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ABSTRACT
Focused Ion Beam (FIB) systems, typically based on gallium ions, have become
an invaluable tool for sample preparation and fabrication at nano/micro scale. Recently,
the application of FIB in a cryogenic environment (Cryo-FIB) has become a potential
alternative to cryomicrotome for sectioning frozen biological samples, or as a patterning
tool for submicron features on organic materials. However, the interactions of keV
gallium ions used in FIB with water ice as the target are still not well understood,
impeding the development of this technique for routine use. In this research, FIB milling
was investigated in a cryogenic environment to explore the engineering issues for
sectioning frozen samples. Thin film samples of amorphous water ice were prepared in
the temperature range of 83 to 123 K. Based on different system settings and process
parameters, micrometer size features were milled by FIB, and the corresponding
sputtering rates were measured by volume loss method. Analytical models, originally
limited to astrophysics, were derived to predict the sputtering yield of water ice by FIB.
The parameters for gallium ions at keV range were estimated and validated based on the
experimental data. Furthermore, the process characteristics of FIB milled water ice were
also explored. Different surface morphologies with submicron features that developed
during ion bombardment were confirmed using SEM imaging and texture analysis.
Experimental results also indicated that the redeposition effect is significant for milling
high aspect ratio features on water ice. Results from the experiments were included in a
geometric simulation model developed to simulate the milled topology. By investigating
process parameters and system settings for Cryo-FIB, feasible plans can now be
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developed to facilitate reproducibility and ultimately the widespread implementation of
Cryo-FIB as a biomedical and nanomanufacturing tool.
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Chapter 1

INTRODUCTION

1.1 Background

Future biomedical research will rely on “more detailed understanding of the vast
networks of molecules that make up our cells and tissues, their interactions, and their
regulation”(NIH 2008). In order to reveal the intriguing mechanisms of the cells, the
development of Electron Microscopy (EM) has bridged a critical gap between cellular
structure and protein structure. The serial images from all the slices obtained can be
further used for three-dimensional reconstruction, which is referred to as Electron
Tomography (ET). Recently, these techniques have been used successfully for
reconstructions of mammalian cells, yeast, E. coli, etc. (Hsieh et al. 2002; Heymann et al.
2006; Hsieh et al. 2006; Marko et al. 2007).
For imaging based on Scanning Electron Microscopy (SEM), sectioning is often a
necessity, to expose the cross-sectional areas of the specimen (Al-Amoudi et al. 2004).
Higher magnification EM technique, Transmission Electron Microscopy (TEM), requires
only thinned membranes (<1 µm thick) for viewings to avoid potential damage by the
electron dose. As such, the bulk samples, if hydration rich, have to be first plunge-frozen,
followed by microtome or ultramicrotome sectioning to reach a few hundred nanometers
in thickness. This technique, referred to as cryo-ultramicrotomy, is often a necessity for

2
most eukaryotic cells and tissues. Typically, the sample embedded in vitreous
(amorphous) ice is sectioned by a diamond knife using mechanical force.
Although widely used, cryo-ultramicrotomy suffers from low yield and a number
of other problems. The flatness of the sections prepared by ultramicrotome lacks effective
control, and often results in distortions which create problems in imaging. Compression
caused by the mechanical forces is another source of distortions, which lead to error or
even failure of data acquisition. When using a mechanical knife, it is difficult to obtain a
repeatable method for sectioning biological samples (room temperature or frozen) based
on either ultramicrotome or similar tools. Currently there is no reliable method either to
maintain section flatness or to reduce compression in frozen-hydrated sections prepared
by cryo-ultramicrotomy (Al-Amoudi et al., 2003; Hsieh et al., 2006).
Due to the lack of quality and process automation, the overall throughput with
ultramicrotomy can barely meet the requirements for exploration of large samples. In the
past years, there have been continuous efforts to increase the level of automation in
imaging by electron microscopy. Ultramicrotomy is highly dependent on manual
operations, and becomes a major obstacle to the efficiency of the whole imaging process.
Moreover, cryomicrotomy has also raised concerns of occupational safety. The local
exposure of hands to low temperature, a necessity for cryosectioning, can damage the
nerve endings (neuropathy). A significantly higher ratio of neuropathy has been reported
in the laboratory workers (Wieslander et al. 1996), and cryosectioning is considered as
the major cause.
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1.2 Application of FIB for Biological Samples

Focused Ion Beam (FIB) technology has been applied extensively for sample
preparation in material research and device fabrication at nano/micro scale. Details about
the FIB system are reviewed in (Giannuzzi et al. 2005) and a recent special issue of the
MRS bulletin (Volkert et al. 2007). Compared to the mechanical cutting forces by
microtome, milling by FIB provides a promising method to overcome the limitations
listed in ultramicrotomy. Virtually, any solid material can be milled by FIB to a
resolution ranging from several nanometers to a few micrometers. The introduction of
FIB milling to biological sample preparation provides the potential to produce delicate
geometries on the sample surface as well as the potential to be fully digitally controlled
(Figure 1-1).

(a)

(b)

Figure 1-1: (a) FIB milled ice surface containing Arabidopsis cell (courtesy of Dr. Gang
Ning of Penn State) (b) Cylindrical pattern milling by FIB on amorphous water ice (scale
bar: (a) 10µm, (b) 5µm)
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The principle of FIB is to generate ions from a liquid-metal ion source (LMIS),
typically gallium source, by using electric fields. When traveling in the ion optical
column, the charged ions are focused and deflected by electrostatic lenses to prescribed
locations on the substrate surface. These energetic ions collide with the atoms/molecules
on the target surface, which results in the ejection (sputtering) of a certain number of
atoms/molecules depending on the interactions between the incident ions and the
substrate. A thinned membrane can be prepared by FIB milling to approximately 50 nm
for imaging and analyzing, and site-specific specimens can be prepared at locations of
interest to the user.
Recently, the application of FIB to biological samples has provided an alternative
to ultramicrotomy, which uses a diamond knife and suffers from distortions associated
with the mechanical forces of cutting. Several groups have attempted to use FIB to
section different biological samples (Drobne et al. 2004; Heymann et al. 2006), and
demonstrated that FIB based on sputtering is superior to the diamond knife, with regard
to the final quality of the sections obtained. Potential heating effects on frozen-hydrated
sample have been investigated by studying FIB milled vitreous water (Marko et al. 2006).
Although limited parameters have been reviewed, their experiment indicates that the
vitreous ice does not induce enough heat to cause devitrification or significant heat
damage during milling. The aforementioned results further support the feasibility of using
FIB as an alternative to microtome for cryo-sectioning.
Besides the application as an ultramicrotome, applying FIB in a cryogenic
environment also has the potential to develop novel manufacturing processes. A novel
approach has been proposed, in which a thin film of water ice was deposited, followed by
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using both an ion beam and an electron beam as a patterning tool to create feature on it
(King et al. 2005). Features of nanometer size can be milled on the water ice surface, and
water ice has the potential to be used as a clean alternative to replace photoresists.
However, mastering the operation of FIB requires in-depth understanding of ion-solid
interaction to predict the in-process variables, e.g. sputtering yield, in order to select the
process parameters. Although FIB has been successfully applied to a number of different
biological samples, little research work has focused on the sputtering process of
biological samples in a cryogenic environment, which makes the process difficult to be
conducted in a controllable manner with predicable and reproducible results.

1.3 Motivation and Overview

Although some preliminary work has been conducted to establish the feasibility
of using FIB to mill biological samples, (Heymann et al. 2006; Marko et al. 2007), there
is still a lack of in-depth study about the milling process, especially for frozen hydrated
samples. In order to investigate the application of FIB for cryosectioning of biological
samples, the process is modeled by studying FIB milled amorphous water (H2O) ice,
which can be prepared by the vapor deposition method, or by the plunge freezing method.
The motivation is that bacteria and cells are often prepared in aqueous solutions followed
by rapid freezing. Although these aqueous solutions may contain additives, such as
cryoprotectant, water ice is still the major component in these frozen samples, and
considered as the substance to section (Marko et al. 2006). Moreover, water is also an
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abundant substance found in biological systems. During the sputtering of targeted
biological cells, the process is always coupled with sputtering of water molecules.
For sputtering of single element materials by Ga+ ions, the process parameters,
such as the sputtering yield, can be obtained strictly based on elastic sputtering (Sigmund
1969; Ziegler et al. 1985; Nastasi et al. 1996). In this scenario, the sputtering yield Y can
be estimated as proportional to the nuclear stopping and inversely proportional to the
target surface binding energy. Although approved by the experimental data for single
element elements, the models mentioned above are not applicable to insulated
compounds, such as water ice. The phenomenon was first reported in 1979. (Brown et al.
1978), and the sputtering yield of water molecules by MeV proton was found to be
proportional to the square of electronic stopping power ( S e ) . In the past years, the study
on sputtering mechanism of water ice has attracted the attention of many researchers in
astrophysics (Baragiola et al. 2003), since the planetary atmospheres and space satellites
are constantly irradiated by the ions from solar wind and magnetospheric plasmas. The
exact mechanism of sputtering water ice is still not conclusive, although some
experimental work on the sputtering yield of ice at keV level has been done with different
ion species including H+, He+, N+, O+, Ne+, Ar+ at keV levels (Bar-Nun et al. 1985;
Chrisey et al. 1985; Christiansen et al. 1985; Benit et al. 1986; Baragiola et al. 2003;
Fama et al. 2008).
There is very limited literature on sputtering of water ice by Ga+. Monte Carlo
simulation packages such as SRIM (The Stopping and Range of Ions in Matter), which is
developed based on binary collision models (Ziegler 2004), provides significantly lower
sputtering yield for water ice compared to the experimental results. In a previous

7
preliminary study, a rough estimation of sputtering rate (Ga+, 30keV) of water ice at
glancing angle is 100 times of that of silicon (0.27 µm3/nC) (Marko et al. 2006), which is
approximately 27 µm3/nC or 134 molecules/ion. The simulation result based on SRIM
estimated only 18 molecules/ion, with settings of 30 keV Ga+ and 80 degree incident
angle.
The objective of this study was to explore the engineering issues for using FIB as
a cryosectioning tool for frozen hydrated samples, in order to make this process more
controllable and reproducible. This was achieved by studying the fundamental
mechanisms governing the interactions between keV Ga+ and amorphous water ice, since
the typical operational range of a commercial FIB system is 5-50 keV. The sputtering
yield of water ice was determined experimentally by varying the process parameters,
followed by computational modeling. The other major goal was to apply FIB as a
patterning tool on frozen organic materials. As such, the process characteristics, such as
surface morphology and milling aspect ratio, were also investigated. The results reported
in the thesis are expected to assist the development of a controllable tool for cryosectioning of biological cells and for patterning on organic thin films at nano/micro scale.
The analytical models, based on experimental data, will also contribute to the study of
ion-water interactions, as well as the future development of ion beam instruments.
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Chapter 2

REVIEW OF FOCUSED ION BEAM INSTRUMENTATION

Focused Ion Beam instruments originally evolved from field ion microscopes, and
were introduced in 1980’s as a flexible tool for repairing masks and circuits in the
semiconductor industry (Volkert et al. 2007). With the development of liquid metal ion
sources (LMISs) and ion optics, FIB instruments have become a versatile tool in sample
preparation, microstructure analysis and fabrication/modification at nano/micro scale.
FIB/SEM dual beam systems, with the combination of high resolution SEM instruments,
have made it one of the most valuable tools in various fields today. Reviews on FIB
instrumentations and the associated mechanisms are provided in the following sections.

2.1 FIB Instrumentation

The principle of FIB is to generate ions from a liquid-metal ion source (LMIS) by
using electric fields. When traveling in the ion optical column, the charged ions are
focused and deflected by electrostatic lenses to prescribed locations on the target surface.
These energetic ions collide with the incident atoms/molecules, resulting in a certain
number of atoms/molecules ejected (sputtering). A schematic diagram of the FIB
instrument is presented in Figure 2-1.
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Figure 2-1: Schematic diagram of a Focused Ion Beam system

By controlling the beam location and machine settings such as energy level,
cavities of a specific geometry can be achieved. This is often referred to as FIB direct
milling. The other major capability of FIB is chemical-vapor deposition (FIB-CVD), in
which the ions decompose an organometallic precursor gas resulting in deposition of a
desired material on the surface. It should be noted that real ion-solid interactions are the
combination of different interactions. These interactions can have positive or negative
effects during the fabrication (Giannuzzi et al. 2005), and milling or deposition process
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refers to the scenarios where sputtering or deposition is the dominant effect. Reviews
about instrumentation and applications of FIB can be found in (Orloff et al. 2003; Tseng
2004; Giannuzzi et al. 2005).

2.1.1 Ion Source

Most FIB systems, with accelerated ions in the energy range of 1 keV to several
hundreds of keV, are based on the liquid metal ion source (LMIS). The source consists of
a blunt field emitter with an end radius of 10 micrometers. A number of ions have been
applied as LMIS including Al, As, Au, B, Be, Bi, Cs, Cu, Ga, Ge, Fe, In, Li, Pb, P, Pd, Si,
Sn, U (Orloff et al. 2003). In the semiconductor industry, direct implantation is often
expected from specific ion sources, such as Si and As. LMIS is often produced from
eutectic alloys to meet this requirement. These alloy sources should have the properties of
low vapor pressure or low melting point, and mass separation is required for the focusing
column as well.
Table 2-1: Summary of physical data of gallium (Orloff et al. 2003; Giannuzzi et al. 2005)
Melting
Point (K)

Boiling
Point (K)

310

2510

Vapor Pressure
at Melting point
(mmHg)
<10-8

Temperature at
which vapor
pressure 10-6
961

Viscosity at
melting point
(cP)
1.05-1.33

A gallium source is the most popular ion source used in today’s FIB system due
to a number of advantages. The physical properties of Gallium are summarized in
Table 2-1. Gallium’s low melting point minimizes its reactions with the tungsten
substrate, and high viscosity at melting point allows a continuous capillary flow on the
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tungsten tip. The vapor pressure at melting point limits evaporation of the liquid into the
vacuum to prevent shortening of the source lifetime.

Figure 2-2: Photograph of a gallium Liquid Metal Ion Source (LMIS) used in FEI Quanta
200 system
Figure 2-2 shows a typical gallium LMIS used in FIB systems. A ceramic disk,
approximately 1 cm in diameter, serves as the base to support the LMIC structure. The
thin tip is made of tungsten and mounted onto the tungsten wires, which are connected to
the support pins. An approximately 3 mm long coiled metal reservoir, which can hold the
source metal during the source lifetime, is welded onto the wires. At the tip, the liquid
metal (gallium) wets the tungsten tip through capillary flow, from the reservoir to the end
of the tungsten tip (Figure 2-3). A large electric field at the order of 108 V/cm is applied
by an extraction aperture below the source. Consequently, a Taylor cone is formed at the
end of the tip based on the equilibrium of surface tension and electrostatic forces (Orloff
et al. 2003). Since the end radius of the cone is 5-10 nm, the ion source can be assumed to
be a “point” source.

12

Figure 2-3: Schematic Diagram of basic geometry and flows of a LMIS tip

2.1.2 Ion Optics

Ion optics is a subset of charged particle optics, in which the motion of ions or
electrons is controlled by applying electric and/or magnetic fields. Figure 2-1 shows the
schematic diagram of a two-lens FIB optics system, including two electrostatic lenses,
steering quadrupole, deflecting octupole, and aperture system. Compared to electrons,
ions are much heavier, and electrostatic lens are required instead of magnetic lens. These
lenses are made of washer-type electrodes, and precisely aligned with each other. When
traveling through the lens, the ions are deflected and accelerated by the potential
distribution generated by the electrodes. The properties of the light optics, such as glass
lens, are determined by their physical geometry and material. Similar effect on the ions
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beam can be achieved by the arrangement of electrodes in the lens system of FIB,
determined either computationally or experimentally.
By applying a voltage on the extraction cap (Figure 2-3), the emission of ions
from the Taylor cone at the tip of LMIS is introduced and regulated. The ions are first
focused by the first lens, followed by entering the aperture system. Quanta 200 system
applies a 12 position aperture strip referred to as Automatic Variable Aperture (AVA).
The mechanism uses a metal strip with 12 precisely machined holes with predefined
diameters. By mechanically matching a specific hole to the location of ion beam, the
beam current is determined. As such, there is one to one mapping of beam current and
beam aperture, and the beam current increases with the increase of aperture. The
relationship of beam current and beam size is shown in Table 2-2. The geometry of the
ion beam is not strictly cylindrical, and the diameter is defined by Full Width at Half
Maximum (FWHM) of the beam geometry as discussed in later sections.
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Table 2-2: The current settings of the Quanta 200 at 30 keV and the corresponding beam
diameters (FWHM) (FEI 2004)
Current

Beam Diameter

Current Density

Ion Flux

(pA)

(nm)

(A/cm2)

(ion/s/cm2)

1

7

2.60

1.62E+19

10

12

8.84

5.52E+19

30

16

14.92

9.31E+19

50

19

17.63

1.10E+20

100

23

24.07

1.50E+20

300

33

35.08

2.19E+20

500

39

41.86

2.61E+20

1000

50

50.93

3.18E+20

3000

81

58.22

3.63E+20

5000

110

52.61

3.28E+20

7000

141

44.83

2.80E+20

20000

423

14.23

8.88E+19
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2.2 Operations of FIB System

2.2.1 Fundamental Terms of FIB Operations

The basic mechanism of the ion beam control system is to move the beam, pixel
by pixel. The beam stays at each pixel for a predefined dwell time, typically a
microsecond, followed by a move to the next pixel. The size of pixel array is 1,024 by
1,024 for FEI Quanta 200, and can be as large as 4,096 by 3,536 in the latest models.
Primitive patterns such as circle, box, line, etc. can be selected from the patterning
software with the instrument, and the corresponding pixels are generated based on the
parameters of these primitive patterns. The terms to describe FIB operation, mostly
inherited from radiation measurements, are not well regulated and ambiguous in some
cases (Giannuzzi et al. 2005). The followings are the list of the most frequently used
terms in FIB operations as well as their definitions:

Flux. For ion beam operations, flux is defined as the number of ions through a
unit area in unit time, and the unit for flux is ions/cm2/s. For a specific current setting of
FIB, flux remains constant (see Table 2-2).

Fluence/Dose. Fluence is defined as the accumulation of ions on a unit area, and
is computationally equal to the time integral of ion flux. Fluence has unit of ions/cm2, and
the increase of fluence indicates more incident ions on a unit area. Fluence and another
term, dose, are often used interchangeably and share the same unit for ion beam
(ions/cm2). Dose is a term to measure the ions passing through and being absorbed in a
unit area, while fluence only refers to the ions in the passing stage. The other unit
frequently used for fluence is nC/µm2, which can be directly computed from:
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I (ion current in nA) × t (milling time in s)
A(surface area in µm 2 )

2.1

Beam Current. The beam current is similar to flux, which measures the flow of
energy, and the unit is ampere. It is equal to Coulombs(C)/sec, or ions/s if preferred. For
FEI Quanta 200 3D, the current setting has 12 levels, ranging from 1pA to 20 nA
(Table 2-2).

Current Density. Current density measures the number of ions passing a unit area
at a specific time. Since the pairs of current and beam size are determined, current density
can be obtained as current divided by the nominal beam covering area (Table 2-2).
Current density is the same measure as flux for single charged ion, but the routine unit is
represented in A/cm2.

2.2.2 Beam Geometry and Beam Overlapping

Although the ions are assumed to be “focused” to a point, the density of the beam
current is not uniform through the targeted area and follows the Gaussian distribution
(Edinger et al. 2000). Suppose an ion beam of current I has a dwell time t d , the dose
constant (Tseng 2004) is obtained by:
D0 = 0.94[ I t d /( ned f )]

2.2

where e is the electron charge and equal to 1.60 × 10 −19 C . n is the number of charge,
and n = 1 and n = 2 are for single charged and double charged ion beams respectively.

d f is the associated beam diameter defined as the Full Width at Half Maximum (FWHM)
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of distribution f x , y , and d f can range from several nanometers to the order of
micrometer (Table 2-2).

df
f(

df
2

)=

1
f max
2

Figure 2-4: Schematic diagram of Full Width at Half Maximum (FWHM)

The overall dose Di , j at an arbitrary points ( x i , y j ) is calculated by integrating the
dose from neighboring beam scanning locations at ( x k , y l ):
Di , j =

D0

σ

∑∑ exp(−
2π e
k

( xi − x k )( xi − x k ) + ( y j − y l )( y j − y l )

l

2σ 2

)

2.3

For FIB milling applications, the distance of the neighboring scanning locations is
often less than d f with an overlapping ratio RO , such that the Gaussian geometries of
the beam are overlapping to achieve a uniform fluence (Tseng 2005). Figure 2-5 provide
the schemes of overlapping with different RO values. In the case of RO = 100% , the
neighboring beam locations are the same. RO = 0 means the next scanned pixel is exactly
2d f from the previous scanned pixel, and the beams are considered as no overlapping
(although the tails of the Gaussian distribution overlapped). It should be noted that the
neighboring beams can be further separated (negative RO ) for specific applications, such
as nanodot patterning and FIB-CVD operations.
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df

RO=100%

RO=50%

RO=0%

RO=-100%
Figure 2-5: Schematic diagram of beam overlapping

2.2.3 Control of FIB Operations

2.2.3.1 Calibration
Current FIB machines often include a 5-axis digitally controlled stage for
installing the sample holder and the target samples. This provides a flexible platform for
conducting the FIB operations, as well as SEM imaging in dual beam systems. However,
calibration is frequently required to assure the accuracy in stage motion and imaging. For
example, the eucentric height is required to be set for each Feature of Interest (FOI)
before any operation.
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Electron Beam

Ion Beam

Stage
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Figure 2-6: Schematic Diagram of eucentric height
Eucentric height point refers to the height where the tilt axis intersects with the
beam (ion beam and electron beam) axes (see Figure 2-6). To find the eucentric height,
SEM imaging is first focused on the FOI. By adjusting the height and tilting to a specific
height, the FOI remains focused in the center with minimized distortions. At this point,
neither rotation nor tilting will significantly change the height of the FOI. As such, the
FOI can remain focused for both SEM/FIB with free rotation and tilting. This unique
setup allows milling (FIB) and data acquisition (SEM) simultaneously, with minimum
axis refinements.

2.2.3.2 Beam Control
After proper installation of the sample, all the operations on the FIB are
conducted through a computer graphical interface, including calibration and beam control.
To input the parameters of the operations, Quanta 200 integrates control software with
patterning functions. A number of primitive shapes, such as rectangle, circle, line, etc.
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can be defined by their parameters. Bitmap can also be used as input for more
complicated shapes. After defining the process parameters manually or by the suggested
values, the complete scanning locations and the associated dwell time are generated and
executed for patterning.
The alternative is a stream file, in ASCII or binary format, which is also accepted
by FIB machine (Quanta 200) as an input. This file begins with an “s”, which indicates
stream file, and the codes in the following lines designate the time and locations of beam
dwelling. A stream file is saved with .str as file extension in the software system, and can
be loaded repetitively as a prescribed pattern. The number of loops nl and number of
coordinates nc are presented in line 2 and line 3 respectively. nl indicates the passes of
beam on the same defined pattern, and nc is the number of dwell locations in that pattern.
Each of the next lines contains three blocks. The first block indicates the dwell times (in
hundreds of nanoseconds), and the next two are the x and y coordinates of dwell location.
The total machine time is calculated from summation of each dwell times multiplying nl .
This stream file input, which is often underutilized, provides an interface for FIB
automation and possible integration with design packages.
For each of the two modes, the total processing times are the same since the same
amounts of total dosage are required. One challenge for multiple feature processing by
FIB is stage drift, in which the beam locations are slightly changed during each loop. If
the dimension of an individual feature is critical, serial mode is often preferred in which
the effects of stage drift is minimized for each feature. When the relative positioning of
features is critical, those multiple features should be processed in parallel modes.
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Chapter 3

ION SPUTTERING AND MECHANISMS

3.1 ION SOLID INTERACTIONS

FIB applies a focused ion beam to a prescribed location on the substrate surface.
The energetic ions collide with the atoms on the surface, resulting in a certain number of
ions ejected (sputtering). Based on this mechanism, cavities can be created on the target
surface, and this is referred to as FIB direct milling (Figure 3-1a). Current FIB machines
also provide the capability of FIB chemical-vapor deposition (FIB-CVD). By introducing
a precursor gas to the site of interest, ion induced deposition allows the user to add both
insulated and conductive layers for device modification and prototyping. The major study
of this dissertation is to investigate the FIB milling process in cryogenic environment,
which will be the main focus in later sections. Although details will be discussed, CVD
of organmetallic gas can be used as a novel auxiliary tool for Cryo-EM. In cryogenic
environment, the precursor gas introduced can condense on the surface to form a layer of
conductive material even without ion beam operations. Although process parameters are
still unknown for this condensation process, this application provides an onsite method
for creating conductive coating on the biological samples, in order to enhance the SEM
imaging (Hayles et al. 2007).
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Ion-solid interactions are the combination of a number of different interactions,
such as sputtering, implantation, backscattering, etc. These interactions critically govern
the abilities of FIB, and an in-depth understanding of these interactions is essential to
model the overall process, and to utilize FIB in a controllable manner. Physical sputtering,
often referred as FIB milling, is the most utilized process. Surface atoms/molecules are
ejected to the vacuum after receiving enough kinetic energy to overcome the surface
binding energy (SBE). The atoms/molecules may further interact with others and form a
cascade of moving particle before reaching equilibrium state.

Sputtered
substrate
atoms

Focused
Ions

Focused
Ions
Gas
molecules

Deposited
atoms

Substrate

Substrate

Figure 3-1: Schematic diagram of (a) FIB milling process (physical sputtering) (b) FIBCVD process
Most of the energetic ions are finally implanted within the sample, and a number
of atoms/molecules are sputtered or dislocated within the cascade. The energy loss rate in
the collision cascade initiated by energetic ions depends a number of parameters,
including the ion energy ( E 0 ) and the ratio of target to ion masses ( M 2 / M 1 ). M 1 and

M 2 represent the atomic mass (amu) of the ion and target material respectively. Collision
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cascade can be classified into three regimes (Nastasi et al. 1996). When M 2 >> M 1 and
low E 0 (Regime I), few atoms will be sputtered and the cascade is not generated. In
Regime II, M 2 ≈ M 1 and E 0 is medium, Regime III involves large E 0 and M 1 >> M 2 .
Conventionally, FIB process is best described as lying in the range of Regime II (Orloff
et al. 2003; Giannuzzi et al. 2005).
The velocity v of ion with mass M at a specific energy E can be computed from:

⎛ 2E ⎞
⎟⎟
v = ⎜⎜
⎝M ⎠

1/ 2

3.1

3.1.1 Ranges and Energy Loss
Figure 3-2 is the schematic diagram of the collision cascade generated by an
incident ion, and is currently considered as the process involved in FIB milling. First, the
definitions of ranges are shown in Figure 3-2. The range R is the path length of an
individual ion, upon the impact on surface until it comes to rest:

dE
E0 dE / dx

R=∫

0

3.2

where E 0 is the incident energy of the ion, and the sign of dE / dx is negative. dE / dx is
referred to as energy loss rate, with regard to unit length. For target materials in
amorphous state, energy loss rate is decided by E 0 , M 1 and M 2 . Within the collision
cascade, each ion undergoes a series of collisions with atoms and electrons. These
collisions are considered as stochastic processes, e.g. random energy loss per collision.
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As such, the distance traveled R , is not uniform among the ions, and often referred to as
the mean value of the distribution of R . Another important parameter is straggling,
which is the standard deviation of range R .

Incident Ion
-X
Z

Incident Angle θ

Surface Plane

Y
RP

R (Path Range)

Rt

Rs

Figure 3-2: Schematic diagram of a collision cascade generated by an incident ion, and
the definition of ranges (collisions are represented only in 2D)
Due to the stochastic nature, the actual distance traveled R is not a good
candidate to represent the ion’s penetration depth. A more frequently used parameter is
projected range RP , which is measured along the vector of the incident trajectory (see
Figure 3-2). The other important range includes transverse projected range Rt , which is
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the distance from the implanted ion to the vector of incident trajectory. Range spread Rs
measures the distance from the implanted ion to the surface normal vector at the ion
incident point. Suppose the final location of implanted ion is ( x , y , z ), the definition of
the ranges are shown as follows:

Rs = ( y 2 + z 2 )

3.3

Rt = (( x sin θ − y cos θ ) 2 + z 2 )

3.4

R P = ( Rs ) 2 + ( Rt ) 2 + x 2

3.5

3.1.2 Particle Collision
Based on the center mass reference frame, the elastic collision of two particles can
be modeled by using conservation of energy and momentum. The recoil energy T
transferred/received is computed as:
T=

θ
4M 1 M 2
E 0 sin 2 c
(M 1 + M 2 )
2

3.6

where M 1 and M 2 are the mass of the incident particle, and E 0 is the initial energy of
the incident particle. θ c is the scattering angle (direction change) of the particles.
Maximum energy transfer occurs at θ c = π (head-on collision), and the recoil energy T
is:
T=

4M 1 M 2
E0
(M 1 + M 2 )

3.7
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Θc
M1
b
M2

Figure 3-3: The collision trajectories at an impact parameter b for an elastic collision
between two unequal masses center mass reference frame

Interatomic potential is introduced for the incident particles as V (r ) , where r is
the absolute value of interatomic separation. The scattering angle θ c is calculated as
(Nastasi et al. 1996):

θ c = π − 2b ∫

∞

rmin

dr
V (r ) b 2 1 / 2
r 2 [1 −
−( ) ]
Ec
r

3.8

where b is the impact parameter shown in Figure 3-3, and collision with smaller b
indicates larger momentum transferred. Ec is the conservation of energy in the center of
the mass system. Modeling the nuclear collision of ion and atom depends on the
interatomic potential V (r ) determined, and there is no universal potential for particles of
all the energy range.
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3.1.3 Ion Stopping
The energy loss rate dE / dx of ion, when penetrating the material, can be
decomposed into two kinds of energy loss. The first is energy loss due to nuclear
collision, in which the momentum of an ion is transferred to the atoms upon collision.
The other is referred to as electronic collisions, in which the electrons are excited or
ejected by the traveling ions. The energy loss rate can be represented as:

dE dE
dE
=
+
dx dx n dx

3.9
e

where the subscripts n and e represent nuclear collision and electronic collision
respectively. The common unit for energy loss rate is kilo-electron-volt per centimeter
(keV/cm) or electron-volt per nanometer (eV/nm). One essential expression for
transferring energy is the stopping cross-section S which is defined as:

S=

dE / dx ⎛ eV cm 2
⎜
N ⎜⎝ atom

⎞
⎟⎟
⎠

3.10

where N is the atomic density ( atoms/cm 3 ). S is considered as the energy-loss rate per
scattering center with common unit of ( eV cm 2 / atom ).
Suppose energetic particles penetrate an unit area slab with thickness dx , which

contains N target atoms per unit volume. The effective scattering area for each nucleus
is σ , and σNdx represents the total fraction of the target surface area which is effective
for scattering. As such, the probability of an incident particle of energy E which will be
scattered when penetrating the slab is defined as:

P( E ) = Nσ ( E )dx

3.11
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σ (E ) is defined as the total collision cross section, which considers any level of energy
transfer occurring with initial energy E . If the probability is reduced to the particles with
energy E to transfer energy between T and T + dT , dσ ( E ) / dT , the differential energy
transfer cross section, is defined as:
P ( E , T ) dT =

1

dσ ( E )

σ ( E ) dT

dT

3.12

where P( E , T ) is the probability for ion with energy E to collide and produce energy
transfer between T and T + dT .

3.1.3.1 Nuclear Stopping

To describe the penetrating particle’s energy loss from nuclear (elastic) collisions
with the target atoms, nuclear energy loss rate dEx / dx | n or nuclear stopping power S n
is used to define the average energy loss per unit length. For a moving particle with
traveled distance dx , the average energy loss is can be computed by integrating Eq. 3.12:
dE
dx

n

= N∫

TM

Tmin

T

dσ ( E )
dT
dT

3.13

The cross section σ is defined as the effective area from each of the target
nucleus. The radius of σ is defined as impact parameter b , where all the incoming
particles will be scattered within distance b to the nucleus. σ = πb 2 , and collision with
smaller b indicates larger momentum transferred.
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Figure 3-4: Schematic diagram of (a) scattering of a particle when approaches a nucleus
with an impact parameter b (b) each atom presenting an effective scattering area σ
(Nastasi et al. 1996)
The ZBL universal nuclear stopping (Ziegler et al. 1985) is computed by
numerical integration of Eq. 3.13 based on screened Coulomb potentials, and an equation
is provided for calculation of S n for ion of energy E 0 :
S n ( E0 ) =

8.462 × 10 −15 Z 1 Z 2 M 1 S n (ε ) eVcm 2
( M 1 + M 2 )( Z10.23 + Z 20.23 ) atom

3.14

where
0.5 ln(1 + 1.1383ε )
⎧
⎪ (ε + 0.01321ε 0.21226 + 0.19593ε 0.5 )
⎪⎪
S n (ε ) = ⎨
⎪ ln(ε )
⎪
⎪⎩ 2ε

ε=

32.53M 2 E 0
Z1 Z 2 ( M 1 + M 2 )( Z 10.23 + Z 20.23 )

ε ≤ 30
3.15

ε > 30
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For example, for 30 keV Ga+ ( Z 1 = 31 , M 1 = 70 ) ion on Cu ( Z 1 = 29 , M 1 = 64 ),
the corresponding ε = 0.12 and S n (ε ) = 0.326 . Thus, the nuclear stopping cross section

S n ( E 0 ) = 296 × 10 −15 eVcm 2 / atom . Assume the atomic density of Cu is 8.5 × 10 22
atom/cm3, the energy loss rate due to nuclear stopping is:
dE
dx

= NS n ( E o ) = 25.16 eV/nm
n

3.1.3.2 Electronic Stopping

Apart from nuclear stopping (elastic energy loss), in which the ions transfer
energy to the nuclei of the target atoms, energy of the incident ion is also transferred to
the electrons in the target (referred as electronic stopping or inelastic energy loss). The
process results in excitation and ionization, and the electronic stopping cross section S e
is introduced similarly to S n to measure the energy loss rate.
The LSS model proposed by Lindhardt, Scharff and Schiott provides a general
equation for the rate of electron energy loss (Lindhard et al. 1963). The electronic
stopping cross section is defined as:
⎛ eVcm 2
S e ( E 0 ) = K L E 01 / 2 ⎜⎜
⎝ atom

⎞
⎟⎟
⎠

3.16

where
Z 17 / 6 Z 2
K L = 3.83 1 / 2 2 / 3
M 1 ( Z 1 + Z 22 / 3 ) 3 / 2

3.17
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Using the same example 30 keV Ga+ ion on Cu, the corresponding K L = 8.60 and
the electronic stopping cross section S e ( E 0 ) = 47.10 × 10 −15 eVcm 2 / atom . Assume the
atomic density of Cu is 8.5 × 10 22 atom/cm3, the energy loss rate due to electron stopping
is:
dE
dx

= NS e ( E o ) = 400.35 eV/nm
e

3.1.3.3 Amorphous and Crystalline State
The collision cascade model, as well as most simulation models of ion penetration,
is based on the assumption that the target material is amorphous. Thus, the effects from
crystalline structure, e.g. orientation dependant phenomena, are not considered. However,
significant effects occur when the target material has crystalline structure. Channeling is
referred to the phenomenon where the ions can penetrate deeper into the material along
the index directions. In this case, the projected range RP is significantly larger compared
to the corresponding R P in the material of amorphous state. The incident ions penetrate
deeper in the target material, and the rate of sputtering is lowered. Upon the implantation
of ions in the crystalline material, structure changes can occur, including becoming
amorphous or changing to other crystalline structure. The energy from the incident ions
causes changes to the lattice, and a damage layer is formed on the top of the target
surface.
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3.1.4 Monte Carlo Simulation
Based on the theoretical foundations of collision cascade and the development of
computing infrastructure, Monte Carlo (MC) simulations of ion-solid interactions have
been developed and have become a useful study tool for the sputtering process. A
popularly used simulation package is Transport of Ions in Matter (TRIM) which is part of
the program named Stopping and Range of Ions in Matter (SRIM) (www.srim.org).
SRIM is a comprehensive program to simulate ion interactions up to 2 GeV, and provides
detailed outputs which can be used to model particle’s kinetics, spatial distributions, etc.
At each instance, an ion is simulated to enter the target material, and a target atom
to collide is determined by stochastically choosing the impact parameters. The collision is
strictly based on the mechanism of two body elastic collision, and the energy of the ion is
reduced by the energy transferred to the primary knock-on atom (PKA). If the energy of
the current PKA is larger than the surface binding energy (SBE), PKA continues to
collide with other atoms and create secondary knock-on atoms (SKAs). Depending on the
moving direction and current energy, the recoils, including PKA and SKAs, can result in
any of the three scenarios, namely sputtered, stopped or transmitted. Sputtered recoils
refer to those with translational energy larger than the SBE, while stopped recoils are
those with energy smaller than the SBE. If the target is assumed to be a thin layer, it is
possible for the recoils and the ion to be transmitted, in which case they reach the depth
exceeding the thickness of that layer.
The fates of all the recoils are determined after a number of collisions. The
original ion proceeds to collide with the next PKA and so forth, until the ion is sputtered,
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stopped or transmitted. Between the collisions, the ion and the recoils also lose energy
continuously with regard to the stopping power.

3.2 Ion Sputtering
The penetration of ions in the target material, referred as ion implantation, can be
modeled based on the discussions in the previous sections. For example, the projected
range RP is a measure to describe the average depth of ion penetration and the damaged
layer. However, with the increase of fluence above 1017 ions/cm2, other effects such as
sputtering become significant (Nastasi et al. 1996). Ion sputtering, which is often referred
to as ion milling in FIB, is one of the one most important mechanisms of ion beam with
many applications. In this case, some of the surface atoms/molecules can overcome the
surface binding energy to eject after being bombarded by the incident ions, and result in
erosion of the target surface.

3.2.1 Sputtering Yield
Sputtering yield (atom/ion or molecule/ion) Y is one of the most critical
characteristics for ion beam milling. It measures the material removal rate in the ion
sputtering process. Sputtering yield is mainly dependent on the characteristics of the ion
and the target material, and the equivalent variable sputtering rate YV (µm3/nC) in volume
per dose can be obtained experimentally. As an example of single element target,
typically Y ≈ 2.1 or YV ≈ 0.26 for silicon (based on 30 keV Ga+) which indicates that on
average 2.1 atoms will be rejected from the sample surface upon each incident ion, or
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volume equal to 0.26 µm3 will be removed upon dose of 1 nC (beam current (nA) × time
(sec)). To convert the sputtering yield to sputtering rate:

YV =

WY
ρN A N M ne

3.18

where W , ρ and N M are the molecular weight (g/mol), density (g/cm3) and number of
atoms per molecule respectively with regard to the target material. N A is the Avogadro
constant ( 6.022 × 10 23 mol-1). e and n are electron charge ( 1.60 × 10 −19 C ) and number of
charge (1 or 2) respectively. Table 3-1 lists the sputtering rates of common materials
milled by 30 keV Ga ion beam provided in the manual of FIB Quanta 200 3D (FEI 2004).
It should be noted that some of these suggested sputtering rates can be questionable. For
example, abnormally high sputtering rate for PMMA is obtained by experiments (Liu
2005).
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Table 3-1: Suggested sputtering rate of common materials for 30 keV Gallium ion beam
(FEI 2004)
Material

Volume per Dose

Material

(µm3/nC)

Volume per Dose
(µm3/nC)

C

0.18

Au

1.50

Si

0.27

MgO

0.15

Al

0.30

SiO2

0.24

Ti

0.37

Al2O3

0.08

Cr

0.10

TiO

0.15

Fe

0.29

Si3N4

0.20

Ni

0.14

TiN

0.15

Cu

0.25

Fe2O3

0.25

Mo

0.12

GaAs

0.61

Ta

0.32

Pt

0.23

W

0.12

PMMA

0.40

Sputtering yield of single element target can also be estimated by computer
simulation such as SRIM. During simulation, if a recoil atom arrives at the surface with
enough momentum to overcome the surface binding energy, this atom is counted as a
sputtered atom.
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3.2.2 Ion Sputtering Models

3.2.2.1 Sigmund’s Theory
The sputtering yield of single element material can be predicted based on the
linear cascade model (Sigmund 1969). The penetrating ion undergoes a series of nuclear
collisions in the target material, and transfers its momentum to the incident atoms through
these collisions. As such, the sputtering yield is proportional to the energy deposited at
the surface. For ion sputtering at normal incident angle, the sputtering yield is considered
as:
Y = ΛFD ( E 0 )

3.19

where Λ is the material factor determined by the target material, and FD ( E 0 ) is the
energy deposited per unit length and
FD ( E 0 ) = αNS n ( E 0 )

3.20

where α is a correction factor and a function of ( M 2 / M 1 ). N is the atomic density of
the target material, and NS n ( E 0 ) = dE / dx n , energy loss rate with regard to nuclear
stopping.
The material factor Λ describes the number of recoil atoms which can
successfully escape from the target surface, and is closely related to the surface binding
energy of the target surface. In Sigmund’s theory:

Λ ≅ 4.2 / NU 0 nm/eV

3.21
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where U 0 is the surface binding energy in eV, and N is the atomic density in nm -3 . As
such, the model is reduced to:
Y ≅ 4.2αS n ( E 0 ) / U 0

3.22

The equation above is often referred to as Sigmund’s sputtering model, and frequently
used to predict the sputtering yields at keV ion energy range. For the same example of 30
keV Ga+ ( Z 1 = 31 , M 1 = 70 ) ion on Cu ( Z 2 = 29 , M 2 = 64 ):
M 2 / M 1 = 1.09 so α ≅ 0.3 . Since S n ( E 0 ) = 296 × 10 −15 eVcm 2 / atom from previous
discussion and U 0 = 3.49 eV, the sputtering yield is calculated based on Sigmund’s
sputtering model as Y ≅ 4.2 × 0.3 × 29.6 / 3.49 = 10.7 atom/ion.
If the incident ion arrives at the surface at oblique directions, the sputtering yield
can significantly differ from the sputtering yield at normal incidence. With the increase of
incident angle θ , the recoil atoms receive more directional momentum to overcome the
surface binding energy, and the sputtering yield Y (θ ) follows a cosine rule (Yamamura
et al. 1983):
Y ( β ) = Y (0)(cos θ ) − f

3.23

where Y (0) is the sputtering yield at normal incident angle.

3.2.2.2 Sputtering of Compounds
For compounds, Bragg’s rule can be applied, which states that stopping power in
a compound can be estimated by the linear combination of stopping powers from
individual elements (Bragg et al. 1905). An improved method, Cores and Bonds (CAB),
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estimates the stopping powers in a compound based on the linear combination of atom
“cores” plus “bonds”. Data from previous experiments of ion sputtering on hydrocarbons
were used to derive the nominal stopping power for each atom shell or bond, e.g. O-H,
C=C, although corrections are often required (Ziegler et al. 1988). Based on this approach,
Monte Carlo simulation can be also applied in which the result is averaged by a number
of ions simulating the collision process (Ziegler 2004).

3.2.2.3 Sputtering of Condensed Gas Solids
The study on sputtering of condensed gas solids has a relatively short history. The
exploration of outer solar system in 1970’s by spacecrafts Pioneer and Voyager showed
that Jupiter and Saturn have intense plasmas trapped in their magnetic fields, while their
ice moons are irradiated by the plasmas as well as the energetic particles from solar wind
(Johnson 1996). In 1978, Brown et al conducted a series of laboratory experiments on
sputtering of water ice by ions, which shows surprisingly high sputtering yield compared
to the one predicted by nuclear sputtering only (Brown et al. 1978). The sputtering yield
of water molecules (ice) by MeV proton is approximately proportional to the square of
electronic stopping power ( S e ), and this implies that the process is mainly governed by
electronic excitations rather than the conventional nuclear collision model. This
discovery has motivated a new field in astrophysics which focuses on sputtering of
condensed solid as well as its implications for planetary bodies.
Besides the field data provided by space probes and telescopes, the studies are
also conducted in laboratories by simulating the sputtering process that occurs in space.
These experiments are mainly based on gas ion sources to irradiate millimeter size area,
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and mass loss is measured by high precision microbalance, followed by conversion to
sputtering yield in molecules/ion. Ice samples are prepared by vapor condensation on
cold plate (with temperature lower than devitrification point) to form a thin film of ice
and avoid formation of crystalline structure. The exact mechanism of sputtering water ice
is still not conclusive, although some experimental work on ice at keV level has been
done with different ion species including H+, He+, N+, O+, Ne+, Ar+ at keV level (BarNun et al. 1985; Chrisey et al. 1985; Christiansen et al. 1985; Benit et al. 1986; Baragiola
et al. 2003; Fama et al. 2008).
In contrast to nuclear (elastic) sputtering which has been fairly modeled,
electronic sputtering still lacks conclusive results. Today’s FIB instruments are mainly
based on Ga+, but there is very limited literature on sputtering of water ice by Ga+. SRIM
provides significantly lower sputtering yield compared to the experimental results. A
rough estimation of sputtering rate (Ga+, 30keV) is 10 µm3/nC (Marko et al. 2006), which
is approximately 50 molecules/ion. The simulation result based on SRIM is only 0.96
molecules/ion (0.19µm3/nC), with simulation setting of 1000 30 keV Ga+ ions on water.
To model electronic sputtering requires fundamental understanding of how
electronic energy is converted to target molecular motions, which is still not well
understood. Earlier experimental data on MeV ions suggests that the sputtering yield of
ice is proportional to the square of electronic cross section S e . This implies that the
ejection of surface atoms/molecules is driven by the energy deposited by electronic
stopping of the incident ions. In the most recent work, Fama et al. (Fama et al. 2008)
summarize the existing ice sputtering data at keV range (based on H+, He+, N+, O+, Ne+
and Ar+) and proposes a comprehensive model for sputtering yield. Without considering
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the temperature and angular effects, the sputtering of water ice is expressed as (Fama et al.
2008):

Y = Yn + η ( S e ) 2 / U 0

3.24

where Yn is the sputtering yield by nuclear stopping calculated with Eq. 3.22, and η is an
oscillatory function of the ion’s atomic number Z 1 interpolated from the empirical data.

Chapter 4

EXPERIMENT AND RESULTS

4.1 Experiment Setup
The experiment of FIB milling is performed on the FEI Quanta 200 system (FEI
Inc., Oregon, USA), and both SEM and FIB were used to acquire images based on
secondary electrons. Liquid metal ion source (LMIS) of gallium was applied, and the ion
beam energy ranged from 10 keV to 30 keV. PolarPrep 2000 Cryo Transfer system
(Quorum Technologies, UK), which includes an additional preparation chamber, is
attached to the main chamber of the FIB machine (Figure 4-1).

Figure 4-1: Image of FIB/SEM system with attached cryo-transfer system
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As shown in Figure 4-2, a cryostage was installed in the main chamber of the FIB
system, and liquid nitrogen was circulated in a closed loop to maintain the temperature of
the cryostage. Using the embedded heater, the temperature of the cryostage was
controlled by a digital control unit to an accuracy of 1 K. A sample holder was placed
onto the fixture of the cryostage, and its motion synchronized with stage motion
controlled by the computer interface of Quanta 200.

Figure 4-2: Optical image of the main chamber with the cryostage installed

4.1.1 Preparation of Water Ice Samples
The targeted sample was water ice in amorphous formation, often referred to as
Amorphous Solid Water (ASW). A routine technique to build thin film of ASW is by
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depositing water vapor onto a cold plate, in which the water molecules are condensed on
surface. In this study, water vapor was introduced onto the surface of silicon wafer
through environmental gas inlet. The wafer was installed on the cryostage and maintained
close to 77 K. Based on a 120-150 s deposition time at 0.3 Torr, a thin film
approximately 10 µm in thickness was formed on the silicon surface. Except for forming
ASW at 77K and the experiment on temperature effects (83 K to 123 K), the temperature
was maintained at 93 K. The temperature control unit has an accuracy of 1K, and no
detectable temperature change was observed during FIB milling. Pressure was reset to
high vacuum (~10-6 Torr) for the milling experiments.
An alternative to ASW is referred to as Hyperquenched Glassy Water (HGW).
HGW is formed by direct immersion in the cryogen (plunge freezing), and the amorphous
structure is introduced by rapid cooling. The properties of ASW and HGW are
indistinguishable, and both are considered as Low Density Amorphous (LDA) phase
(Debenedetti 2003). Cryo-EM is developed based on HGW, in which the tissues or
biomolecules embedded in glassy water can be visualized by electron microscopy. In the
experiments of this study, liquid water was placed on a copper sample holder, which was
mounted on the transfer rod (Figure 4-3). The sample was quickly immersed into liquid
nitrogen “slush”, followed by being transferred to the preparation chamber in the sealed
chamber. In the preparation chamber, the position of the frozen sample was verified by
visual inspection. The sample was finally inserted to the cryogenic stage in the main
chamber of the FIB machine. The pressure of both chambers was maintained at 10-6 Torr.
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Figure 4-3: The transfer device used to transfer the plunge frozen sample to the cryostage

4.1.2 Measurement of Sputtering Rate
To obtain the sputtering rate/yield by FIB milling, a square (typically 10 µm by
10 µm) pattern was milled on the water ice surface at normal incident angle. An anticontamination device (ACD) was preinstalled with the cryostage. The device contains a
metal plate whose temperature control is separated from the cryostage. During all the
milling experiments, the plate was placed close to the milling site (2-3 cm in distance)
and cooled by liquid nitrogen to reach a temperature lower than the milling sample. This
setup allowed the sublimated water molecules or sputtered species to condense on the
ACD, to help minimize the potential contamination on the sample surface. Imaging based
on secondary electrons by either electron beam or ion beam was used for measuring the
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depth of feature milled. An additional cross section was milled to exposure of the depth if
necessary. The actual depth d was obtained by multiplying the measured depth d m by

1 / sin θ E or 1 / sin θ I , where θ E and θ I are the tilt angle of electron beam and ion beam
respectively (Figure 4-5). If not specifically defined, dwell time was set to default value
of 1 µs, and the overlapping ratio was set to 50%.

(a)

(b)

Figure 4-4: (a) Ion image of a milled pattern on water ice at 0 degree (b) SEM of a cross
section cut at 45 degree to expose the vertical geometry of the pattern (scale bar: 10µm).
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Figure 4-5: Schematic Diagram of the measurement of milled depth
The sputtering rate YV (µm3/nC) was obtained directly from the volume loss and
ion fluence, and the sputtering yield was also derived. For the water ice samples obtained
as described, the density was assumed to be that of low density amorphous (LDA) water
ice and equals to 0.94 g/cm3 (Debenedetti 2003), and the molecular weight is 18.0 g/mol.
In this manuscript, the sputtering yield is in the unit of number of molecules sputtered per
ion (molecule/ion), and µm3/nC for the sputtering rate. Based on the variables for LDA
water ice presented above, the numerical relationship of sputtering rate (µm3/nC) and
sputtering yield (molecule/ion) was determined as YV ≈ 0.2Y .
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4.2 Experimental Results

4.2.1 Result of Sputtering Rate of Water Ice

4.2.1.1 Sputtering Rate of Water Ice at Different Ion Fluence

Table 4-1 shows the milling parameters for a 10 µm by 10 µm area by a 30 keV,
100 pA beam with ion fluence from 0.1 nC/µm2 to 0.6 nC/µm2. The average milled
depths are plotted in Figure 4-6. The slope of the depth data indicates the average
sputtering rate for water ice at 30 keV is 7.7 µm3/nC. The corresponding sputtering rate
calculated from each depth is plotted in Figure 4-7, and a decreasing trend is shown with
increasing fluence. This effect can be caused by redeposition, in which some sputtered
molecules attach to the nearby surface. With fluence raised from 0.1 nC/µm2 to 0.6
nC/µm2, the aspect ratio (depth to width) of the milled pattern gradually increases from
0.1 to 0.5. Increased aspect ratio results in more sputtered molecules being trapped by the
local geometry and consequently there is a decrease in the measured sputtering yield.
Table 4-1: Milling parameters of 100 pA, 30 keV Ga+ beam on water ice with different
ion fluence at 93 K
Fluence
( nC/µm2)
0.10
0.20
0.30
0.50
0.60

Current
(pA)
100
100
100
100
100

Time
(s)
100
200
300
500
600

Width
(µm)
10
10
10
10
10

Avg Depth
(µm)
1.00
1.63
2.73
3.45
4.74

Rate
Compensated
(µm3/nC) Rate(µm3/nC)
10.00
10.39
8.13
8.79
9.09
10.25
6.90
8.49
7.90
10.19
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Since the sputtering yield is inversely correlated with ion fluence as shown in the
data, a compensation factor c = 1 /(1 − 0.375F ) was introduced, where F is ion fluence
ranging from 0.1 nC/µm2 to 0.6 nC/µm2. Multiplying the measured sputtering yield by c
results in a constant norminal yield as shown in Figure 4-7, and compensates for the
effects from increasing ion fluence induced by redeposition. The compensation factor c
was applied to the data for studying sputtering yield in this study, and allows the adjusted
values to be independent of ion fluence. It should be noted that c is only valid within the
ion fluence range presented, and can not be applied beyond that especially for high aspect
ratio features.

Milled Depth (µm)

6

4

2

0
0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

Fluence (nC/µm2)

Figure 4-6: Average milled depths of 10 µm by 10 µm pattern on water ice by Ga+ (30
keV, 93 K) with varied fluence.

49

60
12

Sputtering Rate (µm3/nC)

Compensated (Dashed)

408

Experiment (Solid)
204

0
0

0.1

0.2

0.3

0.4

0.5

Aspect Ratio R (depth to width)

Figure 4-7: Sputtering rate of water by Ga+ (30 keV, 93K) with varied fluence and
compensation of sputtering rate based on aspect ratio

4.2.1.2 Sputtering Rate of Water Ice at Different Ion Current Levels

By varying the current settings (50 pA to 300 pA), the milling parameters and
results of both ASW and HGW were detailed in Table 4-2 and Figure 4-8 with a constant
fluence of 0.6 nC/µm2. Although perturbation exists in the sputtering yield at different
current settings, there was no significant trend to establish that sputtering yield is
dependent on ion current. The variations may be due to roughness at the bottom of the
milled surface during ion bombardment. The beam diameters for the different ion current
settings were 19 nm (at 50 pA), 23 nm (at 100 pA) and 33 nm (at 300 pA). Patterns
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milled based on larger ion currents had more tail effects (modeled as exhibiting a
Gaussian distribution) from larger beam size, which may be the cause of larger variations.
Table 4-2: Milling parameters of 30 keV Ga+ beam on water ice with different ion
current at 93 K
ASW:
Current
(pA)
50
50
100
100
300
300
HQW:
50
50
100
100
300
300

Time
(s)
150
150
150
300
200
100

Area
(µm2)
25
25
25
100
100
50

300
300
150
600
50
50

25
25
25
100
25
35

Fluence Avg Depth
( nC/µm2)
(µm)
0.30
1.52
0.30
1.93
0.60
3.00
0.30
2.31
0.60
3.64
0.60
5.00
0.60
0.60
0.60
0.60
0.60
0.43

2.92
3.24
3.30
4.57
3.80
2.65

Rate
(µm3/nC)
5.07
6.43
5.00
7.70
6.07
8.33

Compensated
Rate(µm3/nC)
5.71
7.25
6.45
8.68
7.83
10.75

4.87
5.40
5.50
7.61
6.33
6.19

6.28
6.97
7.10
9.82
8.17
7.37

This result also indicates that no significant deviation of the sputtering rate will be
induced by ion current settings. Most of the kinetic energy of the implanted ions is
ultimately transformed into particle motions of the target atoms/molecules, and ion
current becomes a measure for the imposed power on the target ice. The result implies

that within the pA range for FIB milling, the sputtering process on the ice surface is
localized and dramatic additional sublimation of ice is not introduced due to the
insulation properties of ice. From a practical point of view, the insensitivity to ion current
also provides an advantage in using the FIB for microtome applications where the heating
of ice is often a concern (Marko et al. 2006).
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Figure 4-8: Sputtering rate of Ga+ at 30 keV on ASW and HGW by varying ion current

It was also found that the sputtering rate on water ice was not affected by the
method used to prepare the water ice samples. The amorphous water ice samples,
obtained by vapor condensation and plunge freezing, are considered to be the same
material as reported previously (Angell 2004) and confirmed in this study. Based on this
fact, the previous knowledge on ion irradiating water ice, which is completely based on
vapor condensation, is also valuable for studying Cyro-EM applications employing
plunge freezing. In later sections, all the experimental samples were produced using
vapor deposition methods and referred to as water ice or ASW.
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4.2.1.3 Sputtering Rate of Water Ice at Different Ion Energies

The sputtering yield/rate of Ga+ on ASW with varied ion energy at 93 K is
summarized in Figure 4-9, and the milling parameters are presented in Table 4-3. Results
indicate that the average sputtering yield increased with the increase of ion energy within
the 10-30 keV range. The range of ion current was from 50 pA to 100 pA. The results of
sputtering rate based on SRIM simulation were almost one order of magnitude smaller
than the experimental data. This demonstrates the inability of the LCC model, and the
derived simulation packages, to predict the sputtering yield of water ice.
Table 4-3: Milling parameters of Ga+ beam on water ice with different ion energy at 93 K
Ion Energy
(keV)
30
30
20
20
15
15
10
10

Current (pA)

Time (s)

Area (µm2)

50
100
81
210
66
160
410
1100

300
150
648
248
864
600
200
120

25
25
100
100
100
100
100
100

Fluence
( nC/µm2)
0.6
0.6
0.52
0.52
0.57
0.96
0.82
1.32

Rate(µm3/nC)
10.09
7.29
7.61
4.64
6.03
3.58
3.66
2.59
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Figure 4-9: Sputtering rate of Ga+ on water ice with ion energy from 10 keV to 30 keV at
93 K

4.2.1.4 Sputtering Rate of Water Ice at Different Temperatures

By varying the temperature of the target sample in the range of 83 K to 123 K in
10 K increments, the sputtering rates at each temperature setting were measured based on
the volume loss method as previously described. The milling parameters are summarized
in Table 4-4. The sequence of temperature settings was randomized, and the minimum
idle time was 600 s between each temperature change to allow thermal equilibrium. Ion
current of 50 pA and 100 pA were used to mill the patterns for measurement. Fluence
remained constant at 0.6 nC/µm2, which resulted in smaller deviations. The obtained data
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(Figure 4-10) indicates that sputtering yield was almost constant below 103 K, but
increased when the temperature was raised above 103 K.
Table 4-4: Milling parameters of 30 keV Ga+ beam on water ice at different temperature
Temperature (K)

Current (pA)

83
83
93
93
103
103
113
113
123
123

50
100
50
100
50
100
50
100
50
100

Time (s) Area (µm2)
150
300
150
600
150
300
150
300
150
300

25
100
25
100
25
100
25
100
25
100

Avg Depth
(µm)
1.79
1.59
1.87
3.17
1.59
2.20
2.31
1.85
3.08
2.53

Rate
(µm3/nC)
5.96
5.29
6.24
5.29
5.30
7.33
7.70
6.18
10.28
8.44

Sputtering Rate (µm3/nC)

16
80

12
60

8
40

20
4

0
70

80

90

100

110

120

130

Temperature (K)

Figure 4-10: Sputtering rate of water ice by 30 keV Ga+ at different temperature
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4.2.1.5 Sputtering Rate of Water Ice at Different Incident Angles

For ion milling at high incident angle, a “wedge” shape was created on the surface
instead of a flat bottom at normal incidence (Figure 4-11). An additional cross section
was milled in the middle of the widget pattern, and the depth at that spot was considered
as the average depth for calculation of volume loss.

Electron Beam

52°

θE

Electron Beam

θI
ACD

ACD

Ion Beam

Ion Beam
Incident Ion

Incident Ion
dm

Stage

d
Stage

d

w
Near normal incident

High incident

Figure 4-11: Schematic diagram of the measurement of depth milled by ion beam at (a)
near normal incident (b) high incident angle
The milling parameters used for determining the angular effect are presented in
Table 4-5. The milling areas can be much later than the designed pattern (10 µm by 10
µm), and the actual areas by measurement were used for computation. The sputtering
rates at different beam incident angle θ are presented in Figure 4-12. The result shows
that the sputtering rate Y of water ice increased with the increase of incident angle θ . Y
reached maximum when θ is at approximately 70°, and then dramatically decreased as θ
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approached 90°. This trend is similar to that in the sputtering yield data for conventional
FIB milling of other materials, in which the maximum yield is achieved at approximately
80°.
Table 4-5: Milling parameters and the measured milled depths at different incident
angles
Angle
(degree)
0
10
20
30
40
50
60
70
75
80
0
10
20
30
40
50
60
70
75
80

Current (pA)

Time (s)

Area (µm2)

100
100
100
100
100
100
100
100
100
5000
100
100
100
100
100
100
100
100
100
500

100
150
150
150
150
150
150
150
150
100
200
150
150
150
150
150
150
150
150
150

100.00
100.00
100.00
115.00
123.77
120.00
171.65
292.38
471.78
3109.00
100.00
100.00
120.00
125.03
123.77
162.80
273.33
350.00
515.79
788.00

Avg Depth
(µm)
1.00
1.66
1.37
1.30
1.22
2.67
1.83
1.58
0.90
1.03
1.63
1.25
1.83
2.09
2.10
1.36
1.61
1.56
0.46
1.51

Rate
(µm3/nC)
10.00
11.08
9.11
9.95
10.09
21.38
20.98
30.85
28.31
6.38
8.13
8.34
14.60
17.45
17.33
14.74
29.38
36.50
15.96
15.82
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Figure 4-12: Sputtering rate of water ice by 30keV Ga+ at different incident angles θ

4.2.2 Results of High Aspect Ratio FIB Milling on Water Ice

One of the criteria to evaluate a nano/microfabrication tool is the maximum aspect
ratio (depth to width) it can achieve. For ion milling, the energy transferred to surface
atoms/molecules not only allows them to overcome the surface binding energy, but also
may force them to attach to the target surface again. The phenomenon is referred to as
redeposition, in which sputtered atoms/molecules fail to escape to the vacuum due to
local geometry, knock on and attach to the obstacles. These redeposited atoms/molecules
may stay in the new sites unless they are sputtered again. Redeposition is a major
challenge in FIB milling. It limits the aspect ratio and may alter the final geometry
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significantly. For example, the previously presented milled examples are based on 1 µs
dwell time at each pixel, and a large number of scanning loops (hundreds) have been
completed for each pattern. This strategy provides relatively uniform ion fluence over the
entire milled region, which helps minimize the redeposition effect. For slow scan (large
dwell time), tilted bottom can be observed due to local geometry caused by redeposition.
For milling condensed gas solids, currently there is no literature on redeposition
since previous studies are based on erosion of a monolayer across a large area. A
preliminary test on amorphous water ice is presented in Figure 4-13. A square pattern
was milled with dwell time at 400 µs compared to the default value of 1 µs. The scanning
direction is from left to right, and only a single loop is used. Significant accumulation of
redeposition can be observed on right, which is formed by the previously sputtered
molecules on the left. This result implies that redeposition can also be a challenge for ion
milling in a cryogenic environment, if the milling strategy is inappropriate. In addition,
milling molecular solids including water ice can introduce additional complexity. After
ion irradiation, the sputtered volume may contain different species, such as H+, O+ etc.,
which may chemically react with each other or the target molecules. Additional material
removal, due to chemical erosion or chemical sputtering, can play an important role if the
local geometry is favorable.
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(a)
Scan direction

Incident Ions

Sputtered Molecules

(b)
Figure 4-13: (a) SEM image of square pattern milled on water ice by slow milling from
left to right (30 keV, 100 pA and 400 µs dwell time) (b) Schematic illustration of the
redeposition effects from slow milling.
The experiments on redeposition were based on the same setup of those on
sputtering rate. Patterns of 2 µm by 10 µm were milled with uniformly increasing ion
fluence at 93 K by adjusting the milling time. A 50 pA beam was used for milling, with
dwell time at default value of 1 µs. Based on these settings, hundreds of loops were
required to complete each pattern, and the target area (2 µm by 10 µm) can be assumed to
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be irradiated constantly by uniform ion fluence. Cross sections were also milled to expose
the milled geometry, which are presented in Figure 4-14.
Table 4-6: Parameters and measured depths in milling 2 µm width trenches at 93 K
Current (pA)

Time (s)

50
50
50
50
50
50
50
50
50

30
60
90
120
150
180
210
240
270

Fluence
(nC/µm2)
0.075
0.150
0.225
0.300
0.375
0.450
0.525
0.600
0.675

Measured Depth
dm (µm)
0.36
0.73
1.20
1.55
1.85
2.03
2.43
2.71
3.22

Depth d
(dm /sin(45)) (µm)
0.42
0.86
1.41
1.82
2.17
2.39
2.86
3.18
3.78

The SEM images of the milled geometry (Figure 4-14) show that the geometry of
the milled trench was regular when the aspect ratio was low, but the width at bottom
became narrower with the increase of milling time. This implies that redeposition
becomes more significant as the depth increases, and more sputtered molecules fail to
escape due to the geometry. This phenomenon is well documented in conventional FIB
milling, but has not been previously reported in sputtering frozen samples in a cryogenic
environment.
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Figure 4-14: SEM images (tilted 45 degree) of 2 µm width trench milled with increasing
fluence to achieve high aspect ratio features. (scale bar, 2 µm )
The milled depth is considered to be the lowest point of the milled geometry
which is typically in the center. The bottom can include irregular features due to the
stochastic nature of the sputtering-redeposition process especially for high aspect ratio
(see Figure 4-14 (c)). In this case, an average location in the center is selected as the
depth. Figure 4-15 show the numerical comparison of depths between the experiment and
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constant erosion. The latter ones are the theoretical depths with constant sputtering rate
(obtained from previous sections) multiplied with the applied fluence. The deviations are
obvious, and the maximum deviation can be almost 30% at high aspect ratio.
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Figure 4-15: The milled depths in experiment compared with the depths by constant
erosion
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Chapter 5

INVESTIGATION OF SPUTTERING MECHANISMS IN FIB MILLING WATER
ICE

This chapter will focus on understanding and modeling the fundamental
mechanisms involved in Ga+ sputtering of water ice based on the experimental results
presented in the previous chapters. First, the high sputtering rate of water ice by FIB
milling was investigated. Analytical models were proposed in this study to predict the
sputtering rate of water ice by FIB. The effects on sputtering yield by different
parameters for gallium ions at keV range were estimated and validated based on the
experimental data. Second, the surface morphology that results from sputtering was also
examined. Depending on the angle of incident, different surface morphologies developed
during ion bombardment and were confirmed by SEM imaging and texture analysis. In
addition, a simulation-based framework is also proposed to study redepostion effects, as
well as modeling the high aspect ratio features.
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5.1 Modeling Sputtering Yield of Water Ice by keV Ga+

5.1.1 Nuclear and Electronic Sputtering of Water Ice

When an ion penetrates the target material, its energy is transferred to the atoms
by nuclear-elastic (knock-on) collisions with rate (dE / dx) n , and by electronic excitations
and ionizations of the target atoms with rate (dE / dx) e . The stopping cross section is
introduced as S = dE / Ndx where N is the target number density. For a monatomic
target, according to Sigmund’s theory, nuclear collision is considered to be dominant, and
sputtering yield is proportional to the energy deposited by nuclear collision (Sigmund
1969):
Yn = 0.042αS n / U 0

5.1

where α is based on a function of mass ratio ( M 2 / M 1 ) between target ( M 2 ) and ion
( M 1 ), and assumed to be 0.2 for Ga+ on water ice. S n and U 0 are the nuclear stopping
power (eV Å2/atom) and surface binding energy (eV) of the target material respectively.
In this study, the sublimation energy of water ice is applied as surface binding energy U
with value of 0.45 eV (Sack et al. 1993).
However, at middle keV range, the experimental sputtering yield YExp of water ice
by Ga+ is significantly larger than Yn as shown in this study. Since this energy range is
the typical working range for FIB, nuclear sputtering alone is not appropriate to model
the sputtering process. Although currently there is limited study based on FIB, similar
findings are reported in the astrophysics field, where the extra yield of water ice is
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considered as electronic sputtering yield Ye (Johnson 1996; Baragiola et al. 2003). To
obtain Ye requires determining the deposited energy due to electronic stopping, and the
fraction of this energy converted into energetic atomic motion. The precise mechanism is
still not well understood, but experimental data suggests that Ye is proportional to the
square of electronic stopping power (Brown et al. 1978; Johnson et al. 1982; Brown et al.
1984; Baragiola et al. 2003). Johnson (Johnson 1996) states that Ye can be estimated as a
function of the electronic deposited energy as Ye = ( fS e / U 0 ) P , where f is the fraction of
deposited energy transferred to atomic motion, and P is dependent on the excitation
process involved.
In the most recent work (Fama et al. 2008), the existing ice sputtering data at keV
range (based on H+, He+, N+, O+, Ne+ and Ar+) is summarized and a comprehensive
model is proposed for sputtering yield. Without considering the temperature and angular
effects, the sputtering yield of water ice can be expressed as:
Y = Yn + η ( S e ) 2 / U 0

5.2

where Yn is the sputtering yield by nuclear stopping calculated with Eq. 5.1 , and η is a
oscillatory function of ion’s atomic number Z 1 interpolated from the empirical data.
Figure 5-1 shows the experimental sputtering yield of water ice due to electronic
sputtering ( YExp − Yn ) by 10-50 keV ions against the corresponding square of electronic
stopping cross section ( S e ) 2 . The data of other ion species is extrapolated from (Benit et
al. 1986; Baragiola et al. 2003). It shows that Ye ∝ ( S e ) 2 at keV range including the Ga+
data obtained in this study, although the slope of each ion species varies. This suggests

66
that FIB milling of water ice can also be modeled analytically by the electronic sputtering.
Moreover, data based on Ga+ ( Z 1 = 31 ) on water ice, which were not available in
previous studies, allows expansion or correction of the current knowledge of sputtering.
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Figure 5-1: Sputtering yield of water ice vs. ( S e ) 2 by 10-50 keV ions (data other than
Ga+ is extrapolated from (Benit et al. 1986; Baragiola et al. 2003), dashed lines are only
for visual guidance)

For interpolating the Ga+ data, the nuclear stopping cross sections S n were
calculated based on ZBL universal nuclear stopping model (Ziegler et al. 1985). For
comparison with the result in (Fama et al. 2008), electronic stopping cross section S e
were also estimated based on effective charge theory proposed by Yarlagadda
(Yarlagadda et al. 1978). The stopping cross section of water (eV Å2) was evaluated
based on average atomic value by 1/3 oxygen and 2/3 atomic hydrogen. Based on the
data in this study, η in Eq. 5.2 was determined as 0.00124 for Ga+.
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Table 5-1 shows the detailed calculations. The experimental data YExp was
properly modeled by the calculated value of Y . Sputtering yields at 5 keV and 50 keV
were also estimated based on the proposed model, although experiment data was not
available due to limited range of ion energy in the FIB system for experiments.
Table 5-1: Parameters for calculation of Y based on Ga+ (30 keV at 93 K)
Energy
keV
5
10
15
20
30
50

Sn
eV Å2
482
579
629
659
692
713

Yn
molecule/ion
9.0
10.8
11.7
12.3
12.9
13.3

Se
eV Å2
39
57
70
82
103
137

Ye
molecule/ion
4.2
8.8
13.6
18.6
29.1
51.8

Y = Yn + Ye
molecule/ion
13.2
19.6
25.3
30.9
42.0
65.1

YExp
molecule/ion
N/A
15.6
24.0
30.6
43.4
N/A

Figure 5-2 provides further analysis on ion stopping at water ice, which shows
that the both stopping cross section S n and S e of Ga+ on H2O. S e was monotonically
increasing and becomes comparable to S n at approximately 10 keV. This implies that for
sputtering of water ice by Ga+, Ye can be ignored at low keV level (e.g. 0.1 keV to 5
keV), and the sputtering yield Y can be modeled by nuclear sputtering only (Eq. 5.1 )
without considering electronic sputtering. Although still lacking Ga+ data at low keV rage,
the statement was derived from the data of other ion species. In previous work on
sputtering water ice at low keV level (<5 keV), Y can be modeled as pure nuclear
sputtering predicted by Eq. 5.1 (Christiansen et al. 1985; Baragiola et al. 2003; Fama et
al. 2008):
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Figure 5-2: The stopping cross section S n and S e of Ga+ on H2O

η represents the contribution from deposited energy by electronic stopping to Ye .
The η value for each ion species can be obtained by a oscillatory function as proposed in
(Fama et al. 2008), which is also useful for development of FIB with other ion sources,
e.g. He+ (Ward et al. 2006). Based on the oscillatory function, η is estimated as 0.00150
for Ga+ which was 20%- 50% variation from the experimental data in this study. This
was possibly caused by insufficient data for interpolation in the previous work. A more
accurate estimation of η is expected as more data on sputtering water ice becomes
available.
It should be noted that although Ye increased with the increase of S e in the
experimental sputtering of water ice, the linearity between Ye and ( S e ) 2 was not strongly
supported from data over the overall ion energy range currently available (Baragiola et al.
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2003). This implies that P is not constant, and the ion excitation may have different
regimes. However, by limiting data to those of 5-50 keV ion energy level, the assumption
of linearity leads to the model in Eq. 5.2, which can fairly model the sputtering yield of
water ice (see Table 5-1).

5.1.2 Modeling of Temperature Effects of Sputtering Water Ice by keV Ga+

The temperature effect on sputtering yield of water ice by FIB was significant in
the range of 83 K to 123 K as shown in the experiment section. Similar temperature
effects were reported based on other ion species (Brown et al. 1984; Chrisey et al. 1985;
Baragiola et al. 2003), in which sputtering yield increased slightly when temperature
from 0 K (theoretical), but increased significantly when approaching 120 K. It was
estimated that sputtering yield of water ice at 0 K is 0.85 times of that at 120 K as

Y (0) = 0.85Y (120) (Baragiola et al. 2003). The temperature effect, although providing
limited implication for astrophysics, can be important for cryosectioning. Recent
applications of FIB milling frozen sample were conducted close to 123 K (Heymann et al.
2006; McGeoch 2007). When temperature is raised well above 123 K, sublimation and
condensation of water molecules can occur which lead to detrimental morphology of the
sample surface, or even failure of imaging due to high pressure. Likewise, the
temperature range of 83 K to 123 K will be the most common cryogenic environment for
FIB milling maintained by liquid nitrogen.
A temperature effect model recently proposed was presented as (Fama et al. 2008):
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Y (T ) = Y (0)(1 + 200e −0.06 / kT )

5.3

where Y (0) is the sputtering yield at 0 K. k is the Boltzmann constant (8.62×10−5 eV/K)
and Y (T ) is the sputtering yield at temperature T (T in unit of K). Since the data of Ga+
on water ice from this study is limited to 83 K to 123 K, Y (0) was estimated from these
experimental data based on Eq. 5.3. For Ga+ on water ice, Y (0) was estimated as 6.3
µm3/nC or 31.4 molecules/ion, and the fitted curve based on Eq. 5.3 is also presented
inFigure 5-3. The result suggests that the temperature effect model proposed (Fama et al.
2008) is also valid for keV Ga+.
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Figure 5-3: Sputtering rate of water ice by 30 keV Ga+ at different temperature and the
fitted model based on Eq. 5.3.
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Two causes may induce the temperature effects. First, cryogenic temperature
limits the energy dissipation during the sputtering process, and the deposited energy tends
to be more close to the surface. This allows more surface molecules to receive enough
momentum and to be ejected. The other explanation is that the rates of association and
dissociation of O+ and H+ are strongly correlated with temperature, which may enhance
the sputtering yield when temperature is raised. However, to understand the exact role of
temperature in sputtering of ice is coupled with fundamental understanding of the
electronic sputtering process. It should be noted that currently there is no conclusive data
can support the conjectures above, although the temperature effect on sputtering yield is
observed universally and modeled properly in 0 K to 130 K range.

5.1.3 Modeling of Angular Effect on Sputtering Yield by keV Ga+

The trend of angular effect on sputtering rate presented in Figure 4-12 is similar to
that in the sputtering yield data of conventional FIB milling, in which the yield increases
with the increase of incident angle θ . The maximum is often achieved at approximately
80 degree. In previous reports on sputtering water ice, cosine dependence is assumed to
model the angular effects on sputtering yield. Y (θ ) = Y (0) cos − f (θ ) , where Y (θ ) is the
yield at incident angle θ . This simple model, however, is only a low angle approximation
and not applicable to milling at high incident angle as shown in the experimental data
presented. The angular dependence of Y in this study is formulated as:
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Y (θ ) = Y (0) cos −α (θ ) exp(− β (cos −1 (θ ) − 1))

5.4

Eq. 5.4 is in the format proposed to model the sputtering yield of FIB (Yamamura
et al. 1983). Based on the experimental data, the two parameters for Ga+ on water ice are
determined as α = 3.0 and β = 1.1 , and the fitted curve (solid line) can fairly model the
experimental data as shown in Figure 5-4(a). Sputtering rate based on SRIM (dashed line)
is also presented in Figure 5-4(a) by assuming the ice density to be 0.94 g/cm3. Since this
simulation package is based on linear cascade collision (LCC) model, the obtained values
are only estimations of the yield due to nuclear sputtering. In this scenario, the simulated
values also increases with the increase of θ , and reaches maximum at 80°. However, the
simulated value is only a portion of Y determined in the experiment, which also
disqualifies SRIM or LCC for modeling Cryo-FIB.
The result of sputtering rate Y in this study implies that there are similar angular
effects on the yield using Ga+ as previously reported for other ion species. In previous
studies using incidence angles less than 60 degrees, Equation Y (θ ) = Y (0) cos − f (θ ) has
been used to model the angular effects on sputtering yield and the coefficient f ranges
from 1 to 2 (Vidal et al. 2005; Fama et al. 2008). In this study, the experimental data
confirms the dramatic decrease of sputtering yield at high incident angles, which is due to
the significant increase of reflected ions. This comprehensive model proposed with
determined α and β is critical for FIB milling, which is routinely performed at grazing
angles for higher yield.
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Figure 5-4: (a) Sputtering rates of water ice by 30 keV Ga+ at different incident angle θ
and the fitted curve of the proposed model. (b) Average sputtering rates at incident angle
from 0 to 70 degree with the fitted curve of Y (θ ) = Y (0) cos − f (θ ) and f = 1.3
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At keV range, ion sputtering of water ice is considered as a compound process of
nuclear sputtering and electronic sputtering as discussed in previous sections. For ion
milling of organic materials in which nuclear sputtering is dominant, the angular effect on
yield is well studied, and shown to be the result of variations in ion’s momentum. The
component of momentum vector, which is parallel to the target surface, gets larger with
the increase of θ . More atoms/molecules will receive enough momentum to overcome
the surface binding energy and eject to the vacuum. For electronic sputtering dominated
process, the change of incident angle also results in variation of energy density along the
incident direction. This results in cosine dependence with f > 1 (Vidal et al. 2005; Fama
et al. 2008). The experimental data of keV Ga+ in this study agrees with the cosine
dependence ( f ≈ 1.3 ), when the incident angle ranges from 0° to 70°.

Incident ion at
normal incident

Incident Ion at medium
incident angle

Incident Ion at high
incident angle

Figure 5-5: Schematic diagram of effective region of ion track at different incident angles
Due to the limitation of instrumentation used in previous research (Vidal et al. 2005;
Fama et al. 2008), cosine dependence has been assumed to be an approximation for
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angular effects on sputtering rate at angles smaller than 60 degree. The decrease of Y at
high incident angles, as reported in this study, can be explained by the stochastic nature
of the incident ions. At high incident angle, ions have an increased probability to be
reflected rather than to continue traveling in the target material. Consequently, the
effective region of the ion track is reduced, and that results in the decrease of sputtering
yield at high incident angles (Figure 5-5).The knowledge of water ice yield by Ga+ at
high incident angle, as obtained in this study, is also likely to be applicable for ion
milling with other keV ions.
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Chapter 6

INVESTIGATION OF PROCESS CHARACTERISTICS IN FIB MILLING
WATER ICE

6.1 Investigation on the Surface Morphology of FIB Milled Water Ice

Since FIB has only been recently applied to mill frozen samples, very limited
experimental data can be found in the related literature. In previous research on ion
milling of both crystalline and amorphous samples, the originally smooth target surface
after ion bombardment shows various nanometer scale features, such as ripples and
step/terrace (Adams et al. 2006; Adams et al. 2006; Moon et al. 2007). These surface
morphologies can be generated in a controllable manner, e.g. quantum dots or wrinkled
surface for various applications. However, roughened surfaces may prevent the
acquisition of quality image for the embedded biological specimens, which motivated
further investigation on the milled surface.

6.1.1 Measurements for Surface Roughness at Nanoscale

The measurement of surface roughness of ion irradiated surfaces has relied on
Atomic Force Microscopy (AFM), which can provide nanometer resolution. In this
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technique, a cantilever is installed with a tip typically made of Si on one end, probing the
target surface. The deflection of the cantilever due to interatomic forces is magnified and
measured. Based on this mechanism, the forces between the tip and the surface are
obtained by Hooke’s law. The topology of the target surface is generated by a computer
program based on the data from continuous movement of the tip. Since there are strict
requirements for temperature and pressure, transferring the ice samples for further
investigation is still a challenge. There is no probing method, including AFM, integrated
with the FIB system to extract the surface topology.
Alternatively, SEM (Scanning Electron Microscope) imaging is used routinely for
qualitative study of nanoscale surfaces. The development of Environmental SEM (ESEM)
and dual beam (FIB/SEM) instruments provide high resolution solutions for biological
samples in a timely fashion. Hence we used computer texture analysis to investigate the
SEM images acquired for a quantitative study of surface roughness. All original images
of the ion milled surface were gray level based on secondary electrons with electron
beam at normal incidence. For the experiments presented in the previous sections, the
imaging data to be processed was extracted by cropping a 5 µm by 5 µm image at the
milled area of the SEM images obtained (as shown in Figure 6-1(a)). The obtained
imaging data was represented by a two-dimensional matrix of gray scale values ranging
from 0 to 255. In a given direction, consecutive pixels of the same gray level value form
a run, and the number of these pixels is the run length. A matrix was constructed with the
entry p(i, j ) , where p(i, j ) represents the number of run length i for each gray level j .
Gray Level Nonuniformity (GLN) (Chu et al. 1990) value is defined on p(i, j ) as
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2

⎛ N
⎞
GLN = ∑ ⎜⎜ ∑ p(i, j ) ⎟⎟ / s , where M is the number of gray levels and N is the longest
i =1 ⎝ j =1
⎠
M

run. s is the total number of runs in the target image. GLN provides a numerical value on
the gray scale images, and has been shown to be significantly correlated (inversely) with
surface roughness (Chappard et al. 2003).
For computation purposes, the gray level of the input images was reduced from
256 to 16 by merging the consecutive levels, e.g. pixel of gray level from 0 to 15 was
considered as in level 0. A preliminary test was conducted on samples milled by a 100
pA beam with fluence at 1.0 nC/µm2, 1.5 nC/µm2 and 2.0 nC/µm2. A layer of
approximately 300 nm in thickness was removed between each interval of fluence. Since
the heights of the milled features (domes/pillar) shown are less than 300 nm, the features
are completely removed between each interval. Thus the images obtained represented the
surface morphology at each independent interval without significant interference from
previously milled features. The images showed that the surface morphology is
homogenous in this fluence range (1.0 nC/µm2 to 2.0 nC/µm2). The computed GLN
values are also constant for the images obtained as shown in Figure 6-1(b).
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Figure 6-1: (a) SEM images of water ice surface milled (30 keV Ga+ at 93K) at normal
incident angle and varied fluence of 1.0 nC/µm2, 1.5 nC/µm2 and 2.0 nC/µm2 (b) Result
of texture analysis on the corresponding SEM images.
In order to provide solid conclusions, the computed GLN values have to be
insensitive to the digital processing during image acquisition such as adjustment of
brightness and contrast levels. The SEM images by fluence range of 1.0 nC/µm2 to 2.0
nC/µm2 were used as the input, and the GLN values after a certain adjustment are
presented in Figure 6-2. Brightness adjustment (uniform) of α was conducted, where the
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gray level of each pixel was multiplied by ( 1 + α ). For contrast adjustments on gray level
by α , the deviation from average gray level was increased/decreased by ( 1 + α ) for each
pixel. Results in Figure 6-2 show that the GLN values were fairly constant except for the
values with brightness decrease larger than 30% ( α < −30% ). In this case, the brighter
pixels which represent higher points on surface are merged to the darker background, and
the texture analysis considers the surface to be smoother (larger GLN values). However,
the effects from brightness and contrast adjustments were shown to be limited for the
computation of GLN value, if there was no significant decrease of brightness level.
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Figure 6-2: The sensitivity test of GLN values by adjustments of brightness and contrast
of the SEM images

82

6.1.2 Surface Morphology at Different Incident Angles
SEM images of the water ice surface milled with different incident angles (0°,
40° and 80°) are presented in Figure 6-3. It shows that different surface morphologies
have developed by changing θ . When θ was at a low incident angle regime ( θ < 30 °),
domes/pillars were be observed with diameter of several hundred nanometers. The grown
direction of these features was parallel to the direction of the incident ions. When
approaching the middle incident angle regime ( θ ≈ 40 °), these domes/pillars were tilted,
and finally evolved into staircase/terrace features as shown in Figure 6-3(b). Smoothest
surfaces are achieved as θ approached the high incident angle ( θ > 60 °), although some
crevasses were observed on the surface.
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Figure 6-3: SEM images of water ice milled by FIB (100 pA, 30 keV Ga+) at incident
angle of (a) 0 degree (b) 40 degree (c) 80 degree 9 (d) Schematic diagram of the
evolution of morphology with increase of beam incident angle
Figure 6-4 presents the results of the texture analysis applied to the surface milled
at different θ . Given its strong correlation with average surface roughness, GLN value
provides a numerical estimation for the average surface roughness. The numerical result
of GLN is presented in Figure 6-4, in which the values increased as θ increased from 0°
to 20°, but decreased to minimum at θ at 40°. The result implies that the surface
roughness achieved maximum at 40°. Furthermore, the value increased and reached
maximum at grazing angles ( θ >70°), implying a smooth surface, which was consistent
with visual inspection. It should be noted that the selection of milled area for analysis was
arbitrary. Some milling induced features on the surface including crevasses can cause
large variation in the GLN values computed such as that at 80°.
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As θ increased from zero, the domes/pillars were titled and remain aligned with
direction of incident ions. The heights of these features were reduced, which resulted in
lower roughness values. The domes/pillars evolved to step/terrace as θ approached to
40°, which tend to cover the whole milled area. Compared to the scattered domes/pillars
with limited coverage on the surface, the step/terraces can consequently result in higher
average surface roughness.
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Figure 6-4: Result of texture analysis on water ice samples milled (30 keV Ga+ at 93K)
at varied incident angle from 0 to 80 degree
Typically, FIB milling at high incident angles resulted in rougher surface
compared to that at low incident angles, but both SEM imaging and the corresponding
texture analysis in this study indicates that the surface is significantly smoothened when

θ >60°. A similar finding is reported by (Adams et al. 2003; Adams et al. 2006), in which
water vapor is introduced as enhancement to FIB milling of diamond. Smoothened
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surface and increased sputtering yield are achieved with additional water vapor at high
incident angles. Together with the results of this study, it is implied that the sputtered or
introduced water molecules during ion bombardment have additional effects at the
surface. One possible explanation is that ion sputtering at high incident angle results in
more microstructure changes, such as implantation, within surface layer of smaller depth.
This layer becomes more vulnerable to the reactions induced by the free water molecules
or other species (H+, O+, etc.), and more surface molecules are removed in a fashion
similar to chemical erosion.
For an ion bombarded surface, ripple/wrinkle morphology was observed and
associated with the step/terrace morphology. This type of morphology is rarely observed
in this study, except for a few samples milled at 50° angles. It implies that the cryogenic
temperature, or the rough surface of the deposited ice, may inhibit the formation of
regular ripples/wrinkles. Crevasses are observed in some portions of the milled surface at
high incident angles, although the surface is relatively smooth. This indicates more
significant microstructure changes could be occurring at the surface at higher incident
angles, as the aggregate deposited energy is closer to the surface. Water ice samples
prepared by vapor deposition may contain micropores, and these can become the weak
spots for the formation of crevasses.
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6.2 Geometric Simulation of FIB Milling
The earlier sections dealt with operation of FIB and its mechanism with a focus
on characterizing the processes. However, today there is also a high expectation of
efficiency, not only to complete a single job, but also to speed up the procedure of data
acquisition and sharing. For example, a high-throughput TEM system has been developed
which contains a sample loader for 100 biological samples (Lefman et al. 2007), and
sequential image acquisition is allowed to be conducted continuously. Likewise, more
computational tools to effectively study and support automation of FIB sectioning are
also needed. Previous efforts that include simulation of FIB process have provided an
intuitive way for the user to preview the result. For example, simulation based on
atomistic effect, such as SRIM, is based on the theory of sputtering and allows the user to
obtain the characteristics of a specific setup. Simulation models with more focus on the
geometric effects and detailed information on the final geometry are gaining more interest
(Boxleitner et al. 2001; Boxleitner et al. 2001; Platzgummer et al. 2006), which provide
detailed information on the final geometry. One major and unique challenge for FIB is
the redeposition and recondensation effects as shown in the experiment section. Without
considering these effects, simulation and planning are rather straightforward by assuming
constant erosion at each ion incident point.
Process optimization of FIB milling has been initiated by Vasile’s group (Vasile
et al. 1997; Nassar et al. 1998; Vasile et al. 1999). The objective is to minimize the
difference between the designed geometry and the milled geometry (expected), with
dwell time at each location or pixel as the variable. A layer-based approach has been
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proposed by (Fu et al. 2004). First the designed cavity is decomposed into a number of
horizontal layers, and the FIB beam with lowest energy setting is applied to mill the
cavity layer by layer. This two and a half dimension (2.5D) approach has potential to
machine three dimension (3D) free-form cavities but can be time consuming. In this
study, geometric simulation is proposed which includes the model parameters determined
in the experiment sections is proposed. Figure 6-5 shows the proposed framework for the
investigation of FIB milling.
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Figure 6-5: Proposed simulation based framework for investigating novel material by FIB
milling

6.2.1 Modeling of Material Removal (Sputtering Yield)
The material removal is simulated based on the determined sputtering yield
(molecule/ion) or sputtering rate (µm3/nC). The sputtering yield/rate is obtained from
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experiments, using low aspect ratio milled features to reduce the geometry induced
effects such as redeposition. During sputtering, atoms/molecules of target material are
ejected to vacuum, and additional processes including molecule fragmentation
dissociation and recombination may also exist for ion irradiated molecular solids. For the
sputtered species ejected with flux Fs in the unit of molecules/µm2/s, Fs can be assumed
to be spherically distributed (Itoh et al. 1990) or following a cosine rule (Ishitani et al.
1991; Kim et al. 2007). For molecular solids, the actual sputtered flux may contain the
target atoms/molecules or new species induced by ion irradiation. In the proposed
simulation model, these are assumed to be indistinguishable. Fs is derived from the ion
sputtering as:
Fs = FY (θ ) cos(θ )

6.1

where F and Y (θ ) are the incident ion flux (ions/µm2/s) and sputtering yield
(molecules/ion) respectively.

Incident Ion flux F

d=FY(θ)cos(θ)dt/nd

Flux of sputtered species Fs

θ

dS

Material Removal Model

Figure 6-6: Schematic diagram of modeling material removal process in ion milling
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After time interval dt , the incident ion fluence (ions/µm2) at an arbitrary point on
the target surface is calculated from ion flux F (ions/µm2/s) multiplied with dt . With
enough incident ions, a layer of the target material of area dS is sputtered (as shown in
Figure 6-6). The depth d of the removed layer is approximated by FY (θ ) cos(θ )dt / nd ,
where nd is the number density in molecule/µm3. In the case of milling low aspect ratio
features with negligible effects from beam geometry, the constant erosion model can be
applied and d = FY (0)dt / nd .

6.2.2 Modeling of Additional Effects
Although most of the sputtered material will reattach to the milled walls if trapped
in the milled cavity during FIB milling single element materials, milling molecular solids
introduce additional complexity. In this case, the evolution of the surface topology also
depends on the interactions between the sputtered species and the surface molecules. If
the sputtered species of flux Fs are ejected from point Pi and fail to escape from the
milled cavity due to the geometry, these species will arrive at P j , another point in the
milled cavity, instead of ejecting to the vacuum. Suppose that the flux Fs follows a
cosine rule and the emission angle from Pi to P j is α , the total flux at P j is the integral
of the fluxes from all the visible Pi s and computed as:
F j = ∑ Fs cos(α ) cos( β )
i

6.2
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In additional to the previous simulation models, the sputtered species in this study
are assumed to redeposit, or further react with the target molecules which results in
material removal. As such, additional volume of material can be added or removed at
target sites. Suppose the sticking coefficient, which represents the ratio of molecules
attach to the target surface, is c1 , the thickness of the added layer due to redeposition at

P j is computed as c1 F j dt / n d (Figure 6-7). Similarly, the rest of the sputtered species
(1 − c1 ) F j will remove a layer at P j , and the depth at P j is modeled as

c 2 (1 − c1 ) F j dt / nd where c2 represents the material removal rate by the sputtered species
(Figure 6-7). The total increase of layer thickness at P j is calculated as:
(c1 − c 2 (1 − c1 )) F j dt / n d

6.3

If the ion milling process is strictly physical sputtering and redeposition, c1 and
c 2 can be assumed to be 1 and 0 respectively. This case is often applicable for FIB
milling of single element materials such as silicon, and all the incident sputtered atoms
are assumed to redeposit. Determining the exact values of c1 and c 2 is difficult, since
multiple mechanisms occur simultaneously and the contributions of each mechanism is
not easy to determine. In this study, a variable x = (c1 − c 2 (1 − c1 )) is introduced to model
the additional effects.
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Fj: Arriving flux of sputtered species at Pj
c1Fj

c1Fjdt/nd

(1-c1)Fj

c2(1-c1)Fjdt/nd

dS

dS

Pj

Pj

Physical Redeposition Model

Chemical Reaction Model

(Additive Process)

(Subtractive Process)

Figure 6-7: Schematic diagram of modeling addition effects of the sputtered species
with target material upon arriving

6.2.3 Details for Geometric Simulation of FIB Milling
In this study, two-dimensional simulation is conducted, and it can also be
extended to three-dimension applications as shown in later examples. The milled
topology is represented by a two-dimensional curve, with a set of discrete points { Pi }
uniformly sampled on it, and the morphology of the topology geometry is determined by
computing the dynamic relationships between incident ions and the target molecules. The
geometry is initiated with n P consecutive points denoted as Pi ( xi , y i ), i = 1,2,...n P . At
t = 0 , all the points remained in horizontal plane and y i = 0 . Pi is displaced based on
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the sputtering model using the sputtering yield determined in advance. If the movement
of Pi is restricted to the z axis, the displacement of Pi for time ∆t , is computed as:
∆hi = − FY (θ )∆t

6.4

Incident Ion flux F

θ
α
dh

Surface normal
at Pj
Pj ’

Surface normal
at Pi
Sputtered Flux Fs

Pi

β

dh
Pj

Pi ’

Figure 6-8: Schematic diagram of the models involved in geometric simulation
Since additional geometry induced effects can be significant for FIB milling water
ice, Pi ’s are further displaced based on the additional models in 6.2.2 to simulate the
milled geometry more faithfully. With the sputtered species reattaching to the milled
walls or further reacting with the surface molecules, Pi s are displaced further by
increasing the associated z values ∆h j and:
∆h j = x∆t ∑ Fs cos(α ) cos( β )
i

6.5

Smoothing functions are required to interpolate the curve from Pi ’s at each time
step ∆t to generate the morphology of the simulated geometry and avoid kinky or
overlapping line segments. Two smoothing functions are applied to the point set {Pi } .
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First, a threshold is applied to the angle of the neighboring line segments. If ϕ i , the angle
between Pi −1 Pi and Pi Pi +1 , is smaller than the threshold value, point Pi is displaced to
increase ϕ i . In this study, ϕi = π / 2 . In addition, point set {Pi } is also interpolated based
on DeBoor algorithm (Piegl et al. 1995) to construct a B-Spline curve C ( Pi ) . The degree
of C ( Pi ) is set to 2 to maintain continuity. After each iteration of time ∆t , point set of
{Pi } is updated by uniform sampling on C ( Pi ) . A schematic diagram of the point
displacement is presented in Figure 6-9.

Displacement by Sputtering

Interpolation

Displacement by Redeposition

Resampling

Figure 6-9: Schematic diagram of updating points after one iteration
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6.2.4 Estimation of Model Parameter

Although geometric simulation can be executed based on the algorithms presented
in the previous sections, it can not be applied directly for novel applications and the
geometry induced effects may deviate significantly. In Figure 6-10, results of geometric
simulation are presented with different x values. It is implied that larger x represents
higher ratio of redeposition and lower rate of chemical reactions. The milled depth
decreases with the increase of x , and the topologies of the simulated cross section are
significantly varied with different x , even if the ion fluence for each example remains
constant.

Figure 6-10: Simulation of cross section geometry of different values of x with all
other settings remain the same
Currently there is limited study on the geometric induced effects in FIB milling,
especially on molecular solids or at extreme environments, e.g. at extreme low and high
temperature. In this study, x is treated as a process dependent variable, and the other
parameters, such as sputtering yield, are assumed to be determined in advance. One
approach, as proposed in this study, is to use preliminary experimental data to find an
optimal value of x for a specific process setup. Suppose the geometric simulation based
on the models above can be executed with an arbitrary value of x , the performance
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measures, denoted as y (x) , can be obtained by comparing with the experiment results.
For multiple performance measures y i (x) ( i = 1,2,...n ), the objective function
isformulated as:
n

f ( x) = ∑ λ i y i ( x)

6.6

i =1

where λi is the weight for each performance measure respectively, and f ( x) is the
aggregate performance measure with regard to x .
In this study, the performance measures are the depth d i and the width measured
at half depth wi . Suppose the corresponding values by experiment are d i and wi (as
shown in Figure 6-11), the performance measure y i is computed as:

yi ( x) = ( wi − wi ) 2 + (d i − d i ) 2

6.7

Lower values of y i indicate a closer match of the simulation result to the experiment data,
and the corresponding x is considered an improved estimation.

Figure 6-11: Schematic diagram of measurements for performance measure
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For computation purposes, x is discretized over the feasible region of [0, 1] with
step 0.01, and x is selected from Θ = {0.00, 0.01, ..., 1.00} . The performance measure
y i (x) based on model parameter x is obtained by computing the deviation between the
simulated 2D geometry and the geometry from experiments. The 9 samples of 2 µm
trench milled on water ice by FIB in section 4.2.2 are used, and the deviations calculated
from Eq. 6.7 are represented as y1 , y 2 , … y 9 respectively. The simulation results were
scaled (multiply by sin(45°)) to the vertical axis to match the SEM imaging. The weights

λi assigned to the data from these samples are assumed to be equal, and the optimization
problem presented in Eq. 6.6 is formulated as:
9

min f ( x) = ∑ y i ( x)
i =1

subject to x ∈ Θ

6.8

Θ = {0.00, 0.01, ..., 1.00}

The objective is to find the optimal parameter x * which minimizes the deviations
between the simulated geometry and the data from experiment. It is equivalent to finding
the real coefficient involved in redeposition and chemical reactions. Using the x *
determined, the proposed method can be further applied used to model the geometry of
ion milling water ice in the same environment. The challenge in finding x is that the
objective value f ( x) can only be obtained through simulation. To find an optimal x
without exhaustive search, Simulated Annealing (SA) heuristic was used to reach global
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minimum within a reasonable time frame, and x * was determined to be 0.05 in this
study.

6.2.5 Validation of Simulation Results for FIB Milling Water Ice

6.2.5.1 Simulation Results for 2 µm Trenches

Figure 6-12 shows the 2 µm trenches milled to obtain the experimental d i and wi ,
which were used to setup the optimization objective function. The fluence ranged from
0.075 nC/µm2 to 0.675 nC/µm2 with increments of 0.075 nC/µm2. It should be noted that
the curvatures at the bottom may not be a perfect match for high aspect ratio samples.
However, the simulated d i and wi are consistent with the experimental d i and wi . There
are several samples which have odd geometries on the sidewall or bottom. This can be
the results of recondensation, in which the free molecules in the vacuum chamber are
condensed at the milling sites.
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Figure 6-12: SEM images (tilted 45 degree) of the 2 µm trenches on water ice

6.2.5.2 Simulation Results for Different Features

Additional examples are presented to demonstrate the ability of the proposed
method to predict the milled geometry for different scenarios. Figure 6-13 shows 300 nm
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wide trenches which were milled by a 10 pA beam with fluence of 0.2 nC/µm2 , 0.4
nC/µm2 and 0.6 nC/µm2. The dashed line in Figure 6-13 is the depths based on constant
erosion (redeposition ignored). It shows that additional effects especially redeposition can
be quite significant for high aspect ratio features in milling water ice, and the final
geometry becomes V-shape typically.

Figure 6-13: SEM image of 300nm trenches milled on water ice and the simulation result
(dashed line represents the depths by constant erosion)
Cylindrical features milled on water ice can be an alternative to typical membrane
features for data acquisition by TEM to help reduce errors on tomographical
reconstruction (Heymann et al. 2006). The cross sections at the ring region can be
approximated by a two-dimensional trench, and the proposed method can be also applied
to predict the milled geometry. Figure 6-14 shows two milled cylindrical features of 10
µm outside diameter and 5 µm inside diameter. For low aspect ratio sample in Figure 614(a), the milled geometry matches the geometry based on simulation. However, for high

aspect ratio sample, simulation can only provide accurate result for the regions where
regular milling occurs as represented by the dashed lines. There can be severe damage at
the bottom of the milled features, which can be not be modeled by the proposed
simulation tools.
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(a) Fluence of 0.25 nC/µm2

(b) Fluence of 0.76 nC/µm2
Figure 6-14: SEM images of the cross sections of cylindrical features milled on water ice
and the simulation result at right (Dashed lines shows the regular milled geometry)

6.2.6 Discussions on High Aspect Ratio Milling

The milling examples presented show the effectiveness of the proposed
simulation tools to study the milled geometry. The consistency level of the depth was
investigated by computing the ratio of simulated depth to the corresponding one by
experiment. A 100% ratio indicates a perfect match. The result is presented in Figure 615 against the aspect ratio of the feature. For the features of aspect ratio lower than 5, the
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simulated depths have a close match with the experimental ones (ratio value ~100%).
However, the ratio of consistency increases when the aspect ratio became higher. The
trend indicates that the simulation overestimate the depths for high aspect ratio features
(for the example of the 300 nm trenches). This result implies that excessive redeposition
or recondensation exists.

Ratio of simulated depth to
experimental depth

200%

150%

100%

50%

0%
0

5

10

15

Aspect Ratio

Figure 6-15: Diagram of the consistency level of simulated depths vs. aspect ratio
For comparison, normalized depth (ND) was obtained from the experimental
depth ( d i ) after scaling the original feature to unit width of 1 µm, and ND against the
aspect ratio is presented in Figure 6-16. ND of water ice milled in this study can be
interpolated by − 0.03R 2 + 0.81 with r 2 = 0.99 , where R is the aspect ratio. This can be
used as an empirical calculator for computing the depth obtained. For example, to mill a
2 µm wide trench with aspect ratio 3, ND is determined to be 0.57, and the milled depth
is estimated as 0.57 × 2 µm = 1.14 µm. It should be noted that the aspect ratio was
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obtained from depth of constant erosion d const divided by the milled width, and d const was
calculated by assuming sputtering rate of 7.7 µm 3 / nC as determined in the previous
sections.
The results were also based on the experiments from 300 nm to 5 µm wide
trenches, and extrapolations outside this range may not be valid. Figure 6-16 also
presents a comparison of the ND data of 300 nm trenches milled on silicon, based on data
from (Kim et al. 2007). It is shown that ND of water ice is larger than that of silicon,
which indicates the milled depth is deeper in water ice if the depths based on constant
erosion are the same. This result implies that milling water ice may have advantages in
creating high aspect ratio features compared to silicon, although redeposition effects at
high aspect ratio features are significant for both materials. The chemical reactions
between the sputtered species (O+, H+, etc.) and the water (H2O) molecules can lead to
additional material removal locally, which contributes to the higher milling depth.
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Figure 6-16: Normalized depth of milled geometry on water ice and silicon
The calculated x ∗ , which evaluated the geometry induced effects, is only an
approximation for the ratios of redeposition and chemical reaction, rather than an actual
ratio. It may vary, and will depend on the details in the geometric algorithms. It is also
assumed that the sputtered species will either redeposit or react upon arriving at milled
walls, and these two mechanisms can be modeled and simulated independently. However,
the sputtered species from water ice include H, O, H2, O2, H2O, HO2, H2O2 (Baragiola et
al. 2003), and the actual processes that affect the formation of these species, or their
interactions with the target H2O are still undetermined. In addition, it should be noted that
the processes involved are often dependent on the process parameters, such as
temperature, ion energy, etc. The process parameters assumed in the simulation model,
including environment setup, should be the same as the actual ones in the preliminary
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experiments. In order to predict the geometric induced effects from process parameters,
additional studies of the sputtering process, especially interactions between the sputtered
species are required, which are beyond the scope of this study and subject of future
research.
The swelling effect, which is often shown on the top edges of the features milled
by FIB (Tseng 2004), is neither observed nor modeled in this study. Amorphization of the
crystalline structures by the implanted ions is considered as the cause for swelling, and
the amorphous state of the target water ice may help to avoid this effect. In addition, one
unique effect of applying FIB in a cryogenic environment is recondensation. The
sputtered water molecules, although limited, may condense (recondensation) randomly
on the target surface based on the same mechanism of forming thin film of ice. This can
enhance the redeposition effect and cause the milled geometry to vary with time.

Chapter 7

CONCLUSIONS AND FUTURE WORK

7.1 Summary

In this research, FIB milling in a cryogenic environment was investigated to
explore the engineering issues related to sectioning frozen biological samples.
Amorphous water ice samples were prepared by both vapor deposition and plunge
freezing, and the sputtering rate/yield was studied based on a number of process
parameters, including ion energy, temperature, ion current and beam incident angle.
Together with the experimental data based on other ion species, sputtering of water ice by
gallium ions at keV range was modeled as a compound process governed by nuclear
sputtering and electronic sputtering. Based on these results, the process parameters
involved were characterized, to allow feasible settings to be developed to facilitate
reproducibility and ultimately the widespread implementation of FIB to biological sample
preparation.
There are numerous advantages to using FIB for cryo-ultramicroscopy. The
digitally controlled beam allows precise sculpting on the target material, and predefined
nano/micro scale features can be easily created. The samples milled by FIB have been
proven to be superior to that by microtome experimentally, with regard to the final
geometry. The dual beam system (FIB/SEM) also provides a platform to complete both
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sample preparation and data acquisition in a controllable environment. Based on
sufficient understanding of the fundamentals, the system has the capability for remote
operations with preprogrammed recipes, and potentially teletomography (Frey et al. 2006)
can be realized. Cell-centered databases for sharing EM data have been developed
(Martone et al. 2002; Sundararaj et al. 2004) and serve as invaluable data resources for
biomedical research. The developed system can also contribute to the standardization of
the sectioning procedure as well as enhance the data acquisition phase for EM data
sharing.
Electron diffraction pattern of the ice sample milled by FIB indicated that the
microstructure remains unchanged in amorphous form (Marko et al. 2006). The result
implies that the heating induced by FIB will not raise the ice sample to devitrification
point. Microtome may generate a high density amorphous layer on top of the ice sample
by compression (Al-Amoudi et al. 2002), and this may cause difficulty in the follow-up
analysis. The experimental results in this study show that varying the ion current, at least
at pA level, will not introduce significant difference in sputtering yield or geometry. As
such, it is confirmed that the beam induced heating is localized, and energy dissipation
will result in limited sublimation of the neighboring area.
Immobilizing the cells followed by sectioning and reconstruction in a timely
manner can provide invaluable information of the protein assemblies, which is critical for
specifically designed drugs and therapies. The sputtering rate/yield of water ice by keV
Ga+ is in the magnitude of 10 µm3/nC or 50 molecules/ion at normal incident angle. FIB
milling at grazing angles, as shown in this study, can even achieve higher rate and
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smoother surface. This material removal rate is much higher compared to those in
conventional FIB milling, e.g. 0.26 µm3/nC for Si.

7.2 Cryo-FIB Planning

The simulation framework presented in previous sections provides an intuitive
interface for preview of the milled geometry. This will allow users to revise the plans
repetitively to achieve better results before actual milling. Based on the experimental
results and the associated setups which provide first hand information, a number of
suggestions are summarized below to facilitate Cryo-FIB planning in the future:
Anti-contamination. Recondensation can be a severe problem due to the cryogenic
environment when the sputtered species begin to accumulate on the sample surface.
During the experiments, a metal plate cooled to the temperature of liquid nitrogen was
placed close to milling site to capture the sputtered species. In this study, it was shown to
be an efficient technique for limiting contamination from recondensation. However, it
should be noted that a significant amount of target atoms/molecules are ejected to the
vacuum chamber either by sputtering or sublimation, and recondensation can accumulate
over time regardless of the setup. It is suggested that the sectioning process be completed
with minimal time as possible. For milling multiple features, large spacing is suggested to
avoid the recondensation effects of sputtered species. If the spacing between the features
is fixed, parallel mode is preferred to serial milling in order to avoid the sputtered
molecules from accumulating within a specific region.
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Beam Selection. In this study, ion current levels of pA are selected for the
experiments, and the beam size (FWHM) ranges from 7 nm (at 1 pA) to 39 nm (at 500
pA). If the maximum sectioning time allowed is 3 hours for a cell of 1000 µm3 in volume,
the ion current level has to be at least 200 pA based on the sputtering rate of water ice at
normal incidence. Although the major advantage of FIB is site specific milling, even
higher material removal rate is often required for different tasks, such as removing the
top ice layers to search for a specific cell. As such, milling with high ion current level at
nA level is necessary, as well as combining it with a cryomicrotome to expose areas of
interest.
Incident Angle. The experimental results indicated that sputtering rate of water ice
achieved maximum at 70°, and lower surface roughness was observed at grazing angles.
From a practical requirement of high yield and smooth surface finish, it can be concluded
that Cryo-FIB milling is optimal at 70°. However, users should also be aware of the
wedge effect, and additional operations may be required to achieve the designed
geometry. It also implies that polishing the vertical walls, also referred to as finish milling
or cleaning cut, can also be applied well in Cryo-FIB. In this strategy, the ion beam scans
at the edge of target feature, and the process is basically grazing angle milling at the local
geometry.
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Figure 7-1: SEM images of 2 µm trenches milled at 93 K and the same area with
temperature raised to 196 K
Temperature. The significant dependence on temperature of sputtering rate
implies that total time can be reduced with settings at higher working temperature. A
similar strategy can be found in sectioning by cryomicrotome, in which the frozen
samples are considered as “softer” and easier to section at higher temperature. However,
the temperature should not to exceed the devitrification point. Figure 7-1 shows the SEM
images of 2 µm trenches at 93 K and the same area with temperature raised to 196 K.
With temperature well above the devitrification point, significant sublimation of the
sample occurs. This phenomenon can result in a large amount of recondensation on the
sample surface, and significant change of surface topology as well.
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(a)

(b)
Figure 7-2: (a) SEM images of FIB milled vertical section of water ice at 93 K which is
electron transparent (400 nm in thickness) (scale bar: 5 µm) (b) Schematic diagram of the
process plan.
Figure 7-2 shows an example of a vertical section of water ice milled by FIB to a
thickness of 400 nm, and the schematic diagram of the corresponding process plan. A
cylindrical feature, with inside diameter 10 µm and outside diameter 20 µm, was milled
first with milling time based on the sputtering rate determined. A 10 pA beam was used
for finish milling to thin the feature, and the total time was about 3 hours. The thin
section is electron transparent (~400 nm in thickness) and ready for “lift-out” for TEM
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imaging. This technique will have very wide impact on the use and integration of the ion
beam process within the biomedical domain, and will become the enabler for a host of
bio scientific investigations that would otherwise be impossible or very difficult.

7.3 Future Work

FIB milling of water ice has been systematically studied as functions of ion
fluence, ion energy, ion current, temperature and incidence angle. The fundamental
mechanisms of sputtering water ice by keV Ga+ have been investigated, and analytical
models with regard to these factors were developed. However, the experiments were
conducted by investigating the process parameters in a sequential manner. The
experimental data were obtained by varying one parameter, while all the other factors
remained constant. Ion-ice interactions, together with ion induced effects on molecular
solid surface, are still not well understood and subjects of ongoing research. The process
parameters may have coupled effects, which were not considered in this study. Additional
statistical and computational tools, such as Design of Experiments (DOE) and Molecular
Dynamics (MD) simulations, are proposed for further study.
Using FIB in a cryogenic environment is a promising tool to obtain a cell’s
structural information in situ, or to illustrate its spatial chemical map by analyzing the
sputtered species. Cryo-FIB also has a number of applications beyond sectioning
biological cells/system with nanometer resolution. Water ice or other frozen organic
materials after ion beam or electron beam patterning can be removed purely by
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sublimation, and this technique can potentially be applied to any nano/micro fabrication
method that requires the use of sacrificial structures.
FIB in a cryogenic environment also provides enhancement to the characterization
ability of FIB, especially for materials inappropriate for in situ examination in vacuum.
Holzer et al (Holzer et al. 2007) applied Cryo-FIB for microstructural analysis of cement
suspension, which has been a challenge for quantitative analysis due to highly disordered
particles being contained. For OLED (Organic Light-Emitting Diode) or other structures
containing multiple heterogeneous (organic/metal) layers, cross section for TEM imaging
can be facilitated by FIB milling (Schaffer et al. 2004), while the sample quality of the
organic layers can be dramatically improved by introducing the cryogenic environment.
However, there is still further study required to understand the mechanisms of
sputtering of polyatomic materials at cryogenic temperatures. The dissociation and
association of different species from water ice occur simultaneously at the ion milled
sites, and may play an important role in the high sputtering yield. The target biological
sample can be resin embedded or includes polycarbonate as cryoprotectants. High energy
ion irradiation on polymer may result in chain scission and crosslinking, and the effects
of cryogenic environment still require further investigations.
The interaction of charged particles and biological organisms can have
complicated biological effects. The penetrating ions will cause dislocations of
atoms/molecules in the target, and may finally reside in the target as implantation. The
implantation process, together with the energy transferred, can result in fatality of the
target organisms, or variation of its molecules including DNA (Deoxyribonucleic acid)
depending on the fluence. The mutagenic effects by low energy ion beam was reported
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(Yu et al. 1991), in which rice seeds irradiated by keV nitrogen ions showed inheritable
variations. Following the same approach, ion beam, typically keV C+ or N+, has been
used in a controllable environment for mutation breeding (Yu 2006).
However, currently there is no literature on biological effects by Ga+. SRIM
simulation shows that the average longitudinal range of the implanted 30 keV Ga+ on
water ice, which indicates the thickness of damaged layer, is approximately 51 nm at
normal incident ions and reduced to 36 nm if the incident angle is 45 degree. Although
for Cryo-EM application, ion induced biological effects are not a major concern with
target cells quickly sectioned in frozen status, understanding of these effects is still
needed for future research. The ever shrinking size of ion beam makes it possible to
bombard a local nanometer area on the frozen cell followed by thawing for revival. Indepth knowledge of ions’ biological effects will allow more precisely determined process
parameters, in order to develop a future platform for ion beam based “cell surgery”.
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