVDF (pad#1). Figure 5.3 (a)
and (b) shows the C 1s and F 1s stack mapping results, respectively, with blue representing the
damaged region, green for the undamaged region, and red for the residual from the fitting, which
was essentially featureless in each case. The mapping results are very similar to each other,
indicating that the dose and dose rate dependence of electron beam damage is reflected similarly

in the C 1s and F 1s spectra.
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Figure 5.3 Color coded (rescaled) composites of component maps of undamaged PVDF (green),
damaged PVDF (blue) and the fit residual (red) derived by singular value decomposition fitting
the (a) C 1s and (b) F 1s stacks.

To study the dose and dose rate dependence of electron beam damage to PVDF, the average signal
at each damaged region is averaged. These results are tabulated in Table 5.2 and plotted in Figure
5.4. The error bars are generated from the standard deviation by taking the full width at half
maximum (FWHM) of the intensity histogram of each pad. With higher dose, the damage tends to
increase linearly with log(dose), which matches the expectation of an exponential relationship
between the dose and damage. The slopes for different dose rates (beam current) are similar which
suggests the critical dose for electron beam damage to PVDF is not dependent on dose rate (beam

current).
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Table 5.2 Average signal at each pad in the C 1s and F 1s damage maps.

C1s
Pad # Current Time | exposure | log(exp) | Avg dmg Std dev
(pA) (s) Clcm2

1 50 200.0 0.100 -1.000 1.03 0.06
2 50 20.0 0.010 -2.000 0.62 0.06
3 50 2.0 0.001 -3.000 0.31 0.05
4 200 50.0 0.100 -1.000 0.86 0.05
5 200 5.0 0.010 -2.000 0.58 0.04
6 200 0.5 0.001 -3.000 0.31 0.05
7 400 25.0 0.100 -1.000 0.82 0.07
8 400 25 0.010 -2.000 0.54 0.06
9 400 2.0 0.001 -3.000 0.31 0.06

F 1s

Pad # Current Time | exposure | log(exp) | Avg dmg Std dev

(pA) (s) Clcm2

1 50 200 0.100 -1.000 1.01 0.07
2 50 20 0.010 -2.000 0.70 0.03
3 50 2 0.001 -3.000 0.35 0.03
4 200 50 0.100 -1.000 0.89 0.04
5 200 5 0.010 -2.000 0.64 0.03
6 200 0.5 0.001 -3.000 0.37 0.03
7 400 25 0.100 -1.000 0.84 0.04
8 400 25 0.010 -2.000 0.59 0.04
9 400 0.25 0.001 -3.000 0.40 0.06

chapter 5

With higher beam current, the measured damage is less. This effect is statistically significant at

the 2 higher doses, whereas the extent of damage is independent of beam current within statistical

uncertainty at the 0.001 C/cm? exposure. If there is no significant relationship between the dose

rate and the extent of damage, the lines should lay on top of each other. From the results, it is found

that a beam current of 50 pA leads to more severe irradiation damage to a PVDF film than the two

higher beam currents measured.
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Figure 5.4 Plot of log (dose) — damage relationship based on the damage maps by the fitting from
(@) C 1sand (b) F 1s stacks.

This unexpected result could be explained in a number of ways. It is possible that the total
exposure time is more important than the dose rate with respect to accumulated damage. Figure
5.5 plots the damage To be more specific, under same dose situation, if 100 electrons are injected
into the sample at one time, it can certainly cause more damage than the case of 10 electrons, which
is the dose effect demonstrated by the large increase in damage with exposure that is observed.
However, the extent of damage may be less than 10 times 10 electrons injection. When more
electrons are injected at a given time, they may be spread out over a larger area, effectively
delivering a dose lower than that computed. However, all 9 pads are very similar in size, which in
inconsistent with that explanation.
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Figure 5.5 Plot of Damage as a function of exposure time for all dose rates
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Figure 5.6 (a) C 1s spectra of pads #1,2,3 and undamaged PVDF. The blue circle highlights the
main spectral changes caused by electron damage. The red circle indicates carbon contamination.
(b) F 1s spectra of pads #1,2,3 and undamaged PVDF.

Since the 50 pA dose rate results in the most damage, the spectra of pads #1, #2 and #3 were
chosen to study the electron damage mechanism in the PVDF thin film. The C 1s and F 1s spectra

of these pads are plotted in figure 5.6 (a) and (b), in comparison to the spectra of undamaged PVVDF.
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The signals at 285 eV (C 1s — n*c=c) and 287 eV (C 1s — m*c=0) increase significantly with
increasing dose. In addition, the carbon continuum signal increases, which may be attributed to
carbon contamination as found for irradiation of the EMBED resin (chapter 4). Checking the F 1s
spectrum, it can be found that with higher electron dose, the F 1s spectrum decreases, with the
largest decrease occurring at the lowest dose (0.001 C/cm?). In addition, the definition of the
double peaks at 689.5 and 691.1 eV decreases indicating changes in the chemical structure of
PVDF. Based on the information from these spectra the generation of C=C and C=0 bonds, and
the loss of F are the dominant features. A possible mechanism for the beam damage might be as

follows:
[CFZ - CHz]n + hV(e) d [CFZ = CHZ]TL + TLHF
or [CF, — CH,], + H,0 + hv(e) —» [CO — CH,],, + 2nHF

Whether HF is the final product needs to be investigated further.

5.4 Conclusion

In this study, the dose dependence of electron beam damage to PVDF was demonstrated.
Surprisingly, the inverse of the expected dose rate effect was observed — larger extent of damage
was observed with lower dose rates. The explanation of this observation has not yet been explained
satisfactorily. It seems that exposure time rather than dose rate may play a role. The mechanism of
the chemical change of the electron beam damage on the PVDF film has been explored through

the spectral changes.
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Chapter 6 Beam heating simulation by COMSOL

This chapter summarizes the current work and results on the beam induced heating simulation by
COMSOL via the improved model. The results contain the study on the effect of time step size and
dwell time on the beam induced temperature rise on a PMMA lift-out sample. All the simulations
were done on the mimicking PMMA lift-out sample, with 60000us total time. The results show
that the time step size within the dwell time can give a good simulation result. By using 5us time
step size, the results show that even the total milling time is the same, the beam with less dwell
time may not lead to a significantly smaller temperature rise in the sample. The results of this work
can be useful for real FIB milling application for mitigating the beam induced heating problem.
This simulation work can be further improved by incorporating the sputtering process in the future.

6.1 Introduction

As discussed in the previous chapters, the biggest challenge for studying beam induced heating is
the difficulty in directly detecting the local temperature rise. Therefore, many researchers try to
study the local temperature rise by using simulation. Although some conclusions have been drawn
through the previous exploration on beam heating simulation, like using the well-designed
scanning routes from Schmied’s model. However, there are many problems related with the current
existing heating model, such as fixed materials properties, slow simulation process, and unable to
predict the milling process in real time. The model developed in this thesis tries to combine

different factors together to compensate for problems encountered in previous studies.

6.2 Results and discussion

Figure 6.1 (a) — (d) show the comparison of simulation results with different time step sizes,
ranging from 1 us to 10 us respectively. The minimum, maximum, and average temperature in
the final stage within the sample are summarized in the table 6.2. As we can see, the overall shape
of all four temperature rising curves are very similar to each other, which indicates that the effect
of the time step size on the overall temperature might be very small. The final stage temperature
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in the table also did not show much difference among. The temperature variance may be caused
by the different stop time for the simulation. Since as long as the time step size is smaller than the
designed dwell time, the simulation results are reliable, which allow us a faster simulation process

by using a relatively large step size.

L L .
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© R I

[] 10000 20000 30000 40000 50000 o 10000 20000 30000 40000 50000
Time (s} Time (s}

Figure 6.1 Effect of time step size on the results of COMSOL simulation of beam heating
temperature evolution curve. The green, red and blue curves represent the evolution of the
maximum, minimum and average temperatures respectively. Since the minimum temperature
and the average temperatures are close, two lines seems to merge into a purple line. Simulation

with time step size of (a) 1 us, (b) 5 us, (¢) 8 us, and (d) 10 us.
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Table 6.1 Summary of the lowest, maximum, and average temperature of different simulations

with different step size

Lowest temperature | Maximum temperature | Average temperature
1 us step size 451 464 451
5 us step size 448 456 449
8 us step size 451 464 451
10 us step size 448. 457 449

Very often, people use the multiple fast scanning with short dwell time to avoid the beam damage,
thinking that the fast scanning may allow the heat to dissipate faster than the long-time dwelling.
In our simulation, the dwell time of the ion beam can be changed easily by adjusting the parameters
in the moving step function. 4 sets of different dwell time were studied, and the corresponding
results are shown in figure 6.2. The minimum, maximum, and average temperature are presented
in the table 6.2. As one can observe, the temperature evolution curves are also almost the same,
meaning that changing the dwell time also did not change too much about the temperature of the
sample as long as the total milling time is the same. The final stage simulated temperature in the
table 6.2 also suggests that the dwell time has little influence on the sample average temperature
at the final stage. Although the effect of dwell time has little influence on the average temperature
rising, it may contribute to the difference in the maximum temperature rise as one can see in the
table 6.2. With longer dwelling time, simulation shows a higher maximum temperature rise at
position of the ion beam, but the difference is not that significant compared with the overall
temperature rising. Although, the temperature rise from this simulation does not tell a very
dramatic story like other models, the final temperature of the sample has already passed the glass
transition temperature of PMMA, which indicates the softening of the polymer sample should be
significant. Therefore, for a real case FIB milling of lift-out sample, the dwell time has little effect
on the overall temperature rising, but people should be more careful by considering its effect on
both the sputtering efficiency and materials softening due to the temperature rise.
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Figure 6.2 Effect of dwell time on the results of COMSOL simulation of beam heating temperature
evolution curve. The green, red and blue curves represent the evolution of the maximum, minimum
and average temperatures respectively. Since the minimum temperature and the average
temperatures are close, two lines seems to merge into a purple line. Simulation with dwell time of
(@) 5 us, (b) 10 us, (c) 20 us, and (d) 50 us.
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Table 6.2 Summary of the lowest, maximum, and average temperature of different simulations

with different dwell time

Lowest temperature | Maximum temperature | Average temperature
5 us dwell time 44413 453.33 444 .47
10 ps dwell time 448.31 455.96 448.73
20 us dwell time 448.56 458.62 449.06
50 us dwell time 448.31 465.87 448.93

The overall temperature rising predicted by this model is in a reasonable manner, not like
thousands degree temperature rising predicted by other models.

The most possible event of the FIB milling process is ion sputtering. The current model does not
have take this into consideration because there is no such obvious treatment in the COMSOL
software. Since this model does not incorporate the sputtering effect in the FIB milling process,
which is also the reason why we set the total milling time so small to minimize the effect of ion
sputtering on our predicted temperature results, the model cannot predict very long time milling
due to more significant the sputtering process in that case. Besides, the materials softening problem
is not considered in this simulation due to the simplification purpose, so this model can be further
improved in the future by incorporating the sputtering process and the materials softening issues

into consideration.

6.3 Conclusion

The improved beam heating simulation can return the more reasonable temperature rising
prediction than the previous model, with relatively mild temperature rise up to around 460K for
60000 us milling process. The time step size with the dwelling time has little influence on the final
simulated results, which allows us a more flexible choice of time step size for a faster simulation.
Based on the simulation results, fast scanning route with less dwell time does not affect the
temperature rising much but only on the local maximum temperature. Sputtering effect and
materials softening phenomenon should be considered into the model in an indirect way for the

future study and development of this beam heating model.
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Chapter 7 Conclusion and future work

In this thesis, we explore the electron/ion beam damage in FIB-SEM system on soft materials by
using STXM characterization and improved heat transfer simulation. Via the use of soft X-ray
scanning transmission microscopy (STXM), we successfully characterized the electron beam
damage on PVDF and EMbed 812 epoxy resin thin films. We study the relationship between the
degree of beam damage and the beam parameters. It is found that there is a positive relationship
between the degree of electron dose and dose rate with the degree of beam induced damage on the
soft materials. As to the beam voltages, one need to consider the actual interaction volume of the
electron beam and the thickness, since the damage mainly comes from the inelastic scattering and
formation of secondary electrons. By combining the SRIM simulation and actual thermal
properties, we built an improved model for assessing the ion beam induced heating problem for
the lift-out samples. The output temperature of this model is more reasonable and the simulation

process is much faster than the previous report heat transfer model.

The research work of this project can be further extended to carry out more STXM experiments to
build a systematical study on the relationship between the beam parameters and electron beam
damage on different soft materials. The beam induced heat transfer model can also be further
improved by considering the sputtering process and materials softening situation during the milling

simulation process.
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Appendix | Early work on the effect of electron dose and dose rate

on electron beam in polyvinylidene fluoride thin film

This appendix chapter describes our first trial on studying the effect of electron dose and dose
rate on the electron beam damage in the 250 nm PVDF thin film by STXM. The results of this
experiment demonstrated that the STXM is a powerful tool for beam damage study. Due to the
thick sample, unintended irradiation of the navigation process, and low beam voltage chosen, the
analysis of this set of data cannot provide a convincing conclusion about the effect of electron
dose and dose rate. Part of the content of this chapter has been presented as a poster at the 11™"
Annual FIB SEM workshop at McMaster University, May 2018

Introduction

Chapter 4 presented the effect of beam voltage and electron dose on the damage in the resin film.
It shows that with more electron dose, the induced radiolysis is more severe. However, since the
exact chemical formula is unknown for the EMbed 812 epoxy resin, we cannot accurately point
out the exact chemical change during the radiolysis. To further study of the electron dose, we
choose a PVDF thin film as our sample since the chemical formula is well-known, with a
formula of [CH2-CF2]n. The objective of this chapter is to further explore the beam parameter —
degree of damage on soft materials, by studying the effect of electron dose rate. In this study, the
ultramicrotomy-prepared PVDF thin films were irradiated under 1 kV beam voltage, with
different beam current and exposure time. The irradiated samples were then characterized by the
STXM-NEXAFS to acquire C 1s and F 1s spectrum of the samples. The results of this chapter
suggested that under same dose conditions, the higher dose rate can lead to more damage.

Experimental setup

The experimental procedure is similar to the one in chapter 4, except for the irradiation

conditions. 250 nm PVDF thin films were prepared by ultramicrotomy and laid on the bare Cu
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TEM grid. The electron pattern irradiation was done by the FEI Magellan 400 SEM. The
chamber of SEM was cleaned by plasma before the irradiation to minimize the chance of carbon
contamination. The accelerating voltage was fixed to be 1 kV. Each irradiated pad is about
3umx2um under magnification of 10° X. A 3x3 pads pattern was created by SEM under the
control of Python script. The irradiated dose on the sample thin film is calculated by the

Beam currentxExposure time
Scanning area

equation: Exposure= . Since we know the beam current we

used, which can serve as the dose rate indicator, and the scanning area is basically fixed due to
the fixed magnification, we can calculate the exposure time. Besides, we originally wanted to
drill a hole for lo by using high beam current and long exposure time, but it did not succeed,
instead creating an area with significant damage near the pads on the PVDF thin film. The
irradiation conditions were summarized in the table below. Since the sample was not flat due to
the free stand wrinkling, the pads on the wrinkled parts or above Cu grid frame were not studied.
The 10ID1 beamline at CLS was used to characterize the irradiated PVDF sample by acquiring

the C 1s and F 1s spectra of the sample. The chemical changes can be observed in both spectra.

Table 1 Beam parameters setting for pattern irradiation

Dose and exposure time
Beam current 0.1 C/cm? 0.01 C/cm? 0.001 C/cm?
Area 3 Area 6
400 pA N.A.
(22.55s) (2.255)
Area 2 Area 5
200 pA N.A.
(45s) (4.5s)
Area l Area 4
50 pA N.A.
(200s) (20s)
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Results and discussion

The irradiated area can be easily identified by optical microscope, as shown in figure 2 (a),
indicating the significance of the electron damage on the PVDF thin film. Since we did not drill
through the PVDF film, we truncate the severely damaged region during our analysis. During the
analysis process, we compensate the sample thickness variation by normalizing the stack. Figure
5.1 (b) shows the color map of the degree of damage with the green color for undamaged part
and red color for the damaged one. The damage region near the pad 3 and 6 was caused by the

beam spreading of the severely damage zone near pad 6.

(b)

(a). i s
¢ Damaged

arrays \
1 )

2 deizs

Dose increases

[

Dose rate (current) increases

Figure 1 (a) Optical image of electron irradiated arrays on PVDF thin film. (b) Color map of the
damage distribution on the 6-pad irradiated region obtained from the C 1s spectrum. The damage

distribution color map was obtained by using the fitting function in aXis2000 software.
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Figure 2 (a) C1s spectrum and (b) F1s spectrum comparisons of damaged (red), undamaged

(green) region on Feb-2018 samples and undamaged region on Feb-2019 sample (blue)

Before we used the computer to run the irradiation pattern script, we needed to manually locate
and move to the desired region which has been identified by the optical microscope before
loading the sample into SEM. This searching process may bring the unwanted electron
irradiation, which we denoted as background irradiation. As shown in Figure 5.2, we can found
that there are peaks rising at 295 and 297 eV for the 2018 sample, which correspond to the
forming of C=C and C=0 respectively, indicating the chemical change induced on the PVDF
films. The 292 and 296 eV peak drop can be attributed to the carbon signal saturation in the 2018
sample. As we can see in the figure 2(b), F loss is less significant than the rising of C=C and
C=0 peaks which may be attributed to small interaction volume of low electron energy in thick
sample. Therefore, the background irradiation due to the navigation process can introduce
negligible damage on PVDF which was avoided in the following studies by using the python

script to control the operation of Magellan SEM.
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Figure 3 (a) C1s spectrum of the pad 4, 5 and 6 under 0.01 C/cm? dose and undamaged region.

(b) C1s spectrum of the pad 1, 2 and 3 under 0.1 C/cm? dose and undamaged region. (c) F1s

spectrum comparison of pad 4, 5 and 6 under 0.01 C/cm? dose and undamaged region. (d) F1s

spectrum comparison of pad 1, 2 and 3 under 0. 1 C/cm? dose and undamaged region.

The C 1s and F 1s of STXM characterization results of the selected irradiated regions are shown
in the figure 3. From figure 3 (a) & (b) we can see that, under same irradiation dose, the peak
rising of C=C and C=0 bonding is more significant with higher dose rate (from 4 to 6, and 1 to
3), indicating that a dose rate dependent property for e-beam damage in PVDF thin film. There is
some small dropping at 292 and 296 eV which correspond to the C-F bonds and we did not

found very obvious dependency of this dropping with the dose rate effect. The F loss in this
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study is less significant than the latest study presented in chapter 5 partly due to the low beam
voltage chosen and thick sample, but we still see that the peak height decreases with higher dose
rate under same dose condition. Therefore we can expect that under same total irradiation
electron dose, the higher beam current can lead to more damage on the polymer. In the real-life
SEM imaging practice, the secondary electron yield increases with the beam current and people
tend to use large beam current for imaging for acquiring an image with high signal-to-noise ratio
(SNR). Based on our results, we suggest that when people deal with beam sensitive materials,
they can use the integration of the multiple images taken with low beam current rather than one
image taken with high beam current for mitigating the electron beam damage on the sample. As
to the effect of electron dose, we did not found conclusive dependency on the dose effect of the
beam damage from the results of this experiment because the background irradiation from the

navigation process can already pose the damage.
Conclusion

In the study of this chapter, we demonstrate that the STXM is the appropriate tool for
characterizing the electron beam damage on thin film polymer sample. We show that even minor
electron irradiation during the navigation process can cause the chemical alteration on PVDF
thin film. The increasing of C=C and C=0 peaks and the loss of fluorine content are the main
features for the electron beam damage on the PVDF thin film. From the results of this study, we
found that under same dose condition, higher dose rate (beam current) can result in more
damage. Due to the background irradiation, low beam energy, and relatively thick sample, we
did not find a convincing conclusion about the effect of the electron dose on the beam damage.
We can mitigate the beam damage problem on the beam sensitive materials by integrating the
multiple images taken under low beam current rather than taking one image with high beam

current.

Poster of this chapter is attached in the following page.
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Effects of electron dose and dose rate on polyvinylidene fluoride
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Introduction

Focused ion beam — scanning electron microscopy (FIB-SEM) is a
powerful tool sample preparation, serial sectioning tomography and
microfabrication. Though SEM is considered to be a non-destructive
characterization method for many materials, the effect of electron
irradiation can be significant on soft materials and can alter the
chemical structure (damage) the materials. Together with the ion
bombardment from FIB, the damage mechanisms in FIB-SEM are
complex. Empirically-derived mitigation methods like lower voltage and
current or optimized beam rastering, have be proposed previously. In
this project, we chose polyvinylidene fluoride (PVDF) to study the beam
damage due to its relatively simple chemical structure and potential use
in versatile applications. We try to untangle convolved damage
mechanisms in FIB-SEM by studying the electron damage mechanisms
first. The following research will try to resolve the challenges
encountered and extend to the study on poly(methyl methacrylate)
(PMMA), the most popular polymer for semiconductor lithography, and
Embed 812 epoxy resin for bio-application study.

Experimental procedures

100nm (nominal) PVDF ultramicrotomed films

Electron irradiation experiments were done by FEI Magellan 400
scanning electron microscope (SEM).

The accelerating voltage for the electron beam is 1kV and each
exposing area was set to be 3umx2um under scanning
magnification of 10° times.

An arrayed pattern was created with currents were set to be 50, 200
and 400 pA and electrons dose to be 0.01 and 0.1 C/cm?
respectfully.

Damaged area was characterized by Scanning Transmission X-ray
Microscopy (STXM) at the Canadian Light Source (CLS) Synchrotron
due to its adequate spatial resolution, high spectra resolution and
relatively damage-free characterization properties.

(@) (b)

Figure 1 Working principle of STXM a) optics and b) absorption mechanism

Damaged
arrays \

A

A SRR Sun  Ew 6914006/  dwell = wom-
Figure 2 (a) Optical image of deliberately damaged arrays on PVDF, (b) image of
the damaged arrays by STXM

Results and discussion

Effect of minor electron irradiation:

Visible chemical alteration

Rise of new peaks at 284.7 and 287.1 eV in C 1s spectrum indicate
formation of new chemical bonds related to C=C and C=O m*
absorption

Loss of fluorine

Damage of different irradiation conditions:

» Elemental content changes with irradiation: carbon increases and

fluorine decreases

The heavily damaged area 7 shows extensive modification:

significant peaks at 285 and 287.1 eV.

Hard to directly quantify the degree of chemical change due to the

non-uniform thick sample.

Relative quantitative analysis on the spectrum:

« Higher dose rate (current) increases the damage (F/C ration) as the
fluorine is knocked off the sample.

+ Higher electron dose appear to induce more damage

» Exceptional behavior of area 5 and area 6 can be explained by the
effect of the re-deposition and the beam spreading effects
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Figure 3 (a) C1s spectrum and (b) F1s spectrum of pristine PVDF and PVDF
went into SEM chamber
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Figure 4 (a) C1s spectrum and (b) F1s spectrum of different exposed areas on
PVDF fim
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Figure 5 (a) normalized F content (b) normalized F/C content ratio
with beam current under different dose

Conclusion

« Minor electron irradiation can cause chemical altemation on soft
materials

Increase of carbon content and the loss of fluorine are the main
features of electron damage.

Both high electron dose and dose rate (current) can induce
noticeable damage.

Carbon deposition, beam spreading, and slight thickness variations
are the main factors which can affect the quantitative analysis in this
study.
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