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ABSTRACT

The controlled deposition of metals resulting from the passage of an ion beam through an

atmosphere of a suitable precursor gas is a well-established procedure for micro scale

materials manipulation. While the ion beam technique is rapid and reliable it has the

disadvantage that the beam itself can ablate and contaminate the target with Gallium or

other materials, and the fact that ion optics are less widely accessible than electron

optical columns. We have therefore been investigating the theory and practice of

depositing metal using an electron beam and variety of precursor gases. The aim of this

work is to develop techniques that can be applied to the repair of the optical, ultra-violet

(UV) and extreme ultra-violet (EUV) masks used in high performance photo-lithography.

This thesis is concentrated on electron beam induced deposition (EBID) performed in a

commercial Scanning Electron Microscope (SEM). For EBID experiments, we have

developed a gas injection system for the specimen chamber of a standard SEM which is

able to control the pressure and the delivery flow rate of gas for experiment. Studies of

factors that control the properties of the deposition - such as the electron-gas interactions,

the effects of gas pressure, and the temperature of the substrate — have been made and

v



experiments to determine the fundamental mechanisms of EBID - such as which types of
electrons are responsible for the initial interaction event with the precursor — have been
carried out and analyzed and systematically studied to determine the optimum conditions
for the practical application of the EBID approach. Finally the practical applications of

the EBID have been applied to repair of masks.



TABLE OF CONTENTS

CHAPTER 1 INTRODUCTION 1
CHAPTER 2 LITERATURE REVIEW 5
2.1 Historical Background of Electron Beam Induced Deposition (EBID) 5
2.2 Comparison of Focused lon Beam (FIB) and EBID 6
2.3 Related Factors Affecting EBID Process 7
2.3.1 Depositing Materials 7
2.3.2 Electron-Gas and Electron-Solid Interaction 8
2.3.3 Temperature Dependence of the EBID 13
2.3.4 Pressure Dependence of the EBID 14
2.4 The EBID Spatial Resolution 14
CHAPTER 3 THEORETICAL BACKGROUND 16
3.1 Particle Beams 16
3.2 Basic Mechanism of EBID 21
3.3 Interaction Between Electrons and Solid Matter 24
3.4 Growth Rate of EBID 28
3.5 Spatial Resolution of the Deposit 29
3.5.1 The Role of Secondary Electron (SE) 29
3.6 Influence of Beam Energy 33
3.7 Temperature Effect on EBID 36
3.8 Thickness Determining Factors 37
CHAPTER 4 EXPERIMENTAL EQUIPMENT AND PROCEDURES 39
4.1 Experimental Procedures for EBID 39
4.1.1 Scanning Electron Microscope (SEM) 39
4.1.2 Gas Injection System 42
4.2 Precursors Gases 42
4.2.1. Tungsten hexa-carbonyl: W(CO)s 44

vi



4.2.2 Tungsten hexa-fluoride: WF; 45

4.3 Experimental Procedure 45

4.3.1 Deposition with Tungsten hexa-carbonyl (W(CO),) 45

4.3.2 Deposition with Tungsten hexafluoride (WFy) 46
4.4 Experiments for Pressure Effect 47
4.5 Temperature Dependence 51
4.6 Effect of Scan Mode of SEM 51
CHAPTERS5 RESULTS AND DISCUSSION 55
5.1 Characterization of W(CO)g Deposits 55
5.2 Calibrating Layer Thickness 56
5.3 Growth Rate of Deposits 62
5.4 Role of Secondary Electrons (SE) 72
5.5 Biasing Effect on Box mode Deposition and Etching 76
5.6 Pressure Effect 81
5.7 Effect of Scan Speed of SEM 99
CHAPTER 6 PRACTICAL APPLICATIONS 103
6.1 Mask Repair 103

6.1.1 A Brief Explanation of Mask Repair 103
6.2 Repair of Binary and EUV ML Mask 107

6.2.1 Repair of Binary Mask Substrate 115
CHAPTER 7 CONCLUSION 120
REFRENCES 123

VITA 131

vii



2.1

2.2

3.1

LIST OF TABLES

Physical properties of EBID/IBID precursors (S-solid, L-liquid, G-gas)

The chemical formulae and corresponding names for EBID/IBID

precursor

Particle wavelengths at various particle energies Eg (eV).

Viil

11

17



3.1

3.2

3.3

3.4

3.5

3.6

3.7

41

4.2

4.3

4.4

4.5

4.6

4.7

5.1

5.2

5.3

LIST OF FIGURES

Numerical aperture angle of inverted cone.

[lustration of EBID process.

Signals generated from electron and solid interaction.

The typical EBID interaction -electron-target-precursor interaction
scheme.

The role of secondary electrons (SE) at different growth moments:

(a) in the beginning, (b) after a tip structure has grown.

A typical curve showing the evolution of the cone diameter.

Direct visualization of the electron volume in polymethylemethacrylate.
Fabrication and etching facilities. (a) Hitachi S 4300/N SE (b) Hitachi
S-3500N scanning electron microscope (SEM) for the EBID experiment
attached with SE, BSE, and X-ray detectors.

Chamber environment of S-4300 SE/N measured by Residual Gas
Analyzer (RGA).

Gas injection system. (a) for 3-dimensional manipulation

(b) Gas injection system attached to the Hitachi S-4300 SE/N.
Deposition with WFg_ (a) Tilted image of deposition with WF¢ for 10 sec
to 60 sec. (Beam energy: 1 Kev, Current: 20 pA, Magification: 45 K) (b)
Very fine line of tungsten deposited by high speed scan.

The system set up for deposition with different pressure with TEOS and
WF precursor gas.

Peltier cold stage connected to the sample holder of SEM for control of
temperature of the substrate.

Deposition of tungsten lines with different scan modes

(TV2, TV1, SLOW2, SLOW1).

Tungsten deposition with increasing time: (a) 2.5um x 2.5um tungsten
box deposition using W(CO)s precursor. (b) EDS spectra of deposits of
Fig. 4.4 (a).

Measurement of tungsten with W(CO)s precursor: (a) scanned area for
the Auger analysis, (b) Auger spectra from the PHI 680.

Calculation of thickness by X-ray peak ratio: (a) X-ray analysis after
W(CO)¢ deposition with beam energy of 10 KeV for 5 minutes of

germanium, (b) Ge/W peak ratio versus tungsten thickness from

X

18

23

26

27

31

32

35

40

41

43

48

50

52

54

57

58

60



5.4

5.5

5.6
5.7
5.8
5.9

5.10
5.11

5.12

5.13

5.14
5.15
5.16
5.17
5.18

5.19

5.20

simulation.

Deposition with WFg : (a) with spot mode for 10-60 sec.(beam energy 1
keV, specimen current 3pA), (b) with line mode for 30-120 sec. with 30
sec. increment (beam energy 1 keV, specimen current 3pA), (c)
comparison of growth rate with spot and line mode.

Image of tungsten clusters. (a) High angle annular dark field image of
tungsten clusters using Hitachi HD2000 at 200KeV. (b) Inverted
contrast bright field STEM image of tungsten line at 200KeV.

High angle annular dark field image of a deposited tungsten line on
carbon substrate, showing the line profile.

Growth at fixed energy (10Kev) and current (2nA) vs time.

Thickness vs deposition time (W(CO)g, at 10Pa with 2nA).

Impact ionization data for hydrocarbons.

Biased by 25 volts positive and negative grew for 2min with 1 KeV.
Simulation of trajectory of SE and BSE under positive 180 volt of
potential applied on 1xlcm” box in SEM with two different emission
energies.

Biased by three different biases in box mode. (a) 4x4pum? box etching
with -180 volt, no bias, and +180 volts with 5KeV for Iminute. (b)
Depth profile measured with AFM of upper three. (c) AFM of bottom
three.

Biased by three different biases in box mode. (a) 4x4pum” box deposition
with -180 volt, no bias, and +180 volts with 5KeV for 30minutes. (b)
Depth profile measured with AFM of upper three.

Growth with TEOS Precursor gas with the pressure of

(a) 1x10°Pa (b) 3x10° Pa (c) 8x10°Pa

Growth with WF¢ precursor gas with the pressure of

(a) 1x10°Pa (b) 3x10° Pa (c) 8x10°Pa.

Heights of nano pillar deposits of (a) SiOx and (b) W

Width of nano pillar deposits of (a) SiOx and (b) W

Growth rates of nano pillar deposits : (a) SiOx and (b) W by calculation
Monte-Carlo simulation of interaction volume with the beam energy of
20KeV for bulk substrate. (a) SiO,, (b) Tungsten.

Monte-Carlo Simulations of the effective interaction volumes in the

pillars with 20 keV beam energy: (a). 400nm in diameter and 350nm in

X

63

66

68
70
71
74

75
77

79

80

82
83
84
85
86

88

92



5.21

5.22

5.23

6.1

6.2

6.3

6.4

6.5

6.6

6.7

diameter for SiO; fibers. (b). 250nm, 170nm, and 130nm in diameter for
tungsten fiber.

Measurement of the top curvature height of the pillar

for each pressure with (a) 1x10°Pa (b) 3.6x10°Pa (c) 8x10~Pa for
tungsten and (d) 3.6x107Pa (¢) 8x10~Pa for SiOx EBID deposits.

Three-dimensional simulations of the electron beam induced deposition:
(a) TEOS precursor gas with the pressure of 40Pa with electron does of
300K, 600K, and 900K. (b) WF¢ precursor gas with the pressure of
120Pa. with electron dose of 300K, 600K, and 900K. (c) Simulated
growth rate of SiOx and tungsten EBID process with electron dose for
simulation is up to 900K with the pressure of (40 Pa).

Different scan modes deposition: (a) line deposition of tungsten with
four different scan modes (TV2, TV1, SLOW2, SLOW1). (b) line width
variation due to the scan modes of the SEM.

Brief schematic explanation of mask and pattern develop.

Clear defect repair of Cr/Qtz binary mask using EBID.

Clear defect repair of TaBN//Mo-Si ML/Si EUV mask.

Etching of TaN absorber layer with (beam energy 2 KeV, beam current
0.02 nA in 0.2 Pa pressure) (a) different times (b) 5 seconds (c) 20
seconds and (d) box mode with 2minutes.

Simulated interaction volume with 2KeV beam energy in TaN absorber
layer on EUV mask blank by “Win Casino”.

Etching with 0.2 Pa ambient pressure using XeF, with 2KeV beam
energy, 53 pA of beam current for 4 minutes of box mode.

Deposition of tungsten on quartz. (a) with variation of pressure (b) with

variation of temperature.

xi

95

97

100

104

109

110

113

114

116

118



CHAPTER 1

INTRODUCTION

The requirement of the semiconductor industry for fabrication on ever smaller scales has

now been extended to other fields such as biology, chemistry, and optics. For higher

device density in circuits, for better resolution in optics, and for the production of Micro-

Electro Mechanical Systems (MEMS), electron microscopy is the most widely used tool

for fabrication and imaging, and the Scanning Electron Microscope (SEM) is the most

common and useful instrument for these purposes. While there are already many

methods for two-dimensional fabrication using photon or ion beam sources, the special

benefits of the technique developed here are that it can be employed in any SEM, sample

preparation is straightforward, and the normal imaging and analysis modes of the

microscope can be used during and after deposition.

The controlled erosion or deposition of a specimen resulting from the passage of an ion

beam through an atmosphere of a suitable precursor gas is a well-established procedure

for micro-scale materials manipulation. While the ion technique is rapid and reliable it

has the disadvantage that the beam itself can ablate, stain, and contaminate the target
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with Gallium or other ions, and ion optics are less widely accessible and less well

developed than electron optics. We have therefore been investigating the theory and

practice of depositing metal using only an electron beam and variety of gases. The aim of

this work has been to develop techniques that can be applied to the editing, correction,

and repair of optical, ultra-violet (UV) and extreme ultra-violet (EUV) masks used in

advanced photolithography.

As predicted by Gorden Moore [1], the packing density of semiconductor devices

continues to increase. To achieve ever higher packing density, the features on the photo-

mask (reticle) used to pattern the wafer have also to become smaller and their placement

has to be more accurate. Additionally, because a current mask may contain upwards of a

billion separate features the possibility of an error in the size, shape or position of some

fraction of this number is high. Masks are also fragile and sensitive to handling,

mechanical, and radiation induced, damage since these will result in printable defects.

Because a set of masks for a Central Processing Unit (CPU) chip such as Pentium can

cost upward of a million dollars there is a strong economic incentive to repair, rather than

to replace, a damaged reticle. The increase use of optical proximity corrections (OPC) [2]

[3] to enhance the resolution of photo-lithography also leads to a need for a method



which can ‘edit’ (i.e remove or modify an existing feature and replace it with new one) a

mask without causing printable damage. While mask design, writing, and inspection

have all become more complex, no task has increased in complexity more than mask

repair.

Defects in photo-masks are classified as being either “clear” — indicating that an area

transmits the illumination instead of blocking it — or “opaque” — when an area stops the

incident radiation instead of passing it. Both are equally likely, both are significant

sources of printable and possibly fatal defects and both must be connected.

Earlier, when mask line widths were on the order of a few micrometers, laser repair tools

to cut and clean traces were the workhorses of the industry. These were fast and fairly

easy to use, but were limited in spatial resolution and beam spot size, and they had only a

limited capability for depositing material onto the mask. For binary (i.e. chrome on

quartz) masks, thermal removal of the chrome also tended to damage the quartz substrate

requiring another repair step since even the small amounts of damage that were produced

would print as a defect on the wafer. Focused ion beam (FIB) tools [4] have also been

used to repair clear defects by depositing an opaque carbon patch where the chrome is

missing, but FIB tools have only limited ability to repair opaque defects because the



procedure creates unacceptable damage to the quartz and implants gallium ions into the

substrate, so staining the mask and generating a printable defect. Some newer FIB mask

repair tools therefore use gas assisted etching (GAE) for chrome [5] to make high-quality

repairs of opaque defects. In these systems, a precursor gas is introduced which enhances

the chrome etch rate, so minimizing the quartz damage and gallium implantation

allowing the mask maker to repair clear defects with carbon deposition and opaque

defects with chrome GAE. [5]

As lithographic wavelengths are reduced from 248 nm to 198 nm, however, defect

repairs become much more difficult. Lithography at and below 193 nm presents a new

series of challenges with the need to reduce quartz damage and improve the edge

accuracy for mask repair. For a better solution to the need to repair small defects without

causing mask damage, I have used an electron source since it has the advantage of a low

beam diameter for small area repair. In addition we can easily find defects by using the

imaging modes of the SEM and then fix them directly through electron beam induced

deposition (EBID) and etching.



CHAPTER 2

LITERATURE REVIEW

Studies reporting the use of electron beam for the controlled deposition and erosion of

materials have been published for a decade or more. The purpose of this chapter is to

review this literature and to summarize the basic information that it contains.

2.1 Historical Background of Electron Beam Induced Deposition (EBID)

There are many ways to deposit materials across a large area of a target or substrate, but

for localized deposition it is necessary to use a tool that can be controlled on a very small

scale. If the target area falls within the range from the sub-micron to the nano-meter scale

then a good candidate for this application is an energetic beam of particles such as

photons, ions, or electrons. Such beams have been used for deposition or etching for a

long time, and in many areas of both industrial application and academic research and

each has its own particular benefits and drawbacks which in turn determine their uses

and limitations.



Electron Beam Induced Deposition (EBID) is not new. From the earliest days of electron

microscopy it was found that the incident beam produced dark stains on the sample.

Investigations showed that the dark image of this contamination square was due to the

hydrocarbons in the chamber of the electron microscope which came from the back

streaming of the vacuum pump oil [6] [7]. The formation of carbonaceous films on

surfaces under electron bombardment in vacuum has been extensively studied [8] [6] [9]

[10]. Broers et al. [11] was among the first to deliberately exploit this effect so as to

fabricate nanometer scale structures in a scanning transmission electron microscope

(STEM) [12].

2.2 Comparison of Focused lon Beam (FIB) and EBID

Focused ion beams and electron beams can both be used for high resolution deposition

processes. The basic principle of this method is the introduction of a vapor containing

some suitable chemical form of the desired material to be deposited into the sample

chamber. Molecules from the gas adsorbed at the surface of the specimen are dissociated

by the electrons, or ions, impinging at the scanned area on the sample surface. The

desired material is deposited while the other components are pumped away. This



deposition method can be used for device modification, the repair of photolithography

masks, and the fabrication of field emitter tips [13].

For EBID Kretz et al. [14] suggested that the electron beam directly damages the

adsorbed molecules which decompose as a consequence, and Kunz and Mayer [15]

proposed that secondary electrons were the component which initiated the decomposition.

For focused ion beams, Melngailis et al. [16] suggested two different models, a thermal

spike model and a collision cascade model.

2.3 Related Factors Affecting EBID Process

Many factors affect EBID, including the choice of precursor gas, electron-gas and

electron-solid interactions, beam parameters, such as energy and current, target

temperature, and chamber parameters, such as pressure. In the next section the literature

on each of these topics is summarized.

2.3.1 Depositing Materials

There is a need to deposit many kinds of materials depending on their function and

purpose. Therefore many different kinds of precursor gases have been investigated. Table



2.1 and 2.2 tabulates some of the gases that have been studied and the materials that they

cause to be deposited.

2.3.2 Electron-Gas and Electron-Solid Interaction

The spatial resolution of EBID is mainly dependent on the primary electron beam

diameter and the distribution of the secondary electrons. However, there is abundant

experimental evidence that the width of dots and lines fabricated by EBID with high

energy electrons, considerably exceeds the diameter of the electron beam writing tool

[17] [18] [19] [20]. Many authors consider that this lateral broadening is mainly caused

by the low energy secondary electrons (SE), emitted from the substrate as a result of the

primary electron beam irradiation . This assumption is based on the fact that the electron-

impact molecular dissociation, assumed to be the main process in EBID, has an

interaction cross-section which is peaked at the low kinetic energies [21] [22] which are

characteristics of secondary electrons.

Information about the behavior of the secondary emission can be obtained by studying

the electron scattering in the target. The problem of electron-solid interaction should be

ideally solved experimentally, by measuring the relevant physical quantities resulting



Table 2.1: Physical properties of EBID/IBID precursors. (S-solid, L-liquid, G-gas)

[23]
Depo Precursor Vap. Press Reference
Mat. | Molecular formula at RT
Au Me,Au(hfac) 700 mtorr [24] [25] [26] [27] [28]
C7H,FsO,Au
Me,Au(acac) 8 mtorr
Me,Au(tfac) 40 mtorr [29]1[30][31][32] [33]
AuCIPF; [34]
Al AI(CH3);3 [35][36]
Cu Cu(hfac), [13]
(CsHF602)Cu(CHs) | 420 mtorr [37]
3SiCH=CH,)
Cr Cr(CO)s 10 mtorr [38]
Fe Fe(CO)s 3 mtorr [26] [39]
Fe(CsHs), [40]
Mo Mo(CO)e 78 mtorr [41]
Os 0s3(CO);2 [42]
Ni Ni(CO)4 10 mtorr [43] [44]




Table 2.1: Continued.
(23]
Depo Precursor Vap. Press References
Mat. Molecular at RT
formula
Pd Pd(OOCCHj3), [45]
Pd(C3Hs)(CsHs) [45]
Re Re>(CO) o [46]
Ru Ru3(CO)12 [42]
Rh Rh(PF;),Cl, 55 mtorr [47] [48]
Pt (CH3)3(CsHs)Pt 54 mtorr [49] [50] [29] [30] [51]
or CsHsPtMes or [52]
CpPtMe;s
(CH3CsH4)(CH3) | 54 mtorr [53] [54] [55]
Pt
SiOx Si(OCH3)4 420 mtorr [56]
Si0, Si(C,H50)4 1.5 mtorr [57]
Si SiH,Cpp [58] [59]
A\ W(CO)e 17 mtorr [31] [60] [61] [62] [63]
[64] [17] [65]
WF¢ [58] [66]
C CsHsor 10-25 torr [67] [68]
CsHsCH=CH,
Ci2Hos to CigHsg [69]
CigHio [70]
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Table 2.2: The chemical formulae and corresponding names for EBID/IBID

precursors.[23]

Depo Precursor Name
Mat. | Chemical formula
Au (CH3),Au(hfac) dimethyl gold hexafluoro acetylacetonate
or C/H7FsO,Au
Me,Au(acac) dimethyl gold acetylacetonate
Me,Au(tfac) dimethyl gold trifluoroacetylacetonate
AuCIPF; gold trifluorophosphine chloride complex
Al Al(CHj3)s3 trimethyl aluminium
Al(C4Ho)3 tri-isobutyl aluminium
Cu Cu(hfac), copper hexafluoroacetylacetonate
(CsHF60,)Cu(CH3) | hexafluoroacetylacetonate copper vinyl-trimthyl-silane
3SiCH=(CH>) or HFA-Cu-VTMS
Cr Cr(CO)s chromium hexacarbonyl
Fe Fe(CO)s iron pentacarbonyl
Fe(CsHs), ferrocene
Mo Mo(CO)e molybdenum hexacarbonyl
Os 0s3(CO);2 osmium carbonyl
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Table 2.2: continued.

Depo. Precursor Name
Mat. chemical formula
Pd Pd(OOCCH3;), Pd-Ac palladium acetate
Pd(C;Hs)(CsHs) palladium allylcyclopentadienyl
Re Rex(CO)yo rhenium carbonyl
Ru Ruz(CO)1» ruthenium carbonyl
Rh Rh(PF5),Cl,
Pt (CHj3)3(CsHs)Pt cyclopentadienyl-trimethyl-platinum
or CsHsPtMe; or
CpPtMe;
(CH3CsH4)(CH3)Pt methylcyclopentadienyl-trimethyl-platinum
SiOx Si(OCH3)4 tetramethoxysilane (TMS)
Si0, Si(C,H50)4 tetraethoxysilane (TEOS)
Si SiH,Cp, dichlorosilane
w W(CO)s tungsten hexacarbonyl
WFe¢ tungsten hexafluoride
C CsHs or ¢HsCH=CH, styrene
CsHgO», methyl methacrylate (MMA)
Ci6Hs4 hexadecane
Ci2Hys to CisHsg liquid paraftin
CisHio pyrene

12




from the primary beam bombardment. However, the details of the interaction process

remain partially unknown, due to the limitations of present experimental techniques. In

this situation, simulations become the most powerful theoretical method as an idealized

replacement for experiment. Monte Carlo (MC) simulation is the most general method

for secondary electron emission. Monte Carlo (MC) electron trajectory simulation

techniques have been earlier studied by Koshikawa and Shimizu [71], and have been

constantly improved by Joy [72], Ding [73], Shimizu [73], Reimer [74], Mutara [75],

Kotera [76], and Hovington [77].

2.3.3 Temperature Dependence of the EBID

The growth rate of the deposit is strongly influenced by the temperature of the substrate

since this affects the adsorption and residence time of the precursor gas molecules on the

surface and thus the probability of dissociation by the electron beam. Little has been

published about the dependence on substrate temperature but role of the surface diffusion

in specimen contamination under electron bombardment has been emphasized by Hart

[78], Muller [79] , Wall [80] , Reimer [81], Amman [82].
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2.3.4 Pressure Dependence of the EBID

The deposition yield is proportional to the precursor pressure in the vicinity of the

specimen. This pressure can be varied by many ways such as changing the size and shape

of the specimen chamber [31] [32] [38], or changing the nozzle injector [83] [84] [67].

Kohlmann calculated the effect of nozzle geometry on deposition parameters and found

an optimal inner diameter at the end of the nozzle of 80um with conically increasing

diameter. The molecular flow rate into the system from the vapor phase has been studied

by Davies [67].

2.4 The EBID Spatial Resolution

Control of the spatial resolution is the most important factor in electron beam induced

deposition and this is especially crucial for manipulation on the nanometer scale. Many

authors have investigated this problem, usually based on the assumptions that secondary

electrons generated in the target are the key to deposition and that the surface area over

which they are emitted far exceeds that of the primary beam. Even though the radius of

the electron beam on the surface is typically 3nm to 5nm, according to some authors the

production of secondary electrons in the target by backscattered electrons (BSE) limits

14



the EBID minimum feature size at best to 15-20nm [50] [59] [66] [85].

Some authors have observed that in the particular case of tip growth, the fabrication

resolution seems to be limited only by the primary beam diameter, so they promised

sharper tips, provided a finer focused beam could be obtained. Kohlmann et. al [17]

deposited material to a height of 1um with a 50nm tip and deduced a relationship by

fitting the parameters of beam current, beam energy, temperature, exposure time, and

applied these parameters to develop a tip for the scanning tunneling microscope [86].

Another possible direction for improving the resolution of the fabrication is to use low

energy electron beams, including even the use of scanning tunneling microscopy where

the energy is as low as 1eV. In this way individual features as small as 0.8nm in diameter

and 0.7nm in height were produced by Uesugi et al. [87], magnetic stripes of Snm

FWHM and 2nm high was fabricated by Pai et al. [88], and 3nm width with 4nm spacing

between individual dots were obtained by Marchi [48].
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CHAPTER 3

THEORETICAL BACKGROUND

3.1 Particle Beams

The fabrication devices on a scale of micrometers or less require tightly focused particle

beams of photons, ions, or electrons. Since each of these beams is an electromagnetic

wave, its wavelength is of importance because the Abbé¢ diffraction limit determines the

smallest beam spot. Table 3.1 are lists the wavelengths (in um) of three particles (Photons,

electrons, and protons) at various energies.

Photon beams: Photons with wavelengths between 1 and 1000nm comprise the spectrum

from soft X-rays to extreme ultraviolet (EUV), to visible light. Lithography with visible,

UV, or EUV radiation is a well tried process which produces circuit features with a

resolution which is diffraction limited. The Abbé limit of an objective lens is determined

by the size of the Airy diffraction disc formed, and the radius of the central disk is

determined by the combined numerical apertures of the objective and the condenser.

When the condenser and objective have equivalent numerical aperture, the Airy pattern

radius from the central peak to the minimum is given by the equation (3.1).
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Table 3.1. Particle wavelengths at various particle energies Eg (eV).

[89]
Particle energy Ej (eV)
Particle (xm) 1 10 10° 107 10* 10° 10°
1.2399 1 i 3 ) . )
Photons A = ———— 1.24 1.24x10" | 1.24x107 | 1.24x107 | 1.24x10™ | 1.24x10° | 1.24x10°
Eo
1.23x107°
Electrons “ =212 1.23x10° | 3.88x10° | 1.23x10* | 3.88x10° | 1.22x10° | 3.70x10° | 8.7x107
(E, +10°°E})
-6
28x10
Protons lzv 2.87x10° | 9.70x10° | 2.87x10° | 9.07x107 | 2.87x107 | 9.70x10® | 2.87x10"
0
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1.224

r .. = 31
(Airy) ZNA(Obj) ( )

Where rairy) is the radius of the Airy, A is the wavelength of illuminating radiation, and
NA obj) 1s numerical aperture of the objective (and condenser) lenses. “NA” is dependent
on the convergence angle of the inverted cone (figure 3.1) of illumination entering the

objective aperture, as well as refractive index of the imaging medium:

NA (obj) = nesind (3.2)

Figure 3.1: Numerical aperture angle of inverted cone
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where 0 is the semi-angle of the objective aperture and n is the refractive index of the

medium (air, water, or oil) between the objective and the specimen. The image resolution,

D is given by the equation:

D=-2 (3.3)

where k is typically about 0.25 although lower values can be obtained by stratagems such

as oblique illumination. The spatial resolution can be enhanced by enlarging NA or by

moving to shorter wavelengths, such as deep UV light, or soft X-ray which can improve

the fabrication resolution down to the sub 100nm level.

Depending on their photon energy these light sources can be used in a variety of ways for

patterning and fabrication.

--- to expose resists ( beam sensitive materials) to form patterns which are made visible

by subsequent development and processing.

--- to directly remove materials by sputtering and erosion (ablation).

--- to deposit material directly from the beam (ion implantation) or indirectly by using

the beam to stimulate a precursor gas.

For general fabrication purposes (micro and nano-scale) any of these methods is useful
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within the limits set by the inherent resolution of the beam but for the special tasks
considered here - the editing, correction, or repair of photolithography mask and
integrated circuits (chips) - need a technique which can perform localized
deposition/erosion at high resolution. Because ion beams, especially the commonly
encountered Ga' beam stain samples by implantation the use of electron beams is the
preferred method.

The ion beam processing of material can be divided into non-spatially selective methods,
using a broad or flood ion beam, or spatially selective methods, using a focused ion beam
(FIB). Flood or “showered” ion beam machining and milling (SIBM) employ low energy
ions (50 to 1500eV) and is used as a universal etching technique to remove any
unwanted material, regardless of its mechanical or chemical properties. The ions are
usually generated by a liquid metal ion source (LMIS), or less often by a gas field ion
source (GFIS), and are in most cases gallium Ga’ and less often indium In’, silicon Si",
gold Au’, Hydrogen H' or argon Ar". Focused ion beam machines use higher beam
energies (10-50 keV) and focus the beam, typically of Ga' ions, into probes with
diameters smaller than 10nm. Ions can be also used in lithography, employing the same

resists as are employed in electron beam lithography (EBL). However, the most
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advanced commercial applications of focused ion beam (FIB) technology is in

micromachining by sputtering and milling, which permits the rapid and damage free

generation of cross-sections and thin foils. An unavoidable problem when using FIBs in

failure repair is ion implantation (staining) in device or mask. [23]

Electron beam processing is thus the best candidate for these tasks because it has the

highest resolution when compared with photon and ion beam processing. Because

electrons have larger wavelength than the ions of comparable energy the diffraction

limited resolution is potentially significantly worse, although the higher quality of

electron as compared to ion optics limits this effect. In addition electrons are not

implanted, cause no staining and produce no ablation.

3.2 Basic Mechanism of EBID

The basic principles of electron beam induced deposition (EBID) are quite simple.

Primary electrons (PE) from the electron gun, Backscattered Electrons (BSE), or

Secondary Electrons (SE), from the target sample interact with the precursor gas

molecules which are adsorbed on, or are very close to, the surface and disrupt the

molecule to produce either deposition, or release a chemically active species for erosion
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as illustrated in figure 3.2.

Depending on the nature of the deposit, volatile elements are removed from the chamber

by the pumping system and non-volatile elements are removed by adhering to the surface.

The experimental situation is thus- the material to be processed is placed beneath the

electron beam and in an environment of the chosen precursor gas. The desired chemical

effect will occur because of the interaction of electrons with the sample and with the gas.

The PE interact directly with the gas as they pass through it traveling toward the sample.

When the beam reaches the surface electron-solid interactions take place resulting in the

production of emitted SE and BSE. These components can also react with gas either at,

or close to, the surface.

The important question is which of these groups of electrons drives the EBID process the

PE, the BSE or the SE? The working hypothesis is that the precursor gas is dissociated

by energy transferred from electrons. This is possible because precursor gases for

deposition/erosion are typically zero-valence compounds (e.g WF¢ and XeF;) and so

dissociation requires only a limited amount of energy. The efficiency (cross-section) of

this kind of process can be generally described as having the functional form [90]
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Fig. 3.2: llustration of EBID process. [93]
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04 (E)~ (K/E)In(E,. /B) (3.4)
It can be expected that E,. = few eV (5 — 50 eV) [91] [92] so a consideration of this
equation suggests the SE defined as having energies (0 — 50 eV) would probably more
efficiently stimulate deposition than BSE (~ 50% of PE energy) or the PE. However it
must be noted that depending on the beam energy and the atomic number of the target,
SE may only constitute a relatively small fraction of the emitted electrons so BSE may

still result in a significant contribution.

3.3 Interaction Between Electrons and Solid Matter

Electron beam induced erosion or deposition occurs as result of an interaction between
the electron beam and precursor gas so the choice of gas will determine the nature of
operation performed. The theory of this type of process is not yet fully developed
because insufficient data on the kinetics and functional behavior of the method have not
yet been obtained and analyzed, so a key goal of this thesis is to remedy this deficiency.
Electron - solid interactions start with the incident primary electron which is emitted

from electron gun of the SEM or TEM. A variety of signals are generated when this
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incident beam of electrons interacts with a specimen as shown in figure 3.2. After the

primary electron beam hits a solid target covered with precursor molecules, a complex

interaction situation arises as shown in figure 3.3. Adsorbed precursors can be

dissociated by many kinds of electrons which happen to be in their proximity. Initially,

primary electrons will interact with the adsorbed molecules and stimulate their

dissociation. Further, it can be seen from the figure 3.4 that the primary electrons are

scattered in the target so producing secondary electrons labeled SE1 which finally escape

to the surface.

The primary beam also produces backscattered electrons (BSE), which in their turn can

scatter within the substrate and produce supplementary secondary electrons, labeled on

the surface as SE2. This labeling of secondary electrons, used in [91] takes as criteria

their energy and their origin. From the figure 3.4, it is obvious that in addition to the

primary electrons (PE: electrons coming from the gun), the backscattered electrons

(BSE: electrons with energies between 50 eV and the incident energy experiencing

elastic scattering from the target) and secondary electrons SEI (electrons with energies

up to 50 eV generated at the sample surface by inelastic collisions with the beam) and

SE2 (formed by the between BSE) can also induce dissociation of adsorbed precursor
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Fig 3.3: Signals generated from electron and solid interaction.
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molecules, each species of electrons with different cross-sections and making different
contributions to the deposited structure shape.

These electron trajectories can be modeled by Monte-Carlo (MC) simulations using
public domain programs that are readily available and suitable for use on small
computers. Monte-Carlo (MC) electron trajectory simulation techniques have been
earlier studied by Koshikawa and Shimizu [71] and improved by Joy [72], Ding [73],

Shimizu [94], Reimer [74], Kotera [76], Hovington [77], and etc.

3.4 Growth Rate of EBID

The growth, or deposition, rate is influenced by many factors such as the exposure time,
beam current, beam energy, the pressure of the chamber, and the temperature of the target.
The deposition rate R(x) with beam energy of E, at distance x from the beam central

point of incidence has unit of molecules/unit area/sec and it is given by [39] as

Ep

Re (X) = [ f(X,E)-0 4 (E)-NIE  [atoms/A%s] 3.5)
0

where f(x,E) = the flux of electrons passing through the surface as function of the
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position and energy [electrons/unit area/sec], 64iss(E) = the electron-induced dissociation
cross-section of the precursor molecule [unit area] as function of the incident electron
energy, N = the surface density of adsorbed precursor molecules [molecules/unit area].

The deposition rate can also be described as a volume per unit area per second as [42]

Ree (X) = | f(X,E)o g (E)NVAE (3.6)

Eall

where V = the volume occupied by a dissociated molecule.

3.5 Spatial Resolution of the Deposit
The spatial resolution of EBID can be affected by many factors such as the scale of the
electron-solid interactions, chamber pressure, temperature of the substrate, the flow of

precursor gas, and the design of the gas injection system.

3.5.1 The Role of Secondary Electrons (SE)
Most models of the EBID process take into consideration only the parameters of the

primary electron (PE) beam [42], but there is substantial experimental evidence that the
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lateral size of features, fabricated by EBID with high energy electrons considerably

exceeds the diameter of the electron beam writing tool [20] [19] [18] [17]. Many authors

assume that this limitation to the feature size is caused by secondary electrons (SE)

produced in the target by inelastic scattering of the primary electron and backscattered

electrons. This assumption is based on the fact that the electron-impact molecular

dissociation, the main process in EBID, has a cross-section which is peaked at low

kinetic energies.

The growth of dot shaped deposition from secondary electrons (SE) is as illustrated in

figure 3.4 and 3.5. Initially the width of the deposit is affected by the secondary electrons

(SE) generated from the surface of the target but after the deposit begins to grow the

primary electron beam interacts with the deposit and produces secondary electrons which

emerge through the side wall of the feature being grown and result in broadening. The

time dependence of the broadening of the diameter is hard to quantify because it differs

with beam energy, beam current, depositing materials, substrate material, pressure,

temperature and more, but qualitatively the diameter vs time is roughly described in

figure 3.6. An exact prediction of the diameter as a function of time is difficult because it

1s affected by so many factors such as the settings of electron optics, the cleanliness of
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Figure 3.5: The role of secondary electrons (SE) at different
growth moments: (a) in the beginning, (b) after a tip structure has
grown. [23]
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Ep

Ree (X) = [ foe (X, E)o g (E)NDE  [atoms/A%s] (3.7)

0

the SEM chamber, the partial pressure of the precursor gas, the surface diffusion of the
gas molecules and the cleanliness of the sample surface. The dissociation rate produced
by secondary electrons will be given by

Most researchers have started with a Monte-Carlo simulation or an analytical model and
then determined the SE spatial and energy distributions on the target surface, fsg(x, E) to
estimate Rgg(x). But due to the lack of information about the dissociation cross section
Odgiss(E), this topic remains an ongoing research area and there is as yet no clear

consensus about the growth mechanism. This topic will be considered later in this thesis.

3.6 Influence of Beam Energy

The electron beam energy plays a critical role in determining the growth and lateral size
because it determines the dissociation cross section of the beam with the precursor gas
and the electron beam interaction volume within the substrate. The general dependence

of the dissociation cross section on incident electron energy can be written as [90]

04 (E)~(K/E)In(E/B) (3.8)
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where K and B are constants. From equation (3.8) the dissociation cross section is

proportional to the inverse of the beam energy and this term affects the growth rate in

equation (3.5). The lateral growth rate of the deposit is related to the secondary electron

yield coming from the surface of the substrate and this is also related to the interaction

volume of the electron and to the target material due to the escape of the SE and BSE

which depend on the depth of the interaction volume.

The interaction volume is determined by the electron beam energy, the atomic number of

the target material and tilt angle of the specimen to the electron beam [95]. Figure 3.7

shows the effect of electron interaction volume with the material. Higher beam energies

and lower atomic number material result in larger interaction volume versus those

obtained at low beam energy and higher atomic number materials. This phenomenon

affects the generation of the SE and BSE distribution on the surface of the substrate and

changes the size or the shape of the depositing material.
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Figure 3.7: Direct visualization of the electron volume in polymethylemethacrylate.
In (a) through (g), the electron dose is the same, but the etching time is increased
progressively to reveal successively lower energy deposition (radiation damage)
levels (from Everhart et al., 1972). [95]
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3.7 Temperature Effect on EBID

The temperature of the substrate, or of the deposited material, plays a critical role in
determining the growth rate and shape. The majority of the interaction above or just at
the substrate subsurface is governed by the temperature. This also determines the crystal
structure of the deposit and its electric properties, such as conductivity or the work
function, which are of importance for the electron emission tip growth. [96]. The number
of available precursor gas molecules is governed by the surface population of an

adsorbate, n,, and is given by
n, {L} Toexp[AHue/RT] (3.9)

where P is the pressure, M is the molecular weight, R is the universal gas constant, 1 is
the inverse of the frequency, and AHgcs is the enthalpy of desorption [97] [98]. The above
equation (3.9) shows that the number of molecules on the surface of the substrate will
decrease as the temperature of the substrate is increased. This leads to the reduction of
the growth rate of deposit and also affect of the shape of the deposit. Randolph et al. [98]

compared experimental and simulation data for the growth of oxide from
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tetraethylorthosilicate TEOS as function of temperature and find that the growth rate of

Si0O, decreases with higher temperature and satisfies an Arrhenius relation.

The heat accumulated as the result of the energy transfer from the primary electrons (PE)

will increase as the deposition time gets longer, and the number of the precursor gas

molecules on surface of the pre-deposited material will be reduced. We could see growth

rate reduction from growth of SiO, and W in chapter 5.6 with stable gas flow. This tells

that the reason for this not the mass transport limit but due to the heat by the PE and

caused reduction of adsorbed gas molecules. This will affect the radius of the deposit and

the distribution of secondary electron emitted from the pre-deposited material will differ

from that found on a plane substrate, so the shape and the size will affected significantly

by the temperature.

3.8 Thickness Determining Factors

The number of gas molecules which impinge on the substrate per unit area at unit time is

proportional to the gas pressure. The pressure dependence of the deposited thickness is

dependent on the quantity of precursor gas on the substrate surface. That is to say, a

higher pressure supplies a larger number of precursor gas molecules on the surface.
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Therefore the deposited thickness is enhanced with increasing precursor gas pressure.

The film thickness also depends on the electron dose and this is related to the exposure

time of the beam irradiated area. So the deposited film thickness d is proportional to the

electron beam exposure time t. Therefore the deposited film thickness d becomes

d=Rt (3.10)

where R is growth rate for electron beam deposition. The constant R varies with any

change of the environment of deposition experiment. Kohlmann calculated the

deposition rate as a function of the current density of the primary beam with as variable

parameter the gas flux on the surface. [99] While the growth rate reduction with

increasing beam energy at a constant dose per scan was explored by Hoyle. [64] Their

results show with beam energies of 2, 5, 10, 15, 20 KeV with fixed current as 4+ 0.02 nA

gave thicknesses of 0.55, 0.33, 0.38, 0.35, and 0.33 um.
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CHAPTER 4

EXPERIMENTAL EQUIPMENT AND PROCEDURES

4.1 Experimental Procedures for EBID

4.1.1 Scanning Electron Microscope (SEM)

The accurate fabrication of submicron features with an electron beam requires a small
beam radius such as is provided by a commercial scanning electron microscope (SEM).
The work described here was performed on a Hitachi S-3500 VPSEM (Variable Pressure
or Environmental SEM) and a Hitachi S-4300/N SE as shown in Fig. 4.1. An important
consideration is the cleanliness of the specimen chamber vacuum. If this is contaminated
by hydro-carbons then the metal deposited will be mixed with carbon leading to poor
mechanical and electrical properties. However in our Hitachi S4300 SE/N, which uses a
Schottky field emission gun, the sample chamber is dry pumped to a working pressure of
about 1E-6 Torr and a residual gas analysis shows that most of this is attributable to air
and to water vapor. The hydrocarbon background is below 1E-8 Torr in magnitude and

should have negligible effect on the process (figure 4.2).
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(b)

Figure 4.1: Fabrication and etching facilities. (a) Hitachi S 4300/N SE (b)
Hitachi S-3500N scanning electron microscope (SEM) for the EBID
experiment attached with SE, BSE, and X-ray detectors.
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Figure 4.2: Chamber environment of S-4300 SE/N measured by
Residual Gas Analyzer (RGA)
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4.1.2 Gas Injection System

Precursor gas was injected into the SEM chamber through a wobble stick manipulator

system equipped with four nozzles as shown in Fig. 4.3 (a) and attached to the SEM as

seen in Fig 4.3 (b). The precursor gas is injected at about 1mm above the sample by

manually controlling the needle position from outside of the SEM. The deposition

process is monitored in Situ by using the energy dispersive X-ray spectrometer (EDS)

system attached to the microscope. From an analysis of relative height of peaks in the

spectra the thickness of the deposition can be measured with good precision by applying

a calibration curve derived from Monte Carlo simulations. Originally, silicon tubing was

used in the gas injection system to deliver the gas from the outside metal tubing to the

hypodermic needle. Later, it was found necessary to change this to neoprene tubing to

avoid the reaction of fluorine with the silicon which caused contamination to the

deposited material, and corrosion.

4.2 Precursors Gases

For tungsten deposition tungsten hexa-carbonyl (W(CO)s) and tungsten hexafluoride

(WFj) are the most commonly used precursors and these were selected as the initial
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Figure. 4.3: Gas injection system. (a) for 3-dimensional manipulation
(b) Gas injection system attached to the Hitachi S-4300 SE/N.
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choices for this work. Both of these choices have both positive and negative features.

4.2.1. Tungsten hexa-carbonyl: W(CO)s

Most of the relevant work reported in the literature has been focused on the selective

deposition of tungsten (W) using tungsten hexa-carbonyl W(CO)s as the precursor [31]

[61] [60] [62] [100] [64] [17]. W(CO)sis a solid at room temperature and pressure and

so must be heated to 80~95°C in order to reach a vapor pressure large enough to deliver

~0.1 Pa of gas into the SEM. Heating the solid provides a convenient way of controlling

the gas flow, but W(CO)s is prone to condense in the delivery tubing making it necessary

to clean or change the tubing after almost every experimental run. In addition the

material deposited was shown by Auger analysis to contain over 70% of carbon, as well

as a significant amount of oxygen contamination. While the presence of carbon is not a

problem for mask applications, because it is a good UV absorber, the presence of the

carbon and oxygen significantly increases the resistivity of the tungsten rendering the

deposited metal unsuitable for circuit repair applications. The decision was therefore

made to change the precursor gas to WFg,
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4.2.2 Tungsten hexa-fluoride: WFg

Compared with W(CO)g, tungsten hexa-fluoride (WFy) is easy to use because it has a low

melting point (~ 2.5°C) and is thus a liquid at room temperature with a high vapor

pressure. It is therefore not necessary to heat the precursor and there is no chance of the

gas decomposing and depositing metal so blocking the delivery tubing into the SEM

chamber. However, WF; is highly toxic, requiring us to equip the SEM with a specially

designed gas extraction system to safely remove the gas from the laboratory. In addition

the fluorine released during metal deposition causes corrosion to the vacuum fittings and

electrical wiring in the sample chamber of the SEM and degrades and ultimately destroys

the vacuum pump oils. During this experimental work these problems were mitigated by

frequently changing the pump oils and carefully cleaning the sample chamber.

4.3 Experimental Procedure

4.3.1 Deposition with Tungsten hexa-carbonyl (W(CO)s)

Initially hexa-carbonyl (W(CO)e) precursor was employed for the deposition of tungsten

metal using the S-3500 VP SEM which has a thermionic electron emission gun. As

supplied W(CO)¢ 1s a white powder at room temperature and so it needs to be heated to
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inject the vapor into the SEM. The W(CO)s powder was ground in a mortar and pestle
and then put it in a 25ml glass flask, and warmed on a hot plate up to 80 C using plastic
tubing to connect the flask to the injection device. During the early trials the high
pressure generated in the glass flask caused the plastic tubing to pop out and become
unstable, so this arrangement was replaced with a 10ml metal cylinder and wrapped with
heating tape to avoid condensation due to the temperature variation of W(CO)s
Maintaining the temperature of the flow system within a small range was critical for
avoiding the blockage of the metal tubing due to condensation. If the temperature was
allowed to drop too low then the precursor condensed and caused a blockage. If the
temperature was allowed to get too high then the precursor dissociated in the delivering
tube rather than on the sample surface. At the end of every experiment, it was found
necessary to change the metal tubing due to the temperature drop caused by the blockage

that had built up.

4.3.2 Deposition with Tungsten hexafluoride (WFg)
Deposition using tungsten hexafluoride as a precursor proceeds in a similar way although

there are now no problems with the blockage of the delivery tube due to the condensation
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of tungsten as experienced when W(CO)s is used as a precursor. Auger spectroscopy
confirms that the deposited material is pure tungsten with only traces of carbon.
Depositions produced by slow (few milliseconds per pixel) line scans show line width
which are typically 100nm wide or more with a half-cylindrical cross-section. High
speed (few tens of microseconds per pixel) line scans i.e. smaller electron doses with the
same beam conditions (with effective dwell times of below 1pus/pixel), however, give
much finer lines as illustrated in Fig. 4.4 (a) and (b). Flyback of the incident beam
produced 15nm lines on the larger feature written at slower speeds. It is assumed that this
is due to residual WFq4 that remains for a short time on the substrate and is activated

during the flyback of the beam at the end of a scan frame.

4.4 Experiments for Pressure Effect

To study the effects of pressure on deposition, tetraethylorthosilicate (TEOS) and WFg
precursor were used to deposit tungsten and SiOx nanopillars. The growth was
performed at three different pressure regimes, 1x10°Pa (“low”), 3.6x107Pa (“medium”),
and 8x10~Pa (“high”) which were monitored by the Penning gauge that was attached to

the SEM. The localized pressure below the injector is likely 2-3 orders of magnitude
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Figure 4.4: Deposition with WFe_ (a) Tilted image of deposition with WFg
for 10 sec to 60 sec. (Beam energy:1 Kev, Current: 20 pA, Magification:45
K) (b) Very fine line of tungsten deposited by high speed scan.
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higher than the background pressure of ~7x10°Pa in the chamber [66] [58]. The beam
energy was 20 KeV and the beam current was measured using a Faraday cup mounted on
the sample stage for each pressure. Once the beam was accurately focused, the
microscope settings were not changed during the course of the experiment as shown in
figure 4.5. The beam current changed slightly during the course of the experiments and
the specific currents for the experiments were: for TEOS, Ifiraday=(3.78pA at 8x10’3Pa,
4.72pA at 3.6x107Pa, 4.68pA at 1x107Pa); for WFs, Iaay=(3.81pA at 8x107Pa, 3.77pA
at 3.6x107Pa, 3.83pA at 1x10”Pa). The magnification of the SEM during the growth
process was fixed at 50,000x, and the temperature of the substrate was fixed as room
temperature. The growth time was varied from 6 to 420 seconds and was changed in
increments of 10 seconds up to 1 minute, 20 seconds up to 2 minutes and then increased
by 1 minute up to 7 minutes. The deposition of SiOx and tungsten was done using the
spot mode of the SEM to grow pillars so as to see the height and aspect ratio distinctively.
The shapes and sizes of the deposited features were measured in situ by high-resolution
SEM imaging after the deposition was completed by tilting the specimen stage 60

degrees.
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Figure 4.5: The system set up for deposition with different pressure with

TEOS and W precursor gas.
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4.5 Temperature Dependence

Deposition of material using the EBID technique is based on an interaction between the

electron beam and the substrate. Energy transfer from the electron beam to the substrate

generates heat in the area where we wish to produce a deposit. This temperature rise,

added to the base temperature of the substrate plays an important role in determining the

growth rate of the deposition process. In this experiment, we performed depositions on

commercial chrome and quartz (Cr/Qtz) binary masks while changing the temperature of

the mask using Peltier cold stage (figure 4.6).

In this experiment, a piece of a binary mask was mounted on the cold stage using copper

tape to ensure good conduction of heat from the stage to the mask. The temperature was

varied from -20 to 70°C in increments of 10C, the deposition time for each box was 3

minutes with beam energy of 20 KeV in variable pressure mode with 50Pa of chamber

pressure.

4.6 Effect of Scan Mode of SEM

The scan mode is an important factor for determining the size of the feature of the

deposits. The “scan mode” of the SEM described the way in which the electron beam is
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Figure 4.6: Peltier cold stage connected to the sample holder of SEM for control

of temperature of the substrate.
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scanned (“rastered”) over the sample. In line mode the beam is scanned either once, or
repetitively, along a horizontal track. This can be accomplished over a wide range of
speeds ranging from about 10 microseconds per pixel up to tens of milliseconds per pixel.
In spot mode the beam remains stationary on a selected pixel for a chosen period time. In
scan mode the beam is rastered over a range of X and Y position at a chosen dwell time
(varying from lusec. per pixel (TV1) to 20 milliseconds per pixel (SLOW2) scan).
Therefore deposition with four different scan modes (Scanning speeds of the beam for a
line from the manual are TV=0.225sec/frame, SLOWI1=0.35ses/frame and
SLOW2=2sec/frame) has been experimented with the condition of 20KeV beam energy,
2.7nA of beam current pressure of 3.3x107 Pa, 10000x of magnification for 2 minutes of
beam irradiation. Figure 4.7 is showing that widths of the lines are changed with the scan

mode of SEM.
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Figure 4.7: Deposition of tungsten lines with different scan modes
(TV2, TV1, SLOW2, SLOW1).
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CHAPTER 5

RESULTS AND DISCUSSION

5.1 Characterization of W(CO)g Deposits

The thickness of the EBID metal films was measured in situ and during deposition by

performing energy dispersive X-ray microanalysis on them with the electron beam. The

procedure involved by measuring the ratio of the height of the tungsten M line peak in

the spectrum to that of a suitable peak from the substrate. Because the most convenient

X-ray emission from the tungsten is an M-line which exactly overlaps the silicon K-line

at 1.74 KeV, the decision was made to use germanium as the substrate material. This is

not expected to have any effect on the deposition process. Monte Carlo simulations

[Win-Casino version 2.0, Drouin et al.] [101] were performed to produce a calibration

curve for the thickness of the deposited tungsten as a function of the height of the

tungsten to germanium ratio in the X-ray spectrum.

55



5.2 Calibrating Layer Thickness

Fig. 5.1 (a) and (b) shows the results of deposition using a W(CO)s precursor. A series of

2.5um x 2.5 um tungsten boxes were deposited over a range of times varying from 5~30

minutes in 5 minute increments and using a 5 keV beam energy. Fig. 5.1 (a) is a SEM

micrograph of the six deposits with increasing W(CO)¢ exposure and Fig. 5.1 (b) shows

the EDS spectra acquired using a probe beam energy of 5keV, after each run, illustrating

how the germanium signal from the substrate decreases and the tungsten, carbon, and

oxygen peaks simultaneously increase with increasing time. In absolute terms it takes

about one thousand incident electrons to deposit one tungsten atom for W(CO)s case

( 1.6 picograms from 2.5uC incident dose), which is a relatively high efficiency process.

Auger spectra, Fig. 5.2 (a) and (b) recorded on a PHI 680 Scanning Auger Microprobe

also confirm that tungsten is being deposited. A quantitative analysis of the spectra shows

that the material consists of 12 atomic percent of tungsten and 70 atomic percent of

carbon, a ratio which is close to that of the precursor itself. The high amount of carbon

does not greatly disturb the efficiency of the deposit as a EUV absorber, but it does result

in a lower electrical conductivity and so W(CO)s chemistry is not a good candidate for

electric circuit repair where the high resistivity would slow device response. Auger
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Figure 5.1: Tungsten deposition with increasing time: (a) 2.5um x
2.5um tungsten box deposition using W(CO)s precursor. (b) EDS
spectra of deposits of Fig. 4.4 (a).
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Figure 5.2: Measurement of tungsten with W(CO)s precursor: (a) scanned

area for the Auger analysis, (b) Auger spectra from the PHI 680.
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analysis also shows that carbon contamination builds up around features that have

previously been written, probably as the result of residues of the precursor and

hydrocarbons in the specimen chamber. Therefore this carbon deposition degrades the

resolution of the deposited features.

The deposit thickness was derived from calibration curves computed from the ‘Win

Casino’ Monte Carlo simulation. This simulation package employs Mott scattering to

describe the electron interactions, an improved stopping power model corrected for low

energies, and the Casnati X-ray cross-sections and has been shown to produce reliable

data. The ratio of the tungsten (M) line to germanium (K) line (Fig 5.3 (a)) X-ray counts

is monotonically proportional to the thickness of the tungsten layer. Figure 5.3 (b) shows

the computed calibration curve for SkeV beam energy for the thickness of the tungsten

layer as a function of the Ge/W peak ratio. From the simulation, a ratio of Ge/W of 25 is

equivalent to a 3nm thickness and a Ge/W ratio of 2 is equivalent to a deposition

thickness of 15nm. This simple approach is therefore highly sensitive to the nano-meter

thickness deposits. In our simulation, carbon and oxygen components were not included

but this omission does not cause a significant error because these elements only cause a

small change in the X-ray absorption coefficient at the W L-line. This measurement
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Figure 5.3: Calculation of thickness by integrated intensity of X-ray
peak ratio: (a) X-ray analysis after W(CO)s deposition with beam
energy of 10 KeV for 5 minutes on germanium, (b) Ge/W peak ratio

versus tungsten thickness from simulation.
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thickness from simulation
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procedure is for rough estimation of W thickness since the ratio of tungsten in the film

was small compare to carbon and oxygen.

5.3 Growth Rate of Deposits

The growth rate of the deposition is the one of the important factor that must be

considered because it changes with every factor of the conditions employed such as

pressure, temperature, beam energy, beam current, precursor gas, and so on. Deposition

was studied in two different scan modes, spot and line, to compare the growth rate of the

tungsten deposition as shown in figure 5.4 (a), (b) and (c). The variation of the measured

height of the deposits is shown in figure 5.4 (c).

From the figures it can be seen that the growth rate falls with increasing time in both spot

and line mode depositions. In the case of the spot mode irradiation, the growth rate is not

linear with time, instead the growth is fastest initially but then falls as time increases.

This might be explained as being the result of heating the deposited material resulting in

a reduction of the sticking coefficient of gas on the surface and, therefore, a lower

effective supply of molecules for dissociation [17]. The growth rate of line features is

more difficult to quantify because of their large contact area compared to spot mode
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(b)

Figure 5.4: Deposition with WFg : (a) with spot mode for 10-60 sec.(beam
energy 1 keV, specimen current 3pA), (b) with line mode for 30-120 sec.
with 30 sec. increment (beam energy 1 keV, specimen current 3pA), (c)

comparison of growth rate with spot and line mode.
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depositions and geometry of the surface. Visually, depositions from WFg are very similar

to those from W(CO)s in both size and shape for equivalent beam conditions, but because

transferring WFs is much easier than W(CO)s this choice of precursor is now preferred.

A careful examination of areas of the substrate well away from written features showed

the presence of nano-sized particles. Scanning Transmission Electron Microscopy

(STEM) imaging of thin carbon substrates written with WFs confirmed that these

particles were dimer or trimers of tungsten spheres about 10nm in diameter as shown in

figure 5.5 (a) . These small particles were only observed when the experiment was

carried out with water vapor present from the metal cylinder connected to SEM during

the deposition. When employing W(CO)s as precursor this phenomenon was also absent.

This unexpected observation might provide an efficient new method to generate

nanoscale metallic particles for many uses.

An examination of thin deposited layers of tungsten using the STEM shows them to be

essentially amorphous in nature, with no indications of either grain structure or any

boundaries. This suggests that molecules that sticks to the surface do not migrate before

being decomposed by electrons, and also that the residue then stays fixed in position.

However, in areas deposited at high current densities there were indications of
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Figure 5.5: Image of tungsten clusters. (a) High angle annular dark field

image of tungsten clusters using Hitachi HD2000 at 200KeV. (b) Inverted
contrast bright field STEM image of tungsten line at 200KeV.
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small faceted regions which might be nano-crystalline in nature. These crystallites were

only 5 to 10nm is size and are quite small in number shown in figure 5.5 (b). These

features may be related to the background nano-particles found on the substrate away

from beam irradiated features even though their habit is different to that of the other

particles.

Figure 5.6 shows a typical example of a high angle annular dark field (HAADF) Z

contrast image of a tungsten line deposited on a thin carbon substrate. The high angle

angular dark field (HAADF) signal in the STEM is linearly proportional to the mass

thickness - that is to the product of the density (p) and the thickness (T) - and to the

atomic number (Z). A line profile across a feature therefore provides a cross-section of its

thickness profile. This confirms that the profile of a line as shown in figure 5.6 is close to

that of a half cylinder, rather than having rectangular faces. The width of lines written

with a slow scan speed is of the order of 150nm. This is much larger than the spot size of

the electron beam which was less than 20nm in diameter, but Monte Carlo calculations

show that the line width is comparable to the beam spreading suffered by the incident

10keV beam within the thin carbon substrate. At a fixed beam energy - here 10keV - and

beam current of 2 nanoamps the influence of total dose on the deposition profile when
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Figure 5.6: High angle annular dark field image of a deposited tungsten

line on carbon substrate, showing the line profile.
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using W(CO) precursor can also be measured from HAADF STEM signals as can be

seen in figure 5.6. Backscattered electron line profiles across the lines or squares have

intensity proportional to the thickness of the deposited layer. Such profiles in figure 5.7

show that the deposition initially grows quickly but then increases more slowly. The

thickness of the lines, and the overall dimensions of the nominally 1 micron by 1 micron

squares, however only rises very slowly with exposure. Growth is therefore confined

mostly to the vertical direction with little spreading in the lateral plane. The line width is

larger than the probe size but smaller than the beam interaction volume.

A plot of the deposition thickness as a function of time, or dose, derived from either X-

ray, or other, measurements display a log-linear relationship in our systems for W(CO)e

as shown in figure 5.8. Thus the deposition rate falls as the sample gets thicker. It is

assumed that the numbers of adsorbed gas molecules are reducing due to the heat

accumulated by energy transfer from the electrons as deposition mechanism procedure.

Some other workers in this field have reported a linear growth relationship under

conditions similar to ours but the reason for this difference is not yet clear.

It is assumed that the growth of their feature did not reach saturation time and showed

the linear behavior. It may be the result of current density in the beam, the presence or
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Figure 5.7: Growth at fixed energy (10Kev) and current (2nA) vs time.
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absence of electric fields, or process parameters such as the rate of gas delivery not being

totally controlled.

5.4. Role of Secondary Electrons (SE)

When viewed in cross-section at a high tilt angle both line and spot depositions show a

characteristically rounded profile. As seen before from figure 5.4 (a) and (b), neither the

width of the lines nor the base width of the spots increases with the beam dose, any

changes being confined to the vertical direction. This would be consistent with the

assumption that growth occurs as a result of secondary electron ionization of the

precursor. Secondary electron production will be maximized at the point of beam impact

and hence growth will be concentrated in the vertical direction. The width of the lines

would be determined by the flux of SE leaving the surface at each point. When this flux

becomes too small then growth ceases.

Many of the parameters and quantities needed to build a model describing how

secondary electrons produce deposition are not well known or known at all so some

guesses have therefore to be made. The usual assumption is that the ionization of the

precursor gas will have its maximum probability at relatively low electron energies,
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similar to the data (figure 5.9) shown for the impact ionization of hydrocarbons. Because

the scattering cross section 0 is proportional to inverse of the energy, namely 0~1/E,

secondary electrons (SE) which have an energy range of 1~50eV are the first candidates,

backscattered secondary electrons (BSE) which have an energy range of 50eV~ are the

second candidates and finally the primary electron (PE) with energy of larger than 1 keV

is the third candidate, for the electrons which contribute most for the deposition

mechanism. If this analysis is correct then secondary electrons would be the species

most likely to cause the ionization. We have studied this proposed mechanism by

applying a bias to the target substrate as shown in figure 5.10. If SE were indeed the

driving force for growth then positively biasing the sample should suppress SE emission

and so slow or stop the deposition. On the other hand, if we apply a negative bias to the

sample then secondary electrons will be repelled from the target and lead to an

enhancement of growth rate.

As seen in figure 5.10, the growth of the pillars was not affected significantly either by

positive or negative biasing. Furthermore, changing the bias also had only a negligible

effect on whether or not growth of a pillar was vertical. In fact all that is observed as the

bias is varied is a small decrease in tip radius and some bending of the growth axis. The
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Figure 5.9: Impact ionization data for hydrocarbons.
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Figure 5.10: Biased by 25volts positive and negative grew for 2min with
1 KeV.
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assumption that a positive bias would eliminate SE emission from the surface, and hence

stop any growth is not, in practice, correct. Under positive bias SE emission could still

continue but the emitted electrons follow the local field lines back to ground potential. In

this case the SE image would vanish, but growth stimulated by SE production at the

surface would continue. Consequently this experiment does not demonstrate at all

whether or not SE are the species most important for the growth of the deposit. In any

case it is likely that the other electrons, BSE and PE, must also play a role to the

deposition

5.5 Biasing Effect on Box mode Deposition and Etching

The trajectory of SE and BSE which comes out of the surface of the biased substrate with

energy of 50eV and 200eV respectively is shown in figure 5.11 We can see that the SE

trajectory from the surface recaptured onto the surface again from figure for positive

180V biased trajectories of SE and BSE are all repelled for negatively biased case. This

tells that the deposition or the etching be will be affected by the retracted SE and growth

or depth profile will vary under different bias condition of the substrate. We can also

estimate the deposition rate and etch rate will increase when positive bias is applied to
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Figure 5.11: Simulation of trajectory of SE and BSE under positive 180 volt of

potential applied on 1x1cm® box in SEM with two different emission energies.
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the substrate compare to the no bias case and positive bias will decrease deposition or no

change in rate compared to no biased case.

As seen in figure 5.12, etching profile is showing that deeper etching when positive

180V was applied than no bias with 90nm and 50nm respectively. For the negatively

180V biasing is showing that the depth with about 20nm and 50nm less than that of no

biased etching. The reason for two different etching with opposite sequence of biasing

from the injection needle is to distinguish whether it is the effect of pressure or the effect

of given bias. From the figure 5.12 (b), (c) the etched depth changes with the relative

bias and this means that the difference of the depth profile is due to the bias not by the

gas pressure.

The tungsten deposition of the box also been carried out under different bias as seen in

figure 5.13 with same bias as etching. It is showing that growth of the box under the

positively 180 biasing is about 30nm higher than that of no biasing and about 20nm less

in case of negatively bias from the AFM scan as seen in figure. From the etching and

deposition experiments, etching under the bias is showing distinctive variation than

deposition under bias. The reason for this seems to be the affect of the SE from the side

wall of the front of etching site. During the etching with positively biased, SE or BSE
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Figure 5.12: Biased by three different biases in box mode. (a) 4x4um’ box
etching with -180 volt, no bias, and +180 volts with 5KeV for Iminute. (b)
Depth profile measured with AFM of upper three. (c) AFM of bottom three.
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Figure 5.13: Biased by three different biases in box mode. (a) 4x4pum’

box deposition with -180 volt, no bias, and +180 volts with 5KeV for
30minutes. (b) Depth profile measured with AFM of upper three.
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generated from the surface will hit the front side wall of etched site and will generate SE
or BSE. Therefore the number of recaptured SE and BSE in etching with positively

biased is higher than that of deposition under no biased and negatively biased etching.

5.6 Pressure Effect

Figure 5.14 and 5.15 show SEM images of deposits of SiOx and tungsten from TEOS
and WF¢ precursors respectively, at three different chamber pressures. From high
resolution imaging of each fiber (figure 5.14 and 5.15), the heights and widths of each
nanofiber were measured (figure 5.16 and 5.17) and the total volume was calculated
(figure 5.18). Figure 5.16 illustrates that the height of the fibers increases with growth
time and with increasing precursor pressure.

In general, the growth rate of the TEOS fibers is ~2x faster than WFs at the same
measured background pressure. While the growth rate is known to saturate due to
electron beam heating [98], the fall-off in the WF, fiber growth rate for the 8x10™ Pa
pressure after 300 seconds is believed to be due to fluctuations in the WF¢ pressure

during growth.
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Fig. 5.14. Growth with TEOS Precursor gas with the pressure of
(a) 1x10Pa (b) 3x10° Pa (c) 8x10°Pa
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Figure 5.15: Growth with WF¢ precursor gas with the pressure of
(a) 1x10°Pa (b) 3x10° Pa (c) 8x10°Pa.
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From the figure 5.14, growth of SiOx used by TEOS precursor shows cone shape
growth and, as the pressure becomes higher, the end radius of the deposits get smaller.
From the figure 5.15, growth of the tungsten used by tungsten hexafluoride (WF¢) shows
an almost cylindrical growth habit and as pressure gets higher the end radius of the
deposits also gets smaller and saturates at lower times. This difference in shape between
the two materials can be understood in relation to the beam interaction volume. The
shape of interaction volume depends on the electron beam energy and the deposited
target material.

Figure 5.19 shows the interaction volume plots of electrons at 20keV from Monte Carlo
simulations, which demonstrate that the interaction volume of SiOx is much larger than
W at the same energy. The electron range depends inversely on the density of the
material and so the interaction volume in W (p=19250/kg-m™) is much smaller than that
in Si0, (p=2330/kg-m™). We can estimate the electron inelastic scattering range with the
density of the material using Kanaya-Okayama Range formula given in equation (5.1).
The calculated ranges were Rio(W) = 851nm and Ry,(Si0;) = 4720nm for tungsten and

Si0, bulk sample, respectively.

87



o

338.0nm

t}‘ ~300 nm

-2218nm 110 1% i 1103 nm

(a) (b)

Figure 5.19: Monte-Carlo simulation of interaction volume with the beam energy of
20KeV for bulk substrate. (a) SiO, (b) Tungsten.
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Rio=(0.0276AE,"7)/Z2"*p (5.1

The depth of the interaction volume for SiOy is about 3pum and about 300nm for W from
the simulation. The pillar morphology is related to the effective interaction volume in the
nanopillar. Shallow interaction volumes lead to the production of cylindrical shapes and
while larger interaction volumes lead to more conical structures. As the effective
interaction volume approaches the pillar height, a cylinder is formed. From figure 5.14
and 5.16, it is seen that in the deposition of SiOy at a gas pressure of 1x10°Pa the
interaction volume is not reaching the height of 3um therefore the shape remains as cone
type. With the pressure of 3.6x10”Pa and 8x107Pa, it is seen that 3um height is achieved
at ~330 seconds and ~120 seconds respectively. We can see that the shape of the SiOy
deposit at the base is changing from conical to cylindrical around these time regime with
the pressure. This indicates that it is scattered electrons in the interaction volume that
defines the shape of short time regime deposits until interaction volume emerges from
the substrate and the shape of top end of the pillar.

Figure 5.17 plots the fiber diameter as a function of precursor pressure and growth time

for WF¢ and TEOS grown fibers. From figure 5.17, one notes that the fiber diameter
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saturates at different times and values as a function of precursor pressure. One important

observation is that while the pillar diameters change with pressure, the point at which

they saturate for tungsten and SiOx occur at similar heights for both materials. For

instance deposition of SiOy saturates at a height of around lpum for all pressure and

deposition of tungsten saturates at around 0.3um for medium and high pressures, and

0.5um for low pressure. This shows that the lateral growth saturates at a similar height in

three different pressures. We can assume that the effective interaction volume is

completely in the nanofiber and the scattered electrons confined in the interaction

volume limit the lateral growth.

As seen in figure 5.16, the vertical growth of SiOx is proportional to the pressure of

TEOS and WF¢ and the growth behavior is similar to that reported previously [17] [32]

[20] [50] [98]. The plots show linear growth for lower times and the overall growth rate

at low times are proportional to the growth pressure; at low pressure the rate is 2.3nm/sec,

at medium pressure the rate is 8.6nm/sec and at high pressure the growth rate is

21.6nm/sec For the high pressure, the growth rate reduces after 3 minutes from

21.6nm/sec to about 10.1nm/sec. It is suspected that at these long growth times, there is a

reduction in the surface population of gas molecule due to electron-beam-induced
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heating (EBIH) as described by Randolph et al. [98]. Figure 5.16 (b) shows the growth

rate of the tungsten nanofibers from WF¢ From figure 5.16, the growth rate is

proportional to the WFg pressure; at low pressure the growth rate is 2.6nm/sec, at

medium pressure the growth rate fluctuated but had an average growth rate of 8.2nm/sec,

and at high pressure the growth rate is 9.6nm/sec.

When the heights of the pillars are compared the lateral growth saturation begins for the

SiOx pillar height the width saturate at around 1pum and for the W pillar the height that

the width saturates is around 0.3pum.

Monte-Carlo simulations of the interaction volumes in the pillar based on the material

and diameter from the experiment were performed and compared with the tip of the

deposits as shown in figure 5.20 and 5.21. The conditions for the simulations are 20 KeV

beam energy, 1000nm of the fiber height, and use of 3000 electrons. The result shows

797nm and 723nm as the average final axial position for SiOx deposits and careful

measurement of real deposits show that the tip curvature start around 590nm and 470nm

with the width of 400nm and 350nm. For tungsten deposits, the average axial positions
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Figure 5.20: Monte-Carlo Simulations of the effective interaction volumes in the
pillars with 20 keV beam energy: (a) 400nm in diameter and 350nm in diameter for
Si0;, fibers.
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Figure 5.20: continued.
(b) 250nm, 170nm in diameter for tungsten fiber.
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Figure 5.20: continued.

(b) 130nm in diameter for tungsten fiber
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(a) (b) (c)

(d) (e)

Figure 5. 21: Measurement of the top curvature height of the pillar
for each pressure with (a) 1x107Pa (b) 3.6x10~*Pa (c) 8x10~Pa for
tungsten and (d) 3.6x107Pa (¢) 8x10~Pa for SiOx EBID deposits.
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of the pillars are 116nm, 102nm, and 95nm, the height of real deposits are 208nm,

154nm, and 118nm with the width of 250nm, 170nm, and 130nm. The simulation shows

that the interaction volume in the pillar defines the shape of the pillar tip and is in good

agreement with the both materials even with the small number of the electrons. This

confirms that the interaction volume in the pillar is shorter than that in bulk materials

because the pillar cannot confine the interaction as occurs in the bulk material.

Figure 5.22 shows the simulated growth of a cylinder from the substrate using 900,000

electrons, resulting in 8nm high growth. This is too small a dose to grow the pillar to a

height at which lateral growth has saturated, but carrying on the simulation to this level

would have required excessive computing time. The growth behavior of SiOx is

predicted to be linear as is found experimentally, but for tungsten deposition, it also

shows as similar growth behavior up to about 12nm as shown in figure 5.22 (c). To help

save time the pressures used for the simulations were 40Pa for SiOx and 120Pa for

tungsten deposition, values which are about 1000 times higher than those used

experimentally. The comparison of the height of the simulation and experiment differ by

a factor of about 100 times and this reflects the difference in electron dose. The value of

this simulation is that we can determine what type of electrons (e.g. SE (secondary
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Figure 5.22: Three-dimensional simulations of the electron beam induced
deposition with (a) TEOS precursor gas with the pressure of 40Pa with
electron does of 300K, 600K, and 900K. (b) WF precursor gas with the
pressure of 120Pa. with electron dose of 300K, 600K, and 900K.
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Figure 5. 22: continued (c) Simulated growth rate of SiOx

and tungsten EBID process with electron dose for simulation
is up to 900K with the pressure of (40 Pa).
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electron), BSE (backscattered electron), FSE (forward scattered electron), and PE

(primary electron)) will contribute to the deposition mechanism.

These experiments show that the interaction volume of the electron plays a critical role in

defining the width and shape of the pillars grown by electron beam induced deposition.

The interaction volume in the substrate is related with the width of the pillar and

interaction volume in the pillar (effective interaction volume) is related with the tip shape.

From a comparison with the simulation, we could possibly estimate the pillar sizes and

tip shape for the further deposition with variable beam conditions, materials, and

pressure with the simulation.

5.7 Effect of Scan Speed of SEM

The scan speed is important for determining the size of deposited feature. From figures

5.23 (a) and (b), the channels from deposited at the faster scan mode (TV1) to slow scan

mode (SLOW2), show that the line width is changing about 0.02 pum from TV1 to TV2,

0.03 um from TV2 to SLOWI and about 0.5 pym from SLOW1 to SLOW2 scan mode.

As mentioned from the chapter 4 in figure 4.9, the large deposition occurs at the

beginning of the line deposition at the position where the beam dwells after flyback.
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Figure 5.23: Different scan modes deposition: (a) line depositions of
tungsten with four different scan modes (TV1, TV2, SLOWI1, SLOW2).
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Figure 5.23: Continued
(b) Line width variation due to the scan modes of the SEM.
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This variation is possibly due to the supply rate of the gas on the injector line after each

scan. For a faster scan rate such as TV2, the precursor gas will supply enough precursor

molecules on each scan to deposit on the line. But for slow scan rates such as SLOWI,

the line becomes thinner and narrower than for the TV2 rate because the gas flux is

insufficient to continuously support the initial growth rate. For the accurate feature size

deposition, optimizing of the scan mode speed and gas supply seems to be necessary. The

electron dose deposited on a line for 2 minutes can be calculated as 3.2uC (TV), 1.63uC

(SLOW 1), 1.62uC (SLOW 2). This shows that the electron dose deposition required for

the TV mode is larger than that required for SLOW but not a big difference for SLOW1

and SLOW 2 mode as the experiment.
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CHAPTER 6

PRACTICAL APPLICATIONS

6.1 Mask Repair

The benefits of easy manipulation, controlled deposition, and selective etching provided

by the technique of EBID are potentially of importance for application to the

semiconductor and nanotechnology industries. Possible uses of EBID are mask editing

and repair, mask fabrication, IC modification and chip repair, the production of nano-tips

for scanning tunneling microscope (STM), and atomic forced microscopy (AFM), field

emitter sources, electrical contacts for nano-bio applications, 3D nanostructures, and

more. In this section work on mask repair for chrome and quartz (Cr/Qtz) binary mask

and multi-layered extreme-ultraviolet (EUV) mask using EBID will be described.

6.1.1 A Brief Explanation of Mask Repair

Photolithographic masks are used for patterning features on circuits and their principle is

illustrated in figure 6.1. Descriptions of the types of masks commonly used commercially

arc:
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Figure 6.1: Brief schematic explanation of mask and pattern develop.
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* Chrome Masks. (Binary Chrome on Quartz)

The 5 or 6-inch chrome on quartz photo mask is still the most commonly used. This

mask is suitable for both visible and UV radiation and can fabricate features down to

about 150nm. There are potentially two types of defects, opaque and clear in such masks.

Clear defects are areas where the chrome is missing and must be replaced. Opaque

defects are regions which are supposed to be clear, but which have chrome on other

materials on them that must be removed. Critical repair issues for chrome photo-masks

include charge neutralization, edge placement accuracy, quartz damage, and transmission

after repair.

* Phase Shift Masks (PSM).

Chipmakers have strong economic incentives to try to extend stepper operation beyond

their present resolution limits which are set by the Abbé diffraction limit. One current

approach employs phase-shifting of the illuminating light in the exposure tool to cause

destructive interference at the wafer plane. The “null” from such a destructive

interference can be made arbitrarily narrow so allowing the tools to print smaller features.

Many types of phase shift masks have been proposed but the most popular type today is
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the embedded shifter or halftone mask, in which a semitransparent film is employed to

simultaneously reflect and phase shift the illumination.

A typical example of an embedded shifter mask is one using molybdenum silicon oxy-

nitride (MoSiON) as the absorbing material instead of chrome. MoSiON transmits a

small percentage of the light and also shifts the phase of transmitted light by 180 degrees.

This phase-shift technique is not as powerful as some others, but is the simplest to design,

write, inspect, and repair.

* Optical Proximity Correction (OPC) masks

OPC is used to improve print results by distorting or modifying features on binary or

phase-shift masks in an attempt to compensate for error caused by proximity effects.

Usually OPC adds serifs to the ends of lines and shape distortions in critical areas where

adjacent lines come close to each other. These OPC features are, in practice, optimized

empirically and so during the early stages of developing a mask it is frequently necessary

to change details of the OPC. The use of EBID greatly facilitates this effort. Otherwise

OPC techniques do not create any major changes in the way these masks are repaired.
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* EUV Multilayer mask

EUV Lithography is a projection technique using a reducing optical system (4X) and

employing illumination in the soft X-ray regime (10-20nm). Reflectivity at EUV

wavelengths is obtained by coating the photomask substrate with metal or compound

multilayers. The usual photomask blank consists of a silicon wafer substrate coated with

40 pairs of Mo and Si layers with thicknesses of 3nm to 4nm. This multilayer (or ML) is

designed to maximize reflectivity at a wavelength of 13.4nm. Typically, two types of

defects are encountered on ML masks; the presence of metal where none is required

(opaque defects) or the absence of metal where it is needed (clear defects). For opaque

defects; it is necessary to remove excess material by etching and for clear defects; it is

necessary to deposit material to reconstruct the desired pattern.

6.2 Repair of Binary and EUV ML Mask

The techniques discussed earlier have been applied to the repair of chrome on quartz

binary masks. The first step is to clean the area by etching around the edge of the defect

area in the original pattern with XeF, using the SEM in variable pressure operating mode

at 25Pa chamber pressure. The conditions typically employed for this etching were beam
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energy-20KeV, magnification-25000x for line mode and 90000x for spot mode, beam

current measured as specimen current-1.65nA, beam irradiation time for spot-2 minutes

and for line-5 minutes using the “slow 2” ( 2sec/line scan) scan mode. The repair was

then completed by performing EBID at the area which had previously been etched away.

All the conditions were the same except for the beam current which was increased to

4.14nA and the exposure time which was changed to 10 seconds.

As shown in figure 6.2, after completion of the process the repaired area does not show

well defined edges and the variation in the BSE image brightness for both spots and lines

suggests that the thickness of the repair exceeds that of the original material. This may be

the result of many factors such as different growth rates at the cleaned edges of the

original pattern, charging of the quartz substrate by the incident electron beam, beam

shifts which occur as a result of the charging, and the irregularity of the shape of defect.

Similarly it was also found that the end of the repaired line was always brighter in the

image than elsewhere, again implying thicker deposition at that point, probably because

the scanned beam dwells longer at the start of each raster as shown in figure 6.2.

As a second example a repair of a TaBN//Mo-Si ML/Si EUV as shown in figure 6.3

(patterned with 70nm TaBN on 80 of multi-layers made with 40nm thickness of Mo and
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Figure 6.2: Clear defect repair of Cr/Qtz binary mask using EBID.
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Figure 6.3: Clear defect repair of TaBN//Mo-Si ML/Si EUV mask.
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Si on Si substrate) mask was attempted. This repair was done in high vacuum mode

with a beam energy of 10Kev, a beam current of 2.05nA, magnification of 12000 for 10

second of deposition for the spot and 5 minutes for the edge with box mode in “TV 17

(TV=0.225s/1 line scan) scan. This repair also resulted in a blurred outline for the

repaired areas. For the EUV multi-layer masks, the consistency of the thickness of

repaired material is critical for maintaining the same reflectivity of the beam source. If

uniformity is not achieved then the result will be a printable defect, possibly requiring a

final erosion step in order to make the repair acceptable.

Electron beam induced etching was also performed on TaBN (70nm)/ML EUV mask to

demonstrate the repair of opaque defects in the absorber layer pattern. White crystalline

XeF, was used as the precursor for the etching process. 2 KeV beam energy was chosen

to minimize the electron interaction volume not to affect the ML layer and to get slower

etch process.

The energy dependence of etch mechanism is not clear and the data presented here

differs from the studies of others. The etch rate increases with beam energy was reported

by Wang et al. [102] and Fujioka et al. reported oppositely [103]. 1 KeV measurement

have been done by Boegli et al. [104], Liang et al. [105], and Edinger et al. [106]. The
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use of low beam energy such as 1 KeV protects the multilayers of the mask from the

deeper etching caused by higher beam energy and allows finer edge resolution.

Because it was difficult to get a small probe size when using our Hitachi 3500N VP-SEM

at 1 KeV beam energy, 2 KeV was used as a substitute and 12 pA of beam current was

employed to etch the TaN absorber layer of EUV mask with 0.2 Pa pressure and a

varying spot exposure time with one spot for 5 seconds and 1 minute to 5 minutes as

seen in figure 6.4.

It can be seen from the figure 6.4 (b), where the beam exposure time was only 5 seconds,

that not only the absorber layer, but also the SiO; buffer layer, were completely removed.

In practice it is difficult to know that whether or not the reflective multilayers have been

removed or attacked. A 2 minute etch in box scan mode (Ipm x 1um) resulted in an

etched area circular in shape. This is clearly caused by the SE and BSE emitted from the

surface across the width of the interaction volume about the point of incident. Using low

beam energy as (1 KeV) for repair improves the shape by reducing the interaction

volume but we were forced to used 2 KeV for the clarity of image.

An application of the “Win Casino” Monte Carlo simulation [101] confirms (figure 6.5)

that the width and depth of interaction volume at 2KeV beam energy is only about 25nm.
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Figure 6.4 : Etching of TaN absorber layer with (beam energy 2 KeV, beam current 0.02
nA in 0.2 Pa pressure) (a) different times (b) 5 seconds (c¢) 20 seconds and (d) box mode

with 2minutes.
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Figure 6.5: Simulated interaction volume with 2KeV beam energy in TaN

absorber layer on EUV mask blank by “Win Casino”. [101]
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The optimum choice of etching time will not penetrate the oxide buffer layer and will

protect the Mo/Si multilayer from etching when repairing opaque defects.

To control the procedure mere affectively the etch rate of the TaN absorber material

under electron beam erosion was determined experimentally for suitable set of beam

conditions (2 KeV, 53pA current) (figure 6.4).

A rate of ~17nm/min was determined for the conditions, we can estimate that etching

process will not attack the S0nm deep SiO, buffer layer for the chosen exposure time. For

the experiment at 1 KeV beam energy, the etch selectivity of TaN vs SiO; is 20:1 [105]

and this seems adequate to protect the ML when using 2 KeV electrons. The shift of the

etched area about 200nm to the left visible in the image (figure 6.6) may have been

caused by instability of electron optics in our SEM.

6.2.1 Repair of Binary Mask Substrate

The charging of the mask substrate is an important problem to overcome during the

repair of chrome on quartz binary masks because charging results in a deflection of the

beam so distorting the deposition shape, the size or position of the pattern, or sometimes

even physically damaging the original pattern. For this reason, experiments to reduce
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Figure 6.6: Etching with 0.2 Pa ambient pressure using XeF, with 2KeV beam

energy, 53 pA of beam current for 4 minutes of box mode.
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charging were performed by changing the pressure of the chamber when operating in the

variable pressure mode of the SEM. When SE from the sample travel through the

gaseous environment, collisions occur between an electron and a gas molecule which

result in the ionization of the gas molecules and the formation of an ionization cascade.

The positively charged gas ions are attracted to the negatively charged specimen and so

compensate the effect of the potential that has been acquired. Experiments were done at

20KeV beam energy using 5 minutes exposure time, 4000x magnification, with TV2

(TV=0.225s/1 line scan) scan mode, and changing the pressure from 50 Pa to 250 Pa in

increment of 50 Pa, 2um x 2um square depositions were made as shown in figure 6.7 (a).

As the pressure is increased from 50 Pa two changes are evident. The thickness of the

deposit, as judged from the image brightness falls steadily. Since an increase in gas

pressure leads to a fall in the severity of surface charging, this indicates that negative

surface potential enhances the deposition rate possibly by increasing the SE yield. At the

same time the edge definition of the pattern initially improves — suggesting that the

reduction in charging improves beam stability — but then degrades as beam scattering

becomes significant. And temperature affect of the deposition were tested (as shown in

figure 6.7 (b)) changing from -20°C to 60°C. It showed the deposition is better in low
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Figure 6.7: Deposition of tungsten on quartz. (a) with variation of

pressure (b) with variation of temperature.
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temperature due to the longer resident time of the gas molecules on the surface of the

substrate by looking the brightness of the deposits.
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CHAPTER 7

CONCLUSION

The objective of this research was to develop and investigate the properties of electron

beam induced deposition (EBID) with the ultimate aim of repairing advanced

lithography masks. A gas injection system facilitates deposition in a commercial SEM

was constructed and it was confirmed that a commercial SEM could be employed for

EBID of metal on a substrate. Parameters such as beam energy, beam current,

temperature, pressure and scan rate which can affect the growth of metal have been

studied, and the application of the technique to mask repair has been demonstrated.

The studies performed show that controlling the environment to ensure the proper shape,

size, and thickness of objects fabricated by EBID is not an easy task. It is related to so

many factors such as the gas injection flow rate, the geometry of the injection system, the

properties of the precursor gas, the target materials, and to the interaction mechanisms

between the electrons and solid. SEM chamber conditions and the substrate temperature

also exert a significant effect. Therefore controlling deposition on the nanometer scale to

ensure the desired shapes and sizes requires well designed equipment and precisely
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calculated conditions.

The study performed here on the repair of masks showed that there are many additional

factors, depending on the type of mask, which must also be considered. For chrome on

quartz binary masks the effect of charging is a severe limitation because the electric field

around the charged area affects the growth of material and so can prevent an effective

repair. For the repair of phase shift masks, the thickness of the repaired site has to exactly

match that of the original pattern in order to produce the same phase shift of the light

source.

To achieve successful mask repair it is therefore necessary to have an understanding of

how the precursor gas pressure reduces the charging effect from the electron beam and to

acquire more sensitive control of the electron beam time during the raster scan of the

area to ensure the proper electron dose for the repair. In future work on using of EBID

fabrication for mask repair, it will be important to monitor the hardness and adhesion

properties of the deposit in order to optimize the life time of the repaired masks. A

variety of types of repair techniques will need to be developed for different types of

masks based on their properties.

The studies described in this thesis were focused on the basic techniques needed for
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repairing masks using EBID but further studies are needed to achieve better spatial
control of the deposit or to provide better predictions of the deposition process using
EDID. The future development of precise, and predictable, repair strategies will require a
full understanding of the role of electrons (PE, SE, and BSE) and their contribution to the

growth mechanism.
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