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Summary

Focused ion beam (FIB) technique uses a focused beam of ions to scan the surface of a
specimen, analogous to the way scanning electron microscope (SEM) utilizes electrons.
Recent developments in the FIB technology have led to beam spot size below 10 nm,
which makes FIB suitable for nanofabrication. This project investigated the
nanofabrication aspect of the FIB technique, with device applications perspective in
several directions. Project work included construction of an in-situ FIB electrical
measurement system and development of its applications, direct measurements of
nanometer scae FIB cuts and fabrication and testing of lateral field emission devices.
Research work was performed using a number of materials including Al, Cr, S\O2, SikN4
and ther heterostructures. Measurements performed included in-situ resistometric
measurements, which provided milled depth information by monitoring the resistance
change of a metal track while ion milling it. The reproducibly of this method was
confirmed by repeating experiments and accuracy was proven by atomic force microscopy
(AFM). The system accurately monitored the thickness of 50 nm wide and 400 nm thick
(high aspect ratio) Nb tracks while ion milling them. Direct measurements of low aspect
ratio nanometer scale FIB cuts were performed using AFM on single crystal S,
polycrystalline Nb and an amorphous material. These experiments demonstrated the
importance of materials aspects for example the presence of grains for cuts at this scale. A
new latera field emission device (in the plane of the chip) was fabricated, as FIB offers
several advantages for these devices such as control over sharpness and decrease in anode-
to-cathode spacing. FIB fabrication achieved field emission tip sharpness below 50 nm and
anode-to-cathode spacing below 100 nm. For determining the field emission characteristics
of the devices, a low current (picoampere) measurement system was constructed and
devices operated in ultra high vacuum (10° mbar) in picoampere range. One device
fabricated using a FIB sharpening process had a turn on voltage of 57 V.
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Chapter 1 Introduction

Chapter 1

Introduction

Focused ion beam (FIB) technique uses a focused beam of ions to scan the surface
of a specimen, analogous to the way electrons are used in a scanning electron microscope
(SEM). Application of a very high electric field onto a liquid metal ion source (LMIS)
generates ions, which are focused by electrostatic lenses. The development of LMIS is
crucia for the development of FIB. Krohn first observed the emission of large number of
charged ions along with charged droplets while performing experiments on wood metal
(the eutectic alloy of Bi, Pb, Sn and Cd) for space thruster applications [1]. By mid 70's
the work performed on LMIS had reached to a stage where these sources of ions could be
used in aFIB.

Bombardment of the specimen surface by extracted ions from LMIS results in the
generation of secondary electrons, ions and sputtered material. These different kinds of
generated species are used for different functions of the FIB. Imaging function results due
to secondary electrons and ions while fabrication function occurs due to sputtering.
Generation of secondary electrons result from closer to the surface (10's of nm) than in a
SEM (100's of nm) and the back scattered electron signal does not occur as the
bombarding particles are ions. The release of an appropriate gas close the surface as Ga'
ions bombard the specimen surface leads to additional capabilities of the FIB such as
material deposition and enhanced removal of material. Different materials can be deposited
for example Pt, SO, etc. [2].

FIB systems are mostly used in semiconductor industry and in 1993 there were
approximately 150-200 commercial systems world wide [3]. The primary advantage of
FIB is the capability to form an image of the specimen and then precisely mill the material
away from selected areas. The mgor applications of the FIB systems are failure analysis,
device modification, and repair of photomasks [4,5]. New applications developed in this
field include ion lithography and applications related to micromachining. This project used

Nanofabrication using FIB 11



Chapter 1 Introduction

a FEl (manufacturer's name) 200 series type FIB. The milling spot size of this machine
can be varied from 8 nm to 500 nm, which makes it suitable for nanofabrication [6,7].

Nanos is a greek word which means dwarf, as the name suggests, nanotechnology
involve things, which are small. The definition of the nano scale varies from country to
country. In Germany, the definition covers anything, which is smaller than 1mm in size. In
the US, the definition covers things which are largely limited to atomic and molecular level
(10® —10™ m). The UK definition takes a middle course, describing it as a technology in
which dimensions and tolerances in the range of 0.1 nm to 0.1 nm perform a major part
[8].

Nanofabrication, is more narrowly defined than nanotechnology which currently
includes research areas ranging from microelectromechanical systems (MEMS) to protein
engineering [9-11]. Nanofabrication is a progression of microfabrication, which uses two
different technologies both originating predominantly in the work on S namely
mi croel ectronics technology and micromachining technology. Microelectronics technology
utilises primarily Si and its properties for fabrication. The technology builds planar
structures on Si wafers and no assembly of parts is required. There is a wide spectrum of
technologies used in the microelectronics industry such as photolithography, ion
implantation etc. Micromachining technology has its roots in discoveries concerning the
piezoresistive effect in Si; however, S material is not greatly important in this area [12].
Structures are more 3-dimensional and different parts require assembling [13]. Currently
various technologies are being used for micromachining such as bulk micromachining,
surface micromachining etc. [14-16]. Presently most of the technologies for achieving
nano scale feature have limitation for instance optical contact lithography is limited by
Fresnel diffraction, X-ray lithography is very expensive and the masks are fragile and e-
beam lithography is seria in nature thus very expensive.

The developments in the above mentioned technologies have led to a wide range
of applications. Nanolithography is one of the most important applications of
nanofabrication and developments in this field will determine the speed and density of
electronic devices. FIB offers advantages over e-beam lithography in this field due to no
back scattering of electrons while performing nanolithography thus making it suitable for
performing high density lithography. There are a wide range of applications in the field of

micromachining such as micromotors, nanoresonators, microsuperconductive devices,
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Chapter 1 Introduction

mechanical devices and components [8-27]. These devices use different principles such as
piezoelectric, electrostatic, etc. [28-31]. Presently FIB is used for nanofabrication in
different devices such as superconductive devices and field emission devices. Applications
of the FIB technology such as transmission electron microscopy (TEM) specimen
preparation also extends FIB fabrication into the nano range as the specimens are 100 nm
thick.
FIB technology offers a number of advantages for nanofabrication which are
summarised as follows:
» The ability of the technique to perform both milling and imaging.
» Milling spot size below 10 nm, leading to fabrication of thin sections approximately
100 nm.
» Flexibility in processing, for example milling of different shapes and deposition of
different materials.
» Ease of fabrication; fabrication only requires overlying patterns on the substrate
surface.
= Uniqueness of this technique to mill oblique cuts.
=  Minimum back scattering of electrons relative to e-beam lithography while performing
nanolithography which makes it suitable for performing high density lithography.
Present FIB research work largely involves development of its new applications. Recently
there is reported work on exploiting the technology for commercial applications [32].

The above-mentioned advantages of the FIB technique and the present trends of
developing practical applications of the FIB provided the motivating factors for the project.
It is of great importance for device applications that the current capabilities of the FIB
technology should be increased. One way in which the technological capabilities of the
FIB system can be increased is by building an in-situ electrical measurement system, thus
offering the ability to perform electrica measurements while using different functions of
the FIB. As more of the device applications involving FIB extend into the nano scale it has
become very important for researchers to know about FIB cut parameters such as width of
cut at this scale. Thus a study of FIB cut parameters by some direct measurement method
is essential for future developments in this field. Presently there are various device
applications such as field emission devices. The fabrication of lateral field emission

devices with the FIB offers a number of advantages for example control over sharpness
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Chapter 1 Introduction

and this leads to control over turn-on voltage. These advantages of the FIB can provide this
whole area of research a new perspective.

The objectives of the work included developing new techniques in the field of
nanofabrication and understanding the effect of materials properties such as grain structure
and surface propertieson nano scale FIB milling parameters for example the width of cut,
depth of the milled structure etc. Development of new techniques included for example:
fabrication and testing of lateral field emission devices, construction of in-situ electrical
measurement system, exploring its applications and finding new methods to study the FIB
milled structures for nanofabrication. An understanding of the various FIB techniques,
milling, imaging etc. at the nano scale is essential for nanofabrication. Device fabrication
with the FIB presently uses various materials, such as Nb for superconductive devices and
S for fabrication of cantilevers [3,32]. The research work involved the use of different
material for example Si, Nb, Al, Cr, SkN4, SO;, etc. and their heterostructures. The study
of milling of these materials is important for better understanding of FIB milling process
and as it provides with useful information such as the milling rates of different materials.
For device applications the shape of the FIB cut and material factors which influence the
shape of the FIB cut for nanofabrication are also very important.

The project work included the building of an in-situ electrical measurement system,
atomic force microscope (AFM) measurement on nano scale FIB cuts and fabrication and
testing of a field emission device. An in-situ electrical measurement system increases the
capability of the FIB system as different type of electrical measurements can be performed
while milling or without removing the specimen from the FIB vacuum chamber. For this
project, the present system was used for three different purposes. in-situ resistometric
measurements, low current measurements (currents in the picoampere range) and heating
of the devices. AFM measurements were performed on nano scale FIB milled cuts in
single crystal Si, polycrystalline Nb and an amorphous material. A framework was
established to perform AFM measurements, which is aso useful for other similar
measurements. This investigation increased understanding of the FIB technology and the
influence of materials parameter on the milled structures such as the variation of the width
of cut in a grainy material. End point detection (EPD) (which is the current signal to
ground as milling is performed) was used for the study of Cr/Al/SiIO, structure, which

increased understanding of the complexity of the milling process. This technique was also
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Chapter 1 Introduction

used to calculate the milling rates and sputter yield of different materials. The fabrication
of field emission devices proved to be very successful as a new field emission device was
fabricated which exploits the flexibility of the technique. Devices with different materials
and dimensions can be easily fabricated. Field emission devices were fabricated on chip
and operated in ultra high vacuum (UHV). A FIB device sharpening process resulted in

device turn-on voltage of 57 V.

1.1 Outline of thethesis

Chapter 2 discusses the FIB technology, its applications and different functions.
Applications section discusses the different commercial and research applications. FIB
functions section discusses different functions such as imaging, milling, deposition and
EPD technique. Different experiments performed during the project demonstrated different
capabilities of the FIB. These are presented with the discussion of the working of the
various functions, applications etc.

Chapter 3 discusses the experimental techniques and measurement methods used
during the project. The first part of the chapter describes the standard fabrication
techniques such as sputtering, photolithography etc. The second part of the chapter
discusses low current measurements and various electrical systems built during the course
of this project.

Chapter 4 discusses the in-situ FIB resistometric technique to measure milled
depth and to detect the end point. The reliability of the technique was tested by measuring
milled depth with this technique and comparing the data with depth measurements by
AFM. The technique was demonstrated for 50 nm wide and 400 nm thick (high aspect
ratio cuts).

Chapter 5 discusses the applications of the AFM technique for the measurement of
the width of cut and milled depth of nano scale FIB cuts. An investigation was carried out
on Si, Nb and an amorphous material, the results from these materials are discussed in this
chapter.

Chapter 6 presents an overview of the area of field emission, its applications and
fabrication methods. Experimental work follows this general discussion, which was carried
out in order to fabricate a lateral field emission device. The experimental work explored

various capabilities of the FIB for lateral field emission devices from materials perspective.
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Chapter 7 presents the field emission theory, an investigation into different causes

of failure of field emission devices and field emission measurements. Successful field

emission measurements were performed in UHV and these are discussed in this chapter.

Finally, chapter 8 presents conclusions drawn from the present work and future

directions.
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Chapter 2 FIB Technology, Functions and Applications

Chapter 2

Technology, Functions and Applications of FIB

2.1 Introduction
This chapter discusses the FIB technology, functions and applications; the

discussion includes technological aspects of liquid metal ion source (LMIS), ion milling
function of the FIB and applications such as micromachining. The chapter has three parts,
the first part discusses the FIB system technology, the second part discusses various
functions of the FIB, and the last part discusses major applications of the FIB technology
both in industry and in research.

lon milling is one of the most important functions of the FIB, it depends on severa
factors, two very important factors are overlap of collision cascades and re-deposition of
sputtered material. End point detection (EPD) technique is another important function of
the FIB, it uses the current signal to the ground while ion milling to identify different
materials and to measure thickness. This technique is very important for the project as it
provided information regarding thickness milled of different layers while fabricating field
emission devices and it adso led to the calculation of milling rates and sputter yields of
different materials. Section 2.3.4 discusses the detailed working principle of EPD with the
help of an example. Presently FIB systems applications are mostly in the semiconductor
industry, important applications include repair of IC circuits, TEM specimen preparation
and defect analysis [1,2]. New applications developing in this field include ion lithography
and applications related to micromachining [3-6]. A latera field emission device was
fabricated as part of this project, the section on micromachining discusses the applications
of the FIB technology for field emission applications. Section 2.5.2 presents work

performed on micromachined structures for example micro-cantilevers.
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Chapter 2 FIB Technology, Functions and Applications

2.2 FIB System
This project used a FEI 200 series type FIB. Figure 2.1 shows a photograph of the

FIB system, which shows the various components of the system, for example the detector,
the ion column, and the specimen chamber. The following sub-sections describe the

detailed working of the various components of the system.

Figure2.1 FIB system used for this project (FEI 200 series type FIB).

2.2.1 The Column
The column mounts on top of the specimen chamber and consists of a LMIS, two

electrostatic lenses, a set of beam blanking plates, a beam acceptance aperture, a beam
defining aperture, a steering quadrupole and an octupole deflector. Figure 2.2 shows a
schematic of the FIB system.

Nanofabrication using FIB 9
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SUPPRESSOR & LMIS
EXTRACTOR CAP
ACCEPTANGE APERTURE (AA)

LENS 1

LENS 1 STEERING QUADAUPOLE
BDA

LENS 2 STEERING QUADRUPOLE
. BEAM BLANKING PLATES .
BLANKING APERTURE

LENS 2

DEFLECTION OCTUPOLE

SPECIMEN

Figure2.2 Schematic of the FIB system [Source: FIB manual for FEI 200 (1996)].

Application of a negative bias of 30 kV extracts Ga* ions from the LMIS and accelerates them
towards the specimen. Two electrostatic lenses, a steering quadrupole and an octupole deflector in the
column focus the ions into a beam and scan the beam on the specimen. The ion beam strikes the specimen
and removes material by physical sputtering process. The striking of the ions onto the specimen also generate
secondary ions and secondary electrons, which are detected to form an image of the scanned area. The scan
control system allows milling of different patterns. Injection of different gases close to the specimen surface
while ion milling results in deposition of different materials and enhanced removal of material [Source: FIB

Manual for FEI 200 (1996)]. The following sub-sections describe the various components of the column.

2.2.1.1 Liquid Metal lon Source (LMIS)

The work on electrohydrodynamic spraying of liquids performed an important role in the
development of liquid metals as a source of positive ions. In 1745, Bose reported the phenomenon when he
observed the formation of water threads at the nozzle of an electrified capillary [7]. In 1882, Lord Rayleigh

made the first calculations on the effects of electric stress on conducting fluids [7]. In early 20" century,
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researchers performed different experiments involving liquids such as ethyl alcohol, glycerine, soap bubbles
etc. It was in 1964 that Taylor, in his classic paper showed theoretically that an uncharged spheroid droplet

could exist in equilibrium in auniform electric field provided:

F(r/9*? <1.625 (2.1)

Where F is a uniform electric field (Vcmi?), gis the surface tension (dyn/cm) and r, is the radius of the

droplet (cm).

In mid 1970’ s the first LMIS was developed and presently there are various types of sources[2]. The LMIS
in the FIB used for the project consists of a conical shaped emitter; the source material (Ga) liquefies upon
heating. The source material covers the cone and when a strong electric field is applied, the material layer
deforms into a Taylor cone. The end of the tiny cone has an end radius of approximately 2nm and ion
emission occurs from this end. The half angle of the Taylor cone is determined by the electric field force and
the counterbalancing surface tension forces. Gaion source is commercially used due to its low melting point,
low vapour pressure, very high brightness (10°Acm®sr™), long life time and high stability variation [Source:
FIB Manual for FEI 200 (1996)]. There are various other source materials including Au, Cs, In, Bi, Pb, Ga,
etc.; aparticular application may require a different source material [8]. For example, the fabrication of CoSi,

microstructure by Co” implantation requires a Co source [9].
2.2.1.2 Lens System

The beam from the source first passes through a beam acceptance aperture and then
enters Lens 1 (Fig. 2.2). The quedrupole, located just above the beam-defining aperture
(BDA) adjusts the beam position so that the beam travels through the centre of BDA. The
Lens 2 quadrupole then aligns the beam to the optical axis of Lens 2. The octupole below
the Lens 2 provides scan and shift as well as beam astigmatism correction. The beam
blanking assembly is located between the Lens 2 steering quadrupole and the second lens
assembly. It consists of blanking plates, aperture and an electrical path for the current to be

measured. Beam blanking is useful as it protects specimens from constant milling.

2.2.1.3 Stage, Detector and Gas Injection
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The stage is motorised and software provides control of X, Y axis and rotation and
it can be manually tilted in the XZ plane. Two different type of gases can be released
above the specimen surface at a distance of approximately 100 mm, one is used for
enhanced etch, the other for Pt deposition. During ion bombardment while milling, charged
species form and these are attracted to the detector, which is close to the specimen by
applying appropriate bias. The detector is a microchannel plate (MCP), which is a glass
array of millions of tiny channel electron multipliers. Figure 2.3 shows a schematic of the

stage, ion column and the gas injection needle.

lon Column — p»

Detector

. P __a..;i_r
i ) ;‘-ﬁ'.'.!". e N L g
Figure2.3  Schematic shows the stage, ion column, detector and the gas injection
needle.

2.2.1.4 Image Generation

The primary beam is scanned across the specimen as a raster, which consists of a
series of lines in the horizontal (X) axis, shifted dightly from one ancther in the vertical
(Y) axis. As the beam scans over the specimen, secondary electrons and secondary ions
that are generated by the specimen are detected and the information is stored in the
computer; the image is generated from this stored information. The monitor displays the
image at TV rate but the information update in the computer occurs only at the beam scan
rate. There are three different types of image quality: high (1024 ~ 1024 pixel), medium
(512" 512 pixel) and low (256~ 256 pixel) [Source: FIB Manual for FEI 200 (1996)].
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2.2.1.5 Milling

During ion milling the beam isun-blanked and lines, circles, rectangles, polygons with four corners

Chapter 2 FIB Technology, Functions and Applications

and stepped profiles can be milled using the scan control system. Table 2.1 shows different beam currents

and the corresponding milling spot sizes.

Table2.1

Different beam currents and the corresponding milling spot sizes [Source: FIB manual for
FEI 200 (1996)].

Beam current (pA) Milling spot size (nm)

1 8

4 12
11 15
70 25
150 35
350 55
1000 80
2700 120
6600 270
11500 500

Figure 2.4 shows a diagram of the beam overlap, pixel size and milling spot size.

Dwell time is the period of time the beam stays at a particular position. Overlap is defined

as the area overlapped when the beam moves from one position to the next and is
calculated in terms of percentage of area. The method by which FIB calculates the actual
beam overlap is explained in chapter 5, the particular method provides a rough estimate of
overlap (it is a simplified method). For milling the pixel size is calculated by measuring the
full length of the image observed on the work station divided by 4096, the number 4096

comes from the use of a 12 bit analogue-to-digital card. The milling pixel resolution and

milling spot size has to be of appropriate size to define fine features (discussed in detail in
chapter 5). The milling conditions for St material of dwell time of 1 ns and overlap of 50%

were used for smple ion milling. Milling conditions with dwell time 0.4 ns and overlap of

0% were used for ion milling with enhanced etch.

FIB beam milling direction
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N
~N ~ ~
Pixel size “—> < >
Overlap Beam spot size

Figure2.4  Schematic of the beam milling spot size, overlap and the pixel size as the

FIB performs milling.
2.3 Functions of the FIB

FIB has various functions, for example, imaging, simple ion milling, ion milling
with enhanced etch, Pt deposition and end point detection (EPD). Both secondary electrons
and secondary ions can be used to perform imaging. FIB used for this project utilises I, gas
to enhance the ion milling of different materials. Release of an organo-metallic gas close to
the surface while ion milling results in the formation of a Pt deposit. Electrica signal
generated while milling through a multi-layered structure can be used to find the end point

of alayer. The following sections discuss these different functions of the FIB.

2.3.1 Imaging
Scanning of the ion beam on the specimen surface results in the gection of

electrons and ions. The primary Ga' ions scan the surface and penetrate into the surface to
depth of 10's of nm, this penetration depth varies from material to material. During ion
milling the secondary electron yield is much higher than secondary ion yield, due to this
reason FIB is mostly used in the secondary electron mode. Secondary-ion images are of
better quality at medium to high probe currents (medium currents include 70 pA and
350 pA, while high beam currents are 1000 pA and above). This arises due to the
generation of more secondary ions with these beam currents. At very low beam currents
such as 4pA and 1 pA the images generated by secondary ions are of low quality due to
the small amount of secondary ions generated. Images generated by FIB are different from
the images formed by SEM, this occurs due the large size of ions relative to the electrons,
and due to the positive charge of ions. As the Ga’ ions are much larger than electrons the

interaction volume in FIB is lower than that in SEM; hence secondary electrons and
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secondary ions are generated from regions much closer to the specimen surface. Figure 2.5

shows schematically the generation of secondary electrons and ions during FIB milling.

@ Gdliumions

FIBbeam | @ O Sputtered materia
l : e Secondary electron
Generation of secondary electrons, _ : + Secondary ion
ions and sputtered material + e
\ 5 % : .e:

Figure25 Ga' ions upon striking the surface of the material generate electrons, ions

and sputtered material.

2.3.2 Simpleion Milling and lon milling with Enhanced Etch
Material removal is performed in the FIB by either physical sputtering or physical

sputtering combined with chemicals. The material remova rate in physical sputtering
depends on various parameters such as dwell time, overlap etc. During the course of the
project different materials for example, Al, Cr, SIO, etc. were used and sputter removal
rates were calculated. Release of an appropriate gas close to the surface while performing
milling leads to enhanced removal of material. Enhanced remova of material was aso
performed on various materials and the milling rates were calculated. The following sub-
sections discuss in detail simple ion milling and ion milling with enhanced etch.
2.3.2.1 Simple lon Milling

The sputter removal rate in FIB depends on the ion flux to the target, the
probability that the impact of an incident ion will gect a target atom, the re-deposition of
the sputtered material, and the angle of incidence of the ions with the specimen surface.
The FIB system used contains material files for sputtering of different materials. In these
material data files, beam dwell times and overlap have been calibrated for different
material. For a new material, these parameters need adjustment in order to obtain the
highest sputtering rate.

Table 2.2 summarises the milling rates of different materials used during the

project. The milling rates were calculated by first measuring the thickness of the material
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by profilometer and then by observing the milling time in the FIB. The milling time was
measured using EPD technique, which is discussed in section 2.3.4. Milled area of size

5mm” 5 nmwas used for the calculation of milling rates.

Table2.2 Milling rates of different materials with ssimple ion milling.

Material ‘ Simple milling rate(m®nA™*s™)

Al 0.37
Cr 0.28
Au 1.8
SizN4 0.21
SO, 0.19

Sputter Yield
Table 2.3 shows the sputter yield of different metals used during the course of the

project. Sputter yield, S, is the ratio of the number of the target atoms gected from the
target to the number of ions incident on the target. It depends on ion mass, ion energy,
target mass, and the crystallinity of the target material. For each target material there exists
a threshold energy below which no sputtering occurs. The energy is typically in the range
of 10 to 30 eV. Sputtering yield of 2.1 for S and 5.6 for GaAs at zero degree angle of
incidence has been reported [10,11].

Table2.3 Sputter yields of different metals.

Material ~ Sputter yield

Al 3.6
Cr 3.7
Au 17

Angular Dependence
The variation in the angle of incidence between the bombarding ions and the

surface of the material changes the sputter yield of some materials. The angular
dependence of sputter yield is a strong function of the target material and the incident ion
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energy. Materials such as Au, Pt and Cu, which have high sputter yields, usualy have
small angular dependence and maximum sputter yield occurs at ~80° incidence angle [12].
Figure 2.6 shows a graph of sputter yield against angle of incidence with respect to target
normal. Severa authors have reported work on the angular dependence of materials such
as Permalloy, diamond, etc. [11,13]. The sputter yield of S and SIO, for example
increases by a factor of seven to eight times in going from normal incidence to an angle of
75° —85° [11].
A

Sputtering Vs \
Yield -~

N\
—_——

\

\/

0 80
Angle of incidence with respect to target normal (degree)

Figure2.6 A typical variation of materials with pronounced angular dependence on

Sputter yield.

Re-deposition and Dwell Time

Re-deposition of the sputtered material during normal ion milling in FIB limits the
depth of the milled patterns. As the beam mills deeper into the sample, sputtered material
is not gjected from the crater but remains within it. Eventually milling stops as the ion
beam moves the previoudly milled material around the crater but does not mill any deeper
into the sample. In normal ion milling, it is found that re-deposition on the side wall is
controllable by adjusting the FIB scan speed (dwell time) and direction [14-16]. Figure 2.7
shows a small step-like sope, which forms in the bombarded spot during FIB milling.
Sputtered atoms are re-deposited more on the sde-wall facing the dope having the
gradient g than on the side-wall in the back of the slope. By varying the scan speed, g and
hence sputter re-deposition can be controlled. The adjustment of q aso results in the

change in geometrical enhancement factor (angular dependence), so by adjusting the dwell
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time different sputtering rates are obtained. Dwell time needs to be optimised for a

particular material and a particular application.

Scan Direction
|

Walls of the strycture

ore sputtering in this direction
FIB beam

Step-like dope

B walsof thestructure I Sputter deposit
Figure2.7  Schematic of the FIB milling process at slow speed.

Overlap of collision cascades
Material removal rate can also be changed by varying the overlap of the collision

cascades, which occur in the sample material during ion milling. When the ion beam hits
the sample surface, collision cascades within the sample take place, resulting in some
material sputtered out of the sample surface. Figure 2.8 shows schematic of collision
cascades occurring within the material as the beam mills the material. Higher sputtering
rate occurs when the collision cascades overlap than when collision cascades does not
overlap [7]. This enhancement occurs due to the increase in collision cross-section when
the collision cascades overlap. This parameter needs adjustment for a particular materia to

achieve the highest sputtering rate.
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FIB beam

oo

<4—— Materid surface

i FIB beam

a) Independent collisions occuring in the materia

Cross-section of collision
cascade in the material

ot d

<4—— Materid surface
Sputtered material

b) Coallison cascades overlgpping in the materia

Figure2.8  Overlapping collision cascades within the material lead to enhancement of

milling.

2.3.2.2 lon Milling with Enhanced Etch

Normal ion beam milling results in the sputtered material re-depositing near the milled
area. Re-deposition limits the depth or aspect ratio of the milled patterns, which is defined
as the ratio between the depth milled and the shortest dimension of the milling pattern.
Gas-assisted etch process removes certain materials faster than normal ion beam milling.
The increased etch rate is due to the sputtered material chemically reacting with the
assisting gas to form volatile compounds which are removed by the vacuum pump. The
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combination of FIB milling and a reactive gas offer a number of advantages over

conventional milling:

. increased material removal rates;
. higher removal selectivity among materials and
. absence of re-deposited material.

H.0O, halogen compounds and I, have been used as gases for enhanced etching [16-20]. In
the FIB system used, enhanced etching is achieved by directing l> gas onto the surface of

the sample while milling it with ion beam.

HIGH GAS-TO-ION
ETCH e USING EE
RATE [ S 0.2 MM
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" 1 FATE CVER LOW GAS-TO-ION
> SPUTTERING .., RATIO, LOW
7 CONVENTIONAL MILLING P ENHAMCEMENT
o7 eutEANG T BUT NO
- REDEPQOSITION
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Figure2.9  Enhancement varies with the gas-to-ion ratio. High gas-to-ion ratio results

in higher enhancement [Source: FIB manual for FEI 200 (1996)].

Figure 2.9 shows relationship between etch-rate and current density. Figure 2.9 is
only a schematic and its function is to clarify the difference in milling rate, which arises
due to the use of enhanced etch and it also helps to clarify the effect of enhancement on
gas-to-ion ratio. Conventional milling rate is directly proportional to the ratio of current
density to number of ions bombarded on the surface, while enhancement varies with the
current density. At low current densities, excess halogen gas is present which ensures that
al the sputtered material reacts, thus leading to minimum or no re-deposition. There is
insufficient gas present at higher beam current densities to react with al the sputtered

material resulting in material re-deposition, which results in low enhancement ratio.
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Different materials such as diamond, Permalloy, InP, S, SO», etc. have been milled using
ion milling with enhanced etch [13,18,20].

Table2.4 Milling rates of Al, Cr and Si with ssimple ion milling and with ion milling

using enhanced etch.

Material Simple milling rate | Enhanced etch milling rate
(mm°nAls?) (mm°nAls?)
Al 0.37 4.1
Cr 0.28 0.48
Si 0.15 0.75-2.25

Table 2.4 shows the milling rates of Al and Cr with simple ion milling and with ion
milling with enhanced etch. These two materials were commonly milled with the FIB
during the course of the project. The milling time was measured using EPD technique
which is discussed is section 2.3.4. The simple milling rate and enhanced etch milling rate
for S in table 2.4 are provided for comparison and are provided in the FIB manua for
FEI 200 (1996). The comparison of enhanced etch milling rate shows that Al has the
highest milling rate. This can be partly explained by comparing the melting and boiling
points of iodides of Al, Cr and Si. Table 2.5 shows the melting (m.p) and boiling points
(b.p) of different metal iodides used during this project. All; has a lower melting and
boiling point than Cr iodides, so the enhanced etch rate is higher. The information
regarding the melting and boiling points of metals is useful to roughly estimate the milling
rate of a particular metal due to the use of enhanced etch. Information regarding the
melting and boiling point of iodides in vacuum can improve this rough estimation. Figure
2.10 shows a plot of melting and decomposition points of different iodides. The plot shows
that iodides for example Al, Si have low melting points while Cr iodides have high melting
points. The plot helps to clarify the information presented in table 2.5.

Table2.5 Melting and boiling points of iodides of different metals used during this
project [ Source: Handbook of physics and chemistry (1995)].
M etal ‘ lodides ‘ m.p °C)
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Al All3 191 360
Cr Crly 856 Sublimesin vacuum at 800
Cral3 >600 Without |2 in vacuum at 350
Ga Gals 212 Sublimes at 345
Au Aul Decomposes at 120
Aulz
Nb Sublimes in vacuum
Si Sily 1205 2875
Sihlg Decomposes at 250 Decomposes

800+

700r

600+

Temperature
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400+

300+

200r

100f
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lodides
Figure2.10 Melting and decomposition points of iodides of different metals used during this project

2.3.3 Material Deposition with the FIB
There are two types of FIB deposition: chemical assisted deposition, and direct

deposition. Chemical assisted deposition uses chemical reactions between the substrate
surface and the molecules adsorbed on the surface. On the other hand, direct deposition
uses low energy ions from the source. FIB used for this project is equipped with a Pt
deposition facility. The following sections discuss these two methods for depositing
meaterials in the FIB.
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2.3.3.1 Chemical Assisted Deposition

The deposition of material using FIB relies upon the delivery of gas molecules to
the surface. A gas carrying the element to be deposited is delivered through a capillary
nozzle, various gases are used for this purpose [21,22]. Severa materials such as W, P, Al,
Ta, C, SO, can be deposited in the FIB [23-27]. FIB deposition process requires that gas
molecules delivered to the surface are adsorbed in adequate numbers and their binding
energy to the surface is sufficiently large. Figure 2.11 shows schematically the mechanism
of the FIB deposition using adsorbed gas. An incoming ion produces collison cascade
effect in the target surface. If the adsorbate binding energy (BE) is less than its
decomposition energy (DE), the gas molecules on the surface will be sputtered away and
no deposition will occur. Only if the binding energy is sufficiently large compared to the
decomposition energy of the molecule that efficient deposition will take place [28]. The
precise mechanism by which decomposition of the adsorbate occurs has not been
determined. Usually the deposited layer is contaminated by other elements such as oxygen
or carbon from the background gas within the vacuum chamber, and by the elements
forming the ion beam.

Deposition Rate
Various factors control the deposition rate. One of these, the local gas flux on the
sample, is determined for a particular deposition material by the:
» needle position;
» needlediameter and

= crucible temperature

The deposition rate is a combination of the local gas flux and
= beam current;

» scan areaand
= scan speed.
Deposition is a delicate balance between decomposing the adsorbed gas to produce a
conductive layer and sputtering material from the specimen’s surface. The net deposition
rate is the deposition rate minus the sputtering rate.

Fast scanning produces fast layer growth over a wide range of ion beam currents

and scan areas. With fast scanning, the dwell time at any particular point is short, during
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which time the ion beam converts any gas on the surface to a deposited product. Once all
gas has been converted, sputtering occurs until the ion beam moves to the next point, the
longer the ion beam remains at a particular point, the less net deposition there is [Source:
FIB manual for FEI 200 (1996)].

BE<DE
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Figure2.11 Schematic shows mechanism of the FIB deposition using adsorbed gas. @) Binding energy
is lower than the decomposition energy so the gas atoms sputter away. b) Binding energy is higher than the

decomposition energy so the gas atoms decompose to leave a deposit.
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Figure2.12 Deposition rate of the metal deposit in the FIB varies with the beam current
[Source: FIB manual for FEI 200 (1996)].

Figure 2.12 shows the variation of the deposition rate of metal in the FIB with
beam current. In area A of figure 2.12 low beam currents are being used, this results in
sower growth rate due to the incomplete conversion of the gas on the surface. In area B
higher beam current is used, which leads to more gas disassociating on the surface,
resulting in higher growth rate. In area C, the beam current is so high that all the gas on the

surface is used up and materia starts to be sputtered which results in a drop in growth rate.

2.3.3.2 Direct Deposition

In FIB direct deposition, ions are bombarded on the surface with such low
accelerating voltages that instead of sputtering the material these ions stick to the surface.
Beam energy around 50 eV was used to deposit Au and Ga, the limitation of this method is
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its Slow deposition rate [2]. FIB direct deposition has several advantages over the FIB gas-
assisted deposition one such advantage is that the purity of the deposited film is higher
because of the high vacuum conditions maintained during the deposition process. Direct
deposition of Au, Cu, Al, Ga, Nb, Nb for superconductive applications and multi-layer
structures have been demonstrated [2,29].

2.3.4 End Point Detection (EPD) using Absorbed Current
Absorbed current generated while milling through a multi-layered structure can be

used to identify different materials in the structure [30]. The information provided by this
method was used in this project to determine the milling time required to mill through
different materials. The following paragraphs discuss this method in detail with the aid of a

practical example.

Direction of the Gaion beam @ Gaions

O Sputtered material
: e Secondary electrons
@ + Secondary ions
6]
6]
Q

o
¢+ g .g'e

Specimen

Figure2.13 Ga' ion bombardment generates secondary electrons and ions, which results

in a current flowing from the specimen to the ground.

During ion milling, if the specimen is grounded a current flows to the ground which
depends on the beam current and on the number of generated secondary electrons and ions.
As previoudly discussed, the number of secondary electrons and ions generated during
milling is materia dependent. Thus, by monitoring the current flow to the ground
(absorbed current), different materials can be identified. Figure 2.13 shows a primary beam
of Ga' ions hitting the substrate and the generation of secondary ions and electrons. During
this process, a current flows to the ground and an ammeter detects it. While milling a

multi-layered structure as Ga' ions mill through one layer to the next, the current generated

Nanofabrication using FIB 26



Chapter 2 FIB Technology, Functions and Applications

changes thus identifying different materials. EPD works well with conductors, if an
insulator is present the information needs to be analysed carefully. In order to find reliable
information with EPD, the specimen needs good grounding and a relatively large area
needs to be milled. For single pixel line milling, the signal-to-noise leve is very high thus

making the results unreliable.
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Figure2.14 EPD graph shows the current signal from different materials. The thickness
shown on the graph corresponds to the thickness milled for Si material.

A practical example of a multi-layered structure of Cr and Al deposited on SO
substrate used for the fabrication of field emission devices helps to clarify the method. Si
data file was used to mill structures of 5 for EPD. Figure 2.14 shows an EPD graph
for this type of structure, the figure is a plot of measured current versus thickness, as the
milling conditions used were for Si, the computer analysed the signal as generated by Si.
However, the information displayed is useful; by first measuring the thickness of Al and Cr
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by profilometer, EPD can be calibrated and then used for these materials. This method was
used to determine the milling rates of different materials.

Figure 2.14 shows signa level not only generated by Al and Cr but aso by their
oxides. There is athin oxide layer approximately 5-10 nm thick present on both materials,
which occurs due to the oxidation of these metal surfaces by atmospheric O,. Cr, the first
layer to be milled had a grain size of 50 nm, surface roughness of 20 nm and thickness of
approximately 250 nm, the grain size and surface roughness were measured using AFM.
The milling is divided into different stages and the signal level is considered at each stage
to explain figure 2.14. Figure 2.15 shows diagrammatically the milling process and
different stagesinit. In stage 1, the signal from the oxide above the Cr layer is observed,
as milling proceeds this signal mixes with the signal from the Cr material and diminishes.
In stage 2 the signal level remains relatively constant as only Cr is milled, a spike in the
measured current is observed due to the presence of ALO3; above Al. Non-uniform milling
of Cr film due to the presence of grains in the Cr film exposes Al,O3 above Al in certain
areas thus forming this spike. It was observed by only milling Al and monitoring the EPD
signa that the signal level from ALOs is higher than that from the Al. This signa from the
AlLOs interferes with the signal from the Cr until al the Cr is removed. As Al has a lower
signal level than Cr a decrease in the signal level is observed as milling continues from the
Cr layer to the Al layer. In stage 3 the signa level only occurs due to the milling of Al,
which is approximately 900 nm thick. An increase in the current is again observed as
milling proceeds from the Al layer to the SO,. However, this increase in signa leve is
more difficult to explain as the signal from Al (conductor) is mixed with a signal from the
oxide (insulator). There are two possible reasons. It could be due to impurities present
between the interface that result in this rise in signal level or it could be due to reaction
between the SO, and the sputter-deposited Al.
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a) Cr,Oz ismilled; the current signal level is

high.

b) Cr is milled; the current signal level

decreases.

¢) Al,QO;3 starts to be milled; the current signal
level shows a spike.

d) Al ismilled; the current signal level

decreases.

EEE BN I . €) The substrate startsto be milled; the current

signal level increases.

B Cr:05 B ALOs Substrate

Bl cr B A
Figure2.15 Schematic of the different layers of materials removed during the milling of
multi-layer structure of Cr/Al/SIO». The oxides are approximately 5-10 nm

thick, while Cr and Al are 250 nm and 900 nm thick respectively.

From figure 2.14, it is observed that both the oxides have a higher signal level than
the corresponding metals and that Cr has a higher signa level than Al, which in turn has a
higher signa level than SIO,. This is due to the different number of charged species

produced by different materials, as well as their subsequent escape and charge
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neutralisation. It appears to be material dependent and presently there is no theory to

predict which material will give a higher or lower signa level.

2.4 Applications of the FIB

Presently FIB is mostly used in the semiconductor industry thus major applications
are related to the semiconductor industry. Repair of lithographic mask, defect analysis and
circuit re-wiring are major industrial applications of the FIB. FIB is aso used for TEM
specimen fabrication and approximately 100 nm thick sections for TEM can be prepared
with this technique. Imaging is a primary function of the FIB and grain contrast is obtained
as ions penetrate deeper into some grains of the specimen, this grain contrast is used to

measure grain size. The following sections discuss these applications of the FIB technique.

2.4.1 Repair of Lithographic Masks and Integrated Circuits
FIB offers a very powerful tool for the removal or addition of material up to an

accuracy of 0.1 mm. This is ideal for repairing lithographic masks and integrated circuits
where critical dimensions are much less than 1 mm in many processes. The repair of optical
lithographic masks was one of the first practical applications of the FIB to be realised.
Opague defects are removed by milling while transparent ones are covered by metd
deposition. X-ray lithography is another area where FIB is used for mask repair,
transparent defects are repaired by depositing an X-ray absorbing material, for which high-
mass atoms such as Pt or Au would be idea [23,24,33,34]. FIB is aso used to repair
phase-shift masks, these masks use the shifting of phase of light to form a pattern for
lithography [35]. FIB modification of complete devices offers awide range of possibilities,
not only can conductors be cut and re-routed on faulty devices but it is also possible to
access buried structures [1,2,28,36-38]. Figure 2.16 illustrates this with an example in
which milling provides access to a buried track line, insulator deposition avoids shorting

and metal deposition provides electrical connection.
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Figure2.16 Schematic shows a connection to a buried track made using insulator
deposition.

2.4.2 Defect Analysis
The ability of the FIB to cut sections in precise positions and imaging is used to

analyse defects. This task is usually impossible to perform with conventional methods such
as cutting the specimen, polishing and observing with a microscope, while FIB performs
this task easily. Other advantages of this technique include:
. A series of sections can be cut to provide 3-dimensional view of afeature.
. Severa sections can be cut at different points within an individual device,
or across awafer [1,2,5].
Figure 2.17 shows the most common method, which is to cut and then image cross-

sections through semiconductor specimens. During FIB milling, first the defect site is

Nanofabrication using FIB 31



Chapter 2 FIB Technology, Functions and Applications

located then large volume milling (in mm) is performed, next the area under investigation is
cleaned. Cleaning is performed step by step by removing lower volumes of material and by
using low beam currents such as 11 pA. Figure 2.17 a) shows a sketch of a surface feature
under which a suspected defect lies while figure 2.17 b) shows a sketch of a defect after
FIB milling and imaging it by tilting the stage.

Layer A

Defect suspected under layer A

Layer B

Layer A

Layer B partialy removed

Figure2.17 Schematic shows FIB machining and imaging for defect analysis. a) Defect is suspected
under the metal track as shown. b) Material is removed and the defect is observed by
tilting.

2.4.3 TEM Specimen Preparation

FIB offers the following advantages over conventional ion milling for TEM specimen
preparation:
" Specific region with precision of 100 nm range can be
milled in the FIB.
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. Multi-layered structure, which has different

sputtering rates, can be uniformly milled in the FIB.

. Time required for the preparation of a specimen

is shorter than conventional Ar ion milling.

. Wide area of up to 10nm = 10mm can be

observed.

The starting point for TEM specimen preparation is a membrane < 100 nm thick. A Pt
pad is deposited on top of the area of interest to protect it from damage while milling.
Material is removed from both sides of the region of interest, leaving an electron-
transparent slice of approximately 100 nm thick. The section can then be viewed in the
TEM down the milled trench [5]. Figure 2.18 illustrates this by a sketch of a TEM
specimen prepared in the FIB. One of the maor disadvantages of TEM specimen
preparation by the FIB is damage to the material, which can be reduced for certain
materials by using enhanced etch [20,39].

Pt pad 100 nm Specimen

——
Direction of TEM beam

Figure2.18  Sketch of a TEM specimen prepared using the FIB.

2.4.4 Channelling Contrast
During FIB imaging certain materials show a contrast called channelling contrast,

which depends on the grain orientation of the material [1,31]. This occurs due to the

penetration of ions to greater depths in certain grain orientation of the material. Figure 2.19
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shows schematically that the greater penetration of ions lead to lower secondary electron
signal. Figure 2.19 shows two crystallographic orientation of a material, in one orientation
ions penetrate deeper than in the other orientation. The shape of the secondary electron
generation area is approximate. The grain in which the ions are penetrating deeper
generates secondary ions and secondary electrons from a greater depth, thus less signal
appears to the surface resulting in darker appearance of the grain [32]. This method can be

used to measure grain size.
FIB Beam FIB Beam

Secondary

Secondary electron signal

electron signal

a) lons penetrate less into the substrate. b) lons penetrate deeper into the substrate.

. Secondary electron signal area

Figure2.19 Schematic shows FIB beam hitting the substrate surface and generating
secondary electron from different depths.

25 lon Lithography, Suspended Structures and Other
Applications of the FIB

FIB has been mainly used in the semiconductor industry due to large number of

immediate applications. FIB is also used in severa other applications including: ion
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lithography and doping, fabrication of suspended structures, smple machining of shapes
and fabrication of different devices. During the course of the project, FIB applications for
the fabrication of micro-cantilevers were explored and trimming of cantilevers was
demonstrated. Circular vertical structures with radius approximately 100 nm, useful for
field emission devices were also fabricated. The following sections discuss these structures
and the various applications of the FIB in detail.

2.5.1 lon Lithography and Doping
FIB is being presently used as a tool for very high-resolution lithography as ion

implantation results in change in the chemical and physical properties of the sample
material. Both organic and inorganic resists have been used to form thin walls, arrays of
posts and lines. Ladder spin on glass, polymethyl methacrylate (PMMA), SsN4, Nb, Ti,
S0,, AlF3, SIC, molybdenum oxide and tungsten oxide have been used to form thin walls,
posts and lines [3,4,40-50]. The fine nanometer scale patterns made using this technique
have applications in device fabrication. FIB resist exposure is more rapid than FIB direct
device etching as resist exposure requires low exposure to the ion beam. For example, spin
on glass requires approximately 10'° gallium ions/cmi? [40] for exposure, which

approximately corresponds to exposing 1 mt areawith 1 pA beam current for 0.1 s.

Inorganic Resists
lon bombardment leads to the implantation of ions in thin films which changes the

chemistry of these films, in genera this requires only low doses. The changes in the
chemical properties make it harder or easier for the thin film to etch in a plasma or liquid.
The etch resistance of the implanted thin films are thought to arise from the formation of
galium fluorides and gallium oxides during plasma etching using CF; or a mixture of
CF4/O; plasma [44]. Lines with sub-micron size dimensions have been demonstrated using
inorganic resist. One particular application of the FIB inorganic resists is the patterning of
high temperature superconductors. High temperature superconductors suffer harmful

effects if patterned normally using e-beam lithography and baking [44].

Organic Resists
Exposure of organic resists materials to the FIB leads to scission of organic chain

molecules. Dissolution of these exposed regions in alkaline solution results in the

fabrication of thin patterns. lon beam exposure of organic resist material is different from
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e-beam exposure due to the difference between ions and electrons. In e-beam exposure,
electrons back scatter from the substrate underneath the resist pattern thus exposing a much
bigger area than the beam diameter. Due to this reason, FIB lithography has an advantage
over e-beam lithography where dense sub-micron patterns are required. lons are also much
more efficient than e-beam for exposing resists due to the large mass of the ions which
leads to the ion energy being much more completely absorbed in the resist material. Sub-

micron lines and dots have been fabricated using organic resists [4].

Doping
Doping is widely used in the semiconductor industry and is one of the major

applications of the FIB. FIB performs doping by implantation. Implantation is the
incorporation of the incoming ions into the sample material. As a mask-less process, it
offers the possibility of tailoring the band gap of a materia by using controlled lateral
doping or point defect injection [51,52].

2.5.2 Suspended Structures
S cantilevers and accelerometer devices have been demonstrated by FIB

machining [5,6,53,54]. During this project, FIB was used to perform trimming and
fabrication of different shapes of cantilevers. FIB machined the desired shape from a
standard shape fabricated with a standard Si micromachining technology. Figure 2.20
shows one such example, in which a rectangular cantilever was trimmed. This type of
approach results in several advantages such as it avoids stiction, as thicker sections
fabricated with wet Si technology can be trimmed to thin sections with FIB. The method
also saves time as it leads to fabrication of a prototype from a standard shape. While
trimming cantilevers with the FIB a grainy morphology in the FIB exposed area of the
SizsN4 film was observed. This observed structure occurs due to the enhanced removal of

material from grain boundaries as SgN4 has an acicular structure.
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w1

9080 20KV 44,008  1¥m WD24

Figure2.20 SEM photograph of a trimmed $3N, cantilever, the cantilever was rectangular before

trimming. The observed grainy morphology occurred due to the enhanced removal of

material along grain boundaries. (Image taken by A. Latif).
Implantation and KOH Etching
Gaimplanted S etches slower than non-implanted Si in KOH solution. This has
been combined with the knowledge that etch rate of Si <111> in KOH is severa orders of
magnitude lower than that of Si <100> and Si <110> to fabricate suspended structures,
nano-cups and other 3-dimensiona structures [55,56]. The Ga implanted area acts like an

etch-resistant mask in this process. The main advantage of the process is that it is maskless.

2.5.3 General Micromachining
General FIB micromachining applications include fabrication of cutting tools,

moulds, tips for field ion microscopy, and scanning probe microscopy tips [57,58]. The
FIB milling capability has been used to fabricate constricted channels and to mill out holes
for field emission device fabrication [59]. FIB metal deposition can be used to fabricate
field emission structures, figure 2.21 shows a FIB image of a structure for a possible
application as a field emisson device. The fabricated structure has a plate-like
morphology, this occurs due to shifting of the specimen surface during deposition. This
image shift can occur due to vibrations in the FIB system or due to surface of the specimen

charging.
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Figure2.21 A structure deposited using Pt in the FIB. (Image taken by A. Latif).

2.5.4 Device Fabrication
FIB device fabrication includes, field emission, superconductive and tunnelling

device fabrication. FIB fabrication results in the fabrication of both lateral and vertical type
of field emission devices with a range of materials, chapter 6 discusses this particular
aspect of FIB in detail. FIB fabrication leads to fabrication of tunnel sensor, trimming of
superconductive devices and fabrication of superconductive tunnel junctions [6,60,61].
FIB is presently not used for mass manufacturing as the FIB technique has low throughput
compared to other techniques. This low throughput can be overcome by limiting the FIB
processing to certain specialised parts of the structure, or by only producing a small
number of prototype or custom devices. Enhanced etch increases etch rate by 10-20 times

which makes FIB micromachining more economical.

2.5.5 General FIB applications
This section discusses additional applications of FIB. Thickness measurement with

a conventional technique like profilometer provides an estimate of thickness with large
error for soft materials. This occurs as a result of profilometer digging into the material
and dragging it adong the surface. The use of FIB for thickness measurement by milling,
tilting and imaging overcomes this difficulty. FIB can adso be used for performing
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experiments such as isolating different regions of a specimen by milling and then
connecting these isolated regions by Pt deposition to measure their properties. FIB
technique with controlled focusing opens up the possibility of writing microstructures over
a topographic surface profile. This has been demonstrated by forming CoS, by Co
implantation in Si [62,63].

2.6 ummary

This chapter discussed the FIB technology, its various functions and applications in research and
industry. The development of the LMIS led to the birth of the FIB, the research focus has shifted over years
from improving the system to developing industrial applications. Different materials were milled using
simple ion milling and ion milling with enhanced etch; milling rates and sputter yields of these materials
were calculated using the information provided by EPD technique. The EPD technique was explained with
the help of ion milling of Cr/Al/SiO, heterostructure, this example demonstrated the information provided by
this technique. Major applications of the FIB technology include fabrication of TEM specimen, repair of
lithographic masks, and defects analysis. Device fabrication with the FIB uses the flexibility and uniqueness
of this technique. The ability of the FIB to fabricate structures at nanometer scale makes it a useful tool for
nanofabrication. During the course of the project, different structures were fabricated these included

fabrication and trimming of cantilevers and deposition of field emission devices.
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Chapter 3

Experimental Fabrication and Measurement
Methods

3.1 Introduction

Specimen fabrication and measurement work consisted of the development
and testing of a new lateral field emission device, development of a new in-situ FIB
measurement technique and specimen preparation for AFM measurements of FIB milled
structures. Device fabrication started by dicing the substrate into millimetre size chips.
Different fabrication steps such as FIB processing, photolithography, sputtering, and KOH
dissolution etc. led to the required structure. After fabrication, the device was wire bonded
to an IC (Integrated circuit) board for electrical measurements. An investigation with SEM
on field emission devices helped to measure the sharpness of the devices and to understand
their operation. Electricadl measurements performed on these devices included field
emission measurements in UHV and high vacuum (HV). Field emission measurements
were performed in the low current range (picoampere range) in UHV and HV, which
required building of low current measurement systems. A number of precautions were
taken in order to perform the measurements such as minimising leakage current, shielding
of wires etc. An in-situ FIB electrical measurement system was developed as it can be used
to perform unique experiments involving FIB milling and electric currents. This
development work involved experimenting with different designs and materials. The
present project employed this technique for applications such as thickness measurement at
nanometer scale, low current measurements and heating of chips. This chapter consists of
two major parts. specimen fabrication techniques and measurement methods. Specimen
fabrication techniques part includes: methods for fabricating devices and methods such as
specimen fabrication for advanced SEM. Measurement methods part of the chapter covers
the different electrical measurement and systems used for this project for example low

current measurements.
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3.2 Specimen Fabrication

Specimen fabrication started with the selection of a suitable substrate and then cutting using a wafer

dicing saw. Various substrates were used for example Si, silica (SiO,), Si coated with SisN,4 etc. Specimen

were commonly cut into sizes of 7.5mm ~ 10.5 mm. Wafer dicing left a wax deposit on the surface, which
was removed by a two-step cleaning process involving: acetone cleaning with ultra-sonic for 20 minutes and
cleaning with chloroform for 24 hrs. Field emission device fabrication required thermal oxidation of S
substrate before any further processing. These devices also required sputter deposition of Al,
photolithography, sputter deposition of Cr, FIB processing and chemical dissolution. New methods were
experimented to overcome major difficultiesin the field of field emission such as poisoning and arcing. The
sharpening and arcing of field emission devices was studied by imaging in advanced SEM. The following
sections discuss the different fabrication steps involved both in field emission device fabrication and for other

processing; FIB processing involved in field emission device fabrication is separately discussed in chapter 6.

3.2.1 Thermal Oxidation
Dry thermal oxidation was used to form an insulating layer of SiO, on top of the Si substrates for

the fabrication of field emission devices. The type of oxide is called fused silica, and it is amorphous.
Thermal oxidation avoids any pinhole formation, which usually occurs in the sputtered films of SiO, and
hence is an effective method for fabricating a good quality insulator on Si [1]. After some initial
experimentation, this processing step was not used further, as the furnace needed for this processing step
should be very clean. The furnace used for this step were designed for bulk processing of superconductors,
fine dust particles on the surface of the Si chips wereinterfering with the growth of SiO, film, which resulted
in poor quality of photolithography. The film thickness was predicted using Deal-Grove model, as it was
thicker than 30 nm [1]. Thickness grown was verified by milling, tilting and imaging in the FIB. Equation
(3.1) givesthe chemical equation for the reaction.

S (solid) + O; (gas) — » SiO(solid) (3.1)

3.2.2 Sputter Deposition

Sputtering is one of the main techniques for metal deposition used in microelectronics fabrication
[1]. Sputtering has several advantages over metal deposition techniques like evaporation such as better step
coverage, and can easily deposit layers of compound materials and alloys. Magnetron sputtering process was
mainly used to deposit Al and Cr, some other materials such as Au, Ni, and Fe were also deposited during the
project. The following paragraphs discuss sputtering, difficulties encountered and the processing conditions.

During sputtering when ions strike the surface of the material, four different events may occur. lons
with very low energy may simply bounce off. At energies of less than 10 eV, the ions may also adsorb on the
surface, releasing their energy as heat. At energies above 10 keV, the ions penetrate deep into the target
material for example several atomic layers spacing, dissipating most of their energy inside the target material
and changing the physical structure. Between these two extremes, both energy transfer mechanisms happen.

Part of the energy is absorbed as heat and the remainder goes into the physical rearrangement of the
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substrate. When this happens, target atoms are ejected from the surface. These gjected atoms travel from the
target surface to the chip surface after undergoing numerous collisions with the plasma species. The sputtered
film is composed of these gjected atoms from the target. The stressin the film and the adhesion to the surface
can be controlled by varying the pressure of the gas during sputtering, and by providing thermal energy to the
chip surface. These two variables change the mobility of the sputtered atoms and their impact energy.

Two of the major difficulties encountered due to sputtering were blistering of the deposited film and
the low adhesion of the thin film to the chip surface. Blistering of the deposited film resulted in destroying
some specimens but it was not as severe as peeling-off the film due to low adhesion. Adhesion to the surface
of the chip posed considerable difficulties, as it was observed in two cases: deposition of Al on SiO, substrate
and the deposition of Au on Al. In the case of Al on the SiO, substrate, the film was being removed in the
cleaning step. As Al film was essential for the particular fabrication scheme, the cleaning process, which
used to involve ultra-sonic cleaning, was modified and specimens were cleaned individually with airgun and
acetone. In the case of Au deposition on Al film, due to the presence of Al,O3; on the surface of Al the Au
film adhered badly to the surface. This could not be addressed easily and hence Au deposition was
discontinued.

Table 3.1 provides the deposition conditions used for depositing Cr and Al; Ar gas carried out
sputtering. Prior to deposition, the sputtering chamber was allowed to pump overnight for at least 9hours. A

bake out procedure was also carried out for four hours at 120°C. No bake-out was performed for specimens

with photoresist on them. The final base pressure was of the order of 10° mbar.

Table3.1 Deposition conditions used for Cr & Al.
Material Sputtering gas pressure Power Target to specimen Deposition rate
(Pa) (W) distance (mm)
Cr 0.58 29 41 25
Al 0.53 3.0 50 15

3.2.3 Photolithography

Photolithography was performed in the clean room by two types of processing: one involving
simple photolithography, the other involving an additional step (liftoff process) to improve the roughness of
the edge of the film deposited after photolithography [1]. Photolithography was performed by using two
different systems: a canon mask projection system, which has a resolution of approximately 2-3 nm and a
contact mask aligner (Karl-Suss machine), which has a resolution of approximately 1nm. The following
paragraphs discuss the different machines and the processing types used.

The mask projection system works by focusing an image of the mask onto the specimen and then
exposing it, in this particular case the distance between the mask and the specimen is large. On the other
hand, the contact exposure system works by bringing the specimen into contact with the mask and then
exposing. Two different photoresists were used, microposit 51813 and Hoechst AZ 1529, with the latter
being commonly used. The length of time and the speed of rotation at which the substrate and the photoresist
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layer is spun, determine the thickness of the photoresist layer. Photoresist was spun at a speed of 6000rpm
for 30 seconds and then baked for 1 minute at 100°C. A standard exposure time of 30 seconds was used in
the case of mask projection system. After exposure, the resist was developed using the commercially

available developers until afine pattern was formed.

by

]
a)
H o Al [l Photoresist I Hardened photoresist
Figure3.1 Schematic shows a metal deposit of Cr on Al a) after common lithography and b) after

lithography with the liftoff process.

Figure 3.1 shows the liftoff process, which was required for the processing of field emission devices
[1]. Appendix 1 shows the photolithographic mask used for patterning Cr lines on Al film deposited on
insulating substrates. A simple processing method could have been to sputter Al, then perform lithographic
processing and then deposit Cr on the substrate and afterwards remove the photoresist to leave Cr pattern on
Al. This type of processing results in poor definition of the metal tracks as the removal of the photoresist,
which is in direct contact with the metal deposit, roughens the edge of the metal track. To avoid this
roughening of edges the liftoff process was utilised, in this process application of chlorobenzene hardens the
surface of the photoresist after spinning. Hardening results in the formation of a ledge on the surface of the
photoresist during development. Due to the presence of this ledge, the edge of the deposited metal track does
not come into direct contact with the photoresist. This results in better definition of the metal deposit. The
chips were soaked in chlorobenzene solution for one minute and then standard photolithograhic processing
was used. For the removal of the photoresist after Cr deposition, the chips were cleaned with acetone in an
ultrasonic bath for approximately ten minutes. On occasions, ultrasonic cleaning was avoided asit resulted in

the stripping of the metal film off the substrate.

3.2.4 Al Dissolution, Advanced SEM Specimen Preparation and

Other Methods
Field emission device processing required FIB fabrication after processing using

thermal oxidation, photolithography, and sputter deposition. FIB fabrication defined the
shape and different other parameters of the devices. The deposited Al was partialy
dissolved to isolate the anode from the cathode. After Al dissolution several specimens
were examined in an advanced SEM for the measurement of the sharpness of field

emission devices. Some other methods were also experimented after partially dissolving
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Al, however these methods were not commonly used in the fabrication scheme, these other
methods included chemical displacement and anodization. For electrical measurements,
wirebonding provided electrical connections from the chip to the specimen holder for
measurements. Wire bonds were first made to the Cu pads on the printed circuit board

(specimen holder) and then to the pads on the chip with thin Al wires of diameter 25 pum.
3.2.4.1 Al Dissolution

Dissolution of Al was required during the processing of field emission device.
Chemical etching was used to dissolve Al, a weak solution of KOH (0.11 M) was used for
this purpose, which approximately corresponds to 0.1 g of KOH in 15 ml of de-ionized
water. For this processing it was required to know the colours of different materials and the
colours of different substrates. Al was deposited on different substrates for example SsN4
(green), SO, thermally grown on S (blue to green) and silica (colourless). Cr film was
deposited via a photolithography mask on the Al film and afterwards the mask was
dissolved to leave Cr pattern on the deposited Al. After FIB processing (discussed in
chapter 6) the Al film was partially dissolved in KOH solution. Al dissolution was stopped
by putting the chip into a beaker of water, it was done when Al film could not be observed
on the surface. This observation was ssimple to perform because as the substrate surface
below the Al film was exposed a colour change was observed, which depended on the type
of the substrate.

This was one of the last processing steps and every necessary precaution was taken
to make it successful. Fresh KOH solution was prepared every time and continuous stirring
of the solution counteracted any local variations in the concentration of the solution and
removed any bubbles formed on the chip. Dissolution rate of Al in this solution is
approximately 40 nm/minute. At times, this processing step was not successful due to
factors such as blistering of the sputtered film etc.
3.2.4.2 Advanced SEM Specimen Preparation

Two types of SEM’ s were used during the course of the project, a
standard JEOL 820 SEM with aW filament as source of electrons (thermionic emission),
and an advanced SEM with afield emission gun as source of electrons (FEG SEM).

FEG SEM requires special specimen cleaning and additional difficulties occurred during

imaging due to the insulating substrates. Au sputtering is commonly used to coat insulating
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specimens to form a conducting path to ground for imaging in SEM. However, Au sputter
deposition could not be used as it is not of high enough quality for this particular
application. Either a sputtered Cr or evaporated C coating is used for this particular
machine, Cr coating can only be used for imaging once as an insulating oxide grows on Cr,
thus evaporated carbon coating was used. C evaporation at an angle led to a continuous
electrical path, as overhanging structures were present in the specimen. After C deposition,
any organic deposit left due to the cleaning process, which involved cleaning with acetone,
is removed by cleaning the specimensin O, plasma. All this care needed to be taken as
decomposition of organic molecules under the electron beam forms different types of gases
which adsorb inside the SEM chamber and over time result in poor performance of the

mi croscope.

3.2.4.3 Metal Deposition by Chemical

Displacement and Other Methods
Partial Al dissolution from the chip completed the fabrication of field emission

devices. Further fabrication processing steps were experimented to improve the field
emission properties of the devices. The area of field emission encounters two major
difficulties: poisoning and arcing of the devices (Chapter 7 describes both in detail).
Different methods were experimented to overcome these difficulties, most of the steps

discussed in the following sections are new to the area of field emission.

Chemical Displacement

A chemical displacement reaction was used to coat field emission devices with a different metal,
which is less electronegative than the metals used for the fabrication of field emission devices. Cu was
selected over other metals, as it is an excellent thermal conductor, this factor is important as better heat
conduction away from the field emission tip should result in improvement in device performance.

Copper nitrate solution was used as a starting precursor which results in the formation of Al and Cr
salts during the chemical displacement reaction, these salts are nitrates and thus soluble in water [Source:
Handbook of physics and chemistry (1995)]. Both Cr and Al react with O, to form protective oxides on the
surface. These protective oxides can stop any coating of Cu on the surfaces of these metal's, which occurs due
to the displacement reaction. This could be amajor problem for this type of processing. Thus, following steps
were performed immediately after chemical dissolution of Al as an attempt to minimise this problem. After

removal of the chips from the KOH solution, the immersion of the chips into a beaker of water ceased the
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reaction to form oxides and it also cleaned the chips. The chips were then immersed into a beaker of copper
nitrate solution, which resulted in the formation of Cu coating. During the transfer of chips from beaker to
beaker, the top surfaces of the chips were kept wet and the processing was performed very quickly. However
even after these extra precautions the Cu coating provided inconsistent results. The coating deposited on the

surface of the Cr film wasnm’sin size and spherical in shape.
O, Plasma Cleaning & Ar lon Milling

Plasma cleaning using O, plasma was performed during specimen preparation for
SEM examination. It was also used to clean the surface of field emission devices to
remove any possible organic deposit left due to the cleaning step, which involved organic
solvents. Plasma cleaning involves the formation of reactive O, plasma, which reacts with
organic deposits on the surface. These organic deposits form carbonic gases, which are
pumped out of the plasma cleaning system [3].

Ar ion milling was also used during the course of this project. Ar ions are generated
by first forming an Ar ion plasma which is then accelerated towards the specimen surface,
Ar ions upon striking the chip surface sputters the film [1]. This processing step was used a
few times to remove any impurities left on the chip surface from previous processing or
handling steps.

Anodization

This step was performed after partial chemical dissolution of Al. After the chemical
dissolution, some Al remained on the surface of the chip, this Al supports the Cr wires. It
was attempted to coat this Al with an oxide layer by anodization. However, this could not
be achieved since upon the application of current, Cr dissolved in the borate solution used
for anodization. This step may work for field emission devices fabricated with other metals

such as Au/Cu thus possibly improving their emission properties.
3.3 Measurement Systems and Methods

Different types of electrical measurements were performed during the course of the project. A low
current measurement system was built for performing field emission tests in UHV. An in-situ FIB electrical
measurement system was built in order to perform experimentsinvolving FIB milling and electrical currents.
Measurements performed in this system included four-point resistance measurements, field emission
measurements and field emission measurements with heating. The following sections first discuss field
emission measurements then field emission measurement system for UHV and then in-situ FIB measurement

system and different measurements performed in it.
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3.3.1 Low Level Current Measurements
Lateral field emission devices were tested both in UHV and inside the FIB (high

vacuum). The devices operated in the picoampere range (low level current measurements).
Errors in low level current measurements can arise due to various factors such as leakage
currents in the measurement system, different environmental factors, integrity of the device
connections and bad rig design [4,5]. Good knowledge and understanding of these sources
of errors is required in order to build a useful low current measurement system. The

following paragraphs discuss the possible sources of errors and remedies.

Leakage Currents

Leakage currents are generated by high resistance paths between the measurement circuit and the
nearby voltage source. In the present case, the main source of possible leakage current was the IC board.
Moisture absorbed in the | C board or any material deposit on it were possible causes of leakage current. This
was avoided by keeping the IC board in a dessicator and by thorough cleaning of the IC board. General
methods to reduce leakage currents are to use good quality insulators, reduce humidity, and use guarding.
These methods reduce the possibility of high resistance paths, thus leading to better measurements.
Device Connections

Although instrument accuracy is of great importance when performing low-level measurements, the
integrity of the device connections is equally important. The integrity of the device connections means that
they are properly clean, they are not adding in any way to the measured current and they are properly
guarded. Increased number of device connections result in increased noise in observations, and these should
be minimised. The complete signal path from connectors through the cables and into the test fixture must de-
grade the measured signal as little as possible. Digital multimeters often use paired banana leads, such
connection schemes are generally inadequate for most measurements performed by picoammeter. These
instruments often use either coaxial or triaxial cables, a coaxia cable consists of a single conductor
surrounded by ashield whiletriaxial cable adds a second shield around the first. However, coaxia cable also
creates some noise when subjected to vibration, expansion or contraction. So all connections should be kept
short, away from temperature changes (which would create thermal expansion forces), and preferably
supported by taping to a non-vibrating surface. Section 3.3.2 discusses the wiring scheme and the
connections used for UHV field emission measurements and section 3.3.3.1 discusses this for field emission

measurements performed in the FIB.
Zero Drift and Offset Current

Zero drift isagradua change of the indicated zero without the input signd. It is
corrected by zeroing the measured signal before starting the measurement, unlessit is

corrected by zeroing, the resulting offset produces an error by adding to the input signal
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level. This error may occur due to internally generated currents as in the case of instrument
input offset current, or it can arise from external sources such as insulators and cables.
General methods of reducing zero drift are improved measurement circuit and the use of
good quality insulation.

The ideal ammeter should read zero when its input terminals are left open, however practical
ammeters do have some small current that flows when the input is open. This current is known as the input
offset current, it is caused by bias currents of active devices and by |eakage currents through insulators within
the instrument. Offset currents can also be generated externally from sources such as triboelectric and
piezoelectric effects. Triboelectric effects are generated by the charge created between a conductor and an
insulator due to friction. A typical example is electrical currents generated by insulators and conductors
rubbing together in a coaxial cable. Error currents also arise from electrochemical effects when ionic
chemical creates weak batteries between conductors on a circuit board. For example, when commonly used
epoxy printed circuit boards are not cleaned thoroughly of etching solutions, flux or other contamination can

generate currents of afew nanoamperes between conductors.

Environmental Factors and Test Fixture Requirement

Variation in the ambient temperature can affect resultsin several ways such as thermal expansion or
contraction of insulators produce noise currents. Radio frequency (RF) interference severely affects these
measurements and in the presence of a close by source of RF interference, these measurements are not
possible. There are several important requirements when it comes to test fixtures used for low-level
measurements. The insulation resistance of all connectors, internal wiring, terminals, and sockets should be
as high as possible and it should provide adequate shielding. The length of the wires and the number of

connector should be minimised and special care should be taken about the system cleanliness.

3.3.2 Field Emission Measurements in the UHV
For the construction of a good low current measurement system all possible causes and source of

errors, throughout the electrical wiring system needs to be considered, along with the effects due to
surrounding environment on observations such as vibrations, RF measurements etc. Standard UHV systems
with a turbo/diffusion pump and a rotary pump were used for these measurements. The UHV systems are
located in the sputtering room, which is a noisy environment, with different type of experiments being
performed which affect measurements. Measurements were performed late in the evening in order to

minimise this environmental noise.
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For the physical construction of an electrical measurement system, a UHV flange
was fitted with vacuum feedthrough wires to provide electrical connection into the UHV
system. The voltage source and the current measurement instruments were connected to
the vacuum feedthrough wires on outside of the UHV system while performing
measurements. The vacuum feedthrough wires, which were inside the UHV system, were
connected via thin laminated Cu wires to an I1C socket, which was held permanently by a
supporting Cu plate on the inside of the vacuum feedthrough. Figure 3.2 shows the flange
with 1C socket used for these measurements. Hollow cylindrical steel connectors were used
to connect the thin Cu wires, which were soldered to the 1C socket with the feedthrough
wires. The Cu wires from one side and vacuum feedthrough wires from the other side were
fed into these steel cylinders and screws on the cylinders were tightened to make
connections. The use of these connectors resulted in severa difficulties, firstly it was
physicaly difficult to make electrical connections with them, secondly there were
approximately ten of these connectors, which resulted in the problem of connectors
shorting with each other. Due to the unavailability of a better option, these connectors were
used. The Cu wires were twisted in order to minimise interference from electromagnetic
radiation.

Figure 3.3 shows a schematic of the specimen holder used for UHV measurements.
The chips for field emission measurements were glued with silver paint to the central part
of the Cu block. Wirebonding connected the chip to the Cu wiring on the IC board; thisIC
board was permanently fixed to the Cu block. The Cu wiring on the outside of the IC board
was soldered to an IC plug. This assembly was plugged into the IC socket on the UHV

flange for measurements.
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Figure3.2  Photograph of the flange with chip, connectors, and crocodile clips used for

UHYV field emission measurements.

Wire bonds
Cu tracks Chip Solder
<« Printed circuit board
IC plug
Cu block
Figure3.3 Schematic of the specimen holder (cross-sectional view) used for field emission

measurementsin the UHV.

Crocodile clips and banana plugs provided the electrical connections on the outside
of the UHV system from the vacuum feedthrough to the power supply and the
measurement circuit. The discussion in the previous section shows that usually the normal
wiring and connections with crocodile clips and banana plugs are not sufficient for low
current measurements. However in this case, the noise level was reduced by winding
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ferrite beads (reduces electromagnetic noise) on the signal carrying wires and by using a
metal shield over the crocodile clips on the vacuum feedthrough flange. During
measurements, movement of the wiring was avoided, wiring was kept short to lower the
noise level and the measurement circuit was kept very close to the flange. Any other large
physical movements by the observer were also avoided.

As field emission tests were performed in UHV, the chip, the wiring and the chip holder etc. were
thoroughly cleaned with acetone in an ultrasonic bath. Extra precautions were taken about |oose connections
and cleanliness while handling the equipment. Appendix 4 shows the measurement circuit, which was used
for performing successful measurements. Measurement accuracy of well below one pA was obtained using

this system and it was found suitable for performing accurate field emission measurements. Figure 3.4 shows

the configuration in which the devices were connected for measurements.

Field emission device — g X/ < Power supply
M easurement circuit/Picoammeter @)
Figure3.4 Schematic shows afield emission device connected for electrical testing.

After the initial success of field emission experiments, a Keithley 487 picoammeter
was used for measurements. Figure 3.5 shows the measurement system used to observe
field emission with a Keithley 487 picoammeter along with the apparatus to heat up
devicesin UHV.
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Elcoammeter A | —
Voltage Suegly

Figure3.5 Photograph of UHV field emission measurement system using Keithley 487 picoammeter.

3.3.3 In-situ FIB Electrical Measurement System
An in-situ electrical FIB measurement system was built during the course of this

project. The primary motivation for building such a system was to be able to perform

unique type of experiments involving FIB milling and electrical currents. This system was
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used for various experiments during this project such as. four-point resistance
measurements during ion milling, application of heat to the chip in the FIB and field
emission measurements. General considerations taken while designing this system were
safety of the system, ease of use and flexibility. The following paragraphs discuss this

system.

The safety of the FIB system was the most important consideration for the design of this system.
After initial experimentation with different materials and different designs to ensure the safety of the system,
finally the present set-up was decided which is relatively safe, flexible and easy to use. Figure 3.6 shows a
schematic of the present set-up, in which electrical signals were provided via a vacuum feedthrough into the
FIB chamber. The vacuum feedthrough was specially made from a round plate of stainless steel and an
electrical socket was welded to this steel plate. Signals were provided from different instruments to the
vacuum feedthrough by an electrical wire capable of carrying eighteen signals. This wire was plugged into
the outside socket on the vacuum feedthrough while performing measurements, the other end of thiswire was

plugged into asocket in ametal box.

Focused lon Beam Chamber

lon Col -
on Column Enhanced
Feed through L Etch
\ Needle
’.I | Specimen
=5 |
Computer T T — Stage

Current source and voltmeter |
Electric wiring

Figure3.6  Schematic of thein-situ FIB experimenta set-up.

Figure 3.7 shows a schematic of the metal box, this metal box also housed matrix
boards for the selection of devices and the sockets for the incoming signals from different
power supplies and measurement instruments. Laminated Cu wiring connected the sockets
of different instruments with the matrix boards. The various instruments plugged into the

metal box were computer controlled using Labview software.
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Inputs and outputs of the various instruments

Matrix boards for the selection of devices

Ground Input for heater

Plug for wiring to the FIB

Figure3.7  Schematic of the Al box shows different plugs and the matrix boards.

Figure 3.8 shows the wiring, plugs and sockets used inside and outside of the
vacuum chamber of the FIB. Inside the vacuum chamber, wiring from the vacuum
feedthrough was soldered to a socket, which was permanently fixed to the vacuum
feedthrough. A plug, Cu wiring and an IC socket, which were permanently soldered to
each other, connected the feedthrough to the specimen holder. This plug, the Cu wiring and
the 1C socket (connecting wire) were plugged in only while performing measurements.

<4—— Vacuum chamber of the FIB

Socket

< Vacuum feedthrough

Wir, Q Pu
IE\[\) | C socket

Au Socket T
Cuwiring

Figure 3.8 Schematic of the wiring, plugs, and sockets inside and outside of the vacuum chamber of
the FIB.

A specially designed specimen holder was used for plugging into the IC socket. As the

specimen holder was used in high vacuum, there were stringent regquirements on the choice
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of materials for the specimen holder. There were also limitations on physica dimensions
and weight which can be used in the FIB system. These limitations and requirements are
given below [Source: FIB manual for FEI 200 (1996)]:
= 50mm” 50mm”~ 15 mm maximum height.
=  Maximum sample weight: 250 grams.
=  Sample mount accommodates 15 mm thick samples with tilt eucentricity.
Wire bonds

Cu tracks Chip l Solder

'

<«———Printed circuit board
IC plug

Cu block

Cupin
Figure3.9 Schematic of the specimen holder (cross-sectiona view) used for
measurements in the FIB.

Figure 3.9 shows a schematic of the Cu specimen holder. In the upper middle part
of the Cu block, the chip was glued down using silver paint. A printed circuit board
surrounded the chip, which was fixed to the Cu block. The chip was wire bonded to the Cu
wiring of the printed circuit board. The other end of the Cu wiring on the printed circuit
board was soldered to an IC plug. Before performing measurements, one end of the
connecting wire was connected to the feedthrough and the other end to the specimen
holder. The bottom part of the Cu block had a Cu pin, which protruded out through the
rectangular hole in the middle of the IC plug, this Cu pin fitted into the specimen holder on
the stage of the FIB. The Cu pin was pushed into the specimen holder on the stage of the
FIB and screw on the FIB stage was tightened to hold the specimen holder down onto the
stage of the FIB.

As there was Cu wiring hanging from the IC socket inside the FIB chamber, there
was limitation to the degree of rotation of the specimen holder. The specimen holder could

not be rotated several times in the same direction as this would have caused winding up of
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Cu wiring around the stage, which may have resulted in an accident. Baring this limitation,
all other operations of the FIB could be performed normally.

The method described above was used after first few attempts. Initially a less
flexible method was experimented in which the IC socket with the Cu wiring (connecting
wire) was permanently soldered to the electrical feedthrough on the flange. With this
measurement set-up, the electrical feedthrough was removed after each FIB session. Figure

3.10 shows the outside of the in-situ FIB measurement system.

Figure3.10 In-situ FIB measurement system.

3.3.3.1 Field Emission Measurements in the FIB

Field emission measurements were attempted in the FIB system, which required
designing a system with the considerations, previously mentioned in section 3.3.1, in order
to minimise the noise. All these considerations could not been taken into account while
designing such a system due to measurements being performed in the FIB. However every
precaution was taken to minimise the noise level. The field emission system designed for
the testing of field emission devices in the FIB is discussed below and the design of the
system has been compared with the design of the UHV field emission system.

As discussed in section 3.3.2, in the UHV field emission system signals were
directly taken from the feedthrough wires to the measurement circuit. This avoided

unnecessary noise and it was straightforward to select a particular device with the
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crocodile clips as the feedthrough wires were protruding out of the flange. However, in the
case of the FIB a socket on the feedthrough was used, which made it necessary to build
some other type of device selection and voltage supply system. As described in the
previous section signals were taken from the feedthrough on the FIB system and were fed
into a socket, which was located on a metal box. The wiring in the metal box has also been
described in the previous section. For the testing of field emission devices the signa line
from the matrix board was connected to the socket of the triaxial cable, and then signal
from the socket was carried to the picoammeter via a triaxial cable. It was attempted to
minimise the length of the wiring and the number of connections wherever possible but
there were still more wiring and increased number of connections than the UHV field
emission system.

Another difference between the UHV and the FIB field emission measurement
system was the length of the wiring and number of connections used inside the vacuum
system. The wiring used inside the vacuum system in the FIB was relatively long, this was
required in order to permit opening and closing of the chamber. This wiring could not be
twisted as it could have damaged the FIB system. There were also some extra connections
relative to the UHV system, which arose due to the connecting wire. As mentioned in the
previous section an approach of fixed wiring with the flange was attempted but it was
discontinued as it posed difficulties with the handling of the system.

This increased length of wiring and increased number of connections resulted in
increased noise. The length of the wiring and the number of connections could not be
simply reduced. One of the problems was the initial high level of current measured on
changing the voltage level and then slowly damping of it. To avoid this, the observations
were made by dlowly increasing the voltage level. Ferrite beads were used on the 18
signals wire from the FIB chamber to the metal box. Al foil shielding was also used to
cover this wire and the metal box for some measurements. After al these precautions, the

noise level could be controlled below 2 pA which permitted the detection of field emission.
3.3.3.2 Heating inside FIB

In-situ electricdl FIB measurement system was used to provide heating to the
specimen. A heater was built in order to heat the specimens in the FIB for the following

PUrpOSEsS:
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= To observe the effect of heating on devices while performing in-situ FIB electrical
measurements.

» To observe effects on the imaging properties of materials due to heating.

= To measure any enhancement, which may occur due to heating while simple ion
milling or ion milling with enhanced etch.

Two different designs and different materials were experimented to select the
correct materials and design for the heater. In the first design of the heater, a resistive wire
was wound on a Cu screw, which was screwed into the Cu block of the specimen holder.
The principle employed behind this design was that as the Cu screw heats up due to
resistive heating, the Cu block will aso heat up, which will eventually result in heating up
of the devices. This design was discarded due to difficulties associated with the oxidation
of the lamination of the resistive wire. In the second design, a commercia electric resistive
heater was used for the heating of the devices. This heater was embedded into a Cu tube
with a screw on it, this Cu tube was then screwed in the Cu block of the specimen holder.
The wiring from the heater was soldered to the circuit board of the specimen holder to
electricaly connect it. A resistor glued within a cavity of the Cu block, functioned as a
thermometer. Figure 3.11 and 3.12 show the specimen holder with the heater and the
thermometer.

Different difficulties ranging from the selection of optimum materials, degassing of
materials, melting of materials and oxidation of lamination were encountered while
designing this heater. One difficulty was the heat conduction from the specimen holder to
the stage of the FIB thus resulting in heating up of the stage. One solution to this problem
was to use a PTFE pin on the bottom side of the Cu block (rather than the Cu pin). This Cu
pin was the only physical contact between the Cu block and the stage thus the path for heat
conduction. It was attempted to use a PTFE pin instead of the Cu pin, however this
solution was not successful. PTFE pin could be screwed into the Cu block but when the
screw in the stage of FIB was tightened to hold the specimen holder, the specimen holder
could be freely rotated, as PTFE is soft. The successful solution employed an Al pin with a
circular plate as head instead of the Cu pin. A circular PTFE plate was screwed into the Cu
block for thermal isolation then the Al pin with the circular head was screwed into the
PTFE plate. This design achieved good thermal isolation, and the heater could be used in
the FIB.
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Heater wiring
IC plug

Cutu

Thermometer wiring

Cu block with the IC board
Figure3.11 Schematic of the specimen holder with the heater (view from the top).

Resistive heater

Cu block T

Thermometer
Cu hollow tube

Figure3.12 Schematic of the specimen holder with the heater (view from the side).

The heater was first degassed in the vacuum chamber of an evaporator, it was then
calibrated and afterwards tested in the FIB chamber. Minor degradation of vacuum
occurred at 100°C due to the heating of the stage as it started to be degassed. Image drift
was observed at high magnification, this occurred due to the weak Al-PTFE (metal-plastic)
connection. These problems are minor and can be removed by higher quality machining of
the heater. The heater was commonly kept in a dessicator to avoid moisture absorbing into

the materials. It was successfully tested severa times in the FIB.
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3.3.3.3 Four-Point Resistance Measurements in
the FIB

In-situ FIB four-point resistance measurements were performed while ion milling metal tracks. The
measurement set-up used was similar to the one used for field emission measurements. The width and length
of the tracks used in calculations for these measurements were measured in the FIB. Keithley 2000
multimeter was used as a current source and for measuring the voltage. The instrument was interfaced with
the computer on the FIB and the measurements were recorded with a Labview programme.

3.4 Summary

Fabrication and testing of field emission devices and other measurements such as AFM
measurements involved different fabrication and measurement methods. Specimen fabrication methods used
included: photolithography, sputtering, chemical etching etc. In order to perform different measurements two
measurement systems were built: a UHV low current measurement system and an in-situ FIB electrical
measurement system. Low current measurements are sensitive to various factors and their accuracy increases
due to the use of high quality insulators, shielding of wires and general cleanliness of the system. An in-situ
FIB electrical measurement system was built as it leads to unique type of experiments involving FIB milling
and electrical currents. This electrical measurement system was used for four-point resistance measurements,
field emission measurements and in-situ FIB heating. UHV field emission measurement system because of
the flexibility in terms of wiring and connectors was superior to the in-situ FIB field emission measurement
system. The in-situ FIB electrical measurement system has proved to be very useful and more applications of

it are expected in the future.
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Chapter 4

Real Time Resistometric Depth Monitoring in the
FIB

4.1 Introduction

Device fabrication at the nanometer scale with FIB encounters various difficulties.
One of the major difficulties is the accurate and reproducible measurement of high aspect
ratio nanometer scale FIB cuts and the accurate detection of end point. The field of
superconducting devices is one such area in which researchers are facing such difficulties.
The devices require FIB milling of nanometer scale high aspect ratio cuts for the definition
of tunnel junction and precise definition of SQUID structures [1,2]. These applications
need accurate thickness measurement and end point detection in order to fabricate devices
with reproducible characteristics and to avoid excess sputter deposition. Various methods
have been described in the literature to accurately measure the thickness and to detect the
end point. These methods include in-situ FIB methods such as absorbed current method
and ion beam excited photo-emission method [3-5]. There are also ex-situ FIB methods
such as SEM, TEM and profilometer height measurement. All these methods are either
very difficult, impossible or unreliable for the purpose of depth monitoring and end point
detection for high aspect ratio nanometer scale cuts. A new technique employing four-
point resistance measurement has been developed which monitors real depth of a thin
patterned film as it is milled by FIB. This method overcomes problems associated with
other methods mentioned above. The technique was calibrated using AFM for 1 mm wide
cuts, the reproducibility of the technique was verified and the technique was tested for
50 nm wide and 400 nm deep (high aspect ratio) FIB cutsin Nb film.

4.2 Thickness Measurement Techniques for High Aspect
Ratio Cuts

Thickness measurement techniques have been divided into two categories: general thickness

measurement techniques and the absorbed current method. General thickness measurement techniques

Nanofabrication using the FIB 70



Chapter 4 Real Time Resistometric Depth Monitoring in the FIB

include SEM, TEM, AFM and profilometer measurements. There are also reported in the literature methods
that are in-situ FIB thickness measurement other than the absorbed current method: the ion beam excited
photoemission method and the optical beam induced current method. The ion beam excited photo emission
method has been demonstrated for mm size wide cuts and has not been tested for nanometer scale high aspect
ratio cuts [5]. The optical beam induced current method has been demonstrated for even larger area milling
[6]. The following section discusses the limitations of the general thickness measurement techniques and the
absorbed current method for the purpose of high aspect ratio cuts. This is followed by discussion of the

working principle of the new in-situ FIB measurement technique.

4.2.1 General Thickness Measurement Techniques
In principle, these techniques can measure thickness with nanometer scale accuracy. However, the

measurements are performed outside the FIB chamber. Most of these techniques involve removal of the
specimen from the specimen holder and often require special specimen preparation. Furthermore, these
techniques have specific requirements, which in some cases are practically impossible to satisfy. Techniques
not involving special specimen preparation include AFM and profilometer measurements. In the case of
AFM, there are constraints on the specimen aspect ratio and it is practically impossible to measure nanometer
scale high aspect ratio cuts. Chapter 5 discusses the limitation of the AFM technique for measurement of
high aspect ratio cuts. Profilometer has a resolution of approximately 20nm; however, locating a nanometer
scale feature with eye or optical microscope is a near-impossible task. Techniques involving special
specimen preparation include SEM and TEM. FIB systems that have combined FIB and SEM (advanced
SEM’s have aresolution of approximately 1 nm), it is possible to measure milled depth in-situ. However this
requires special fabrication of trenches around a high aspect ratio feature, which is time consuming and
which may prove to be destructive in case of some devices. TEM can resolve atomic layers but depth
monitoring using this technique will require destruction of the specific specimen to perform any type of

depth measurement.

4.2.2 Absorbed Current Method, Difficulties and Limitations

The working principle of this method has been described in chapter 2. The technique is simple in
principle, the stage current is measured as the ion beam mills the material. The stage current is different for
different materials so it can detect end point. This simplicity leads this technique to be a standard feature in
FIB machines. The technique can be used in several ways:

=  To detect materials while milling through a multi-layered structure.

= Todetect thin layers of oxide on the surface of materials.

=  To measure milled depth after calibration.

However this method suffers from afew limitations. Asthe end point is detected by monitoring the change of
the current signal during ion milling, a continuous electrical path is required from the area being milled to the
measuring instrument. Presence of insulators and multi-layered structures complicate the information

obtained, and in certain cases, no signal to the ground is possible. The method works well for areas few nm?

Nanofabrication using the FIB 71



Chapter 4 Real Time Resistometric Depth Monitoring in the FIB

in size with conducting substrates and with a simple electrical path to the ground. For milled areas with
dimensions in nanometers, due to the presence of high noise level in the signal the information is unreliable.
The method provides complicated information while ion milling with enhanced etch. This occurs due the
presence of L gas on the surface, which affects the signal level, L aso changes the material removal

mechanism from physical mechanism (sputtering) to physical and chemical mechanism.

4.2.3 Model for Resistometric Depth Monitoring Technique

Different thickness measurement techniques were discussed in the previous sections and the
discussion revealed that presently for nanometer scale high aspect ratio cuts, thereisno in-situ FIB technique
to measure milled depth. Measurement techniques, which were ex-situ were either very difficult or
impossible for milled depth measurements for these types of structures. The information obtained from the
ex-situ methods is also dependent upon the milling conditions used during the calibration of a standard. The
complications and limitations involved in other methods led to the development of a new technique, which
uses the new in-situ FIB electrical system. This system has been described in chapter 3.

The new method requires a metal track whose resistance can be measured. The change in resistance
of the track is monitored as it is milled, which increases as the thickness of the track in the milled area
decreases. The thickness fraction of the milled track can be calculated from the resistance measurements
using a simple model. In order to calculate the thickness fraction milled from the resistance measurements, it
is assumed that the milled structures have vertical walls and a flat bottom. Figure 4.1 shows a schematic of a
milled track. The different parameters for the model are also shown in figure 4.1 where | is defined as the
length of the track, w the width of the track andt the total thickness of the track. Ryac is the initial resistance

measured of the whole track and is given by equation (4.1).
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a) FIB milled

D s Substrate

Figure4.1 Different views of ametal track milled with the FIB;
a) Cross-section of the metal track milled with the FIB.
b) Top view of the milled area of the metal track.

rl
Rirack = — 4.1
. (4.1)

DR= Ryarianie - Rinitial IS the resistance change of the track due to ion milling. Ryarianie iS the resistance of the
milled portion of the track during ion milling and is given by equation (4.3). Rinitia iS the initial resistance of

the milled portion of the track prior to ion milling and is given by equation (4.2).

rle
Rinitial = — 4.2
i (4.2)
and
rle
Rvar iable= ——— (4.3)
w(t - tc)

where | isthe width of cut, t. isthe thickness milled andr isthe resistivity of the material.

By subtracting equation (4.2) from equation (4.3), the resistance change due to ion milling is calculated in the

following way:
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DR= —&——-1U (4.4)
gl- I
8]
By substituting equation (4.1) in equation (4.2), the following equation is obtained:
Rinitiai = Rrackgll—cé (4-5)

The thickness fraction milled (f;) can be expressed by substituting equation (4.5) in equation (4.4)

fi=1 9+18 4.6
t_ $ Rrackﬁ; ) (46)

where the thickness fraction milled of thetrack fi= (t¢/t), the length fraction of the track milled fi=(l/1). Note
that the equation (4.6) expresses the thickness fraction milled of the track by using only the directly measured
quantities.

The model provides the framework to convert the resistance measurements to the
thickness fraction milled. In-situ electrical measurements were performed and the milled

depth was calculated using the above model. The milled depth calculated was then
compared with milled depth measurements by AFM to discover the accuracy of the
technique. Due to the limitations of the AFM technique to access high aspect ratio cuts,
1 mm wide cuts were used. Different electrical measurements were compared to verify the

reproducibility of the technique. Electrical measurements were also performed on 50 nm
wide 400 nm deep cutsin Nb.

4.3 Measurements

A standard four-point measurement technique was used to measure the resistance of the track by
monitoring the voltage as the track was milled. The time and the size of the structure to be milled were
specified on the computer and the resistance changes were measured with time. Material used was Nb, which
was sputter deposited on oxidised Si substrates. Photolithography and CF, reactive ion etching were
performed to fabricate tracks with line widths of 1 um and 1.5 pum and thicknesses of 400 nm and 405 nm
respectively. Appendix 2 shows the photolithographic mask used for the measurements. The specimens were
wire-bonded onto a specimen holder with electrical contacts and then connected to the wiring on the stage of

the FIB, using the holder described in chapter 3. Direct current was supplied and voltage signals were
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measured using aKeithley 2000 digital voltmeter. These instruments were read by Labview software running

on the FIB control computer as described in chapter 3.

4.3.1 Verification and Reproducibility of the Technique

The technique was verified by comparing the thickness measured by electrical measurements with
the thickness measurements by AFM for 1 um wide cuts. For this experiment, Nb tracks of width 1.5 um and
thickness 405 nm were milled with 11 pA beam current and enhanced etch to create pattern sizes of 1 um by
2 um. Figure 4.2 shows a schematic of a Nb track with FIB milling patterns overlaid on it. Enhanced etch

was used in order to avoid re-deposition of the sputtered material, which affects measurements.

1 um.

]

- I -

Nb track HB milling petterns
Figure4.2 Schematic of a metal track 1.5 um wide with FIB milling patterns of size 1 um by 2 um
overlaid onit.

Figure 4.3 shows the resistance change versus milling time for six rectangular milled structures with
different milling times. The resulting resistance measurements have been displaced by 0.25 W to show the
general trend and to separate each curve from the other. The insert in figure 4.3 shows the resistance change
against milling time for longer milling time. Long milling time to remove all the Nb was selected. It was
observed that the measured resistance increases steeply with milling time and with long milling time, the
resistance cannot be observed using the present apparatus. After milling for 44 seconds all the Nb in the

pattern areawas milled away.
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Resistance increase is measured while milling rectangular patterns 1 um by 2 um using

milling times of 40 s, 33 s, 22 5, 11 s, 7.5 s and 4s (fromtop). The measurements are

displaced by 0.25 W from each other. The insert shows the resistance change up to 44 s.

Thickness Fraction milled

I | | |
0 10 20 30 40 50

Milling time(s)
A plot of fraction thickness milled against milling times of 4s, 7.5, 22, 33sand 40s.

The areas milled were rectangular in size measuring 1 by 2nm.

Figure 4.4 shows a plot of milling time versus the thickness fraction milled for milling times of 4 s,

75s, 14.5s, 2s, Bs and 40s. This plot shows the reproducibility of the milling depth using this

technique. A standard deviation of 7.22x10° is obtained for the thickness fraction milled after D 's for 5

different measurements. The graph also shows the reproducibility of the measurements with this technique.
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Over 0.6 thickness fraction milled, there is a slight deviation from the linear behaviour, this occurs due to the
narrowing of the track as shown in figure 4.5.

Figure 4.5 is a secondary electron FIB image of atrack of Nb with four rectangular milled structures
of size 1 mm by 2 nm. Decrease in the width of the track is observed with increased milling time. This
decrease in width of Nb track occurs because of the enhanced removal of material sputtered out of the side-
walls of the track. The initial blurring of the image at the edges of the track is attributed to re-deposition of
the material during imaging prior to the rectangular milling of the track. This re-sputtered material does not

interfere in any observable way with the electrical measurements.

I micron

Figure4.5 A Nb track with rectangular patterns milled of dimensions 1 mm by 2 nm. Patterns milled

with increasing timefromleft 55,11 s, 22s,and 33 s.

Nano-protrusions were observed by AFM in the enhanced etch milled regions, which occur due to
the uneven material removal by the chemical species present during milling. The protrusions present in the
milled regions stop the AFM tip reaching the bottom of the milled structures (the top of the base material).
These protrusions form a highly inefficient electrical path on top of a base material. The base material
effectively contributes to all of the observed electrical measurements. Hence in order to accurately measure
the thickness milled, the minimum observed value in the milled region was subtracted from the average
thickness of adjacent non-milled region. Figure 4.6 shows a plot of the thickness fraction milled obtained
using resistive measurements versus milled depth obtained using AFM measurements. The plot is a straight
line y = 391.1 x at a thickness of 391.1 nm). The plot shows that in-situ FIB resistance measurement

technique accurately provides information regarding milled depth.
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Figure4.6 Plot of fraction of thickness milled against depth measurements by AFM. Rectangular

milled structures of size 1.2mm by 1 mm were used.

4.3.2 High Aspect Ratio Structures

The capability of this technique to measure thickness of high aspect ratio structures by simple ion
milling and by ion milling with enhanced etch was tested. 200nm wide cuts were fabricated in a 400 nm
thick Nb track with simple ion milling (without I, enhanced etch) using 4 pA beam current and milling
patterns of dimensions 0.2 um by 1.11 pm. 50 nm wide cuts were fabricated in asimilar Nb track with 4 pA
beam current and enhanced etch by using only single pixel line. The widths of the cuts were measured by
imaging in the FIB. Figure 4.7 shows a plot of the thickness fraction milled against the milling time
calculated using equation (4.6). The fluctuations in the thickness fraction milled occurred due to the accuracy
of the measuring instrument. The measured resistance changes are very low (10° W) at the start of milling,

these resistance changes increase as milling proceeds and less fluctuations are observed.
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Figure4.7 Thickness fraction milled against milling time for simple ion milling and milling with

enhanced etch using 4 pA beam current. Rectangular pattern size of 0.2 nm by 1.11 nm
and single pixel line scan were used respectively.

When enhanced etch is used the thickness fraction milled increases linearly up to the measured 0.95
thickness fraction. The linear behaviour shows lack of re-deposition effects and measurement up to 0.95
thickness fraction shows that a higher aspect ratio of the cut is achieved at the end point. In the case of simple
ion milling, the thickness fraction milled increases linearly with milling time up to 0.5 of the total thickness
and then shows non-linear behaviour. The re-deposited material changes the shape of the milled structure
significantly from the ideal shape assumed in the model and it also interferes with the Ga* ion beam. These

two effects combined together are responsible for this non-linear behaviour.

Enhanced Etch needle
FIB Beam

FIB Beam

Nb

| e 8 s
a) b)
Figure4.8 Cross-section of two different shapes of the FIB milled structure a) using enhanced etch

b) using simple ion milling.
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The application of in-situ FIB measurements to measure thickness provides unique information,
which can also be interpreted to provide information regarding the shape of the milled structure, the
uniformity of milling and other effects like narrowing. Figure 4.8 shows two structures, figure 4.8 @) is milled
using enhanced etch and figure 4.8 b) is milled using simple ion milling. In figure 4.8 @ Nb is milled
uniformly, there is no sputter deposited material and no narrowing. In figure 4.8 b) sputter deposition occurs
and the shape of the structure changes, it becomes narrow at the bottom. The material removal rate is non-
linear as it is easier to remove material when milling starts than when the structure is deeper. These two
shapes will show similar resultsto the one’ s shownin figure 4.7.

Thickness measurement by this method has applications in machining using FIB which require
accurate and reproducible removal of material at nanometer scale and control over re-deposition (as the end
point is detected accurately, control over re-deposition is obtained). There is currently no other in-situ
method available for accurate monitoring of depth for 50 nm wide and 400 nm deep cuts. In the absorbed
current method the noise signal level is too high to monitor depth accurately. The ion beam excited photo
emission method has not been reported to be tested for such high aspect ratio cuts. The method however
suffers limitations due to the noise from the side walls of the milled structure. With ex-situ methods, AFM
and profilometer, it is not possible to access the bottom of these high aspect ratio structure to measure
thickness. The use of SEM to measure thickness requires formation of cavities around the track to make any
possible observations and TEM requires preparation of thin sections, which makes both these techniques

impracticable and destructive.

4.4 Summary

Thickness measurements of nanometer scale high aspect ratio cuts are becoming increasingly
important due to new device applications using the FIB requiring them. These measurements are either very
difficult or practically impossible with techniques such as AFM, TEM and SEM. The newly developed in-
situ FIB electrical measurement system was used in order to overcome the difficulties encountered by other
techniques. In-situ resistometric measurements on metal tracks while ion milling them were performed, these
resistance measurements were converted by a simple model to thickness measurements. The reproducibility
and accuracy of thickness measurements by this method were tested. Comparing the thickness data from this
technique with the thickness measurements by AFM tested the accuracy of the technique for 1nm wide cuts.
A linear relationship between the fraction milled with milling time was observed for milling with enhanced
etch for 50 nm wide cuts in 400 nm thick (high aspect ratio cut) track. For these cuts, the fraction milled is

accurately measured to approximately 2% with the present experimental set-up.
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Chapter 5

Direct Measurements of FIB Cut Parameters

5.1 Introduction

FIB fabrication presently includes fabricating various devices and structures
including accelerometer, superconducting devices, nanostructures for biochemical analysis
and micro-cantilevers [1-5]. FIB fabrication of these devices and structures involve milling
with line cuts and cuts with dimensions in nanometers. The applications of the FIB
technique are expected to grow in the area of the mentioned applications and related aress.
There are aso possible future commercial applications of the technique in mass
manufacturing [6]. Some of the important factors influencing device characteristics are
uniformity of the width of FIB cut along the length of the FIB milled cut and
reproducibility of FIB milling. Various materials are being used for fabricating devices
such as Si and Nb with different material properties and it is very important to identify the
materia properties, which influence the width of cut. The present study was conducted
using three different materials such as S (single crystal), Nb (polycrystalline) and
CoesSi1sB12FesM 0, (amorphous material).

AFM technique was selected for the present study as it is better than other methods
for width measurements and as it also provides information regarding the depth and shape
of the FIB cut. The major advantage of the AFM method over techniques such as FIB and
SEM for these measurements is that it provides information along the whole length of the
FIB cut. Section 5.2 compares three different techniques for such a study and demonstrates
the capability of the AFM technigue. AFM technique has been previously used to discover
the width, the depth and the profile of the FIB cut in MgO for the fabrication of High T¢
superconducting Josephson junctions [ 7]. Section 5.2 also discusses the limitations of the
AFM technique particularly for depth of cut and shape profile measurements, and presents
a data analysis framework, which is useful for these measurements. Section 5.3 and 5.4
present experimental scheme and results obtained from Si. Section 5.5 discusses width

measurements from Si, Nb and the amorphous material.
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5.2 Comparison of Techniques, Definitions and Reliability
This section compares three different techniquess AFM, FIB and SEM. These

techniques are the different methods avallable for performing width and depth
measurements on nanometer scale cuts. TEM is another method available for these
measurements however considerable difficulty is involved in order to use this method for
such an investigation. Due to this reason, the following paragraphs discuss only AFM, FIB
and SEM. AFM method was used as it provides width measurements along the whole
length of the cut, it also provides information regarding depth of cut and information
regarding the shape of the cut for low aspect ratio cuts. This section also discusses the tip
interaction with different shapes of the milled structures in order to obtain better

understanding of the information provided by AFM. The last part of this section defines a

framework, which is necessary for data analysis.

SEM and FIB are the other two techniques that can be used in order to determine
width, depth and shape of the milled cuts. One common method used in these two
techniques is to image the FIB milled profile in cross-section. This type of approach only
provides information at a specific point and information along the whole length of the
track is not obtained. There are other difficulties associated with measurements using these
two techniques. For example, the FIB technique encounters several difficulties and
limitations:

= Both the vertical and spatial resolutions of the FIB imaging technique are low for
these types of measurements.

= Imaging is difficult, as it is very easy to destroy nanometer scale structures using
the FIB.

. Imaging in cross-section method is
difficult, as it involves cutting of nanometer scale structures for the purpose of
depth measurements.

The SEM technique faces the following difficulties for these types of measurements:

» SEM generates secondary electron signal from depth of approximately 100 nm’s which
results in loss of surface information [8]. Information such as deposit or re-sputtered
materia on the surface will be nearly impossible to image.

= Imaging in cross-section is difficult, as it involves specimen fabrication in the FIB and

then imaging in the SEM. (It is particularly difficult with the present facilities in the
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materials department as FEG (SEM) and FIB requires two different types of stubs and

great care regarding specimen cleanliness is required.)

AFM technique provides an aternative to these two methods. It offers the following

benefits for these types of measurements:

. Information can be obtained along the whole length of the milled cut.

= |t provides surface information, which makes it particularly suitable for width
measurements.

» No specia sample preparation is required.

» The vertica resolution of the technique is well below one nanometer so it
should accurately measure nanometer scale cuts.

A limitation involving work with the AFM on nanometer scale cuts arises due to the
high aspect ratio of the FIB milled cuts. This occurs due to the tip not reaching the bottom
of such a structure. This particular investigation used etched Si tips, the tip radius is
between 5-10nm, sideangleis 17°, frontangleis 25° and back angleis 10° (This
information is provided by Veeco Ltd., the supplier of the tip.). In order to consider the
limitations of this technique for the purpose of these measurements, the front and the back
angles are important. Figure 5.1 shows a 3-dimensional sketch of the tip, along with
sketches of the different angles of the tip. As the AFM tip moves towards the milled
structure with milled structure lying perpendicular to the direction of the motion of the tip,
the side angle is the angle of the tip as viewed from the milled structure. The front angle
and the back angle of the tip are the angles viewed from the side of the milled structure as
the tip moves across the milled structure. Figure 5.2 shows cross-sectional views of two
types of structures along with an AFM tip, two different types of structures are shown to
facilitate understanding of information obtained from AFM. Figure 5.2(a) shows a case
where the AFM tip interferes with the vertical walls of the structure to provide inaccurate
information. The profile of the FIB cut is imaged as asymmetric due to the interaction of
the AFM tip with the vertical walls of the structure. As drawn the figure shows that AFM
tip measures accurately the width and depth of the structure. The figure shows the
approximate angles of the AFM tip, for simplicity the tip radius of 5nm to 10 nm is not
drawn. Calculations show that AFM tip should measure depth and width of structures with
aspect ratio of approximately 1.5. For such a structure, the vertical structure will be imaged
astriangular in shape with walls deviating 10° and 25° from the vertical as the back and the
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front of the tip interacts with the walls of the structure. For higher aspect ratio structures,
the AFM tip will not be able to access the bottom of the structures. Figure 5.2 ¢) shows a
structure, which has a triangular cross-section, the structure will be imaged as symmetrical
as shown in figure 5.2d). The variation in the angle W results in false or correct
information obtained while performing measurements with AFM on such a structure. If W
is higher than 65 ° then interference from the front angle of the AFM tip will occur thus
resulting in an asymmetrical shape. If W is higher than 80° then interference from the back
angle will aso occur, which should also result in an asymmetrical shape. However, if the
angle Wis lower than 65° then a symmetrical shape of such a structure should be observed.
The discussion so far has established that AFM is the best method available for the
width and depth measurements for low aspect ratio FIB milled cuts. A data analysis
framework is required to analyse data. This framework requires definition of parameters
such as the width of the cut, the depth of the milled structure, the height of the sputtered
material and the length of the sputtered material. These parameters have practical use in
the field of nanofabrication with the FIB. The first step for data analysis requires
flattening using the AFM software, section analysis provides width and depth information
for analysis after flattening. Figure 5.3 shows an actual section analysis of a FIB cut, the
measured milled structure is approximately 30 nm deep and 100 nm wide. The structure is
symmetrical around the center, and the bottom part of the structure is flat. Other shapes of
the structures were also observed as discussed in section 5.4, however this shape has been
selected in order to build a framework for analysis. This shape is selected as a standard
shape for analysis because it is symmetrical and shows a flat bottom part of structure thus
an indication of the correct depth. Figure 5.4 shows a sketch of a shape used for data
anaysis, it also defines the different milling parameters. Due to the presence of the
sputtered material, the ends of the milled structure are higher than the original Si surface
without FIB milling. Another method for data analysis will be an attempt to fit a gaussian
density distribution function and extract information. However, this method is not practical
because of the presence of the sputtered material and because not all shapes of the structure
observed were symmetrical. The width of the cut (\Wc) is measured from one side of the
milled structure to the other side from the original Si surface (thus excluding the sputtered
material). The depth of the milled structure (Dm) is the milled depth by the FIB from the
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original Si surface to the bottom of the milled structure. The angle q is defined as the angle
from the bottom part to the top part of the milled structure. The height of the sputtered
material (Hr) is the height measured from the top of the sputtered materia to the level of
the original surface. A better estimate of Hr, isequa to haf of the sum of the heights of the
sputtered material from both sides of the milled structure. The length of the sputtered
material (Lc) is measured from insde the milled structure from where it starts to the
distance where the sputtered material does not contribute to the measured height. This

parameter is very difficult to measure and at times arbitrary, so it is not probed in detail.

5.3 Experimental Scheme

Experiments were performed using three beam currents (150 pA, 70 pA and
11 pA), however only data from 150 pA and 70 pA beam currents was analysed. Errors
occur in the data obtained from 11 pA beam current due to fluctuations in the beam current
and the reproducibility of data from this beam current (low beam current) is also
susceptible to the aignment of the FIB column. As these errors can be particularly large at
low beam currents, data from 11 pA beam current is not discussed in section 5.4. Table 5.1

shows the three beam currents used for milling along with their milling spot sizes.

Tableb.1 Beam currents used for FIB milling and the corresponding milling spot size
[Source: FIB manual for FEI 200 (1996)].

Beam current (pA)  Milling spot size (nm)

150 35
70 25
11 15

All experiments were performed using Si.mtr (silicon material file) and this milling
file uses 50% overlap and 1 ns dwell time. Experiments were performed using four
different magnifications, which result in different actual overlaps of the FIB milling spot
thus it is a method to test the reproducibility of the technique. The difference between the

overlap as specified in the material files and actual beam overlap is explained below.
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Table5.2 Various magnifications used for the FIB milling and the corresponding

pixel resolution.

10,000 7.4
12,000 6.1
15,000 4.9
20,000 3.7

Table 5.2 shows different magnifications and the corresponding pixel spacing used
while performing these experiments. For the calculation of the pixel spacing equation 5.1
is used.

Pixel spacing = (HFW)/# of Pixels (5.

Where HFW means horizontal full width of the screen and # of pixel equals to 4096 due to
the use of a 12 bit analogue-to-digital card. (Information provided by FEI technical staff.)
The actual beam overlap can be calculated by knowing the method by which FIB
calculates the horizontal displacement in order to achieve the beam overlap as specified in
the material file. In order to calculate the horizontal displacement which the beam spot size
has to move, FIB first calculates a target step size using equation 5.2, which depends on
the materia file and the milling spot size.

Target step size = [1 — (%overlap/100)] © [ Milling spot size] (5.2
After calculating the target step size, then it chooses the horizontal displacement depending
on the pixel spacing. The method of choosing the horizontal displacement is clarified with
the help of examples. If the target step size is 12 nm and pixel size is smaller than this
value then the value of the horizontal displacement cannot be more than the vaue of the
calculated target step size. For example, if the pixels are 5 nm apart there will be a two
pixel step displacement equal to 10 nm spacing. However, if the pixels are 7 nm apart there
will be a one pixel step displacement equal to 7 nm spacing. In cases where pixel size is
bigger than the calculated target size then there is one pixel step displacement. For
example, if the pixels are 18 nm apart there will be one pixel step displacement equal to
18 nm.
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The actual overlap is calculated using equation 5.3.

Overlap % = [1-(horizontal displacement /spot size)] © 100 (5.3

(The information regarding the calculation of overlap was provided by FEI technical staff.)
Table 5.3 shows the actual beam overlaps for different magnifications and beam currents

for Silicon materia file (50% overlap and 1 s dwell time).

Table5.3 Actual beam overlaps calculated for different magnifications and beam
currents for Si materia file (50% overlap).

Actual Beam Overlap (%)

150 pA S57.7 65.1 58.0 | 57.7 50.2

70 pA 70.4 51.6 60.8 | 55.6 53.6

11 pA 50.6 59.3 67.3 | 50.6 61.3
Magnification 10,000 12,000 | 15,000° | 20,000° | 25,000

Experiments were performed on chips of size approximately 10 mm~ 10 mm.
These chips were glued to SEM stub with silver paint before FIB processing. High beam
current (6.6 nA) was used in the FIB to first fabricate markers on the chips, these markers
were visible with the optical microscope, under low magnification. High beam current was
also used to fabricate grids with a number of square boxes close to the markers, the square
boxes in grids had dimensions of 15 mm”~ 15 mm. This particular dimension was selected
as it makes the AFM measurements ssmple to perform. 5 mm long structures with different
milling times were milled with FIB line cuts in each box of the grid. The structures were
milled in the order of milling time, starting from the lowest milling time and finishing at
the longest milling time. Magnification was varied across the grid, while beam current was
varied down the grid. Figure 5.5 shows a sketch of the marker, the grid and the milled
linesfor Si, smilar grids were used for other materials. This figure is drawn using Si as an
example, the figure shows that during the fabrication of the grid, the naturaly grown SiO,
has been removed down to Si between the different square shaped box structures. So there
is no possibility of any charge during milling in one box affecting milling in another box.

Astigmatism (non-circular beam) in the beam was removed whenever the beam current
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was changed, astigmatism was also tested whenever enhanced etch was used. Astigmatism
was removed by first fabricating a hole in the specimen in the spot mode and then
observing the milled structure. If the milled structure was circular in shape, it was assumed
that astigmatism was removed. After FIB milling specimens were removed from the SEM
stub using acetone. Specimens were then inspected under an optical microscope for any
deposit on the surface.

10 mm

Grid with squares of 15 mm dimension.

Marker, visble under low magnification
in optica microscope

1mm
PEY

FIB milled line cuts X
15 mm. lﬂ 5
N
C)

|

L L1 L

b)
So, Si

Figure55  Schematic of the experimental scheme used (not drawn to scale), the SIO,
can be asthick as2.5 nm [9]. a) Schematic of the chip, marker and grid
structure. b) Cross-section of the grid structure. c) Top view of the milled
structures in a box of the grid.

If further cleaning was needed specimens were cleaned in an ultrasonic bath with
acetone and then AFM measurements were performed. There are different measurement
errors present, which include errors while obtaining data from the AFM software,
fluctuations in the beam current and measurement errors in the AFM measurements itself.
These errors are unavoidable, for example fluctuations in the beam current are inherent to
the technique. The effects of errors due to AFM measurement and errors while obtaining
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data from the AFM software are low as a number of readings were averaged to obtain any

particular data point.

Table 5.4 summarises the milling times used to fabricate cuts. A deeper understanding
of the milling file used is obtained by understanding the various trends in the table. Table
5.4 shows the following trends:

» A linear increase of milling time as the nominal milled depth increases with the same
beam current.

* In order to achieve the same nomina milled depth with a lower beam current, the total
dosage of Ga' ions decreases.

=  Theterm (milling time ~ beam current)/milling spot size, which is the Ga' ion dosage
per unit area, increases linearly with the beam current and is the same for the same
nomina milled depth for different beam currents.

Table5.4 Milling times used for FIB milling, along with the different beam currents.
The last row of the table shows the nomina milled depth corresponding to
different milling times. (Information obtained from the FIB work station).

Beam current Milling time(s)

150 pA 077 | 164 | 245 | 328 | 410 | 491

70 pA 117 | 237 | 352 | 469 | 583 | 7.13

11 pA 340 | 6.81 | 10.22 | 1363 | 17.04 | 20.45
Nominal milled 10 | 20 30 40 50 60
depth (nm)

These trends show that the material file has been designed while taking into consideration
the factor of Ga" ion dosage per unit area. This information is useful for designing new

material files.
5.4 Resultsand Discussion
5.4.1 Measurements of FIB Cuts in Si

Si is an important material in the field of applications regarding FIB. Si has this
Importance due to the use of the FIB in the semiconductor industry and its application in
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research areas such as applicationsin MEMS and nanostructures for biological
applications [1,4,5]. Experiments were performed using both ssmple ion milling and ion
milling with enhanced etch on Si. Results from only two beam currents 70 pA and 150 pA
are discussed as difficulties were encountered while analysing data with 11 pA beam
current (discussed in section 5.3). AFM images and section analysis were obtained for al
the different magnifications and beam currents experimented. The study was performed
using Si with the naturally occurring oxide, the oxide was not removed as it is not

commonly removed in applications such as nanostructures for biochemical analysis[4].

5.4.1.1 150 pA Beam Current (Simple lon Milling)

Figure 5.6 (a) shows a height image of the Si surface with six milled structures for
magnification 12,000 . Figure 5.6 (b) is a section analysis through the FIB cuts fabricated
on Si. In the image, the milling time increases from the left of the figure towards the right.
The following paragraphs present and discuss different information obtained from such
Images for example the depth of the milled cut, width of the cut etc.

The contrast on figure 5.6 (a) shows the height variation and the white areas are
approximately 3-4nm higher than the darker areas. The width of cut is in the range of
100 nm while the milled depth varies from approximately 10 nm to 40 nm. The width of
the cut is larger than the milling spot size because atoms gect from the surface due to
atomic collision cascades triggered by the incident ions. An incident ion hits the surface of
the materia at a particular point and the momentum transfers to a few atoms, which gect
from different points on the surface. Figure 5.6 (b), shows an increase in the milled depth

as the milling time increases. Comparison of different section analysis across the same
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milled structure showed the measured milled depth variation of 3-4nm. The variation in
the width of cut is approximately 3-4nm along the 5 mm length of the milled structure.
This observation shows that in a single-crystal Si, the width of cut remains approximately
constant along the length of the structure. The variation of the milled depth and different
shapes of the structures are discussed in the last part of this section.

Figure 5.7 shows 6 AFM cross-sections associated with the 6 milled depths
obtained from section analysis performed on FIB milled line cuts using 150 pA and
magnification 15,000" . Symmetrical shapes were purposaly selected that show a flat
bottom of the structure as it demonstrates that AFM is measuring the correct depth and the
shape of the milled structure. Any dlight deviation from symmetry has occurred during the
process of obtaining the AFM cross-sections. The last part of this section discusses
structures that did not show aflat bottom. Figure 5.7 shows an increase in the milled depth
as milling time increases. The angle q between the flat bottom part of the structure and the
top of the milled structure increases from the lowest depth milled to the highest depth
milled of the cuts. Figure 5.7 f) provides avalue of q of approximately 30°. The width of
the cut increases with the milling time from approximately 85 nm to 105 nm, and the depth
of cut from approximately 8 nm to 37 nm. It was attempted to plot the height of the
sputtered material against milling time. Due the presence of high value of noise as the
height of the sputtered material is in the order of afew nm (atechnique of averaging a
number of readings was also used), and due to variation in the height of material close to
the sputtered material this could not be done. The length of the sputtered material isin the
range of 100 nm, this imposes limits on the proximity of the FIB cuts before material from
one milled structure will start to interfere with the other milled structure.

Figure 5.8 shows a plot of the milled depth as measured by AFM versus milling
time for the four different magnifications. Five readings were averaged to obtain every data
point in order to improve the accuracy of the data. There is saturation in milled depth
occurring as milling time increases in the case of magnification 10,000" . The milled depth
increases approximately linearly with the milling time for magnifications 12,000 and
there is a dight deviation from linearity in the case of magnification 15,000 .

Measurements from magnification 20,000" show a linear increase in milled depth,
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however the measured milled depth is very much lower as compared with measurements
from magnifications 12,000 and 15,000" . The reasons for the variation in the milled
depth are explained in the later part of this section with the help of AFM cross-sections.

Figure 5.9 is a plot of the width of cut againg milling time for the four
magnifications. Width of cut measurements for magnification 10,000 show a higher
width of cut than width of cut measurements for magnifications of 12,000 and 15,000 .
Width of cut measurements for all these three magnifications show an increase in the width
of cut with milling time. Width of cut measurements for magnification of 20,000" first
shows an increase in the width of cut, which after further milling changes to decrease in
the width of cut. Ga precipitation due to low solid solubility of Gain Si has resulted in the
as observed measurements. This is discussed in detail in the later part of this section with
the help of AFM cross-sections.

In the literature, beam drift due to the presence of Ga precipitation has been
reported [10]. TEM observations showed a dark core under the region from where beam
drift occurred for line dosages of 2.2° 10' ions cmil. The core was observed 30 nm
underneath the S surface from where the beam drifted. Energy filtered images in the study
indicated that the core mainly consisted of Ga, interspersed with alittle Si. The dark core
as observed in TEM was fairly constant in depth (20-30 nm). The resultant shape of the
milled structure due to beam drift was a flat plateau along a milled structure. The Ga core
occurred under the flat plateau region from where the beam drift occurred. The core was
associated with low solubility of Gain Si, which resulted in Ga precipitation [10]. Another
study showed a distorted profile of a milled structure in Si, a step was observed inside the
milled structure. The distortion within the milled structure occurred due to beam drift [4].

In order to analyse the possibility of Ga precipitation resulting in the as observed
results, the solid solubility of Gain Si and ion dosages which can result in Ga precipitation
needs to be considered. Exposure of a sguare window with dimension 10 nm for one
second with 150 pA beam current result in ion dosage of 10™ jons cm?. Thus a single
image of the area to be milled can result in Ga precipitation as Si has low solid solubility
of Ga of 9 10%cm® a 500°C [11]. Ga precipitation affecting the results is a real

possibility as milling was performed with line dosages in the order of 10'® and 10 ions
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cni?t, and in the previously reported work line dosages of 10 ions cm* resulted in beam
drift [4,9].

The results are explained below in the order of distortion from an ideal structure,
which is assumed to occur without any beam drift. In order to explain in detail the reasons
for different shapes observed for different magnifications. The following factors needs to
be considered:

» Focusing was performed in some of the boxes in the grid, using an advanced
feature of the FIB. In this advanced feature rather than imaging the whole computer
screen, awindow can be defined on the computer screen and the beam is focused in
the defined window.

= A single image of the areato be milled can result in Ga precipitation as Si has low
solid solubility of Gaof 9~ 10'8cmi® at 500°C [11].

Focusing should result in Ga precipitation in the particular region, as milling was not
performed in the same region where beam was focused, this should not affect
measurements. A possible mechanism by which Ga from the focused region can affect the
measurements is by diffusion. As nanolithographic application of SO, has been reported
in the literature [12], if any long range Ga diffusion was occurring lithography will not
work. Due to this reason, the probability of this mechanism affecting the resultsis low.

The high sengitivity of Si to precipitate out Ga seems the likely cause. Imaging of
the specimen surface where structures were fabricated was avoided as much as possible.
However at times it was unavoidable as it was necessary to know where milling was being
performed. Focusing in the grid structure was also necessary as displacements of
approximately 50 mm on a sloping specimen can result in different results. During finding
the area where to perform milling, the dosage of Ga dlightly varied between the boxes, thus

resulting in different observed results.

Magnification 15,000
In the case of observations, from magnification 15,000" two types of structures
were observed, symmetrical structures with flat bottom parts and structures, which were

symmetrical except a the bottom part. Figure 5.7 shows symmetrical structures with flat
bottoms. As most of the Ga' ions are concentrated in the middie part of the symmetrical
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structures, precipitation of Ga is expected to occur in this part and more Ga precipitation
should occur as milling time increases. It was observed that as milling time increases flat
bottoms of the structures became less common. Bottom parts of the structures as observed
for magnification 12,000° (figure 5.10) became more common. This observation supports
that Ga precipitation which starts in the middle part of the structure results in different
shapes.

In milled depth measurements for magnification 15,000" , there is a slight deviation
from linearity. The deviation may have occurred due to fluctuations in the beam current.
An increase in width of cut with milling time occurs due to the spread of Ga’ ions within
the beam. As milling time increases the number of ions milling a specific area increase
thus increasing the milled width with time. In the literature, increase in width of structure

(MgO) with milling time is reported [7].

Magnification 12,000

Figure 5.10 shows shapes of structures obtained from FIB milled structures with
150 pA beam current and magnification 12,000" . The structures are asymmetrical in
shape, the angle g of the milled structures is lower or equal to 30° and the width is similar
to one obtained for magnification 15,000 . It is reasonable to assume that AFM tip
provides correct information regarding the shape and depth of these milled structures
because in the case of magnification 15,000, structureswith q of 30° and similar depth
and width are correctly measured. Milled structures with flat bottom which are
symmetrical can be observed for the first three milling times for this particular
magnification. As milling time increases, symmetry disappears along with the flat bottom
part of the structures. These observations again support that with longer milling time more
Ga precipitation occurs and in this particular case results in asymmetrical structures. For
this particular magnification, milled depth increases approximately linearly with milling
time and an increase in width of cut with milling time is observed. For magnifications
12,000" and 15,000" the actual beam overlap parameters are 65% and 58%, this possibly

results in different width of cuts and depths milled for these two magnifications.

Nanofabrication using FIB 102



Chapter 5 Direct Measurements of FIB Cut Parameters

25.0
h
25.0

-25.0 0
1
-25.0 0
1 1
v

T T
0 0.20 0.40 0.60 0.80 0 0.20 0.40 0.60 0.80
M M

a) b)
Figure5.10 AFM section analysis of FIB milled structures using 150 pA beam current
and 12,0000 magnification. a) Asymmetric structure with a triangular
bottom part. b) Asymmetric structure with a sloping flat bottom part.

Magnification 10,000

In the case of observations from magnification 10,000" , similar bottoms of the
structures as shown for magnification 12,000 were observed. In this case the effect is
more severe and increase in milled depth starts to decline. Figure 5.11 shows an AFM
section analysis of FIB milled structure using 150 pA beam current and magnification
10,000 . These observations again support the possibility of Ga precipitation, which

becomes more severe with increased milling time.

Saturation in depth milled is measured for the last three readings and one reading
shows a lower milled depth than the saturation depth in figure 5.8, this possibly has
occurred due to beam current fluctuations. A variation in the width of cut is measured in
the first few readings and the last few readings as shown in figure 5.9. This possibly
occurs due to beam current fluctuations or it may be the case that Ga precipitation affects

the width measurements for the last few readings.
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Figure5.11 AFM section analysis of FIB milled structures using 150 pA beam current
and 10,000° magnification.

Magnification 20,000

Figure 5.12 shows two AFM cross-sections of structures milled with 150 pA beam
current (magnification 20,000 ). As milling time increases an approximately flat plateau
forms aongside a triangular cross-section. The width of cut measurements as shown in
figure 5.9 decrease with milling time. This particular observation occurred as the
framework used for data analysis does not take into account any flat plateau which forms
along the milled structure. In the first few measurements as the flat plateau is still forming,
the shape is assumed as triangular (with one angle much steeper than the other) so an
increase in width of cut was measured. However, in the last few readings as the flat plateau
had already formed, the data anaysis framework breaks down. As the width of cut
measurements due to the framework only included the triangular shape, this resulted in the
as shown width of cut decrease in figure 5.9. On the contrary, if the width of the plateau is
also added in the last few measurements, an increase in the width of cut with milling time
is observed. The last three readings for width of cut including the width of the plateau
increase from 107 nm to 112 nm. In this case, Ga cluster formation results in the as
observed results, as the effect is most severe it has resulted in low depth milled. At the end
of this section different possible mechanisms are discussed that can result in low milled
depth and distortions in the shape of the milled structures.
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Figure5.12 AFM section analysis of FIB milled structures using 150 pA beam current
and 20,000 magnification.
a) Millingtime=0.77 s b) Millingtime=4.91s.

Mechanisms

Possible mechanisms by which Ga precipitation can result in the as observed
measurements are magnetic effect and electrostatic effect. It is unlikely that drift is
magnetic in nature as both Gaand S are non-magnetic materials. The mass of ions is
another factor, which undermines this mechanism. The high mass of ions relative to
electrons is the principle reason for using el ectrostatic lenses than magnetic lenses in the
FIB.

The other possible mechanism is electrostatic charge building up in the precipitate
rich areas. In the previous work, Ga clusters that resulted in beam drift were observed to be
30 nm underneath the Si [10] and Si above the clusters was amorphous. The actual
working of the mechanism may be that the incoming Ga ions lose most of their energy in
the Ga precipitate under the Si due to the presence of electrostatic charge and the Si above
the clusters having a loose structure. This will lower the sputter yield of the incoming Ga
ions thus resulting in lowering the depth milled. Shape distortions of the FIB milled cuts
are also expected due to the presence of a non-uniform precipitate. Figure 5.13 shows a
schematic of FIB milling of Si and Ga precipitation. As Gais interspersed with Si, which
may change its electrical properties, this seems a probable mechanism. Ga precipitation
below the surface of Si also explains that a diffused profile of the cut does not occur,

which should have occurred if charge was present on the surface.
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Figure5.13 Schematic of FIB milling of Si and Ga precipitation. Ga precipitate is
shown as having rectangular cross-section only for the purpose of

explanation.

5.4.1.2 70 pA Beam Current (Simple lon
Milling )

Simple ion milling was performed using 70 pA beam current with magnifications
of 10,000", 12,000" , 15,000 and 20,000" . Figure 5.14 shows an AFM cross-section of a
FIB milled cut using 70 pA beam current. The shape of the AFM cross-sections for this
beam current are similar to the one shown in figure 5.12 for the case of 150 pA and
magnification 20,000 . Ga precipitation results in the as observed results; as the plateau
observed are not as pronounced in shape as in the case of figure 5.12 b) so beam drift due

to Ga cluster formation is not as extreme as in the case of 150 pA beam current and

magnification 20,000 .

-10.0
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Figure5.14 AFM cross-section of a FIB milled cut using 70 pA and magnification
10,000 .

Figure 5.15 shows depth measurements for this beam current. Every data point
shown in figure 5.15 is an average of three readings, this was done in order to improve
accuracy. The graph shows variation in milled depth from 2.5 nm to 6 nm for al the four
magnifications, this milled depth is comparable to depth milled for 150 pA beam current
and magnification 20,000" . Ga cluster formation as in the case of 150 pA and
magnification 20,000" has resulted in the lower milled depth of the structures.

Figure 5.16 shows the width measurements for these beam currents. Width
variation of approx. 10 nm was observed so in order to improve the accuracy of the data,
an average of five readings was taken to plot every data point shown on the graph.
Magnification 20,000" resultsin lower width of cut than other measurements. It has
possibly occurred due to fluctuations in the beam current. Width of cut measurements for
this beam current does not show atrend of increase in width with milling time which was
observed for some width of cut measurements for the case of 150 pA beam current. The
presence of Ga precipitates is possibly the major factor, which is resulting in the observed

trend of low variation of width of cut.
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Figure5.15 Depth of cut against milling time for four magnifications for 70 pA beam

current.
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Figure5.16 Width of cut against milling time for four magnifications for 70 pA beam

current.

5.4.1.3 150 pA Beam Current (Enhanced Etch)

Figure 5.17 shows a height image and a section analysis after ion milling with
enhanced etch the milling time increases from the left of the image to the right. The figure
shows an initial formation of a deposit and then subsequent milling of it. The width of the
deposit ranges approximately between 150 to 250 nm. Figure 5.18 shows a cross-section of
a structure milled using the longest milling time with 150 pA EE and magnification
20,000" . The shape of the bottom part is different in different cross-sections for example
triangular in some cases, however one common observation that can be made is the
variation of angle g. The angle q is steeper at the bottom part of the structure than in the
upper part of the structure. The variation of g isin the order of afew degrees, however as q
itself isin the region of 5° to 9° the variation is in the order of 10's of %. This variation in
g occurs, as a deposit is present in the upper part of the structure and removal of it results
in awider upper part. Shapes of structures as shown in figure 5.10 were not observed in the
case of enhanced etch milled structures, which shows that in this case Ga cluster formation
does not occur. Ga cluster formation is also not expected in the case of enhanced etch as

Gaforms volatile products with I, which are pumped out of the vacuum system.
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Figure5.18 AFM cross-section of a FIB milled cut usng 150 pA beam current and
enhanced etch and magnification 20,000 .

Figure 5.19 shows a plot of depth milled for three different magnifications, a
variation in the milled depth of afew nm’s is observed. Every data point shown in figure
5.19 is an average of three readings, this was done in order to improve accuracy. Due to
software related problems data from magnification 15,000 could not be analysed,
however as magnification 10,000", 15,000 and 20,000" has similar overlap parameters
this does not affect the discussion. Figure 5.17 b) shows the section analysis, in which for
the first three readings milling occurs within the deposit and then subsequently milling
occursin Si. The milled depth has been measured from the milled depth within the deposit
for the first few readings and then milled depth within Si, which has resulted in first
negative milled depth and then positive milled depth. Figure 5.19 shows an increase in the
milled depth with milling time for magnification 12,000 and 20,000" . The milled depth
increases approximately linearly with a rate of 3.2 nms?. An increase in milled depth is
observed for the first three readings for magnification 10,000° and then no further increase
occurs. Magnification 10,000 and 20,000° has similar beam overlap parameters, the
difference in the milled depth has possibly occurred due to fluctuations in the beam
current; as the deposit in the case of magnification 10,000 was observed to be much less
uniform as compared to the cases of magnification 12,000 and 20,000" . The milling of
this non-uniform deposit seems to be affecting the milled depth for the last three readings.
However, it is expected for longer milling time, this observed decrease in milled depth will
disappear as suggested by measurements from magnification 12,000" and 20,000" .

Figure 5.20 shows a plot of width of cut against milling time. As a variation in

width of cut in the order of 10's of nm was observed, so in order to improve the accuracy
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five readings were averaged to obtain each data point. This figure only shows data from the
last three depth milled readings as in the first three depth milled readings milling is
occurring in the deposit. The width of cut increases with milling time and for
magnification 12,000" for the last two readings it is approximately constant, which shows
that increase in width of cut is occurring due to the removal of the deposit.
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Figure5.19 Milled depth versus milling time for four magnifications using 150 pA

beam current and ion milling using enhanced etch.
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Figure5.20 Width of cut versus milling time for four magnifications using 150 pA

beam current and ion milling using enhanced etch.
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Due to the presence of naturally occurring SiO, on the surface of S a deposit is
forms on the surface when ion milling is performed with I,. The composition of the deposit
can not be analysed with EDX analysis as the area from which X-ray signal is generated is
in the order of nm, while the deposit width and height is in the order of nm’'s. The deposit
is expected to contain the following atomic species Si, O, Gaand I. In order to find out the
exact proportions of the different atomic species and structural properties of the deposit, a
technique such as EEL S (electron energy loss spectroscopy) should be used.

Figure 5.21 helps to gain better understanding of the observed measurements. The
width of the deposit is wider than the width of cut as measured with 150 pA beam current
(smple ion milling). This possibly occurs because the generated secondary electrons
decompose volatile products formed during enhanced ion milling of SIO,. Thus resulting in
the formation of deposit further away from the area where milling is being performed.
Figure 5.21 assumes that most of the volatile products are present in the area where

material removal occurs during simple ion milling.

FIB beam

EE needle

A 4

B Areawhere most of the volatile products are present

[ ] Deposit S
Figure5.21 Schematic shows deposit, S etc. while FIB milling of S using enhanced
etch.

The deposit formed on the surface of Si during enhanced etch milling has possible
applications for FIB lithography. By first forming this deposit on the surface of Si by using
low milling times, the specimen can be further processed for example in a reactive ion
etching equipment to fabricate nanoscale lines in Si. Chapter 8 discusses this application of
the deposit.
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5.4.1.4 70 pA Beam Current (Enhanced Etch)

Figure 5.22 shows an AFM cross-section of a structure milled using enhanced etch
with 70 pA and magnification 10,000" . Similar observations as in the case of milling with

150 pA and enhanced etch were made. There is a variation of angle q along the structure,

which occurs due to the milling of the deposit on the surface.
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Figure5.22 AFM cross-section of a FIB milled cut using ion milling using 70 pA with
enhanced etch and magnification 10,000 .

Figure 5.23 shows the depth milled measured for 70 pA beam current with
enhanced etch against milling time for different magnifications. A variation in the milled
depth of afew nm's was observed as in the case of 150 pA beam current and enhanced
etch so in order to improve the accuracy of the data obtained, three readings were averaged
to obtain every data point. A deposit was observed with al the magnifications used with
70 pA beam current, this deposit was milled with increased milling time. Figure 5.23
shows a linear increase in the milled depth with milling time, the milled depth rate is
higher for magnification 12,000" and 15,000" and is equal to 2.2 nms™*. Fluctuations in the
beam current are a possible cause of variation in the milled depth, which has resulted in the

formation of less uniform or more uniform deposit.
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Figure5.23 Milled depth versus milling time for four magnifications using ion milling
with enhanced etch with 70 pA beam current.
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Figure5.24  Width of cut against milling time for four magnifications using ion

milling with enhanced etch with 70 pA beam current.
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Figure 5.24 shows a plot of width of cut against milling time. As avariation in
width of cut in the order of 10's of nm was observed so in order to improve the accuracy,
five readings were averaged to obtain every data point. This figure only shows data from
the last three milled depth readings as in the first three milled depth readings milling is
occurring in the deposit. The graph shows a decline in increase in the width of cut with
milling time. The width of cut for magnification 12,000" stays approximately constant for
the last two readings. This again shows that the increase in the width of cut is occurring
due to the presence of deposit on the surface, as less and less deposit is present on the

surface increase in width of cut declines.

5.4.1.5 Comparison Enhanced Etch Milling and
Simple lon Milling (Si)

Figure 5.25 shows AFM cross-section of FIB milled cuts using simple ion milling
and enhanced etch with 150 pA beam current. The figure shows the difference in the shape
of the milled profile using simple ion milling with 150 pA (magnification 15,000" ) and ion
milling with 150 pA and 70 pA using enhanced etch. Variation of the angle q is observed
in the case of enhanced etch, which is minima in the case of smple ion milling. This
variation occurs due to the formation of a deposit and then subsequent removal of it. The
formation of the deposit and the subsequent milling of it result in reducing the mill rate.
The milled depth can be possibly improved by using a different materia file, which uses a
longer dwell time as discussed in the later part of this section.
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Figure5.25 AFM cross-sections of FIB milled cuts using a) Smple ion milling with
150 pA beam current, magnification 15,000" b) lon milling with enhanced
etch using 150 pA beam current.

Milled depth rate with 150 pA (smple ion milling) magnifications 12,000 and
15,000" is approximately 8nms* (8 nm with bombardment of 9.3 10® ions). The highest
milled depth rate with 150 pA and 70 pA beam current using enhanced etch rate is 3.2
nms® and 2.2nms?, which is equa to milled depth of 3.2 nm and 2.2 nm with
bombardment of 9.3 10® and 4.3 10® Ga ions respectively. These milled depth rates show
that milled depth rate is lower while using enhanced etch than ssimple ion milling. As the
width of cut is approximately twice in the case when using enhanced etch than ssmple ion
milling, the material removal rate is much higher than as suggested by the milled depth
rates. Enhancement was calculated by assuming a triangular cross-section of the milled
depth profile. Table 5.5 shows enhancement achieved over simple ion milling using a

triangular cross-section in the calculation.

Tableb5.5 Enhancement achieved using enhanced etch over simple ion milling.

Beam current (pA) Enhancement ‘
150 0.8
70 12

These are low values of the enhancement achieved, these occur due to two possible
reasons. the presence of deposit on the surface and the dwell time. The milling of the
deposit interferes with the milling of the Si, which dows down the milling for the first

three readings and aso seem to affect the milling for the last three readings. The
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enhancement achieved using enhanced etch also depends on the size of the structure and
milling file used. It is recommended in the FIB manual (1996), to use longer dwell times
for small structures such as vias. The materia file used for milling single pixel line cuts
had a dwell time of 1 ns, which is higher than dwell time of 0.2 ns used for milling large
structures with enhanced etch. It may be possible to achieve a higher enhancement with

dwell time of 10 s or even higher.

5.4.2 Width Measurements in Different Materials
Uniformity of the width of FIB cutsisimportant for different devices and structures

such as the channels milled in Si for biochemical analysis [4], and junction length in
superconducting devices. A study was conducted on two other materials to determine the
important materials properties, which influence the variation of the width of cut.
Polycrystalline Nb and an amorphous material (CogsSiieB12FesMo,) were used for this
purpose.

The discussion of the results from these materials is only limited to width
measurements with 150 pA (ssimple ion milling). This limitation occurs due to a number of
reasons:

» Presence of deposit on the surface of Si when enhanced etch is used.

» The amorphous material forming reactive products due to the use of enhanced

etch.

= High milled depth variation in Nb (simple ion milling) due to the presence of

grans.

Figure 5.26 shows AFM photographs at high magnification showing the uniformity
of FIB cut aong the length of the milled structure. Single crystal Si and the amorphous
material show uniform width along the length of the structure with variations less than 3-4

nm. Polycrystalline Nb shows a wide variation in the width of cut, with the width of cut
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ranging from less than 100 nm to over 200 nm. Figure 5.26 shows that presence of grains

in amaterial result in variation in the width of cut.
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Figure5.27 Width variation with milling time for Si, Nb and an amorphous material.

Figure 5.27 shows a plot of the width of cut versus milling time for these materials
(magnification 12,000" ). The width of cut is highest for the amorphous materials and
lowest for Si. Both Si and the amorphous material do not have grains present within the
material, which results in low variation of the width of cut. Nb shows a wide variation in
the width of cut, which occurs due to the presence of grains. The graph also shows that the
width of cut varies from materia to materia with the same milling spot size. The incident
Ga' ions sputters the two materials differently thus resulting in different width of cuts.
Figures 5.26 and 5.27 show that improved width of cut variation along the length of the cut
can be achieved by using single crystal material or amorphous material. These results are
aso important for commercial applications for devices fabricated with FIB as fabricating a
device with an amorphous material may be cheaper than fabricating a device with single
crystal material. These results also demonstrate the need of future work in this field which
should be focused to isolate the factors that determine the width of cut in materials for

example the bonding strength, the internal structure etc.
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5.5 Summary

Direct measurements were performed on FIB single pixel line cuts fabricated on three

materials in order to identify both the material and technological factors, which influence

different parameters such as width of cut. A comparison of different techniques show that

AFM technique is best suited for width measurements, it is also suitable for measuring

depth of the milled structures and shape of these cuts for low aspect ratio nanometer scale

FIB cuts. Different beam currents and magnifications (overlap) were used to mill line cuts,

difficulties were encountered ranging from fluctuations in the beam current, beam drift due

to Ga cluster formation, different materials forming reactive products with enhanced etch

etc. Comparison of the width of cut measurements of different material show that the

presence of grains results in variation in the width of cut.
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In order to establish that Ga precipitation is the only reason that results in the as
observed measurements all other expected possibilities that may affect measurements are
discussed. There are a number of expected reasons that can affect measurements and these

are:
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» Re-gputtering effects due to different beam overlap parameters for different
magnifications.

= Beam drift due to the presence of electrostatic charge, as naturally grown SIO» is
present on the surface.

» Fuctuations in the beam current.
= Gaprecipitation affecting measurements as Ga has low solid solubility in Si.

These different possibilities are analysed in the following paragraphs.

For magnification 10,000 and 20,000" as the actual beam overlap for both these
magnifications is 58%, the depth milled measurements should have been similar to the one

for magnification 15,000 .

This is not the case so it can be assumed that re-sputtering effects can not explain
the wide variation in the depth milled and width variation between different magnification.
However, the variation in the actual beam overlap parameters can explain less drastic

effects as the dightly different widths of cut and the milled depth of structures for
magnification 12,000 and 15,000" .

, Depth milled and width of cut of structures for magnification 10,000 and
20,000" should have been similar to the one’s for magnification 12,0000 and 15,000 as
the actual beam overlap for both these magnifications is 58%. Difference in overlap
parameter possibly explains variation in width of cuts and depth milled for magnification
12,0000 and 15,000°, however it does not explain measurements obtained from

magnification 10,000° and 20,000 .

The second possibility is charge building up on the surface thus resulting in beam

drift as naturally grown SiO asthick as 2.5 nm is present on the surface [10]. Charging is

The second possible mechanism by which the observed structures can be explained
Is the low mill rate of the Ga precipitates. If such a mechanism occurs, Ga precipitates
should be directly exposed to the ion beam. As Ga implantation to a depth of 10's of nm is

common in materials, Ga precipitation should occur in the range of 10's of hm below the
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original surface, so depth milled in the order of 10's of nm should be observed. However

in the case of magnification 20,000 much lower depth milled is observed.

commonly observed in insulating specimen and as SiIO;, is present on the surface of
S, initial expectation may be that it is causing charging and thus resulting in beam drift.
SO, has an electric break down strength of 8" 10° Vemit [10] which can only support
approximately 2 V on the surface before breaking down. This can also not be a significant
effect to explain measurements as symmetrical AFM cross-sections of structures milled
using magnification 15,000 and magnification 12,000 were observed, which can not be
explained due to beam drift because of SiO,. Therefore, charging due to SIO, can not

explain the as observed measurements.

The third possibility is fluctuations in the beam current, the fluctuations are
inherent in the FIB beam current and there is no possible method to remove them. These
usualy add or subtract afew pA from 150 pA beam, however fluctuations can be 10’s of
PA. Fluctuations in the beam current may result in different overlaps thus different milled
depths but large differences in milled depth and asymmetrical shapes (discussed later in the

section) can not be explained due to fluctuations in the beam current.
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Chapter 6

Lateral Field Emission Device Fabrication using the FIB

6.1 Introduction
Field emission device fabrication using the FIB is in its early stages of development.

FIB processing offers several advantages for on-chip fabrication of lateral field emission
devices (in the plane of the chip surface). These advantages include the use of various
materials for devices, increase in the sharpness, control over geometry of cathode and reduced
anode-to-cathode spacing. These advantages lead to lowering of the turn-on voltage, which is
arequirement for fabricating useful field emission devices [1].

Preliminary work showed that it is possible to fabricate sharp Si field emission devices
with tip radius below 100 nm with the FIB. This preliminary work was extended and field
emission devices were fabricated for electrical testing. Initial measurements showed a leakage
current in the order of mA’s from the anode to the cathode of these devices; this was
eliminated by modifying the fabrication process. The modified fabrication process utilises the
advantages, which FIB offers for the fabrication of field emission devices. Various materials
were experimented to fabricate devices as low work function of the material, low sputtering
rate and high chemical stability are critical factors for successful field emission devices [2].

The sharpnesses of the devices were measured using FEG SEM and tip radius
approximately 50 nm was achieved with Cr using the FIB. Two geometric shapes of the field
emission devices were commonly fabricated: rectangular and triangular. Rectangular devices
with anode-to-cathode spacing less than 100 nm can be easily fabricated using the FIB. FIB
sharpening combined with sacrificial removal of metal may lead in the future to tip radius less
than 10 nm.

6.1.1 Applications Difficulties and Fabrication Processes
Field emission is the extraction of electrons out of the surface of a material on the

application of high electric fields, which has a history of roughly a century. Wood reported the
first observations in 1897 [3]. It was another 30 years before Fowler and Nordheim derived
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their equation to explain the phenomenon. In the 1940's and 50's Muller performed
pioneering work in the fields of field emission, field emisson microscopy and field ion
microscopy. During the 1950's, Dyke and co-workers attempted to build useful devices from
field emission such as high frequency diodes etc.[4]. In the 1960's Spindt, Shoulders and

Brodie developed methods to build field emission arrays for displays using microelectronics
technology [3,5]. The field emission phenomenon has generated considerable interest, as
devices/displays fabricated using this phenomenon are relatively temperature independent and

radiation resistant [source. www.pixtech.com]. The field has greatly benefited from
developments in vacuum technology and microelectronics technology. Presently there are a
number of commercial applications of field emission, today field emission displays are a
commercia reality and manufactured using microelectronics technology [5]. Microscopy has
greatly benefited from field emission, and field emission tips for both SEM’sand TEM's are
commercially available. Intensive research work is being carried out to produce other useful

devices such as pressure sensor, high frequency devices, high current density devices, and

better displays [6-11]. Recently there have been interesting developments in this field in which
two different technologies have been combined, for example the development of a pressure
sensor required combining field emitter technology with Si membrane technology [6]. In
future, this innovative approach will generate more applications of devices using the
phenomenon of field emission.

A number of difficulties have resulted in dow progress in the development of new
applications using field emission. Difficulties encountered in this area include arcing of the
devices, poisoning of the devices and unstable emission (arcing and poisoning are explained in
chapter 7, section 7.1) [3,4,12]. Along with these operationa difficulties, the requirements for

the observation of the phenomenon are very stringent. These requirements are as follows:

= A sharp point required for the enhancement of the electric field.
= UHV required for operation.
= A clean and smooth surface for stable emission and to avoid poisoning.

= A robust material to avoid arcing.
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Due to these difficulties and requirements, different researchers focus on one or two aspects of
field emission. In general, current research in the field of field emission involves areas such as
the fabrication of devices that operate at lower turn-on voltages, production of high field
emission currents and stable field emission [1,13].

Materials are of great importance for this field, as properties of the materials determine
the ultimate sharpness and smoothness of the surface, the turn-on voltage and arcing [2]. Low
work function of the tip material leads to low turn-on voltage of the field emitter and low
sputtering rate minimises the occurrence of arcing. A number of materials for example Au, S,
Nb, Pt, Ni, Cr, carbides, nitrides and carbon have been used to fabricate field emitters by
various techniques [2,14-21]. Carbides and nitrides lower the turn-on voltage and make the
tips robust. Carbon, a new materia introduced in this field has resulted in low turn-on voltage
and is also robust towards arcing [21]. Field emission tips built with more than two materials
have also been fabricated, for example by sputtering of thin films of low work function
material on the fabricated field emission tip or by depositing small carbon particles on the tip.
The experimentation of new materials is relatively new in this area [2]. The application of
field emission for flat panel displays renewed interest in this field and presently drives
research in thisarea[5].

Flat panel displays use the vertical type of emitters, this has resulted in most research
work performed on this type of emitter; the lateral type of emitters are also common but are
mostly for device applications [1,22-27]. Figure 6.1 shows the most common type of vertical
field emitter known as Spindt emitter [5]. In afield emission display, the electrons shoot out
of the hole in the gate of the field emitter and strike a screen covered with phosphor to
illuminate it. Important considerations for display applications are high emission current, low
turn-on voltage and low incident of arcing. The vertical type of field emitter structure is
relatively easy to fabricate for diode (two electrodes) on a chip, however the triode (three
electrodes) is very complicated to fabricate on chip [12]. The other type of emitter as
mentioned above is the lateral field emitter, which is schematically shown in figure 6.2. The
use of the latera type of emitter for displays has also been explored, but presently most uses
of the latera type of field emitter structure are in the fabrication of triode or higher order

deviceson chips [25]. The applications of the lateral devices due to this reason are different
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from the common use of this technology. Multiple-electron-beam lithography and applications
requiring focusing of electron beams are the most important applications concerning these
devices [28-30]. Presently it appears that these applications will be the greatest driving force
for development in this area.

Gate
Field emission tip pporting oxide
i ,:;‘ Gate
- : ' Bl Mo
SO,
Si

Figure6.1  Schematic shows cross-section of avertical type of field emission structure
(Spindt emitter).

6.1.2 FIB and Field Emission
Both vertical and latera type of field emitters can be fabricated with the FIB, different

materials such as Pt, Ni, Cr and Si have been used for this purpose [22,26,27,31]. FIB
technology offers substantial advantages for the fabrication of lateral field emission structures.
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Figure 6.2 shows a lateral type of device, which can be fabricating using FIB. The advantages
for fabrication of lateral field emission structures with the FIB are as follows:

= Ease of fabrication for field emission devices consisting more than two electrodes.

= Anode-to-cathode spacing down to 10’s of nm.

= Control over sharpness of the tip (discussed in detail in section 6.2.1).

= Ease of fabrication of different geometric shapes of the anode and cathode.
Previous work in the field reports a lateral field emission device fabricated with FIB [22,26],
however the device fabricated has the following limitations:
= The fabrication process uses HF, which imposes constraints on the use of materials.
= The study did not investigate the influence of the FIB fabrication parameters on device

variable such as sharpening, anode-to-cathode spacing etc.

This work overcomes the limitations of the previous reported work and attempts to

establish the FIB technique as a viable method for lateral field emission device fabrication.

Anode-to-cathode spacing

| R -t < 5
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Machined for field enhancement
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Figure6.2  Schematic shows planar view of alatera field emission device.

6.2 Fabrication Processfor Field Emission Device
The fabrication process developed throughout the project. Preliminary work was

performed to observe the sharpness of field emission tips and different methods to improve the
sharpness. Successful observations below 100 nm of the tip led to further developments from
building sharper tips to fabricating a field emission device. After selection of suitable

materials and overcoming different fabrication related difficulties a successful field emission
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device was fabricated. The following sections discuss the work done on the FIB fabrication of
the lateral field emission device. Figure 6.3 shows with the help of a diagram the different
steps involved during fabrication.

Preliminary Work

4
Material Selection

\ 4
Initial Field Emission Device Fabrication

v

Discovery of Shortsin the Device

!

Modification of the Initial Fabrication Process

Figure6.3  Process flow diagram shows the different steps involved during fabrication.

6.2.1 Preliminary Work
As discussed in the chapter 1, FIB offers the unique advantage of obligue cuts in the

field of nanofabrication, this can be used to sharpen field emission tips. Preliminary work
explored this particular advantage. Oblique cuts were used to mill sharp tipsin Si with
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approximately 50 nm of Al sputtered on it as sacrificial layer. Figure 6.4 shows a SEM image
of the structure after fabrication. The tip sharpness is approximately 100 nm and the edges of
the tip are rounded. Figure 6.4 shows that it is possible to fabricate sharp tips for field
emission with the FIB. Sacrificial Al layer on Si was later dissolved in KOH solution, which
resulted in a tip sharpening; figure 6.5 shows a SEM image after removal of the sacrificial
layer. This improvement in sharpness occurs due to the absorption of Ga ions from the
periphery of the beam (Gaussian distribution) into the sacrificial layer and later removal of
this layer. This sacrificia layer can also be used in other researches involving FIB, where

damage to the structure is important.

6.2.2 Materials Selection for Field Emission Device
Selection of suitable materials is of crucial importance for successful operation of field

emission devices. The choice of substrate is the first selection to be made. There were three
different types of substrates available: oxidised Si, Si coated with SgN4 and silica. Initialy all
these substrates were used as no particular advantage of any substrate was observed, silica was
selected due to being relatively cheap. After the selection of a suitable material for the
substrate, suitable material for field emission was selected. Literature survey revealed that Cr
and Nb had been used for the fabrication of lateral field emission devices with the FIB [22].
These two materials were initially selected for fabrication due to their ease of sputtering.

6.2.3 Initial Field Emission Device Fabrication
The first step in device fabrication involved sputter deposition of the field emission

material Cr or Nb on the substrate. After sputter deposition, lithographic processing was
performed which left a pattern of photoresist on the substrate similar to the lithographic mask
shown in Appendix 1. The third step of the processing involved reactive ion etching, which
etched away the exposed metal thus leaving metal tracks on the insulating substrate after
removal of the photoresist. FIB processing was performed on these metal tracks to fabricate
the field emission devices. FIB processing involved laying the required pattern on the metal
track and milling the track by either simple ion milling or ion milling with enhanced etch.

The difficulties encountered while performing FIB processing and results from the

electrical testing of these devices are summarised below:
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. Charging of the insulator during FIB processing resulted in continuous image
shifting. Charging occurs due to the interaction of the accumulated charge on the
specimen surface and the Ga™ beam. This accumulated charge discharges sporadically
and can damage the detector.

. Electrical testing in the air showed a leakage current in mA range, which occurs
due to Ga' implantation into the substrate surface.

The continuous shifting of image results in the loss of control on the FIB fabrication. Shorting
IS even worse as it makes the device useless. Leakage current in mA range is acceptable in
large scale integration (LSI) but for the purpose of field emission where commonly observed

current isin the range of nA, this leakage current was unacceptable.

6.2.4 Modification of the Device Fabrication Process

Due to the presence of leakage current and shifting of image the device fabrication
process was modified. There are a number of methods to eliminate leakage current and
charging. The idea of depositing a conductive layer before fabrication of field emission
devices and then latter removal of it was discarded, as it only eliminates charging but does not
eliminate leakage current. In the literature this problem has been reported and the authors
eliminated leakage current by etching into the substrate material (SIO») after FIB processing
[22,26]. This approach imposes limitations on the use of materials as the authors report the use
of HF. The reported process also does not take into account the flexibility, which the FIB
technique offers in controlling device parameters such as anode-to-cathode spacing, sharpness
etc. Below a process developed during the course of the project is reported, which can be used
with various materials. This reported process eliminates both shifting of image during FIB
milling and leakage current. As image shifting during FIB milling is eliminated, the FIB

technigue can be used for field emission device fabrication in a better way.
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Figure6.6  Planar and cross-section views of the central part of the chip after sputter
deposition of Cr and removal of the photoresist. The black line shows the area

from where cross-sections are taken. a) Planar view shows Cr and Al layers

before FIB milling. b) Cross-section view before FIB milling. ¢) Planar view

after FIB processing. d) Cross-section view after FIB processing. e) Planar

view after remova of Al with KOH. f) Cross-section view after removal of Al
with KOH.

In the modified fabrication process a conductive material (Al) was first deposited on an
insulating substrate. Al was selected as it dissolves in a weak alkaline solution (in this case
KOH). This was the most important criterion in its selection. Other important selection
parameters included the ease of sputtering of Al and its common use for FIB milling.
Photolithography was performed on Al for the liftoff process using the mask shown in
Appendix 1, followed by deposition of field emitting layer. It should be ensured that the field
emitting metal should not dissolve in weak KOH solution. After metal deposition by
magnetron sputtering the photoresist was washed off with acetone. Figure 6.6 shows the
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modified fabrication process after remova of the photoresist. FIB fabrication was used to
form lateral field emission structures in the middle part of the chip. During FIB fabrication, al
the Ga implantation occurred in Al and no implantation in the substrate occurred as Al was
underneath the field emitting layer. Al was later dissolved; the Al layer first dissolved from
the areas which were directly exposed to the KOH solution, it dissolved relatively slowly from
underneath the field emitting material. By using correct thickness of different materials and
careful timing of the process all the Al which was directly exposed was dissolved. This left Cr
field emission devices supported by Al. This modified fabrication process resulted in the
elimination of leakage current and removal of image shift during fabrication.

As aready mentioned in section 6.2.2 two materials, Nb and Cr, were initialy selected
for fabrication. Due to changes in the fabrication process, a new criterion of dissolution in
KOH was introduced. During the later stages of the project, Au was also experimented, it was
selected for field emission devices due to its noble character. Table 6.1 summarises the factors
for selection, which range from ease of sputtering (related to fabrication) to field emission
testing reported in literature. High melting point is important as low melting point can result in
localised melting during operation, thus device failure. The FIB milling rate is aso important
as low ratio of the FIB milling rate of field emitting material to Al can lead to leakage current.
Cr satisfied al the requirements for successful device operation.

Table 6.1 Summary of criteria used for materia selection.
Material | Reported Field Emisson M.P | Sputtering K OH Dissolution

Cr Yes High OK No

Au Yes High Sticking No
problems

Nb Yes High OK Yes
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6.2.5 Final Structure of the Field Emission Device
The selection of suitable materials and appropriate thickness are crucial factors for the

success of the modified fabrication process. Appropriate thickness of both Al and the field
emitting material is required to ensure that Ga does not implant into the substrate. The
thickness of these materials depends on the FIB milling rates of these materials. During FIB
fabrication a pattern is laid over the Cr track and part of this pattern also lays directly over
some Al on the sides of the Cr track. During milling, the directly exposed Al should not be
completely milled away as that will result in direct Ga implantation into the substrate. Ga
should not aso indirectly implant into the substrate in this area, this may happen due to the
penetration of Ga into the Al layer and then implanting into the substrate without milling away
all the Al. As the fabrication process is flexible a buffer zone was added to ensure that no Ga
implants into the substrate. Figure 6.7 shows a cross-section of the Ga implantation into the
various materials during FIB fabrication.

In order to calculate the correct thickness of the various materials involved during

fabrication, the following factors needs to be considered:

- Etch rate of field emitting material.

. Etch rate of Al.

" Mechanical strength of the field emitting material.
" Width of the track.

" Thickness of the buffer zone.

A 250 nm thick Cr layer was found to have sufficient mechanical strength. Al layer
thickness between 600 nm to 900 nm was found sufficient, this created a buffer zone of
severa hundred nanometers. The thickness of different materials present in different samples
varied and needed appropriate changes to milling conditions. The thickness of different
materials was confirmed every time by EPD before milling of field emission devices. Figure
6.8 is an EPD graph with different labels on it showing the extent to which Al has been
removed. As it has been previously discussed the X-scale on this graph measures depth in
mm’'s of S, the labels on the graph are reasonably correct for the purpose of fabrication. The
structure after fabrication was tested in air for leakage current. No leakage current was
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observed so it was assumed that Ga implantation did not occur into the substrate. Energy
dispersive spectroscopy EDS) anadysis was performed to find out the composition of the
material between the anode and cathode. Si and oxygen were observed in the case of silica
substrate. Figure 6.9 shows a FIB image of a fabricated device, metal deposit (Cr) is observed
near the device. This occurred due to the use of a particular fabrication pattern, which is
discussed in section 6.3.1. Figure 6.10 shows a FIB image of a device after fabrication. Cr

metal from on top of the Al has been partly removed to revea the structure of the device.

6.3 Field Emission Device Variables
The developed device fabrication process leads to control over different device

variables such as the materias, the sharpness of the tip, the anode-to-cathode spacing and the
shape of the device. This section discusses the experiments performed in order to test the

flexibility, which the new fabrication process provides for different device variables.

6.3.1 Sharpening of the Field Emission Device
The radius of the tip is defined as the sharpness of the device. Figure 6.11 shows a 2-D

diagram of afield emission tip to clarify the definition of sharpness. This parameter is useful
as it provides information regarding the emission area. Sharpening of the device lowers the
turn-on voltage of the device. Due to this reason, some researchers assume that it is the most
significant factor to fabricate useful devices [1]. The assumption arises because most of the
field emission device fabrication involve traditional methods such as photolithography and
wet chemical etching. By using photolithography and chemical etching it is difficult to
fabricate device with anode-to-cathode spacing lessthan 1 nm [1]. For researchers employing
traditional methods, the only method to lower the turn-on voltage is to increase the sharpness
and hence it is the most significant factor for them. However, this is not the case when
fabricating field emission devices with the FIB. By using FIB, anode-to-cathode spacing can
be easily decreased below 1 mm thus reducing the turn-on voltage. This capability of the FIB
to lower the anode-to-cathode spacing below 1nm decreases the relative importance of the
sharpening factor. However, the sharpening factor is till an important factor to reduce turn-on

voltage, this effect was observed and is discussed in chapter 7. Due to these reasons, a study
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was conducted to measure sharpness by SEM technique. Sharpness as measured in SEM can
be compared with the information obtained from Fowler Nordheim characteristics and leads to

better understanding of the working of field emission devices.

Tip radius
ST Metal
3 ..An S
R s “_:b- I nsul ator

Figure6.11 Schematic shows planar view of alateral field emission device and the

corresponding tip radius (sharpness).

SEM helped to isolate factors significantly affecting sharpness from insignificant
factors. TEM technique is an dternative for this type of study but it was not used for this
project as it is time consuming. SEM technique has a few constraints imposed on it due to its
operating principle. The electrons from the SEM source needs a path to the ground that can
only be provided in the present case by sputtering/evaporating a conductive layer on the
completed device, which reduces the sharpness of the ultra-sharp devices. An incomplete
device (before remova of Al) can be used for measuring sharpness, this will not require a
sputtered film. However, this approach was not used as incomplete devices may have different
sharpness due to the chemical processing and cleaning steps involved during fabrication. SEM
investigation revealed that several factors contribute to the ultimate sharpness achieved.
Factors include the one associated with the condition of the FIB source and beam alignment,
which were not in direct control. Factors that were studied and identified to affect sharpness
are:

= Beam current and magnification

= Enhanced etch

= Tiltangle
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= Milling sequence

The following sections discuss these factors in detail.

Beam Current and Magnification

Variation in beam current is one of the simplest methods to decrease or increase the
sharpness of the field emission device. In order to fabricate the sharpest field emission device
with a particular beam current, a high enough magnification should be selected as discussed in
chapter 5. Logically the lower the beam current the sharper the field emission tip obtained, this
occurs due to lower beam currents having smaller milling spot size. However, in practice this
can not be done due to the time constraint involved.

Serrated edge

f
s
=

" Milling in the insulator

s

Anode //“} \- Cathode

e

Figure6.12 SEM image of a field emission device fabricated using simple ion milling,
device milled with 70 pA and then sharpened with 4 pA beam current.

In order to fabricate sharp tips in limited time a strategy of first defining the field emission
device by a higher beam current and later sharpening it with a lower beam current was used.
Figure 6.12 shows a device, which was fabricated first using 70 pA and then sharpened using
4 pA. The device has sharpness of less than50 nm. The distance between the anode and the

cathode was defined using 350 pA beam current. Due to the application of this beam current a
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serrated edge of the anode (Cr) is observed. Serrated edge is not observed on the cathode as it
was sharpened using 4 pA beam current. No electrical measurements were performed on this

particular device.

Enhanced Etch

Enhanced etch is another method by which field emission devices can be sharpened.
This method provides another advantage, which is much cleaner surface of the insulator after
processing as less sputtered material re-deposits when using enhanced etch. Figure 6.13 shows
a SEM photograph of a device, fabricated using simple ion milling with 150 pA and figure
6.14 shows a SEM image of a device fabricated using 150 pA with EE. Figure 6.14 shows
much cleaner surface of the insulator between the anode and the cathode due to the use of
enhanced etch as it resulted in lack of re-deposition effects. The sharpness of this device was
observed to be approximately 40 nm. The sharpness of the device fabricated by 150 pA beam
curent (smple ion milling) was measured as approximately 100 nm. No electrica

measurements were performed on both the devices.

Device Angle(Q)

Figure 6.15 describes the term device angle with the help of a diagram, this term is
simply defined as the angle of the cathode. This was the only sharpening factor, which was
studied using electrical measurements (see chapter 7).

Deviceangle
-.F: 1_ "rl If_l' J .||_. EL™ l‘l'.. "I If_l' J .ll_. £ 'I
R R IR "i'p*‘-’? T A R
T Qi A N Aﬂ I
T R __:..1;- ;-::' B Rt _,—_. ’- - ry .:_’. T .':_;
S Sy T s Ty, i T
Insulator Eﬂ Metal

Nanofabrication using the FIB 140



Chapter 6 Lateral Field Emission Device Fabrication using the FIB

Figure6.15 Schematic shows planar view of alateral field emission device showing device

angle.
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Milling Sequence and Overlap

Two different patterns were used in order to mill the shape of the devices in the FIB.
Device was milled in the middle part of the Cr track. Due to difficulties related to
photolithography, the track width in this region varied from 4.5 nm to 6 nm. This variation in
width resulted in difficulties in the fabrication process, as a standard shape could not be laid
over the Cr track for milling. Each device required adjustments in the pattern size before
fabrication. The two patterns used for milling field emission devices, overlap of sub-patterns
such as patterns for defining anode to cathode spacing and for defining the shape of the device
and the corresponding re-sputtering effects are discussed below.

Pettern 1

Figure 6.16 shows the milling sequence used during the early stages of the project, as
the FIB machine could not mill triangles. Before milling the Cr track was aligned horizontally
as seen on the computer screen by rotating it. In this horizontal position, a vertical cut was
fabricated which defined the anode-to-cathode spacing. Then the specimen was rotated from
this horizontal position to afixed angle (half of device angle) and a milling cut was fabricated.
After defining this milling cut, the specimen was rotated to the other side of the horizonta
position and another milling cut was defined (half of device angle). These rotation movements
and milling cuts were performed severa times in order to define a field emission device. As
FIB could only mill rectangular cuts, a number of millings cuts for defining the shape of the
device were required in order to minimise overlap of these cuts with the cut milled to define
anode-to-cathode spacing. Overlap was minimised as this can result in shorting the device.
The milling was performed sequentially moving from the outside of the track to the inside.
This removed the re-deposited material left from the previous steps. If this sequential milling
was not used re-deposited material blunted the tip.
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Anode-to-cathode spacing
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Figure6.16  Schematic shows planar view of alateral field emission device showing the

different steps of a fabrication process.

Pattern 2

Software developments led to ease in the fabrication of field emission devices as
triangular patterns could be defined. Two triangles along with a rectangular pattern were used
to fabricate devices during the middle and final part of the project. The rectangular pattern was
first defined to avoid sputtered material re-depositing on the tip. This step as in the case of
pattern 1 defined the anode-to-cathode spacing and then the two triangular patterns defined the
cathode, figure 6.17 shows schematically this device fabrication process. Figure 6.18 shows a
blunted tip fabricated by first milling the cathode and then defining the anode-to-cathode

spacing.

Tilt

Tilt adds another dimension to the fabrication process and it was incorporated into the
fabrication process by adding an additional step to the normal fabrication using pattern 1 or
pattern 2 as described earlier in this section. Specimen was tilted after normal fabrication and
line cuts were fabricated to sharpen the tip. This strategy cut down milling time and provided
control over the re-deposition of sputtered material. SEM observation showed that tilting

increased sharpening as compared with normal ion milling (without tilting). This occurs as
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tilting fabricates a shape like a ship’s hull rather than a 2-D triangle. Tip sharpness of around
50 nm was observed using tilt angle of 45° with 350 pA. This is an increase of 100 % in

sharpness over ion milling with 150 pA beam current without tilt.

Sacrificial Layer

The working principle of this layer has been explained in section 6.2.1. It was
attempted to fabricate sharper tips using 50 nm of Al as sacrificial layer. Due to this extra Al
and relatively high thickness of Al (under the Cr) deposited on the substrate during sputtering
the dissolution time to remove all the Al in KOH increased substantially which resulted in Cr
removal from the insulating substrate. No further attempts were made to obtain sharper tips by
this method, as difficulties were being encountered measuring the sharpness of the emittersin
the SEM and due to difficulties involved in electrical measurements. However, the method
seems very promising as tips were significantly sharper in the case of Si due to the use of Al

sacrificial layer (section 6.2.1).

Summary

Different factors were identified which affect sharpening of the field emission device.
The use of appropriate beam current, enhanced etch and tilting are some of the most
significant factors. Enhanced etch added complexity to the fabrication process due to the
higher enhanced etch rate of Al compared to Cr. Work done on sharpening of the tips provided
insight about the working of the FIB technique and increased understanding about important

issues such as re-deposition of sputtered material.

6.3.2 Anode-to-cathode Spacing of Field Emission Device
The FIB technique can be used to change anode-to-cathode spacing, device spacing

was decreased commonly to 100 nm. However this limits the possibility of fabricating
different shapes. The re-deposition of the sputtered material becomes crucialy important
when anode-to-cathode spacing is reduced for triangular devices to below 500 nm as it
shortens the anode to cathode. Simple rectangular cuts and line cuts were used to fabricate

field emission devices with anode-to-cathode spacing below 100 nm.
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6.3.3 Geometric Shapes of Field Emission Device
FIB can fabricate different shapes of the field emission device. This results in

flexibility in the area of field emission for studying the emission properties of different shapes
of devices. Two shapes of the cathode were commonly fabricated: triangular and rectangular.
Triangular shape of the cathode was used to enhance the electric field at the tip. Difficulties
were faced with this shape when it was attempted to lower the anode to cathode spacing to less
than 500 nm due to re-sputtering effects. Presently this shape involves at least three FIB cuts
and more material removal is needed to fabricate a triangular shaped device relative to
fabricating a rectangular shaped device. Rectangular shape of the cathode leads to simplicity
in fabrication process as it involves only one FIB fabrication step. This simplicity aso results
in lowering the anode to cathode spacing without shorting the anode to cathode with the re-
sputtered material. This shape is suitable for studying the dependence of anode-to-cathode
gpacing on field emission properties.

Figure 6.19 shows a shape, which may possibly increase the emission area. In a normal
triangular field emission tip, as the electric field is enhanced due to the shape and the distance
between the anode to the cathode is shortest between the end of the triangular tip and anode so
electron emission occurs from the tip. In figure 6.19 the distance between the anode and
cathode is constant, by using a high beam current, serrated edges of the cathode can be
fabricated as shown in figure 6.12, which may lead to increased emission area
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Figure6.19 FIB image of afield emission device, which can be used to increase emission

area

6.4 Summary
Field emission has a history of approximately 100 years and presently there are

commercial applications of the phenomenon. Most notable commercial application is the field
emission display. A new lateral field emission device using Cr as field emission material was
fabricated using the FIB. FIB offers a number of advantages to this area such as use of various
materials, anode-to-cathode spacing below 100 nm and device sharpening. Different
difficulties were encountered during the measurement and fabrication of field emission
devices, which resulted in dow progress in this field. Ga ion implantation into the surface
while fabricating the device with the FIB shorted the device. This difficulty was overcome and
modification of the device fabrication process resulted in no leakage current. Device
sharpening was observed with an advanced SEM and devices with tip radius below 50 nm
were fabricated. FIB was used to vary different parameters of the device such as sharpening,

anode-to-cathode spacing etc.
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Chapter 7

Lateral Field Emission Device M easurements

7.1 Introduction
Electrical testing of the field emission device was performed both in the UHV and in-

situ in the FIB. This required building of two new measurement system, which have already
been discussed in chapter 3. Initial electrical measurements in both the systems were noisy,
which were later successfully controlled.

Two of the mgor difficulties encountered while testing of the devices are poisoning
and arcing. Poisoning results in the non-operation of the device and arcing destroys the device
during operation [1,2]. Poisoning occurs due to poor cleanliness of the tip, which affects the
work function of the materia for example, due to the formation of oxides on the surface.
Different methods such as the use of high quality materias, cleaning the tip surface with
plasmas and partial melting of the tip can overcome poisoning. Device failure during
operation occurs due to a number of possible reasons for example ionisation of gas close to the
field emission tip and then bombardment of the tip with these ions thus destroying it, and poor
heat remova away from the field emission tip area thus failing it. The new in-situ FIB system
was utilised for low level current measurements in order to address poisoning of devices by
removing some materia from the tip and then testing it in-situ in the FIB. Materid was
successfully removed from the field emission tip without shorting the anode to the cathode. A
new resistive heater was used to heat up the devices to 100°C in the FIB for some of the field
emission tests. Heating removes any adsorbed gases from the surface of the field emission tip,
thus it can possibly increase device operation success rate. SEM and EDX analysis were used
to study devices failed both in HV (FIB) and UHV, which helped to understand the device
failure mechanisms. UHV testing of the devices showed field emission in the picoampere

range. Measurements showed device operation of one device at a turn-on voltage of 57 volts.
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7.2 Field Emission Theory

Field emission is defined as the emission of electrons from the surface of a condensed
phase into vacuum, under the action of a high electrostatic field. For a material with a work
function of approximately 4.5 eV an applied field of approximately 10’ Vit is required for
field emission [3]. These high electric fields are reached at reasonable voltages by field
enhancement. Machining the emitters into sharp points achieves field enhancement by
exploiting the field enhancement factors of shapes of high curvature [3]. Figure 7.1 shows a
micromachined lateral field emitter structure in which a dielectric film supports gate (anode)
and collector (cathode) electrodes.

Anode to Cathode spacing Cathode machined

for enhancement

Anode / Cathode

Metal M Insulator
Figure7.1  Schematic shows cross-section of alateral field emission device.

Without field enhancement, the dielectric support structures would break down, since their
dielectric strength isbelow 5" 10° Vem® and afield of at least 10° Vemit is necessary for fied
emission [3]. Figure 7.2 shows the energy barrier between a metal and vacuum for two
different electric field regimes. The example of thermionic emission clarifies the difference
between field emission and thermionic emission and increases understanding. Thermionic
emission occurs in a metal when due to heating a sufficient number of electrons acquire
kinetic energies greater than or equal to f + p. f is the work function and corresponds to the
energy difference between the fermi level () and field-free vacuum near the surface. In
thermionic emission, there is no deformation of the energy barrier. Electrons that acquire

sufficient thermal energy from heating can overcome the barrier. However in field emission,
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electric field deforms the barrier so strongly that unexcited electron can leak through
the barrier. Fowler and Nordheim derived an equation to explain the phenomenon of field
emission. The theory has the following assumptions:
= The modd is planar.
* Free electron model.
= (Classical image correction.
=  WKB (Wentzel-Kramers-Brillouin) approximation.
The following sections discuss these assumptions and then present a mathematical derivation.

The model calculates the field emission current for temperature approximately equal to 0 K.

7.2.1 Image Force
Image force lowers the height and decreases the width of the barrier which electrons

have to overcome to escape into vacuum. Figure 7.3 shows the affect of image effect on
potential energy barrier. If afree electron is situated at a distance X, the attractive force that it

experiences by its electrical image induced within the metal may be expressed as equation 7.1

_ N2
F=—2J
16pex?

where g isthe electronic charge &, isthe permittivity of free space and x is the distance from the metallic plane.

(7.2)

The variation of potential energy barrier as afunction of x due to this effect is plotted in figure
7.3 a). With the external applied electric field, the potential energy modifies and it is shown in
figure 7.3 b) Due to the presence of this image force, the barrier height and width decreases
and therefore the tunnel current between the electrodes increases. An image charge lowering
contribution term v(y) to the work function is added in the Fowler Nordheim (F-N) equation.
The variable y is a non-dimensiona function of the applied electric field and it has been

calculated by Fowler and Nordheim as:

379" 10 *EY?
y =

f (7.2)

where E isthefield at the tip and f is the work function of the metal. v(y) is calculated from thisterm and is
reported in the literature [4].
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7.2.2 Wentzel-Kramers-Brillouin (WKB) Approximation
WKB approximation is an approximate trestment of one dimensional quantum

mechanical barrier. The approximation is valid only when the wavelength | = h/p is very
short in the classical region and when the potential function changes smoothly, then the index
of refraction of the wave varies sowly. Near the classical turning points the approximation
breaks down, connectors (Airy function) connects the WKB approximation in the classical and
non-classical regions [5]. By using this approximation, a transmission coefficient T can be
found as:

i1 U
T :expih— 2m{V{x)- edxg (7.3
)

x1

where X,1£ X £ X» isthe barrier region, V(X) is the potentia energy of the barrier and e is the

energy of the particle approaching the barrier

7.2.3 Fowler Nordheim (F-N) Equation
This equation considers the case of a potential barrier in the case of field emission. The

wave function is oscillatory outside the barrier and has exponential character in the non-
classical region. Due to the external applied field, the potentia at the barrier takes the form as
shown in figure 7.4 [6-8]. The figure shows the potential barrier across the metal vacuum
interface without the image force effect. This potential barrier has a finite width and electrons
can escape. The variation of field emission with work function and applied field is easily
obtained from equation (7.3). The X-axis has been taken normal to the metallic surface. The

electron energies can be expressed mathematically as follows:
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Electro
Energy

X- axis

Figure7.4 A potential energy diagram at the metal/vacuum interface. The diagram shows
the different parameters used in the mathematical derivation.

B
2
& = 1 m\ﬁ(2 = &
2m >
Potential energy V(x)=0forx< 0 and (7.9
V(X) = Vo —QgEx for x> 0 >,

The electronic tunnelling probability across this electronic barrier is calculated by putting X1
=0and x2 =V, - & in equation (7.3). Therefore, the transmission probability across this barrier

is:

‘E . G (7.5)

Now bearing in mind that the incident carrier density lying within an interval dp.dpydp; is
given by (2/h°) dpydpydp,. The number of carriers incident on the barrier surface per unit area
and per unit time reduces to (2/h°) (/M) dpxdpydp,. Hence, the conventional tunnelling

current density appearing across the cathode surface follows to be:
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(7.6)

where Z(py) is the transmission probability in the x-direction.
The net tunnelling current density is obtainable by integrating equation (7.6) for electrons
whose momenta vary between 0 and p, where po” = p + p? + p2 £ 2m m Using cylindrical

polar co-ordinates dpydp, = p~dp~.dg where pr = (po- Px), equation (7.7) is obtained as:

2pq N 2
Zﬁlqs c‘i(px) p«(p.” - p°)dp. (7.7)

But Z(px) = Z(po - p~) decreases rapidly with increasing p~. Therefore it can be presumed

without any significant error that (pe? - p?)=(po+ p)(po- pe) » 2popr (Where po~ py). In
addition, it is noted that

é _ U 1215 00 G
(Vo- e)?2 =[Vo- e)+e ]2 =& + (po- py) q=f 32 +§5é P p“g (7.8)
é 2m 2 m g
By combining 7.5, 7.7 and 7.8, the following equation is obtained
5 = 4papo’ € 4 gomg - f¥2U*  é Zae?m(jl/ f Y2pop- U q 79
= expg—.c—= . GORXPE 2.C—F — .
mh® 583 én°g (QE 593 pg & o mgE gpA P

where, for convenience, the upper limit of p~ has been extended to infinity, because electrons
with very large component of perpendicular energy would hardly be able to tunnel out. On

integrating equation (7.9) the following equation is obtained:
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L (7.10)

_QE* €
A qE g

a@mp £ 320 U
gohf g 3&n°

4.
3¢

The current of an emitter isgiven by | = aJ, where a is the emitting area per tip in cnf. It is customary to express
thefield at thetipby E = bV, whereb isthe field enhancement factor in cni*, which varies with the shape of the
emitter. By using these two terms for current of an emitter and electric field and adding the image correction

factor equation (7.11) is obtained:

154" 10%(bV)?0U e 6.87" 10'f ¥*v(y) 60
| =a § expg i (7.11)
: f v bV s

This equation can be rewritten as.

sab”u 6.87710°f *'*v(y)
f o bv

=In el 54" 10° (7.12)

8\/H

Thus, an experimental plot of In(I/V?) against 1/V is expected to yield a straight line
plot with a slope proportional to f ¥2b and an intercept proportional to b%/f . From the plot,
field emission area and field enhancement can be obtained by assuming a suitable value for

the work function.

7.3 Field Emission Measurements
Filed emission devices were tested for field emission both in the FIB chamber and in

the UHV. An dectricad power source applied voltage and different electrical circuits
performed current measurements. The measurement system and different circuits used for
measurements are described in chapter 3. Field emission tests were performed in the FIB to
address poisoning of the devices. FIB offers the unique possibility of in-situ cleaning of the
field emission devices by ion milling and in-situ testing. Field emission was observed in UHV
in the picoampere range. The emission range is surprisingly low even though the tip radii
observed in the FEG machine are relatively large (approximately 50 nm). Electrical

measurements showed device operation of one device at a turn-on voltage of 57 volts.
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7.3.1 In-situ FIB Experiments on Field Emission Device

Poisoning and unstable behaviour of field emission devices occurs due to various
reasons. Localised deposit of an impurity on the field emission tip is one of the major reasons.
In practice, the removal of this deposit is performed by different methods such as plasma
cleaning of emitters or localised melting of the tip etc. In-situ FIB electrical measurement
system offers the possibility of cleaning the tips by locally removing some material and then
testing. Emitters can be cleaned using ion milling and then tested in some other equipment,
however, this method exposes tips to air. This is particularly important for materias that form
surface oxides with atmospheric gases. As the emitters were fabricated using Cr which has a
native oxide film, the removal of some material with the FIB reveals Cr without an oxide
layer, and in-situ testing of these emitters will result in new knowledge about the emitter
properties. This advantage of the FIB led to testing of these devices in-situ in the FIB after
cleaning.

The cleaning and testing of the devices poses various difficulties, the difficulties
encountered during in-situ FIB testing ranged from construction of a low level current
measurement system to device failure because of arcing in high vacuum. The electrical
measurement method used for these observations has been discussed in chapter 3. As FIB
operates in high vacuum, Cr field emission device operation in high vacuum caused device
arcing. Failed devices were observed using both FIB and SEM, and materials analysis was
performed on these devices. Different reasons have been provided in the literature for device

failure; SEM observations support two mechanisms these are discussed in section 7.3.2.

7.3.1.1 Measurements
Material was successfully removed from the cathode without shorting the device. This was

performed using line cuts, however low level current measurements in the FIB posed various
difficulties (discussed in chapter 3). Along with the measurement difficulties, observation of
failed devices were commonly made. A spike of relative high current was observed with the
failure of the device. The devices seemed to fail by the initial formation of plasma in high

vacuum, followed by spraying of molten metal from the anode to the cathode (Section 7.3.2
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discusses thisin detail). A number of different experiments were performed to stop this failure
of devices:

" A new heater was designed to operate inside the FIB, the devices were heated
and tested at approximately 100°C. Heating removes any adsorbed gases on the
surface, which is a possible cause of arcing.

" The tip area was scanned with Ga ion beam to remove any adsorbed gases.

" Cuts were fabricated to generate a new surface for emission these cuts
removed the oxide from the surface of Cr and also removed any adsorbed gases which
can cause arcing.

. Pt metal was deposited on top of the tip to make it more robust.

= |t was attempted to anodize Al underneath the Cr in order to minimise the exposed metal
thus increasing the success rate. Anodization is a promising new method in this field.

= Devices were cleaned using Ar ion milling to remove any material deposit occurring due
to chemical processing.

= Devices were cleaned using O, plasmato remove any organic deposit from the surface.
These preliminary experiments showed that material removal from the tip before in-situ

FIB testing did not short the anode to the cathode (no leakage current was observed).

Considerable technical knowledge was gained while performing these experiments.

7.3.2 Arcing and Poisoning
While performing field emission experiments, failure of devices occurred along with

successful operation of devices. An in depth study of failed devices was conducted in order to
design devices with a high success rate. This study was used during the course of this project
to design better devices and resulted in two new ideas to improve device performance:
anodization and chemical displacement (discussed in chapter 3). These two ideas may prove to
be highly valuable for the area of field emission.

Table 7.1 summarises the results of devices both measured inside the FIB chamber and
in the UHV. The first row is for devices tested in the UHV chamber and the second row for
the devices tested in the FIB chamber. Table 7.1 shows that the quality of the vacuum is one
of the most significant factors affecting the number of failed devices. This relationship
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between the vacuum conditions and failed devices is further strengthened by the observations
of failed devices in the FIB and SEM. Table 7.1 does not show a relationship between the

number of poisoned devices and the vacuum conditions.

Table7.1 Relationship of device performance with the vacuum conditions used for

testing of field emission devices.

No. Failed (during \[e}

oper ation) Poisoned

20 5 11 4 10 to 10°mbar
29 0 22 7 10 to 10" mbar

All the devices, which failed in the FIB, showed a typical shape. Figure 7.5 shows a FIB
image of such a device. The main features of this typical shape are:

. A white contrast from anode-to-cathode, which is in
the shape of arcs.

" Destruction of both the anode and cathode.

" Cathode is more severely destroyed than the anode.

. No white contrast directly between the anode and
cathode.

The white contrast observed in the FIB was imaged in advanced SEM and it was
discovered to be composed of tiny droplets of 10-20 nm size (figure 7.6). These droplets were
very difficult to image in the SEM and were observed to have a preferential shape and seem to
fly sdeways. EDS analysis was performed on different regions of the failed device and the

tiny droplets were discovered to be a mixture of Al and Cr. No Al/ Cr could be detected
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directly in between the anode and cathode. No droplets of metal were observed where the
electric field strength was strongest (in between the anode and cathode).

Inside the FIB chamber the devices are in high vacuum and the number of gaseous
molecules close to the surface of the cathode are higher than as compared with devices tested
in UHV. During operation of the devices in the FIB chamber the gaseous molecules close to
the sharp edges of the cathode bombard it and ionise some material. This ionised material due
to the electric field bombards the other electrode and generates more material. This process
continues until the metal droplets, which falls to the sides (figure 7.5 and figure 7.6), shorten
the anode to cathode. Because of this shorting the electric field drops which stops this arcing
process. No material in between the anode and cathode was observed, as the electric field was
strongest in the area, which resulted in the preferential removal of material from this area.

Device failure in the UHV was aso studied and figure 7.7 shows a FIB image of a failed
device. This is one of the devices from chip # 56, which failed during operation, no field
emission characteristics of this device are reported in this report. This image shows that the
device failure occurred from the tip of the field emission device. The image also confirms that
field emission occurs from the tip of the field emission device. The image shows localised
damage and the damage occurs only where the electric field is highest. In the case of UHV
testing of the devices the device failure mechanism is different, device failure occurs due to
localised melting of the material. The localised melting of the materia occurs due to
insufficient removal of heat away from the field emission tip.

Figures 7.6 and 7.7 provide important information regarding the different reasons of
failure. In the case of UHV testing device failure occurs due to insufficient remova of heat
away from the field emission tip. Consequently in UHV, the use of materials that are better
thermal conductors may improve device success rate. In the case of HV testing (inside the
FIB), device failure occurs due to ion bombardment. Therefore in HV, materials with high

resistance to sputtering may result in increasing device success rate.

Nanofabrication using the FIB 162



Chapter 7 Lateral Field Emission Measurements

7.3.3 Testing of the Field Emission Device in UHV
Field emission devices were successfully tested in UHV. Two different substrates were

used, namely SO, and SgN4, while performing these measurements. The field emission
devices were prepared using pattern # 1 for fabrication (see chapter 6 for detail). Table 7.2
summarises information regarding substrates, milling pattern etc. Both chips were examined
using optical microscope before and after electrical measurements for any broken tracks,
broken devices, particles on top of the device etc. Failed field emission devices were studied
with the help of the FIB and SEM.

Table7.2 Summary of the different conditions used during fabrication and

measurements.
Chip# Substrate Thicknessof Beam Current
Cr (nm) (pA) sequence angle
34 | SiNg 350 1 |7
56 SO, 140 350 1 60° 1x 10

7.3.3.1 Measurements on Chip # 34

Figure 7.8 shows electrical characteristics of four similar devices. Data was recorded
from 15 volts to 135 volts for al these measurements Two different geometrical shapes of
field emission devices were fabricated on this particular chip: a triangular shape and a
rectangular shape. The rectangular shape did not show any field emission characteristics,
however it showed a leakage current increasing from 1.7 pA at 15 volts to 4.6 pA at 135 volts.
This leakage current was subtracted from the emission characteristics of the devices that
operated hence providing more accurate data. As the rectangular device did not show device
characteristics similar to the device characteristics shown by the triangular devices, it is
reasonable to assume that the observed electrical characteristics are not due to effects such as
doping of SgN4 etc., and field emission is being observed. The case for the field emission is
further supported by the observation that not al the triangular shapes fabricated on this chip

showed field emission characteristics; two did not operate.
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In figure 7.8, the curve is divided into two parts for discussion. The first part has been
taken from zero to 85 volts. Generaly, a ow increase in current is observed aong with some
fluctuations. The second part starts from around 85 volts up to the limits of the observation; an
exponentia increase in current is observed. The lower values of current in the first part of this
curve may have occurred due to contacts for example re-sputtered material, crocodile clips
and the screw type of contacts used inside the UHV system etc. Various factors discussed in
chapter 3 may aso have resulted in noise. The second part of the curve shows a diode-like
behavior, which is commonly associated with field emission.

According to Fowler Nordheim theory, a plot of Log(I/V?) versus 1/V should be linear.
Measurements above 85 volts were taken in to account while plotting figure 7.9. The plot is
non-linear, this could have occurred due to a number of possible reasons. As there is leakage
and noise current present in the measurements these are possible causes of this deviation from
linearity. Another possible reason is the assumption of a planar model during the derivation of
Fowler Nordheim theory. It is possible that the emission area is very small so the assumption

of the planar model is not correct for these measurements.

7.3.3.2 Measurements Chip # 56

Figure 7.10 shows FIB image of the device on chip # 56, which showed field emission
characteristics. The image shows that the device has serrated edges, however the emission
does not occur from the serrated edges, as failure in one of the devices from this chip occurs
from the field emission tip (figure # 7.7).

Figure 7.11 shows electrical characteristics of the device shown in figure 7.10. This
graph shows two parts: in the first part from zero to 57 volts, there is no increase of current as
voltage is increased. In the second part above 57 volts, there is an exponential increase in
current. In this particular observation, no background noise and leakage current was observed
which indicates absence of any re-deposited material forming any current paths, good
electrical contacts and other possible sources of noise for example due to vibrations of wires

etc. being absent. Figure 7.12 shows Fowler Nordheim plot, which is linear. The value of b
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factor is 2.98 x 10° cmt assuming field strength at the tip of around 3x 10’ Vemit and a
factor equal to 1.6 x 10°® cm?,

White lines due to
___charging

Figure7.10 FIB image of the device which showed field emission characteristics on

chip # 56. Image was taken after performing field emission measurements.

7.3.3.3 Comparison and Discussion
Figure 7.13 compares the electrical characteristics of devices from both chips. The plot

shows that the turn-on voltage of device on chip # 56 is approximately 27 volts lower than the
turn-on voltage from device on chip # 34. This is a very significant improvement in the turn-
on voltage which has occurred due to the sharpening of the device as the device angle
decreased from 72° in chip # 34 to 60° in chip # 56. The plot also clearly shows the effects due
to re-sputtered material, noise and leakage in the device from chip # 34. After turn-on the
increase in current is more drastic in device on chip #56. The caculated value for b factor
from device on chip # 56 are in agreement with those reported by another researcher [9] for tip
radii in the range of 50 nm. Observations of the field emission current from chip # 56 showed
a very erratic behavior. Sudden surges of current were observed at around 60 volts. These
surges possibly occurred due to the localized ionization of some material from the tip due to

the presence of surface deposits or oxides.

Nanofabrication using the FIB 166



Chapter 7 Lateral Field Emission Measurements

Nanofabrication using the FIB 167



Chapter 7 Lateral Field Emission Measurements

25

20 | | —%—Chip 34
-0+ Chip 56
o

1(pA)

0 20 40 60 80 100 120 140

Voltage (v)

Figure7.13 Electrical characteristics of a device each from chip # 34 and 56.

Comparison of figures 7.9 and figure 7.12 (Fowler Nordheim plots) shows that the in
the case of chip # 34 the plot is non-linear, while in the case of chip # 56 a linear plot is
observed. The non-linearity in the case of chip # 34 was discussed in section 7.3.3.1 and
different possible causes were identified: leakage current, noise and the assumption of planar
model breaking down. The thickness of Cr used in the case of chip # 34 is 110 nm while it is
approximately 140 nm for chip # 56. It is possible that even though the device angle in the
case of chip #56 is smaller relative to chip # 34 but due to decreased Cr thickness for
chip# 34 has resulted in an overall decrease in the emission area. This decreased area has
resulted in the break down of the assumption of the planar model in the Fowler Nordheim
equation.

7.4 Summary

Low level current measurement systems as described in chapter 3 were used for testing
of the field emission devices. Presently there is no permanent measurement set up for these
devices, each measurement required considerable organisation and work. Various precautions

needed to be taken to keep the devices and equipment clean. The measurement range (pA) and

Nanofabrication using the FIB 168



Chapter 7 Lateral Field Emission Measurements

low success rate are additional difficulties in this research area. In-situ FIB testing of the
device offers the unique possibility of overcoming poisoning by material removal and testing
without breaking vacuum. Material was successfully removed from the field emission tip in
the FIB without shorting the anode to the cathode. Field emission device were also heated in
the FIB to increase the success rate of device operation. Devices operated in UHV in
picoampere range and one device operated with a turn-on voltage of 57 V. Field enhancement
and emission area were calculated from Fowler Nordheim plots. The value of fied
enhancement factor is supported by another researcher. The devices tested were fabricated
using relatively large beam current (350 pA) so it is possible that lower beam currents will
result in lowering the turn-on voltage. Lowering of turn-on voltage combined with a material
more robust towards arcing and poisoning may lead to commercia applications of field

emission devices fabricated with the FIB in afield requiring focused electron beams.
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Chapter 8

Conclusions and Future Work

FIB nanofabrication is a new and exciting field. Device applications and
technological developments are expanding thisfield at a fast speed. Research work was
focused on advancing the FIB technology, |earning technological aspects of the FIB
technique, which affects the fabrication parameters and learning the fundamental science
involved in device fabrication. Research work was performed in this field on an in-situ FIB
electrical measurement technique, direct measurement of FIB cut parameters and the
development and testing of alatera field emission device. The following sections discuss
the conclusions drawn from the present work and the possible future directions for work in
this field.

8.1 Conclusions
Nanofabrication using FIB progressed in different directions during this project.

Firstly, the development of an in-situ FIB electrical measurement system led to various
applications such as in-situ depth measurements of high aspect ratio nanometer scale cuts
and for in-situ field emission measurements. Direct measurements of the FIB cut
parameters such as the width and depth of the FIB line cuts were performed with AFM.
These measurements led to better understanding of the various material and technological
aspects that influence device fabrication. A new lateral field emission device was
fabricated and tested for field emission. Devices operated in the picoampere range and one
device due to a FIB sharpening process had a turn-on voltage of 57 V. The present device
technology is an improvement on the previously reported lateral field emission device
fabricated with FIB. Along with the work in these directions, information regarding
material sputter rates was obtained and increased understanding regarding milling of multi-
layer structures was achieved.

The developed in-situ FIB electrical measurement system was used for various
applications such as in-situ depth measurements, in-situ field emission measurements and

in-situ FIB heating. In-situ depth measurements are becoming increasing important as
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device applications involving nanofabrication increase. A new technique for measuring
depth of nanometer scale high aspect ratio cuts and accurate end-point detection was
developed, which uses this electrical measurement system. The accuracy and
reproducibility of the technique was tested. AFM technique measured the accuracy of this
technique for 1 nm wide cuts. The technique was tested on Nb tracks and it performed
accurate thickness measurement on 50 nm wide and 400 nm deep cuts. This technique
provides electrical information while milling a track, which can be interpreted to provide
information regarding the shape of FIB cuts. The depth measurement method has
applications in research areas such as fabrication of tunnel junctions and in areas where the
sputtered material in the FIB milling needs to be minimised.

The in-situ electrical measurement system offers the unique possibility of
sharpening of the field emission tips in the FIB and then measuring field emission
characteristics without breaking vacuum. For this reason, alow level measurement system
for in-situ FIB testing of field emission devices was constructed. Construction of a good
in-situ FIB low level measurement was a mgjor challenge. The system developed is useful
for performing measurements on the developed field emission device and similar devices.
Anin-situ FIB heater was also developed, this heater was used for heating field emission
devices before performing in-situ low level measurements. The heater was operated up to
100°C.

Direct measurements of FIB line cuts were performed with AFM in order to
understand the effects of different materials and different technological parameters of the
FIB on these types of cuts. Comparison of different techniques such as AFM, SEM and
FIB showed that the AFM technique is best suited for low aspect ratio nanometer scale FIB
cuts. During this study, a framework was defined for analysing the FIB milled line cuts
with AFM. Terms such as the height of the sputtered material, the length of the sputtered
material, the width and the depth milled of the FIB cut were defined. These definitions of
terms can be used for smilar measurements in the future. These parameters are important
both for various device applications and for the fundamental understanding of the
sputtering processes involved during FIB milling. Different beam currents and
magnifications were used to mill FIB line cutsin Si, Nb and an amorphous material. AFM
observations led to a number of interesting observations including:

» theformation of a deposit on the surface of Si during enhanced etch ion milling;
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= wide variation in width of cut in Nb due to the presence of grains and

= different widths of cuts due to the use of different materials.

This investigation demonstrated the importance of the technological parameters when
milling with the FIB. The investigation more importantly showed the significance of
material effects such as the presence of oxides on the surface and the presence of grains,
which can influence the quality of FIB line cuts.

A new latera field emission device using Cr as field emission material was
fabricated using the FIB. The technology developed uses a weak solution of KOH instead
of HF, which was previously used for a similar reported device [1]. Due to this reason, the
present device can be fabricated with various materials. FIB offers the flexibility of
changing the anode to cathode distance, tip sharpness and the shape of the anode and
cathode. During the course of this project, various shapes of the devices were fabricated,
anode to cathode spacing below 100 nm and tip sharpness below 50 nm were achieved.
Work on these factors with FIB has not been previoudly reported. Research work was aso
performed to develop ultra-sharp tips, which can be used for the study of field emission
phenomenon. Testing of the devicesis presently very difficult, as these devices are new to
the device materials group and expert help is not available. Different field emission testing
systems were built for testing the devices both in UHV and inside FIB. In-situ FIB testing
of field emission device offers the unique possibility of overcoming poisoning by material
removal and testing without breaking vacuum. Material was successfully removed from
the field emission tip in the FIB without shorting the anode to the cathode. Field emission
devices were also heated in the FIB to increase the success rate of device operation. These
attempts were very successful as these led to both increased technical understanding of low
level measurements and on a fundamental level led to understanding of the device failure
mechanism. The device failure mechanism was studied thoroughly, which led to new ideas
such as anodization of Al and coating of the devices. The devices were successfully
operated in UHV in picoampere range and one device fabricated using a FIB sharpening
process had a turn-on voltage of 57 V. Field enhancement and emission areawas
calculated from Fowler Nordheim plots.

Different materials and structures were milled while pursuing the above mentioned
directions. Materials which were milled during the course of the project include: Al, Cr,
Nb, Au, SO», SizN4 etc. and their multi-layered structures. Milling rate of these materials
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were calculated and the milling of the multi-layer structure involving Cr/Al/SIO, was
studied using EPD. The study with EPD improved understanding regarding the milling

process of such a structure in the FIB.

8.2 Futurework

The market for micromachining products was estimated in 1990 as $492million, which was
expected to increase to $14 billion in 2000 and $38 billion by year 2002 [2]. These figures suggest that
nanotechnology will be one of the most important technologies in the future. Devices in this field range from
MEMS devices for example accelerometers that are already commercialised to single-electron transistors
which have been developed. FIB has been used extensively for the development of new concept nanodevices
such as field emission device, superconductive Josephson devices, accelerometer and for the fundamental
understanding of quantum physics in the frame of nanoscale structure. Since considerable amount of
knowledge regarding nano scale fabrication and FIB cut parameters was gained during this project, this
knowledge can be applied for further development of futuristic nanostructures with FIB.

The present in-situ FIB measurement system was used for depth measurements along with other
measurements. The depth measurements involved a single metal track, a study should be conducted for tracks
involving two materials, this study is important for devices which involve milling through two materials. A
simple model was constructed during the course of the project for the resistance change while a bi-layer track
is milled, however no experimental work could be done in this direction. The in-situ FIB heater can also be
used for various applications such as;
=  tostudy the effects of heating on ion and electron emission properties of materialsin the FIB and
= tostudy the effect of heating on semiconductor materialsinside the FIB.

FIB line cuts should be studied for materials such as GaN which has applications for optical devices
[3,4]. In these materials, width measurements can be more accurately performed using an AFM super tip.
Thiswill lead to better quality of measurements and measurement of high aspect ratio structures.

One promising application of the deposit observed on the surface of Si while ion milling using
enhanced etch is nanolithography. The deposit can be fabricated on the surface of Si with enhanced etch
using low ion beam currents. By using this deposit as a mask on the surface of Si and then milling the
specimen with Ar ion milling, it may be possible to fabricate nanometer scale lines.

A 3-electrode field emission device which has a gate, anode and a cathode can be fabricated using
the fabrication process developed during the course of the project. Appendix 3 shows schematic of a
photolithographic mask which can be used for the fabrication of such a device. The fabrication process can
be further improved by experimentation with chemicals using the displacement reaction as discussed in
chapter 3. Carrying out the reaction in an ultra-sonic bath may lead to better coating of the devices.

Nanofabrication using FIB is an expanding field, only future directions which directly follows from
this project were suggested above. There are various other future directions which can be pursued for
example fabrication of AFM tips, nanolithography, mask imprinting etc. AFM tips modification using the
FIB leads to tip with high aspect ratios, thus these tips can be used for performing measurements on high

aspect ratio structures. Various materials have been used for lithography using the FIB, these are discussed in
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chapter 2. The scale of fabrication with these materials can be improved for applications at the nano scale.
Mask imprinting is presently developed in device materials group and will substantially gain from the work

donein the present project.
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Appendix 1
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Figure1-A. Photolithography mask design used for the fabrication of field emission

devices. v
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Figure1-B. Zoomed in diagram of the central part of the mask, this area was used for
the fabrication of field emission devices.
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Appendix 2

Figure2-A. A section of the mask design used for four point measurements. The portion

of the track which was milled is shown as 1.5 nm.

Nanofabrication using the FIB 176



Appendix

Appendix 3
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Figure3-A. Photolithography rmask design for atriode.
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Figure3-B. Zoomed diagram of the central part of the photolithography mask. This area
can be used for the fabrication of atriode device.
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Figure4-A. Electronics circuit used for field emission measurements.
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