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Summary

Continuous downscaling of transistor feature size in integration circuits has been needed in
order to produce faster circuit speed, higher chip functionality and lower production cost.
Device speed increases with shortening of the channel length but this leads to issues with
interconnect resistive-capacitive (RC) delay. Interconnects have evolved from being aluminium
(Al) based to copper (Cu) due to the reduced resistivity in bulk Cu. However, due to the
continual decrease in the feature size of Cu interconnects, the physical limitation of the size

effect, there is a significant increase in resistivity.

The aim of this industry-led project was to understand which factors contribute to this
resistivity increase. The project was a collaborative effort between our group, and both Prof.
Boland’s group (most particularly Dr. Xiaopu Zhang) and the Intel researcher-in-residence Mr.
Peter Gleeson, who focused on analysing the surface through Scanning Tunneling Microscopy
(STM) and measuring the resistivity of Cu nanowires through Conductive-Atomic Force
Microscopy (C-AFM), respectively. My work focused on the in-depth analysis of the grain
boundaries and interfaces of the Cu film using Transmission Electron Microscopy (TEM) and
Scanning TEM (STEM) characterization to correlate the structure of the Cu interconnects to
the physical behavior, more specifically to find the link between size and resistivity increase.
These objectives shifted due to the demands of the industry partner, Intel, as it became more
important and challenging to achieve high-resolution data analysis of the Cu films and
nanowire (NW) grain boundaries and interfaces. The focus shifted to optimising the lamella
preparation technique to provide the best possible S/TEM imaging for complementary data to
the STM and C-AFM. This project work was primarily focused on lamella preparation

techniques for TEM imaging and analysis.

This thesis discusses a variety of sample preparation techniques for the TEM of physical
vapour deposition (PVD) grown Cu films and nanowires (NWSs). The overall aim of this work
was to create and develop lamella preparation techniques, which enable high-resolution

S/TEM imaging and analysis of Cu films and NW microstructure.

Focused ion beam (FIB) milling was used to prepare lamellae of a 40 nm Cu film on silicon
dioxide (Si0O,), a 50 nm Cu film on a tantalum (Ta) barrier layer and 100 nm Cu NWs on a

proprietary barrier layer. All are deposited on a silicon (Si) substrate.



Cross-sectional lamellae were prepared and the technique optimised for the 40 nm Cu film on
SiO,. These lamellae were prepared using an established wedge technique combined with low
kV beam milling. S/TEM imaging was used to highlight the quality of the lamellae prepared by
obtaining high-resolution images of the sample. The grains, grain boundaries and film
interface were analysed using Energy Dispersive X-Ray (EDX) spectroscopy. Damage was
experienced by the lamellae due to the electron beam at 300 kV accelerating voltage. A
damage study of the Cu film was recorded at both 300 kV and 80 kV. This damage was a

reflection of the quality of the evaporated Cu film.

Cross-sectional lamellae of 50 nm Cu on 7 nm Ta were also prepared using low kV FIB milling.
Due to the high quality sample preparation, the lamellae were imaged using aberration-
corrected STEM imaging. Through this imaging the Cu grains and complex grain boundaries
were detected. Electron energy loss spectroscopy (EELS) analysis of the lamellae was used to
calculate the absolute thickness of the lamellae with an approximate value of 30 nm. Twin
boundaries running parallel to the Cu film were identified and the slight misalignment of 1 —2°
causing the incoherency between the grains was potentially linked to the out-of-plane rotation

at the surface observed by STM analysis.

Various plan-view lamella preparation methods were executed using predominantly low kV
FIB milling of the 50 nm Cu film on 7 nm Ta. These varied from side-view mounted with low kV
milling, hydrofluoric (HF) acid etched Cu film and in-situ xenon-fluoride (XeF,) etched Cu film
accompanied by a final low kV FIB polish. From this, grain size, grain boundary misorientation
and texture of the film surface could be identified through Transmission Kikuchi Diffraction
(TKD) of the plan-view lamellae. High-resolution S/TEM imaging of these plan-view lamellae
confirmed the high quality, low amorphisation and minimal damage achieved by these
preparation methods. Analysis of the plan-view lamella led to a potential correlation between

the “zipper” like grain boundary structure characterised by STM analysis.

Site-specific cross-sectional lamellae of 100 nm Cu NWs were prepared by low kV FIB milling.
High-resolution S/TEM imaging of these Cu NWSs was achieved. Similar grain boundary
features were discovered within these NWs including twin boundaries. Grains rarely ran the

depth of the film with a mixture of grain size and shape evident throughout.



Micron-sized mounds formed on the surface of annealed Cu films were observed after
exposure to temperatures of 300 — 400°C. These mounds were successfully cross-sectioned
using FIB milling and it was observed that the internal structure, a trapezoidal shape bounded
by the Si (111) and Si (100) planes, was similar to that reported in the literature. To confirm
whether the mounds formed were an intermixing of Cu and Si forming CusSi, a lamella cross-
section for TEM was successfully prepared. HRTEM imaging and EDX analysis were performed,
confirming the intermixing of the film and substrate along with the migration of the barrier

layer to the mound surface.

In order to achieve real-time observation of these mound formations, an alternative in-situ lift-
out procedure using FIB milling was developed and optimised for the preparation of lamellae
for in-situ annealing in the TEM. This technique combined for the first time the use of rotating
microgrippers for lift-out and thinning, and a unique adhesive substance, SEMGlIu, during the
lift-out procedure, instead of the traditional micromanipulator needle and platinum (Pt) weld.
Lamellae were successfully mounted onto a MEMS device for in-situ TEM annealing
experiments without damage to the MEMS. HRTEM imaging of the polished lamella verified
that this method can produce high quality lamellae comparable with regular in-situ lift-out

procedures.
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Abstract

A variety of sample preparation techniques have been developed and optimised for PVD grown Cu films
and Cu NWs. These techniques include traditional cross-sectional preparation, plan-view preparation,
site-specific cross-sectional preparation and in-situ lamella fabrication technique for in-situ annealing
within the TEM. These techniques have been developed to obtain high-resolution S/TEM imaging and
analysis of Cu film and NW microstructure.

Cross-sectional lamellae of 40 nm Cu film on SiO, were successfully prepared through low kV FIB milling
and the employment of an established wedge technique. HRTEM and STEM imaging of these lamellae
determined the various grain and grain boundaries present within the Cu film. TEM imaging was
performed at both 300 and 80 kV due to the damage experienced by the Cu film at higher accelerating
voltages. This was determined to be due to the fact that the evaporated Cu film was of poorer quality to
the sputtered 50 nm Cu film on 7 nm Ta later analysed.

Cross-sectional lamellae of 50 nm Cu on 7 nm Ta were successfully prepared to a very high quality with
minimal damage, uniform crystallinity and little amorphisation. From this high-resolution aberration-
corrected STEM imaging and analysis was achieved. Atomic resolution imaging of the Cu film revealed a
complex grain boundary mixture of tilt and twist and twin boundaries running at an angle and also
parallel to the film surface. Slight misalignments of 1 - 2° within these parallel twin boundaries could
potentially be contributing to the out-of-plane rotation of grain boundaries on the film surface detected
by STM analysis and simulations. EELS obtained were used to determine the absolute thickness of
lamellae with approximate values of 30 nm.

Plan-view lamellae of 50 nm Cu film on 7 nm Ta were successfully prepared through various alternative
techniques including side-mounted low kV milling, HF etching of the Si substrate to remove the Cu film
and in-situ XeF, etch with the FIB to remove the Si substrate. HRTEM imaging of these lamellae was
obtained and the grain size, misorientation angle and texture was analysed through TKD. This confirmed
the predominant surface grain orientation being [111] corroborating STM analysis.

Site-specific lamellae of Cu NWs were prepared using low kV FIB milling. High-resolution S/TEM imaging
of these Cu NWs was achieved. Similar grain boundary features were discovered within these NWs
including twin boundaries.

Finally, in order to achieve real-time observation of CusSi mounds formed during annealing of the 50 nm
Cu film on 7 nm Ta, an alternative in-situ lift-out procedure using FIB milling was developed and
optimised for the preparation of lamellae for in-situ annealing in the TEM. This technique combined for
the first time the use of rotating microgrippers for lift-out and thinning, and a unique adhesive
substance, SEMGIlu, during the lift-out procedure, instead of the traditional micromanipulator needle
and Pt weld. Lamellae were successfully mounted onto a MEMS device for in-situ TEM annealing
experiments without damage to the MEMS. HRTEM imaging of the polished lamella verified that this
method can produce high quality lamellae comparable with regular in-situ lift-out procedures.
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1. Introduction

Gordon Moore, one of the founders of Intel, predicted in a paper published in 1965 that the
number of components in an integrated circuit (IC) would double every two years. [1] This is a
law, which has been the touchstone of the semiconductor industry to this day, with the law
holding true for much longer than originally hypothesized. As can be seen from the transistor
count graph in Figure 1.1, this trend has continued successfully, with a reported 19.7 billion

transistors per commercially available single-chip processor in 2017.[2]

Moore’s Law — The number of transistors on integrated circuit chips (1971-2016)
Moore's law describes the empirical regularity that the number of transistors on integrated circuits doubles approximately every two years. bt
This advancement is important as other aspects of technological progress — such as processing speed or the price of electronic products — are

strongly linked to Moore's law.

20,000,000,000

1BM 13 Storage Controller.

10,000,000,000 18-core Xeon Haswell-E5 SPARC M7 )
Xbox One main SoG, 22-core Xeon Broadwell-E5
5,000,000,000 61-core Xeon Phi ~8 8"5 core Xeon vy Bridge-£X
8-core Xeon Neha n;rf{c&'e\ OWER gépcrgveefaceée:(wm ARMB4 *mobile SoC')
-core Xeon 74(
eSS Yo § 7 S 0 SR Wien pmy
Pentium D Presler. Vi L 4 Ruuad-sore + GPU Gore 7 Haswell
1,000,000,000 Kanjom 2 it N O @ C° ey Osppie A7 (dual-core ARME4 “mobils SoG*)
ore 7 (Quad)
500,000,000 2N AV K10 auad core 211 L3

Itanium 2 Madison 6M€Q Core 2 Ducu w lfdale
Pentium D Smithfield~,
Itanium 2 McKinley © Rl

Pentium 4 Prescott-2M€@

R
S B28 worigale am
\°COVE‘2 Duo Allendale
Pentium 4 Cedar Mill

100,000,000 AVD K8® i 4 Proscott
Pentium 4 NOrUVWUO% @Barton
k< 50,000,000 Pontium 4 Wilametie® @bop i i Tuaiatn OO
§ Pentium Il Mobile Dlxc:s @Portium Il Goppermine QARM Cortex-A9
5 ke AMD Ke-Ill
£ 10,000,000 § orEeRBLES
‘B 5 OOD 000 Pentium FT% P m
£ ,000, Pertiomg, v s
= SAT110
= Intel 80486, g3
1,000,000 @ phuboe
500,000 TEmeesSiinie -
Intel 50336° ‘\nle\o QARM 3
Motorola 68020 € D WAL
100,000 v e L B
660004 STDMI
50,000 Qintel 80186
Intel 8086€4p €@ Intel 8088 %FgAAFM 2 AF& 6
Motorola RGN 4
10,000 TMSjoo0  Ziogzeg OET @ &6
RCA 1802 65602
5,000 8008, 8‘”'6‘ 85 0%
MOS T hnole
Intel -’&14 Mggjﬂrouu e i
1,000
Q AV AX A0 A2 o & o> & & N & > L X O P H L X O O >0
ST FFEEFEEEEEE TS S S S S

Year of introduction

Figure 1-1: Displaying transistor on integrated circuit chips from 1971 — 2016.[2]

Transistors are classified into 3 main components based on the manufacturing process; front-
end-of-line (FEOL), middle-of-line (MOL) and back-end-of-line (BEOL). The first step FEOL is the
transistor fabrication into the silicon wafer. MOL consists of source/drain contacts and metal
one layer with tungsten (W) interconnects (plugs). BEOL is for the upper levels of copper (Cu)
metallization, which are separated by a dielectric material. Silicon dioxide (SiO,) is usually used
as the interlayer dielectric material (ILD).[3] A contact forms an interconnection between
metal and active-/poly-silicon. A via connects to metal layers. They are formed by overlapping
the two interconnecting layers and providing a contact hole filled with metal, between the

two.[4]



Cu interconnects are produced using the dual damascene process. Cu is patterned by chemical
mechanical polishing (CMP) as it is not easily patterned using a dry etching process.[5] By
using the dual damascene process the trench and via are formed prior to the deposition of the
metal barrier/Cu seed layer/Cu fill. This means there is only one metal fill and one CMP step
required for each level of interconnection. This leads to a lower process cost than the single

damascene process.[6]

Continuous downscaling of transistor feature size in integrated circuits has been needed in
order to produce faster circuit speed, higher chip functionality and lower production cost.

Device speed increases as device dimensions are reduced, but the resulting increase in
interconnect resistance, as the cross sectional area decreases, leads to increasing resistive-
capacitive (RC) delay. Other interconnect issues include cross-talk and noise which seems to
be of particular concern for local and intermediate levels and also power dissipation and
distribution. Cross-talk effects include noise on non-switching wires and increased delay on

switching wires.[6]

Interconnects have evolved from being aluminium (Al) based to Cu due to the reduced
resistivity in bulk Cu. However, due to the continual decrease in the feature size of Cu
interconnects and the physical limitation of the size effect, there is a significant increase in

resistivity.[7]-[9]

The aim of this industry-led project was to understand which factors contribute to this
resistivity increase. The samples analysed are Cu films deposited on tantalum (Ta)/SiO;, on a Si
substrate. The project was a collaborative effort between our group, and both Prof. Boland’s
group (most particularly Dr. Xiaopu Zhang) and the Intel researcher-in-residence Mr. Peter
Gleeson, who focused on analysing the surface through Scanning Tunneling Microscopy (STM)
and measuring the resistivity of Cu nanowires (NWs) through Conductive-Atomic Force
Microscopy (C-AFM), respectively. My work focused on the in-depth analysis of the grain
boundaries and interfaces of the Cu film using Transmission Electron Microscopy (TEM) and
Scanning TEM (STEM) characterization to correlate the structure of the Cu interconnects to
the physical behavior, more specifically to find the link between size and resistivity increase.
These objectives shifted due to the demands of the industry partner, Intel, as it became more

important and difficult to achieve high-resolution data analysis of the Cu films and NW grain



boundaries and interfaces. The focus shifted to optimising the lamella preparation technique
to provide the best possible S/TEM imaging for complementary data to the STM and C-AFM.
This project work was primarily focused on lamella preparation techniques for TEM imaging

and analysis.

1.1 Cu Interconnects

1.1.1 What is an Interconnect?

Interconnects are the wiring within integrated circuits which connect one transistor to another
and to external connections. They have now become the dominant factor in determining
system performance and power dissipation. Interconnects have evolved from Al to Cu over the
last 20 years. This is due to the lower bulk resistivity of Cu (1.68 uQ.cm compared with 2.7
uQ.cm for Al), which helps reduce the resistive-capacitive (RC) delay.[10] Just by changing to a
Cu interconnect, as opposed to Al, the RC delay can be reduced by up to 40%. Combining this
with a dielectric material with a low capacitance (low k material) can reduce the RC by up to
50%. By using Cu in combination with low € dielectrics, the speed can be doubled and the

power halved. Cu can also withstand high current densities.[4][11]

There are 3 types of interconnects: local, intermediate and global, see Figure 1-2. Local
interconnects are the lowest level of interconnects. They connect gates, drains, and sources in
Metal Oxide Semiconductor (MOS) technology. Local interconnects can afford to have a larger
resistivity than intermediate or global interconnects as they don’t travel long distances. This
can be seen from the formula below for resistance, showing the dependence on interconnect

length and its resistivity:

rR=E (1.1)

where R is the resistance, p is the resistivity, L is the length and A is the cross-sectional area.
Intermediate interconnects connect devices within a block. They are larger and wider than
local interconnects, to provide the lower resistance. Global interconnects are the longest, and

are used to distribute power and clock signals around the circuit.[4][12]



Global (up to 5)

Intermediate (up to 4)

Local (2)

Figure 1-2: Diagram of range of interconnects.[13]

1.2 Diffusion Barrier

Although Cu is a welcome alternative to Al for interconnect material, it has its own set of
drawbacks. One of these is the diffusion of Cu into surrounding interlayer materials which
causes device degradation. For Cu interconnects the activation energy for bulk diffusion is 2.3
eV, for grain boundary diffusion is 1.2 eV and for interface diffusion is 0.7 — 1 eV. This is why
the main diffusion path for Cu is the interface, due to its lower activation energy. Due to this
interface diffusion, a diffusion barrier/liner is essential between Cu and the dielectric material.
This barrier also acts as a good adhesion layer for the Cu when the correct barrier material is
selected.[14] Not only that but the barrier can also reduce the electromigration performance.
Refractory metals such as titanium (Ti), Ta, W and their respective nitrides are usually the
preferred choice of barrier liners due to their high thermal stability.[15] Ta is an effective
barrier due to its thermal stability and resistance to electromigration. Ta provides good
adhesion and it can typically be used as a bilayer with tantalum nitride (TaN), which acts as a

good diffusion barrier.[16], [17]

1.3 Electromigration

Electromigration is the self-diffusion of metal ions due to the application of an electric field.
This net flux of atoms is caused by the electron wind force moving the ions in the direction of
the electron flow and a back stress, which pushes the ions in the opposite direction.[18]

The flux (J) can be described by the following formula:



D o
]=——(Z*eE—Q—x (1.2)

where D is the diffusivity, C is the concentration of atoms, k is Boltzmann’s constant, T is
temperature, Z* is the effective charge number, e is the electric charge, E is the electric field,

Q is the atomic volume and 60/6x is the stress gradient along the line.[18]

It was first described by James Black in 1967 as “cracked stripes” appearing in the aluminium.
His paper demonstrated how voids/openings appeared in the metal due to the movement of
Al when a high current was applied to the material.[19], [20] Although resistance to
electromigration in Cu is an order of magnitude higher than that of Al it still provides reliability
concerns with regards interconnects.[21] This movement of metal ions leads to the formation
of voids causing open circuits and hillocks causing short circuits. As a result of this the
electromigration lifetime of Cu interconnects is constantly under investigation. It has been
discovered that the resistance to electromigration can be improved by replacing the cap layer

with Ta/TaN as opposed to SiN,.[15]

1.4 The Issue — Size Effect

The classical size effect refers to the increase in resistivity of metal films and wires as their
critical dimensions (thickness of film, width and height of wires) approach or become less than
the electron mean free path, A. For example, the resistivity of a Cu 40 nm wide wire is
reported to be 2.5 times higher than that of bulk Cu. This resistivity has been attributed to
scattering of the conducting electrons at the grain boundaries and surfaces/interfaces. Also,
the increasing fraction of refractory metal liner in the trench can also be a contributor to the

resistivity.[5], [8], [22]-[25]
1.5 Sample Preparation for Transmission Electron Microscopy

In order to try and analyse this size effect issue on the nanoscale, Cu films on Si substrate with
a barrier layer of <10 nm needed to be investigated within a TEM. In order to be able to
achieve this, microscale specimens need to be prepared from bulk macroscale samples. This is
what directed this thesis work to TEM sample preparation. Detailed in this section is a variety

of sample preparation techniques to create electron transparent specimens for TEM analysis,



from mechanical preparation to state-of-the-art Focused lon Beam (FIB) preparation

techniques.

The first question to answer when preparing a sample for the TEM is whether to use a sample
placed on a TEM grid or to create a self-supported sample where no grid is needed and the
whole sample acts as a grid itself. The type of specimen depends on what type of information
you want to obtain from your sample. Typically whether self-supporting or a grid, it will 3 mm

in diameter.[26]

A 3 mm diameter disk is cut using a coring process. If it is ductile, a mechanical punch can be
used. For conducting materials, spark erosion also known as electrical discharge machining can
also be used. A desired shape is achieved by using electrical discharges (sparks). Material is
removed by a series of rapid recurring current discharges between two electrodes, separated
by a dielectric liquid and subject to an electric voltage.[27] There are many other types of
method including; abrasive slurry disk cutting, which uses a rotary motion of the coring tube
to drill round the disk and ultrasonic cutting, which involves an ultrasonic drill vibrating in

water.[26]

The final disk must be thicker than the mechanical damage depth potentially caused by the

disk cutting or else the final specimen will contain damage that will not be able to be removed.

1.5.1 Dimpling

After the 3 mm diameter disk has been formed, a pre-thinning stage has to be achieved before
the final thinning. This is typically called the dimpling or dimple grinding stage. A small radius

tool is used to grind and polish the disk to a fixed radius of curvature in the centre.[26]

For the polishing procedure a suspension of diamond particles in oil or water is used. The
sample can be ground from just one-side or both. This depends on the brittleness of the
sample. Dimple grinding from both sides reduces deformation of the surface.[28] Dimple
grinding is performed until the sample reaches a thickness between 10 — 30 um. This again

depends on brittle nature of the sample.



1.5.2 Tripod Polishing

An alternative to dimple grinding for the pre-thinning stage is tripod polishing. Tripod
polishing is more beneficial than dimple grinding as it allows the disk to be thinned much

further, as low as 1 um, meaning less time spent on ion polishing.[26]

The tripod polishing method was developed to prepare site-specific TEM samples of Si
semiconductor devices with large transparent areas.[29] A tripod polisher is a device to
hold/mount the sample, which has three feet, while it is being mechanically thinned on a

polishing wheel.[26]

For some materials, such as Si, this tripod polishing method can be used right up to the point
of electron transparency with no need for ion polishing. Tripod polishing can be used for both

cross-sectional and plan-view sample preparation.[29]

Tripod polishing has two alternative methods; flat polishing and wedge polishing. Flat
polishing is typically performed when a final ion polish will be performed after. Wedge

polishing tends to be used as the final polishing of the sample for TEM.
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Figure 1-3: Schematics of tripod position and slice/grid geometry, respectively, for (a) flat-type
polishing and (b) wedge-type polishing from Cha et al.[29]



For cross-sectional specimens the area of interest is typically a thin film/substrate interface.
The specimen is cut and glued to another piece of the specimen to produce several layers
using epoxy. This is mounted on a Perspex stub. A mixture of diamond lapping films and

colloidal silica are used to polish the sample.[26], [29]

Flat-type polishing using a tripod will create a larger area for analysis than dimple grinding, as
well as being easier to prepare, see Figure 1-3 (a). Flat-type polishing is also less time
consuming than both dimple grinding and wedge-type polishing. Flat-type polishing thins the
entire area, whereas wedge-type polishing can be more localized, meaning it may be more
beneficial to samples which have layers of different milling rates or high hardness and

mechanical instability, see Figure 1-3 (b).[29]

1.5.3 lon Milling/Polishing

If the flat polishing tripod technique is used, a final step of broad ion beam milling is
performed, which can also be performed after dimpling. The sample is bombarded by high-
energy ions or neutral atoms. This is typically Ar ions, which are generated by passing Ar gas

through a high voltage between 4 — 6 kV.[26]

The sample is held in vacuum and is typically cooled by liquid nitrogen. The Ar ions are
incident on the sample at a low angle of ~20° and gently sputter away material, see diagram in
Figure 1-4. The smaller angle means a lower sputter rate. lon beam thinning is a localised
process but the sputter rate is approximately 2 - 3 A per second, meaning it could take hours

to create an electron transparent region, depending on the initial thickness of the sample.[30],
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Figure 1-4: Diagram of Ar ion polishing set-up for final thinning of mechanical procedure.[26]



1.5.4 Electrolytic Polishing

Electrolytic polishing is used for conducting samples such as metals/alloys. It is generally easier
to polish pure elements such as metals, single crystals or alloys <5% alloying element. It is a
relatively fast and inexpensive technique.[32] An electrolytic cell is formed with the sample as
the anode. An electric potential is then applied, causing the sample to dissolve. This is stopped

once a hole begins to form.

1.5.4.1 Window Technique

The sample is cut into a square sheet of ~10 mm? The sheet edges are covered by a lacquer to
expose a window. The window of the exposed metal is immersed in an electrolyte, which is
usually cooled by water or liquid nitrogen, to slow the rate of dissolution, seen in Figure 1-5

(a). Perchloric acid is usually the electrolyte used. This is surrounded by a cathode.[26]

When a current is applied the material dissolves from the anode (the sample) and deposits on
the cathode.[33] Once a hole forms within the window, the sample is removed. The difficulty

is controlling the location of the hole within the window.

A commonly used variation of this technique is the jet-polishing technique. This entails using
pointed electrodes to spray the electrolyte locally, see schematic in Figure 1-5 (b). The jet
helps thinning from both sides and enables a faster polishing process. This method reduces

electrolyte use and can create larger electron transparent regions for TEM analysis.[33]
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Figure 1-5: (a) Diagram of window technique electrolytic polishing where sheet is lacquered
around the edges and is the anode of the electrolytic cell and (b) diagram of twin-jet polishing
apparatus.[26]

1.5.5 Placing on TEM Grids

1.5.5.1 Grinding and Crushing

If materials are particularly brittle, such as ceramics and minerals, it can be easier to prepare
by grinding or crushing. The sample can be crushed using a pestle and mortar with an inert
liquid. Some areas will be sufficiently small and thin to be electron transparent.[32] The liquid
can be ultrasonically stirred and the crushed pieces allowed to settle. The supernatant liquid
can be dropped using a pipette onto a holey carbon TEM grid, which will evaporate, leaving
the particles on the grid for TEM analysis.[26] This method is simple and easy to perform. It is
beneficial as the specimen has not been modified by ion milling etc. However, due to the
random nature of the crushing, obtaining the correct orientation and area of interest is very
difficult and the microstructure characteristics can be significantly altered from the

mechanical scraping or crushing.[32]

1.5.5.2 Ultramicrotomy

Ultramicrotomy is a sample preparation method, which involves the sectioning of a specimen
using a diamond knife. This method is most suited to cross-sectional sections as opposed to
plan-view.[32] This particular method is routinely used for biological specimens or polymers,

as these samples tend to be soft.
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Figure 1-6: Diagram of ultramicrotome set-up where sample is embedded and moved slowly
towards knife blade.[26]

The microtome works by moving a specimen past a knife blade. Samples can be embedded in
epoxy prior to slicing, shown in Figure 1-6. This method can be beneficial as it leaves the
chemistry of the sample unchanged as it is unaffected by ion beam milling etc. But it can lead

to unwanted fractures in the sample.[26]

1.5.6 Focused lon Beam — TEM Sample Preparation

The most commonly used method for TEM sample preparation and what is discussed
extensively throughout this thesis is ion milling and more specifically Ga+ Focused lon Beam
milling. lon beam preparation has become standard TEM specimen preparation for the last
few decades for non-biological samples and in particular for cross-sectional samples.[30] The
advantages of FIB cross-sectional preparation for TEM include site-specificity at the sub-
micrometre scale and uniformity in thinning of the specimen.[34] There are a number of
traditional FIB lamella preparation techniques both ex-situ and in-situ. The following gives a

brief description of a variety of traditional techniques for TEM preparation.

1.5.6.1 Conventional Cross-section
Initially, FIB lamella preparation had two main types of techniques used, which both had their
advantages and disadvantages. Firstly the H-bar, sometimes referred to as the trench,

technique [35] or often times referred to as the conventional cross-section technique.[36]

This technique involves sample preparation before processing the sample in the FIB chamber.
Here the specimen is cut and ground into 1 —2 mm? and ~50 pm in thickness. This can be done
using a dicing saw.[37], [38] These sections are typically adhered to Cu TEM slot grids, see
schematic in Figure 1-7 (a) from Langford et al. The sections are named H-bar due to their
shape when milling.[39] This cut profile ensures the thinned region of interest has structural

support.
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(a)
TEM grid
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Figure 1-7: (a) Schematic of slice mounted onto a U-shaped TEM grid and (b) the finished
trench cross-section, showing the H-bar profile from Langford et al.[35]

Once secured it is placed in a FIB system for thinning. A metal line is deposited onto the
sample to provide a protective layer, typically platinum (Pt), to the sample surface to prevent
damage and unnecessary sputtering of the surface. It is also beneficial to use this protective

strip as an indicator of the location of the area of interest.[36]

This type of procedure involves significant sample preparation prior to FIB milling, which is
also quite destructive.[36] This technique means reduced TEM tilt in the holder due to the
bulk specimen walls contained on the Cu slot grid, see Figure 1-7 (b). An advantage of this
technique is the robust nature of the H-bar profile, as it is adhered securely to a grid it can be

removed and re-thinned at any point.

1.5.6.2 Lift-out Technique

Another technique that became a popular alternative to the H-bar was the lift-out technique.
The lift-out of a FIB prepared electron transparent lamella from a larger bulk material was first
developed for applications in the microelectronics industry.[40] This technique involves no
preparation to the sample prior to placing in the FIB system. It is prepared directly from the
bulk specimen. Similar to the conventional cross-section method just described, this involves
the milling of trenches using the FIB with a protective W/Pt layer deposited prior to ion beam
milling. The left side, bottom and part of the right ridge of the cross-section (lamella) are
milled, leaving only a small tag of the specimen attached to the bulk, see Figure 1-8 (a) and (b).

The sample is then thinned until it is electron transparent for TEM imaging and analysis.
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Figure 1-8: Secondary Electron Microscopy images by Langford et al. depicting the ex-situ lift-
out procedure, which is typically performed under an optical microscope; (a) milled trenches
using Focused lon Beam with needle approaching lamella, (b) lamella breaking from bulk
specimen, (c) lamella lifted out of trench using needle and (d) specimen placed on carbon
coated Transmission Electron Microscopy grid.[41]

The specimen is removed from the FIB chamber and the lamella is removed using a glass rod
under an optical microscope. Once removed, it is placed onto a carbon coated copper mesh

TEM grid, see Figure 1-8 (c) and (d).[42]

The two techniques both have advantages and disadvantages. When it comes to preparation
needed prior to FIB milling, the lift-out method is the obvious favourable technique. This is
due to the cross-section method being time consuming in terms of the grinding/polishing, to
produce the small cross-section to be mounted on the TEM grid. A further limitation of the
cross-section technique is the lack of angle rotation in terms of tilting in the TEM, as previously
mentioned. The specimen is limited by the bulk sidewalls and bottom of the trench, whereas
the specimen prepared using the lift-out technique is only limited by the tilting limits of the

TEM itself.
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A disadvantage to the lift-out technique is the success rate of placing the cross-section onto
the TEM grid without losing it or misplacing it on the glass rod. This can also be material

dependent.[35] It also cannot be thinned further if needed unlike the trench method.[36]

An advantage to the lift-out technique is that the surrounding substrate is still intact and
unaffected by the preparation of the specimen. Conversely, the trench technique leads to a lot
of destructive preparation with the grinding and polishing leading to less if not any of the

substrate remaining.[35]

1.5.6.3 In-situ Lift-out
The FIB preparation method progressed to an in-situ lift-out (INLO) technique, which combines
the best parts of the lift-out method, which from now on will be referred to as the ex-situ lift-

out method (EXLO), and the conventional/trench method.

Here the specimen is prepared in the same fashion as the EXLO method but a
probe/manipulator is brought in contact with the specimen and welded using FIB-assisted
metal deposition of Pt/W.[40] The specimen is then attached using the same FIB-assisted
metal deposition to a TEM grid with pillars for lamella mounting. The specimen is thinned
accordingly using the FIB. The benefit of this technique is the lack of re-sputtering during the
final thinning process as the lamella is mounted on a TEM grid as opposed to within the bulk of

the material.
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Figure 1-9: Secondary Electron Microscopy images from Langford et al. displaying the in-situ
lift-out technique; (a) the welding of the needle to the lamella, (b) lamella removed from the
bulk sample trenches with the needle, (c) welding of lamella to Transmission Electron
Microscopy (TEM) grid with needle as support and (d) lamella successfully welded and thinned
to electron transparency on TEM grid.[41]

A slight upgrade to this technique outlined by Langford et al., is using the INLO method in a
dual beam FIB-SEM system, displayed in Figure 1-9.[41] Imaging live in SEM mode while milling
and welding enables much higher magnifications than optical microscopy. It also provides
more control to the technique. The benefit of live milling ensures the area of interest can be

drift corrected if needed, preventing any unwanted milling.

These three main lift-out techniques have been compared and the advantages and
disadvantages discussed.[43] The in-situ lift-out method has a 90-100% success yield, as
opposed to the 50 — 90% success yield of the ex-situ method. The trench method has a 100%
success yield once the slice has been prepared mechanically. However, there are a lot of
drawbacks with this method including destruction to the surrounding sample and limited tilt in
the TEM. The advantages of the in-situ method include; the possibility of plan-view sections as

well as further low-energy milling if necessary.[43]

15



Among these lift-out techniques, the most used and beneficial technique, which is employed
throughout this thesis, is the latter technique of in-situ lift-out with micromanipulator
bonding. The outline of this technique is explained further in the experimental methods,

chapter 3.

1.5.6.4 Reducing FIB Damage

Due to the increasing demand for extremely high-quality lamellae for high-resolution S/TEM
imaging and analysis, sample preparation needs to be continually improving. FIB lamella
preparation is a popular and commonly used technique but its high beam energies during
milling cause damage to the sample creating disruptions to the lattice of the material and
complete amorphous regions due to ion implantation.[44], [45] Typically amorphous regions
can range between 20 — 40 nm depending on the sample, tilt and energy of the beam.[46] For
electron transparent lamellae used within TEM this is not of a high enough standard to obtain

high-resolution micrographs.

For this reason the in-situ lift-out technique previously described can have many different
iterations, which help reduce the damage caused by FIB milling. This damage was seen to
significantly reduce by using reduced ion beam energies as an alternative to 30 keV.[47] By
slowly reducing the beam energy to as low as 5 keV, the layer of amorphisation can reduce

significantly.[48]

In combination with a reduction in FIB beam energies, altering the angle of incidence of the
FIB probe can also significantly reduce the damage experienced by the lamella. Schaffer et al.
details an inverted triangle technique, which incorporates the use of varying exaggerated
angles of incidence to the FIB, £7°. This creates a wedge, which protects the area of interest
being polished while also preserving more of the protective Pt layer for the lower beam

energies of 2/5 keV, which have broader beams.[49]

An alternative to lowering FIB beam energies is using an Ar’ ion milling beam to reduce FIB
induced damage/amorphisation in the sample. It has been proven to reduce damaged layers
by FIB milling for TEM imaging [50] and EELS analysis.[34] This method is analogous to the

mechanical preparation method, where a final Ar" polish is performed prior to TEM analysis.
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Current Ar’ ion milling technology has greatly improved and now it is possible to image the
lamella prior to ion beam polishing and pin point more accurately the area in which milling
should occur, with consistently lower beam energies (100 — 500 eV) and greater glancing

angles (-15° — 20°).[51]-[53]

1.5.6.5 New/Alternative Preparation Methods

There are a number of alternative preparation techniques to the typical FIB in-situ lift-out
technique documented in this chapter and described at length throughout this thesis. For
example using neon (Ne) ion milling and polishing for TEM preparation doesn’t reduce the
damage caused by FIB milling significantly, but provides more precise milling and may be

useful in cases where any Ga contamination would be detrimental to the specimen.[54]

Another alternative to traditional Ga* or Ar* ion milling is xenon (Xe) Plasma FIB. The use of Xe"
by a plasma ion source (i-FIB) enables much faster milling times and also the preparation of
lamellae with much larger dimensions, 100 um x 50 um as opposed to 20 um x 10 um on a Ga*
FIB. The Xe" is more beneficial in terms of large milling areas and rough milling settings, but
does not have the same polishing method as Ga* FIB due to its increased spot size. However, it
has been noted that after using a 30 keV Xe* beam, atomic resolution TEM at 300 kV has been
obtained. This proves very exciting for the potential pristine samples that could be prepared

using lower beam energies.[55]

There are not just different ion species that can be used to prepare in-situ cross-sectional TEM
lamellae. There are also continually new and exciting cutting edge ideas and geometries being
created and developed to prepare lamellae in faster, less damaging and more efficient ways.
For example, using a frame lamella structure to support the preparation of both plan- and

side- view sections of core shell NWs for TEM analysis.[56]

Another unique method of avoiding FIB damage is a novel masking technique called the
umbrella method. This consists of protecting a sensitive area from re-deposition and ion
implantation by temporarily placing an optimised block of PDMS on the surface during the
milling step.[57] Different milling geometries can also be effectively used to avoid FIB damage

and create site-specific plan-view specimens as well as cross-sectional.[58], [59]
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1.6 Thesis Outline

This thesis work was industry-led with Intel determining the set goals and outputs of the
project on a monthly basis. With this in mind, it is important to note that the overall objectives
and outcomes of this PhD work were mainly focused on the production and optimization of as
many lamellae of the Cu film and NWs as possible in order to obtain the best possible sample
for high-resolution TEM analysis and by extension understand the film microstructure. As
opposed to pursuing an in-depth study into the intricate details of the grain boundary
structure and potential dopants and how these correlate with the STM data and simulations
created, the primary focus of this PhD work became centralized around lamella preparation;
both optimization of current adopted methods and also creating and developing novel

techniques for various in-situ TEM techniques.

The main characterisation technique used throughout was S/TEM. Both Energy-dispersed X-
ray (EDX) and Electron Energy-loss Spectroscopies (EELS) were used as complementary
techniques to both these imaging modes. These techniques and imaging modes are discussed
in more detail in chapter 2. Both Electron Backscattered Diffraction (EBSD) and Transmission
Kikuchi Diffraction (TKD) were used to help identify and verify grain boundary misorientation
angles and grain orientation of both Cu films and NWs, which is discussed further in chapter 4

and 5.

The main experimental methods used throughout the PhD work are outlined in Chapter 3. This
predominantly centres around a detailed and comprehensive description of the traditional
and most commonly used lamella preparation techniques throughout this thesis and describes
the exact angles, time frames, beam voltages etc. that were used for the preparation of almost

all lamellae within this project work.

Chapter 4 discusses the optimization of cross-sectional lamella preparation using Focused lon
Beam (FIB) milling of Cu films. These were 40 nm Cu films on 7 nm SiO, on a Si substrate. The
purpose of evaporating Cu on a dielectric layer such as SiO, was to analyse the Cu films in
isolation with no potential interference from barrier layers. Once the lamella preparation had
been optimized, characterisation was performed using both TEM and STEM imaging and
analysis techniques. The benefits and drawbacks of this particular sample are discussed in

detail. Cu films were initially analysed as a testing ground for analysing the Cu microstructure
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on the nanoscale and examining whether it was possible to correlate the surface grain
information with the cross-sectional, i.e. correlating both C-AFM and STM surface information

with the cross-sectional TEM data.

A 50 nm Cu film was prepared at the Intel fabrication facility using Physical Vapour Deposition
(PVD) sputtered Cu on a 7 nm Ta barrier layer on a Si substrate. Chapter 5 discusses in detail
the difference in sample quality and overall sample characterisation with this alternatively
prepared sample with the inclusion of a barrier layer. The optimization of the cross-sectional
lamella preparation and also the various methods and initial experimentation employed to
prepare high-quality plan-lamella for S/TEM imaging and analysis are outlined and discussed.
Due to the successful preparation of plan-view lamellae of the Cu film using FIB milling,
through various different methods, a direct correlation of the surface grains and grain
boundary information obtained through STM and C-AFM could be achieved. This chapter also
outlines the site-specific lamella preparation of Cu NWs on a proprietary liner along with the
characterisation of the microstructure of these 100 nm wide Cu NWs throughout the depth of

the wire.

After annealing the Cu film for STM analysis, it was observed that the Cu film de-wetted from
the substrate. This was investigated through in-situ TEM annealing of a lamella cross-sectional
of the Cu film prior to annealing. However, the primary focus of this work was in fact the
lamella preparation for this in-situ TEM analysis. Chapter 6 focuses primarily on the novel in-
situ lamella fabrication technique, which was created and developed to cater for lamella
mounting on MEMS devices for in-situ TEM analysis. It describes in detail the attempted trial
of the current conventions for lamella mounting and the issues and concerns with this current
technique and outlines the method and steps of the novel fabrication technique created over
the course of this PhD work. It also details the in-situ TEM annealing analysis of these

successfully mounted lamellae through imaging and EDX spectroscopy.

The final chapter contains conclusions from all of the chapters detailed above and also
contains some suggestions and preliminary data for future work. This is also followed by an
appendix and attached memory stick with videos detailing FIB cross-sections and lamella lift-

outs.
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2. Instrumentation and Theory

2.1 lon Microscopy - Focused lon Beam

Lamella preparation was performed on a Zeiss Auriga dual beam instrument. Dual beam
indicates it contains both a Focused lon Beam (FIB) and Scanning Electron Microscope (SEM)
column. This is to ensure live milling during sample preparation. The SEM column is mounted
vertically while the FIB column is mounted at an angle with respect to the vertical SEM
column, 54° for the Zeiss Auriga, schematic shown in Figure 2-1. It uses a gallium (Ga) Liquid

Metal lon Source (LMIS) and Gas Injection System (GIS).

SEM column FIB column

Figure 2-1: Schematic of dual-beam Focused lon Beam/Scanning Electron Microscope.

2.1.1 Liquid Metal lon Source

2.1.1.1 Why use Gallium?
There are many reasons for using a Ga* LMIS source:

- Ga has a low melting temperature (29.8°), which helps simplify the system as it
reduces the chemical and physical interactions between the liquid metal and the field

emitter.

- Gallium has an atomic mass of (69.72). This is an intermediate mass, which makes

Gallium ions suitable for efficient sputtering with a wide range of substrates.

- Low volatility at the melting point conserves the supply of metal and yields a long

source life.
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- Low surface free energy promotes viscous behavior on the tungsten (W) substrate.

- Its low vapor pressure allows Ga to be used in its pure form instead of an alloy source.
- Excellent mechanical, electrical and vacuum properties.

- Emission characteristics enable high angular intensity with a small energy spread.

- Gahas avery fine probe size.[1] [2]

The LMIS has the ability to provide a source ions of ~5 nm in diameter. The LMIS contains a W
needle attached to a reservoir, which stores the metal source material, here Gallium. The
emission of the Ga+ ions occurs as follows: Ga is heated, flows and wets a W needle. The
needle typically has a radius between 2 — 5 um. Once the Ga is heated, an electric field is
applied to the end of the wetted tip causing the Ga to form a Taylor-Gilbert cone of a radius of
approximately 2 — 5 nm.[1] This creates a very high spatial coherence, i.e. a very focusable

beam.[3]

The conical shape results from the balancing of the electrostatic and surface tension force due
to the applied electric field. The current density of ions that may be extracted is of the order of

~1x10%A/cm?.[1]

2.1.2 lon Column

To reach a probe size of 10 nm the source needs to be de-magnified. This is done through the
column. As the Ga® ions are extracted from the LMIS, they are accelerated through a potential
down the ion column. Typical accelerating voltages can range between 5 — 50 kV. These will
vary throughout the experimental process. This will be explained in more detail in chapter 3

discussing sample preparation.[1], [2]

The simplest most widely used ion beam columns consist of two electrostatic lenses (a
condenser and an objective lens).[4] Electrostatic lenses are used as opposed to
electromagnetic for electron beam due to the heavy nature of the ions in comparison to
electrons.[2] Condenser lenses define the beam (probe forming lens) and objective lenses
focus on the sample. There are a range of apertures of varying diameters to also help in

defining the beam size and current.[4] The beam aperture is the most important part of the
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column. It controls the beam current incident on the sample, see Figure 2-2. This means it
controls the milling rate and image quality. At low beam current apertures the beam diameter
is reduced which produces higher resolution images.[5] The larger beam diameter allows
beam currents of several nanoamps (nA) to interact with the sample causing sputtering of
material. A range of beam currents can be utilized in the FIB, from a few pA to as high as 20 —
30 nA. It contains cylindrical octopole lenses, which have multiple functions including
stigmation correction, beam deflection and alignment. Beam blankers deflect the beam

quickly off the sample onto a beam stop such as a Faraday cup.[2], [4], [5]

LMIS

Beam acceptance
aperture

— Lens

Quadrupole .

| L Beam defining
-steering plates %:I aperture

-
Octupole <> Lens2

- stigmators
Sample

and deflectors

Figure 2-2: Schematic of Focused lon Beam column.[6]

2.1.3 Detectors

Two detectors are usually used to image in the FIB. A multi-channel plate (in-lens) mounted
directly above the sample and an electron multiplier (secondary electrons/ions) mounted at a
45° angle to the incident beam. The secondary electron (SE) detector can be biased to detect
either secondary electrons or secondary positive ions emitted from the sample. The SE
detector in the Auriga operates at a potential of 300 V. Secondary ion imaging provides
channeling contrast for different grain orientations for polycrystalline material. The Auriga

does not have the capability of secondary ion imaging.[1], [5]

2.1.4 Charging

Sample charging can be caused by the bombardment of positive Ga ions to the sample. If the
sample is insulating, it will accumulate excessive positive charge. This means any emitted

secondary electrons will be attracted back to the now positive surface and not to the detector.

27



The regions which are charging will appear darker in the FIB SE image, as the SEs from this

region aren’t reaching the detector.[1]

2.1.5 Gas Injection System

The GIS can be used in conjunction with the ion beam to provide site-specific deposition of
metals or insulators or to provide enhanced etching capabilities. Metals are deposited using
ion beam-induced deposition (IBID). IBID is a process where gas molecules are adsorbed onto
the surface of a sample and are dissociated in the presence of an ion beam to form films of
material that will deposit and adhere to the sample, see Figure 2-3.[5] Repeated adsorption
and decomposition result in the buildup of material in the ion scanned region. A similar
process is used for electron beam-induced deposition (EBID), which is essential for initial
deposition on sample surface, due to ion damage caused by beam directly interacting with the

surface. As detailed in the section 3.1.2, chapter 3, EBID is performed prior to IBID.[1], [5]

lon Beam Volatile reaction

procd)ucts
© O
@)
o ©

O

/Dep05|ted Fllm

Precursor molecules

Substrate

Figure 2-3: Schematic of lon Beam Induced Deposition adapted from Avishai et al.[7]

2.1.6 lon-Solid Interactions

lon-solid interactions are the core of using a FIB. The ability to mill, image and deposit material
using a FIB is due to the very nature of ion-solid interactions. When an ion collides with the
solid, it loses kinetic energy through interactions with the sample atoms. This can result in

many different processes occurring: atomic sputtering and ion emission, ion reflection and
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back scattering, electron emission, electromagnetic radiation, sample damage and sample

heating.[1]

When a solid material is bombarded with an ion beam, two categories of mechanisms slow
down the ion and dissipate the energy: elastic (nuclear energy loss) and inelastic (electron
energy loss) collisions.[1] With inelastic interactions, the energy lost from the incoming ion can
generate secondary electrons, x-rays, cathodoluminescence and phonons (heat), see Figure 2-
4 (a). In elastic interactions, this energy can be transferred as translational energy to screened
target atoms resulting in displacement of lattice atoms, defects generation (amorphisation)
and sputtering.[2] Sputtering in FIB processes typically occurs in energy ranges dominated by
nuclear energy losses. Therefore, we focus mainly on the elastic collision processes here.[2],

(4]

2.1.6.1 Collision Cascade

If the translational energy transferred to a target atom during a collision exceeds a critical
value called the displacement energy, the atom will be knocked out of its original site.[4] The
initial recoil atom may have sufficient energy to displace further sample atoms. These are
called secondary recoils (collision cascade). This generates a volume containing a large number
of atoms with excess kinetic energy, see Figure 2-4 (b).[4] If a displacement collision occurs
near the surface, the recoil atom may be emitted from the solid and result in sputtering. The
displacement energy is typically of the order of 20 eV, which is much larger than the binding

energy for the atoms (approximately 1 eV).[1], [4], [8], [9], [10]
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Figure 2-4: (a) Diagram of ion-solid interactions [11] and (b) schematic illustration of a collision
cascade generated by a 30 keV Ga® ion incident on a crystal lattice, showing the damage
created in the collision cascade volume, and the projected range R, and lateral range R, of the
implanted ion.[4]

The stopping and range of matter is an integral part of understanding the ion-solid
interactions. lon interactions can be modeled using Monte Carlo simulations. This is done
using Transport of lons in Matter (TRIM) software. Figure 2-5 (c) — (f) displays the Ga ion
penetration depth in copper (Cu) for an angle of incidence of 88° and beam energy while
Figure 2-5 (b) displays the sputter yield of the various beam energies at incidence angles: 89°,

88°, 83° and 0°. Figure 2-5 (a) displays a schematic of the geometry of the incident angle.[12]

30



(a)

00

(C) -s00d .Dep.th vls. Y-‘Axi; S
-
:
o
-4
- £00 \ n L L 2 I L I
0A — Target Depth — 1000A
1
(e) 104 Depth vs. Y-Axis
B
:
:
-4
-100A N
oA — Target Depth — 200A

(b)

(d)

(f)

3 8 &
5 1 1

Sputter Yield (Atoms/lon)

=)
I

5 10 15 20
Beam Energy (keV)

l Depth v.s. Y-Axis

o
-

L

»

o

-l

-200A . X N
0A — Target Depth — 400A
-100A ! .

Depth vs. Y-Axis
)
7
-
r

-

-

L]

»

L)

-l

~100A )
oA « Target Depth — 200A

Figure 2-5: (a) lon-Solid Incidence Angle Convention [11], (b) Graph of Sputter Yield against
Beam Energy generated using data from TRIM software. TRIM calculations of penetration

depth at differing beam energies (500 ions) at an angle of incidence of 88° (c) Ga 30 keV (d) Ga

15 keV (e) Ga 5 keV (f) Ga 2 keV.
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2.2 Electron Microscopy

Electron microscopy was developed by Ruska and Knoll in 1920’s due to the resolution limit of
optical microscopy being ~ 200 nm. Although electron microscopy provides much higher
resolution than that of the visible light microscope (VLM), it also provides a range of other
structural and chemical information about materials, which can be discovered through the
numerous interactions, which occur by the electron interaction with the sample. It generates a
wide range of interactions such as elastically and inelastically scattered secondary,
backscattered, and Auger electrons as well as characteristic X-rays, as can be seen in Figure 2-
6. The early stages of research in electron microscopy in the 30’s and 40’s led to the
development of two distinct groups of electron microscopy: transmission electron microscopy
(TEM), which also includes scanning transmission electron microscopy (STEM) and SEM. The
former deals with the forward scattered electrons while the latter deals with the more

surface-sensitive interactions such as the secondary and backscattered electrons. [13], [14]

Incident SeRindss
high-kV beam _ >¢condary
: electrons (SE)
Backscattered

electrons (BSE) Characteristic
X-rays

Auger Visible

electrons \ / Light

‘Absorbed’ Electron-hole
electrons =  pairs
/ N T Bremsstrahlung
Specimen X-rays
Elastically Inelastically
scattered Direct scattered
electrons Beam electrons

Figure 2-6: Schematic of the different signals generated when a high intensity electron beam
interacts with a sample.[15]

The diffraction limit of electron microscopy is given by the Rayleigh criterion, relating the

minimum resolving distance, 6 and the wavelength of the imaging wave, A:

5 - 0.611
~ uSinB

(2.1)
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0.611 061

using B

where uSinp is the numerical aperture, for a transmission electron microscope

since g = 1 in a vacuum and SinB = B when B is small (approximately 107 radians). The De

Broglie wavelength is related to the accelerating voltage by the following:

h
A= (2.2)
eV

2m0€V(1 + W}

N =

Inputting values into this equation, would suggest a wavelength of close to 2 pm for an
accelerating voltage of 300 kV, which will be the typical operating voltage for the TEM imaging
and analysis performed throughout this thesis. Unfortunately, this type of value is not
consistent with experimentally observed imaging. This is due to aberrations caused by the

lenses within the microscope.[13]

2.2.1 Transmission Electron Microscopy

2.2.1.1 Imaging

The TEM instrument contains 3 main sections: the illumination system, the objective

lens/stage and the imaging system.

The illumination system consists of the gun and the condenser lenses. This system can be
operated in two different modes: parallel beam or convergent beam. Parallel beam refers to

traditional TEM mode and convergent refers to STEM.

In parallel mode, the traditional most commonly used mode of TEM, uses its array of
electromagnetic lenses to create a parallel beam of electrons, which pass through the sample
(transmit). This electron beam collides with the electron transparent sample (<100 nm) and
numerous interactions occur, similar to the FIB. There are both elastic and inelastic collisions
and of those there are both coherent and incoherent, elastic and inelastic scattering. The
different types of scattering can help produce images and data containing different but often
complementary information. We can distinguish between imaging mode or diffraction mode

as shown in the schematic Figure 2-7.[15], [16]
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Figure 2-7: Schematic showing diffraction and imaging mode of Transmission Electron
Microscope.[15]

2.2.1.2 Amplitude Contrast

As the electron wave passes through the sample its amplitude changes, this gives rise to image
contrast, which is the difference in intensity between two adjacent areas. There are two types
of amplitude contrast: mass-thickness contrast and diffraction contrast. The apertures in the
TEM can be used to select certain transmitted beams and omit others in order to form
different types of contrast. After the incident beam interacts with the sample it is transformed
into a non-uniform intensity beam. This change in intensity translates into contrast in the
image. The diffraction pattern shows this variation in intensity as it separates the direct beam
from the diffracted beams, which have been scattered throughout the sample. The diffraction
pattern is only showing the electrons, which have undergone Bragg diffraction. By using the
objective aperture different beams (direct or diffracted) can be selected to create contrast
within the image and highlight certain regions of the sample. This is what leads to bright and
dark field imaging. In bright field (BF) imaging the high order diffracted beams are removed,
meaning the more diffracted thicker material or defects appear darker. Conversely, in dark

field (DF) imaging the beam is tilted so that the diffracted images are allowed to pass through
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the aperture. This makes the image predominantly dark with regions of diffraction appearing

bright, see Figure 2-8.[15]
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Figure 2-8: Set-up of bright and dark field imaging.[15]

2.2.1.3 Diffraction Patterns

Periodicity in a crystal enables the formation of diffraction patterns. When electrons elastically
scatter at the same angle they reach the same position in the back-focal plane (BFP) of the
objective lens. This is due to the fact that these scattered electrons are satisfying Bragg’s law

which states that the electrons will constructively interfere when the following occurs:

nil = ZdhleinG)B

(2.3)

Where n is the integer denoting the diffraction order of the fringe, A is the wavelength of the
incident electrons, dyy is the lattice spacing of a set of crystal planes in real space and O3 is
the Bragg angle. The objective lens takes the electrons emerging from the exit surface of the
sample and disperses them to create a diffraction pattern in the BFP. This recombines to form
an image in the image plane. In order to view the diffraction plane, the imaging system is
adjusted so that the BFP is now the object plane of the intermediate lens and the diffraction
pattern is then viewed on the image plane. This is extremely useful for determining

crystallographic orientation and phase information about the material.[16]
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Mass-thickness contrast is due to a difference in the thickness in regions of the sample. It
arises from the incoherent elastic scattering (Rutherford scattering) of electrons. As
Rutherford scattering is a strong function of the atomic number Z, it is strongly dependent on
the mass of the sample and also the thickness of the specimen. In a BF image, thicker regions

will appear darker and thinner brighter and vice versa for DF images.[16]

2.2.1.4 Phase Contrast

After passing through the sample, waves of the diffracted beam interfere with each other,
creating constructive and destructive interference patterns. This leads to fringes being
created, most commonly Moiré patterns. These are formed by two sets of interfering lattice
fringes with nearly common periodicities. Lattice fringes are especially important to high-
resolution TEM (HRTEM) analysis as the lattice periodicity correlates to the periodicity of the
crystal structure. Inserting apertures creates image contrast, but at high magnification it limits
the resolution significantly. Therefore to get HRTEM images, phase contrast must be used
while imaging. This consists of not using an aperture or using a very large aperture and
interpreting the phase of the electron waves after they have been transmitted through the
sample. The sensitivity of this contrast is the reason why atomic structure can be imaged in

this setting.[16]

2.2.1.5 Aberration Correction

As mentioned earlier in section 2.2, aberrations are present in an electron microscope. There
are 3 main types of aberrations which occur in the electron microscope; astigmatism,
chromatic aberration and spherical aberration. Astigmatism occurs when the electron spiraling
around the optic axis senses a non-uniform magnetic field. Astigmatism can be reduced by
using stigmators, small octopoles that introduce a compensating field to counteract the non-

uniform field causing the astigmatism.[15]

Chromatic aberration is related to the energy of an electron. It occurs due to the energy
spread of the electron beam. This results in electrons of different energies being focused in
different planes. Electrons that have experienced a large amount of energy loss are more
strongly deflected than those that have lost no energy or considerably less when passing
through the sample. This variation causes a disc of least confusion, which has a range of focus

points and appears as a smear in the image. [15], [17]
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The radius of the disc of least confusion, see Figure 2-9 is calculated as follows:

AE
—p (2.4)

Tenr = C¢

where Cc is the chromatic aberration coefficient of the lens, AE is the energy loss of the
electrons, Eq is the initial beam energy and B is the collection angle. Chromatic aberration is

reduced by using a monochromator and a fixed aperture to narrow the energy spread.[15]
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Figure 2-9: The disc of least confusion.[15]

Spherical aberration arises when electrons in trajectories further away from the optic axis are
bent more strongly by the lens magnetic field than those rays near the axis. As a result, the
point object is imaged as a disk rather than a point. The smallest disk occurs just in front of the
Gaussian image plane and is called the spherical aberration disk of least confusion.[18] The

diameter of this is given by:

ds = 0.5C,p3 (2.5)

where C; is the spherical aberration coefficient and B is the collection angle. A corrector
compensates for spherical aberration by creating a diverging lens, which spreads out the off-
axis beams so that they re-converge to a point instead of a disk in the Gaussian-image

plane.[15]

37



2.2.2 Scanning Transmission Electron Microscopy

By combining the TEM and the SEM technology, a STEM is created. STEM mode uses a
convergent probe to scan across the sample point by point. The main advantage of using STEM
is the Z-contrast mechanism. STEM uses annular detectors beneath the sample, which can
detect electrons scattered at high angles. There are 3 different types of detectors used in
STEM: bright field (BF), annular dark field (ADF) and high angle annular dark field (HAADF), see
Figure 2-10. Z-contrast is obtained by detecting the electrons scattered at high angles,
therefore the HAADF detector is used to collect these electrons and create a DF Z-contrast
image. The ADF collects electrons that are both Bragg and Rutherford scattered creating a
mixture of diffraction and Z-contrast. The BF detector detects the directly transmitted beam
and the very low-angle (inelastic incoherently) scattered electrons. These inelastic
incoherently scattered electrons are what is used in Electron Energy Loss Spectroscopy (EELS)

analysis.[15], [16]
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Figure 2-10: Diagram of imaging system and detectors in Scanning Transmission Electron
Microscope.[15]

2.2.3 Scanning Electron Microscopy

SEMs operate a lot like a FIB, instead of an ion beam being scanned it is an electron beam.

Electrons are emitted from a thermionic, Schottky or field-emission cathode which are
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accelerated through a voltage difference between a cathode and an anode. Unlike TEM, SEM

can image and analyse bulk specimens.[19]

2.2.3.1 Electron-Specimen Interactions

Similar to TEM and FIB when the electron beam strikes the sample it interacts with the target
atoms creating a range of different interactions and collisions. Figure 2-11 (a) shows the most
important interaction processes and their interaction volume. The energy spectrum of the
electrons emitted consists of contributions from secondary electrons (SEs), backscattered
electrons (BSEs) and Auger electrons (AEs). SEs and AEs are highly susceptible to elastic and
inelastic scattering and can leave the sample only from a very thin surface layer, usually of the
order of a few nanometers. The broad spectrum of BSE between 50 eV and the primary
electron energy is caused by the deceleration of electrons that have suffered multiple energy
losses and undergone multiple scattering through large angles. Some BSE energies show a
pronounced peak followed by plasmon losses, see Figure 2-11 (b). This depends on primary

energy, the take-off angle and the tilt of the sample.[19]

2.2.3.2 Detectors

SE and In-lens detectors used have already been mentioned previously. Another detector,
which is highly valuable, is the BSE detector. BSE travel in straight trajectories unlike SEs,
which means the detectors are mounted with a large collection angle. The most important
contrast mechanism of BSE is its dependence on the atomic number, Z. With a detector below
the pole piece and with high take-off angles, material contrast is mainly observed, suppressing
the topographic contrast. SE detector images also contain material contrast due to the SEs

generated by BSE.[19]
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Figure 2-11: (a) Beam/specimen interaction in Scanning Electron Microscope showing the
resulting electron trajectories, generated signals and respective interaction volumes [14] and
(b) schematic energy spectrum of electrons emitted consisting of secondary electrons with Es¢
< 50eV, low-loss electrons (LLE) with energy losses of a few hundreds of eV, backscattered
electrons with Egse > 50eV and peaks of Auger electrons (AE).[19]

2.2.4 Electron Backscatter Diffraction/Transmission Kikuchi Diffraction

Electron backscatter diffraction (EBSD) is a SEM technique, in which a stationary electron
beam is diffracted by the crystal lattice of the sample and the spherical diffracted beams
(Kikuchi cones) are detected by the phosphor screen of the EBSD detector. The formation of
Kikuchi cones observed in the EBSD pattern is determined by Bragg’s law of diffraction, as
seen in Figure 2-12. The ESBD pattern is characteristic of the lattice parameters of the

particular crystal and its orientation in space.[20], [21], [22]

EBSD operates by placing a flat highly polished sample at an incident beam angle of 20°,
meaning a stage tilt of 70°. It is performed at moderately high beam voltages (between 20 —

30 kV) with typical working distances of between 8 — 10 mm.[20]

EBSD gives a lot of information about grain size, shape, texture, orientation; grain boundary
type and misorientation as well as phase information. It can obtain resolution of approximate
grain sizes of 100 nm with an increase in resolution available after the use of an added
technique called Transmission Kikuchi Diffraction (TKD) or Transmission Electron
Backscattered Diffraction (t-EBSD). TKD uses transmission diffraction by using electron-
transparent samples in the same geometry as EBSD but with slightly higher accelerating
voltages. The advantages of TKD are; a considerably improved lateral spatial resolution of ~10
nm in comparison with ~100 nm for traditional EBSD and also a small energy distribution,
which can potentially enable analysis of finer structure than current EBSD methods. The TKD
method is high favourable for analysing focused ion beam milled samples, in particular for this

particular thesis work, plan-view lamellae.[23]
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Figure 2-12: Schematic of the electron diffraction and the corresponding Kikuchi diffraction
cones.[21]

2.2.5 Energy-dispersive X-Ray Spectroscopy

As mentioned previously, the interaction of electrons with the specimen causes a series of
both elastic and inelastic collisions. One of the interactions, which is beneficial for elemental

analysis is the emission of X-rays from inelastic scattering.

As an incoming electron in the microscope causes the removal of a core-shell electron, a hole
is created, which is then filled by the decaying of another electron to this shell. This decaying
of an electron leads to the emission of an X-ray. This emitted X-ray has an equivalent energy to
the difference in energy between the two shells and hence can be used to identify specific

elements.

The characteristic X-rays of the various electron shells (K, L, M) of specific elements can then
be identified through EDX spectroscopy. The EDX spectrometer measures the energy of these
characteristic X-rays. This is done through the X-ray being absorbed into an Si/Li
semiconductor detector. The energy of these X-rays is converted into electron-hole pairs
within the semi-conductor. The quantities of these pairs corresponds to a certain

characteristic X-ray energy and hence certain elements are identified through this.

This technique is useful for obtaining compositional information and can be used to analyse
individual atoms or averaged over a pixel (STEM) or over an illuminated region (TEM).
Information such as bonding etc. cannot be determined. EDX spectra are easier to interpret

for qualitative analysis than EELS spectra and have much higher signal-to-noise ratio.[13]
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2.2.6 Electron Energy-loss Spectroscopy

EELS is an analytical technique which measures the energy lost by electrons that have been
inelastically scattered after interaction with a specimen. The beam of transmitted electrons is
directed to a high-resolution electron spectrometer, which separates the electrons according

to their kinetic energy and hence produces an electron energy-loss (EEL) spectrum.[24]

An EEL spectrum is comprised of 3 main sections; the zero-loss peak, the low-loss region and
the core-loss region, see Figure 2-13. The zero-loss peak comprises of the electrons which
have been experienced no loss in energy, elastically forward scattered electrons and excited
phonon modes which have experienced energy loss but are below the experimental energy
resolution. The zero loss peak is an important feature in calculating the absolute thickness of

samples, which will be discussed later in this section.[24], [25]

The low-loss region which typically ranges from 0 to 50 eV, corresponds to the excitation of
the electrons in the outermost atomic orbitals. The low-loss region is dominated by plasmon
scattering. The core loss region, typically beyond the 100 eV region, corresponds to the
excitation of the inner-shell electrons and as inner-shell binding energies are dependent on
atomic number, the ionization edges indicate the elements occurring in the spectrum. Core-
loss edges also contain chemical information about the elements including valence, oxidation

state, bonding information and atomic spacing.[24], [26]
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Figure 2-13: A typical Electron Energy-loss spectrum indicating the zero, low and core-loss
regions of the spectrum as well as the different interactions and phenomena, which occur at
certain characteristic energies.[25]

The EELS log-ratio technique for determining sample thickness was established by Malis et al.
This ratio technique can give an accuracy of +-20% for inorganic specimens.[27] Sample

thickness can be calculated using the following equation:

‘i (I—t) (2.6)

Where t is the local thickness, A is the inelastic mean free path of the primary electron, I; and |y
are the integrated intensities of the total and zero loss peaks in the EELS spectrum,
respectively. t/ A provides a measure of the relative thickness across regions of the sample but

if absolute thickness is required the inelastic mean free path must be determined.[28]

The inelastic mean free path, A is dependent on the atomic number Z of the material in
guestion, the incident electron beam energy E, in keV and B the collection semiangle in

mrad.[27]
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The formula to determine A is as follows:

Ey
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Where F is a relativistic factor given by:
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and E,, is an average energy-loss term and is dependent on the atomic number Z:

E, = 7.62%3¢ (2.9)

2.2.7 Energy-Filtered Transmission Electron Microscopy

In TEM spectrum imaging can be achieved by using energy-filtered TEM (EFTEM). This means,
rather than recording a spectrum at each pixel, the beam is dispersed and only electrons of a
certain energy window are allowed through a slit to then form an image. EFTEM couples the
parallel beam imaging of TEM with the principles of EELS to get a filtered image or an
elemental map. Essentially an EFTEM map is an energy slice through a complete STEM-EELS
dataset.[13] EFTEM is a great method for quickly mapping the distribution of a single element,
or a more complete compositional dataset an be built up by changing the filtered energy
across some desired range.[29] EFTEM is useful to acquire relative thickness measurements of
a sample. This is done by acquiring an unfiltered and elastic or zero-loss image from the same
region under identical conditions. By using the t/ A equation mentioned in section 2.2.6, a
relative thickness can be acquired once the unfiltered and elastic image have been

captured.[30]
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2.2.8 In-situ Transmission Electron Microscopy

In-situ TEM has become an essential technique within the field of material science as real-time
observations of dynamic changes within materials becomes increasingly more important.
Understanding how materials react upon the application of external stimuli is increasingly
recognised as vital to understanding the fundamental processes taking place during materials

synthesis, processing and functioning.[31]

Thermal experimentation within the TEM has provided a new and interesting perspective on
many material sets.[32]-[35] In-situ annealing has progressed from heating entire sample grids
to using Micro-Electro-Mechanical Systems (MEMS) devices to enable localised heating. This
technology provides greater temperature control due to the small volume and reduced
thermal mass of the heater. Moreover, it considerably reduces specimen drift and settling
time.[36] The use of this technology for in-situ annealing experiments has enabled the process

to become fast and reliable, offering new insights into material morphology.[37], [38]

Within this PhD work in-situ TEM annealing is performed using a DENSsolutions Wildfire S3
and double-tilt Lightning heating holder. Electron transparent samples are secured over a
through-hole window contained within the MEMS device and securing this device within a
specialized single-tilt TEM holder, shown in Figure 2-14 (a) and (b). The MEMS device acts like
a TEM grid. The in-situ annealing apparatus consists of a low-drift TEM holder with electrical
connections (schematic of holder shown in Figure 2-14 (c)), MEMS based heating device, a

computer to control the heating system and a control box.[39]

The MEMS device consists of a molybdenum (Mo) spiral encapsulated between two SiN,
membranes. The Mo spiral heats the localised area via joule heating controlled by a 4-point
probe feedback loop. As well as the Mo heating spiral, there are a series of through-hole
windows (5-20 um).[40] The electron transparent sample is positioned over a window close to
the centre of the heating spiral as shown in Figure 2-14 (a). The MEMS device can reach a
maximum temperature of 1300°C, with temperature stability of < 1°C at 1300°C. It has a heat

rate of 200°C per millisecond and a settling time of < 2 seconds.
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Figure 2-14: (a) Scanning Electron Microscopy (SEM) image of Micro-Electro-Mechanical
Systems (MEMS) device displaying the 4-point geometry, (b) SEM image of MEMS device
showing the heating spiral and through-hole windows and (c) schematic of heating holder and
MEMS device.

2.3 Scanning Tunneling Microscopy

This technique was not used by myself, however it was undertaken by our collaborator Dr.

Xiaopu Zhang and for completeness | have outlined the basic principles.

Scanning Tunneling Microscopy (STM) is a non-optical microscopy, which involves measuring
the tunneling current between a conductive tip and the sample surface when a potential is
applied between them, see Figure 2-15.This allows a 3D image of the surface to be created. It
was developed by Gerd Binning and Heinrich Rohrer at IBM.[41] As the tunneling probability is
exponentially dependent on the distance, the topography can be mapped out by keeping the
current constant and measuring the height of the tip. If the distance d between specimen and

I”

tip is small enough, electrons “tunnel” across the vacuum barrier. When a voltage V is applied
between the specimen and the tip, the tunneling effect results in a net electron current. This is

the tunneling current.[42]
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Figure 2-15: Schematic of the operation of a Scanning Tunneling Microscope.[42]

2.4 Conductive-Atomic Force Microscopy

Similar to the previous description in section 2.3, this technique was undertaken by Intel
researcher-in-residence Mr. Peter Gleeson and the basic principles are detailed below for

completeness.

Atomic Force Microscopy (AFM) stems from STM but is not limited to conducting surfaces as
STM is. This technique can be used to test mechanical and electrical properties of surfaces.
The AFM can be operated in 3 different modes: tapping, contact and non-contact. In contact
mode the tip is scanned across the surface and any deflection in the cantilever is recorded, as
can be seen from the schematic in Figure 2-16. The cantilever deflection represents the force
and can be described by Hooke’s Law, F = -kz where k is the spring constant of the cantilever
and x is the distance of the deflection. According to Hook’s Law F = -kz, the force interaction
between the tip and the sample is proportional to the tip bending and the cantilever stiffness.

Stiffness for contact mode cantilever can vary from 0.01 to several N/m.
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Figure 2-16: A laser beam is transmitted to the Atomic Force Microscope probe cantilever
which then reflects the beam onto the four quadrant photo detector, the vertical and
horizontal displacement of the cantilever deflections are then identified through the photo
detector.[43]

Conductive Atomic Force Microscopy (C-AFM) is a branch of AFM, which involves scanning a
conductive tip, which is in contact with the sample surface while a voltage is applied between
the tip and the sample, generating a current image. Concurrently, a topographic image is also
generated.[44] After acquiring a topographic image the tip can be moved to a region of
interest and the voltage can be ramped while the current is measured, generating local
current versus voltage curves (I-V). The main advantage of C-AFM over all electrical
measurement techniques is its high spatial resolution. It has capabilities of being able to
identify differences in conductivity across grain boundaries and within grains. This type of

feature is critical for the particular work, which has been outlined in this thesis.
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3. Experimental Methods

3.1 TEM Sample Preparation

3.1.1 Film Deposition

Initial samples analysed consisted of a 40 nm copper (Cu) layer, 7 nm silicon dioxide (SiO,) on a
silicon (Si) substrate. This was prepared using evaporation and was undertaken by Mr. Peter
Gleeson in CRANN, Trinity College Dublin. This was later replaced by samples from the Intel
fabrication facility, which consisted of a 50 nm Cu layer, 7 nm tantalum (Ta) layer on a Si

substrate. These samples were prepared by sputter Physical Vapour Deposition (PVD).

3.1.2 Initial Preparation Process

There are many different methods to use the Focused lon Beam (FIB) for Transmission
Electron Microscopy (TEM) sample preparation. | chose the most commonly used, in-situ lift
out technique (INLO), which has been proven to be quite effective. As described in chapter 1,
this technique is a combination of the H-bar technique and the lift-out technique. The initial
preparation for INLO is very similar to the ex-situ lift-out technique (EXLO) except the region of
interest is milled to a larger thickness of ~1 — 2 um. The success rate of the INLO method is 90

~100%.[1]

As mentioned in chapter 1, the main advantage of INLO compared to EXLO is that the
secondary electron (SE) imaging achieves higher magnification than optical microscope
imaging. This makes the lift out process more controllable and therefore increases the overall
success rate. It also allows for re-thinning of the lamella, which is not possible with EXLO
technique. The EXLO technique consists of milling a freestanding region to electron
transparency in the FIB. It is then removed from the FIB chamber and removed using a glass
needle attached to a micromanipulator, viewed under an optical microscope. The glass needle
is pushed at the specimen until it attaches electrostatically to the needle and is removed from
the bulk sample. It is then placed on a carbon (C) coated TEM support grid. Due to the low
optical magnification it can be difficult to remove the lamella with ease, hence performing the

lift-out within the FIB system would be a preferred technique.[2]-[4]
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Figure 3-1: (a) Schematic of a cross-section specimen prepared using the in-situ lift out
technique [5], (b) Secondary Electron Microscopy image of a Transmission Electron Microscopy
cross-section. The lamella has received final thinning and has been freed ready for ex-situ ‘lift-
out’.[6]

The primary advantage of using the lift-out technique over other sample preparation methods
is that the starting bulk material needs little to no initial preparation. It just needs to be small

enough to fit within the chamber of the FIB.

The sample is cut to dimensions of about 1 cm x 1 cm. It is secured to an aluminium stub using
a carbon tab and the edges are coated with silver paint to further prevent charging of the
sample. The bulk sample is first coated with carbon in a Cressington 108HR. This is done by
thermal evaporation of the carbon. A carbon source in the form of a rod is sharpened to
approximately 16 mm and mounted in the Cressington vacuum system between two high-
current terminals. When the carbon source is heated to its evaporation temperature, a fine
stream of carbon is deposited onto the film.[7] This has multiple purposes; to ensure further
protection of the area of interest in the sample and also to provide an amorphous area, which
can be used to focus in the ronchigram for high-resolution Scanning Transmission Electron
Microscopy (HRSTEM) analysis and to reduce sample charging. It was initially coated with
gold/palladium (Au/Pd), but that created an ion channeling effect, which caused further

damage to the sample. This is described further in chapter 4.

Once coated the sample is then mounted in the FIB/SEM chamber. An omniprobe TEM grid
with 3 pillars is also mounted in the centre of the Zeiss TEM sample holder. Using SEM imaging
(120 um aperture, high current mode) the sample is brought to a working distance of about 10
— 12 mm. At this point the eucentric point is determined by finding an edge and adjusting the

M-axis (the z-axis for the FIB) to bring it back to centre at various angles; 0°, 5°, 0°, 11°, 0°, 54°,
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0°, 54°. Once the eucentric point has been determined, the sample is kept tilted at 54°. It is re-
focused to make sure it is at the correct working distance. It is brought to 6 mm, refocused
and finally brought to the point of coincidence between the SEM and FIB, 5 mm. The FIB gun is
turned on, once a vacuum below 5 X 10™ mbar is reached. Toggling between SEM and FIB the
height is slightly adjusted until the centred image is the same in both SEM and FIB while the

magnification is locked in both systems.

The stage is lowered back to a working distance of 6 mm, at which point the Gas Injection
System (GIS) needle is brought in, selecting the platinum (Pt) channel, which has been heated
to ~ 73°C. The stage is then slowly brought back to a working distance of 5 mm and eucentric
is determined. In typical SEM operating mode, at 5 keV beam energy, a reduced raster box of
~14 x 2 um is set and the GIS valve is opened. The optimum value is ~3 keV. An extra long Pt
strip of 14 um is used as the beam’s scan rate home position causes a scalloping effect at the

end of the strip which causes a problem when thinning by producing a curtaining effect.[5]

All deposition is performed at 54° tilt, ideally electron beam-induced deposition (EBID) should
be done at 0° for best results. A small spot of Pt is laid down in the centre of the box to avoid
drift. The beam shift is then used to monitor and correct drift in real time. EBID is deposited
for ~ 15 — 20 minutes. This usually lays down ~ 500 nm of Pt. This is the ideal height, as the
ions will not penetrate this depth to the sample surface. After this, using the 30 kV 20 pA
beam, occasionally a 30 kV 50 pA beam the ion beam-induced deposition (IBID) is performed
for between 15 — 30 minutes depending on the beam current used, see Figure 3-2 (a). The

overall height of the Pt was found to be between 1.5 — 2 um.[6]

Once the deposition is completed, the GIS valve is closed and the needle is removed. The
beam current is now changed to 30 kV 2 nA. This is the most common current used for coarse
milling for this technique. Sometimes stronger beam currents such as 4 nA and occasionally 10
nA can be used depending on the stability of the beam. To ensure minimal spread of the beam
and clean lines, for most lamella preparation the 2 nA beam is used. Using the trapezoid
shape, a trench of depth of 10 um is milled either side of the protective Pt strip, see Figure 3-2
(b). A lot of re-deposition can occur during this part of the process. To help reduce the amount
of re-deposition, the trench is milled over the same area 3 times (layers option on Zeiss
system), to help mill through the re-deposited material and to observe the undercut. Another

advantage of using the INLO technique is that there is minimal re-deposition of the material
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once it is removed from the trench, as it is not in a confined space. In the other techniques, it
is confined to the trench, whereas when the lamella is welded to the TEM grid, the sputtered

material is simply removed by the vacuum.

Once the two trapezoid trenches have been milled, a rectangular trench of 12 um in depth is
milled on the third side of the lamella. Either side of the lamella is milled for approximately a
minute with a 2 nA beam to reduce the wedge shape at the bottom of the lamella, see Figure
3-2 (c). The stage is then tilted to 7° to perform the undercut, which allows for the removal of
the lamella from the bulk. Before tilting the GIS must be removed as they will come in contact
with the stage, see GIS geometry in Figure 3-2 (d). The undercut is usually milled at a depth of
5 — 7 um along the lamella, Figure 3-2 (e). After this the stage is tilted to 20° to ensure the

undercut is visible right through the lamella as shown in Figure 3-2 (f).
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Figure 3-2: Scanning Electron Microscopy images of the coarse milling process of lamella
preparation; (a) both e and i beam platinum deposition, on the left of strip notice scalloping
due to beam raster, (b) top view of trapezoid trench with gradual slope, re-deposition visible,
(c) two trenches and side trench, (d) Gas Injection System needle geometry above lamella, (e)
undercut view from Focused lon Beam perspective at 7° stage tilt and (f) undercut visible at 20°
stage tilt.

Once the trenches and undercut have been milled, the stage is tilted back to 54° and the
Kleindiek micromanipulator needle is brought to the coincidence working point. This has been
checked prior to the preparation to make sure it is inserted at ~ 4.8 mm so as to not crash into

the stage at 5 mm.
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The needle is then slowly inserted next to the free lamella sidewall. The GIS valve is opened
once again, before contact of the needle. The needle is welded to the side of the lamella.
Again, like previously the Pt is deposited using either a 30 kV 20pA or a 30 kV 50pA. After
welding, the fourth wall of the lamella is milled away with a 30 kV 2 nA beam current, see

Figure 3-3 (a) and (b).

The lamella is then removed from the bulk very slowly and with extreme care using the
Kleindiek needle micromanipulator. The stage is then lowered to a safe working distance
(anything from 12 — 18 mm) and is rotated to the centre of the TEM grid. The GIS needle is
reinserted. The stage is slowly raised back to the working distance of 5 mm ensuring that the
lamella welded to the needle is in the centre between 2 pillars of the grid. The lamella is
moved towards the middle pillar. The lamella is welded high enough up the pillar to prevent
sputtering of the Cu grid below and not too close to the rounded edges at the top of the pillar,
to ensure a flat contact point for the best weld possible. The GIS valve is opened once again
and the lamella is welded to the grid pillar using only EBID-Pt. The needle is removed by
milling with a 30 kV 2 nA ion beam. The lamella is welded on the other side to ensure a secure

hold to the grid pillar, see Figure 3-3 (c) — (f).
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Figure 3-3: Scanning Electron Microscopy images of (a) low magnification image of Kleindiek
needle (left), sample and Gas Injection System needles, (b) platinum weld of needle to lamella,
removal of fourth wall detaching lamella from bulk sample and careful lift-out of lamella from
trench, (c) lamella slowly brought to middle pillar of Transmission Electron Microscope grid (d)
lamella welded to pillar, (e) side on view of welded lamella and (f) top-down Focused lon Beam
view of welded lamella.

3.1.3 Thinning & Polishing Process

During the initial stages of this PhD work, the lamellae were prepared using the in-situ lift-out
method of 1 — 3° tilt (with respect to the FIB) and imaged with a 5 kV SEM. The lamella was
initially thinned with 30 kV 240 pA both sides, until it reached a thickness of about 800 nm — 1
pm in width. 15 kV 200 pA thinning until thickness of ~ 250 — 300 nm is reached. It is good to

perform the lower energy thinning and polishing at a slightly thicker lamella width to remove
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the damage layers. As, if the lamella becomes too thin, there will be no crystalline material,

only amorphous material, see Figure 3-4.[6], [8]

30 kV 16 kV 5kV 2kV 1kV

Pt

E30nm N

Figure 3-4: Schematic of knock-on damage and atomic displacement caused by various beam
energies.[9]

Using 5 kV 20 pA either sides are thinned until they become transparent with 5 kV 3 nA beam
in SEM mode. Due to the high beam current in SEM, exposure time should be limited. This
indicates a thickness of about 100 nm. Using 3 kV SEM, a 5 kV FIB polish is performed until the
image becomes transparent. This indicates a thickness of approximately 50 — 70 nm, suitable
for TEM analysis. Also, when preparing the lamella, with each change of beam energy the
lamella shape is slowly tapered in so that eventually only the last 2 — 3 um are electron
transparent and the remaining 8 um provide stability and also can be used to prepare future
lamellae for that sample. See sequential steps in Figure 3-5 (a) — (f). It also provides structural
integrity and reduces warping. Most of the lamellae prepared are approximately 12 — 14 pum in

length, 6 — 8 um in depth and ~50 — 80 nm in thickness.
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Figure 3-5: (a) Scanning Electron Microscope (SEM) image of 30 kV mill of lamella, (b) side view
of lamella after 30 kV mill, (c) side view of lamella preparation, (d) Focused lon Beam image,
top-down of tapered profile for lamella preparation, (e) SEM in-lens image of gradual 15 kV
polish and (f) SEM image of 5 kV polish.

3.1.4 Inverted Triangle “wedge” Technique and 2 kV Polish

Milling rates differ from the top to bottom of the lamella due to the tails of the ion beam
profile. This can lead to a preferential thinning of the top layer and hence the protective Pt
layer, hence why in this project the new “wedge pre milling” technique from M. Schaffer et al.
(2012) has been employed. This involves a gradual reduction in the ion beam energy during
the thinning and polishing process. To further protect the sample surface, an incident beam

angle of approximately 6° — 7° is used along with an extra thick protection layer (2 um), see
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Figure 3-6. Due to this new technique it was now possible to use a lower energy, 2 kV 20

pA.[8]

1.8 um 1.5 um 0.8 ym 0.15 ym

Figure 3-6: Schematics of “wedge pre-milling”. Features of interest close or at the top surface
(black ellipse) stay fully protected and protection layers are kept intact and parallel for final
thinning steps.[8]

The lamella is tilted to 7° with respect to the FIB. The same beam currents and dimensions
were used to determine when to lower the beam currents but it was kept at this tilt. The tilt
varied for each lamella as each individual lamella preparation is different. If more Si from the
bottom of the lamella is being milled away too quickly, then the tilt is decreased by 1 — 2° to
alleviate the aggressive milling accordingly and vice versa with the Pt layer. Examples of wedge

profile at reduced beam energies shown in Figure 3-7 (a) — (f).
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Figure 3-7: (a) — (d) Scanning Electron Microscopy (SEM) images of side profile wedge shape at
reducing beam energies, (e) and (f) SEM images of low 2 kV polishing of lamella, now possible
with new wedge technique.

3.1.5 Issues & Artefacts generated from the FIB

There are also drawbacks to using a Ga* FIB for sample preparation. The sputtering process
can implant Ga and create vacancies and interstitials, which depending on the material can
coalesce to form dislocations or if there is sufficient density, an amorphous layer. This is not
ideal for doing HRTEM imaging and analysis. In addition, local composition and phase changes

can also occur.[10]
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Damage at the sidewalls of the lamella has also been reported. Two techniques are used to
reduce this sidewall damage in this study. The sample is tilted at 7° with respect to the FIB
beam axis. This glancing angle has been proven to reduce damage and protect the Pt layer.

Secondly, the beam energy was reduced to 15 kV, to 5 kV and then finally to 2 kV.[10]

Usually for a 30 kV beam the amorphous layer and damaged produced by Ga in Si is between
20 — 35 nm thick. By employing the methods of reducing the ion beam energy and reducing
the incident angle, it can be significantly reduced, see schematic in Figure 3-8. Thompson et al.
showed after a 5 kV clean-up that the Si amorphous layer was reduced from 40 nm to 5 nm

and to~ 1 nm for a 2 kV beam.[11], [12]

30 kV thinning to aimed-for 5KV final successively decreasing kV 2 KV thinning 0.50r1kV
thickness <100 nm thinning/cleaning 5 KV thinning to <100 nm ~to~40 nm final cleaning

90 nm 30 nm 90 nm 40 nm 30 nm
~ e ~ -

Figure 3-8: Comparison of different amorphous regions generated by reducing beam energies
at different thicknesses.[9]

3.2 The relationship between Cu and FIB milling — How does it react?

For Si, the amorphous layer and damage produced by Ga is documented to be ~ 20 — 30 nm
amorphous for 30 kV and 13 nm for 10 kV.[13]-[15] There is a need to address how the Cu
layer evolves as well. Kiener et al. performed a number of thinning experiments ranging from
30 kV to 5 kV. The TEM results show a ~10 nm amorphous layer for 30 kV and less than ~3 nm
for 5 kV. However at all energies, including low energies, dislocation-like damage is still
observed at 5 kV.[16] Kiener et al. state an amorphous region of up to ~50 nm for a 30 kV 2 nA
beam. The penetration depth of the ions can also be reduced by reducing ion energy and

impact angle, 15 nm to 5 nm from 30 kV to 5 kV.[16]
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Figure 3-9: (a) Schematics showing the influence of (i), (ii) crystal orientation, (iii) atomic mass,
and (iv) surface geometry on 30 keV Ga’ collision cascades and ion-induced secondary electron
image contrast formation. The orange atoms in (iii) are more massive than the yellow atoms in
(i), (ii), and (iv) [17] and (b) Different sputtering rates of different materials.[18]

The beam can cause other types of damage to the Cu. For example, due to the different grain
orientations of Cu, channeling of the ions can make it difficult to mill the Cu or it can help
reduce the sputtering yield and therefore increase the penetration depth, see Figure 3-9 (a)
and (b).[19], [20] It has also been noted that high intensity ion beam milling can induce

oriented grain growth or Ga-intermetallic growth.[21]-[23]
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4. Optimisation of the TEM Cross-sectional Lamella Preparation
Technique for 40 nm Cu Films on SiO,

4.1 Introduction

The ultimate goal of this work was to investigate the microstructure of copper (Cu)
interconnects i.e. nanowires (NWs), however initial investigations were carried out on Cu films
as these are readily synthesized and analysed. Therefore, in this chapter the following
investigations are described: a) the optimisation of the cross-sectional lamella preparation
process of these Cu films and b) the Scanning/Transmission Electron Microscopy (S/TEM)

imaging and analysis of the Cu microstructure. All the Cu films were prepared by Intel Ireland.

Nanocrystalline thin films have been widely used for decades, in particular nanocrystalline
metals, as they are widely used as electrical contacts and interconnects in ultra large-scale
integrated circuits.[1] Many aspects of nanocrystalline thin films have been investigated,
including grain growth and strain release.[2], [3] The main attraction of nanocrystalline films is
their increased strength and hardness due to their reduced grain size and film thickness.
Nanocrystalline materials are single or multi-phase crystal materials with sub-micron grain
sizes, usually in the range of 1 — 100 nm. Due to the small dimensions of nanocrystalline
materials, they have varying properties to that of their micron-sized counterpart. This
reduction in dimensions can lead to changes in the physical, mechanical and chemical
properties of the material in comparison to its bulk state.
This is mainly due to the fact that, at reduced dimensions, grain boundaries and interface
boundaries occupy a considerably larger fraction of the film and hence alter the properties of

the material.[4], [5]

In this chapter, the progressive and iterative improvement of the lamella preparation through
high-resolution S/TEM (HRS/TEM) imaging as well as supporting thickness measurements
through Energy-Filtered TEM (EFTEM) mapping is described. The overall grain sizes, grain
boundaries and crystallinity of the Cu film will be analysed as well as the damage induced to
the sample by the electron beam. This chapter will briefly outline the initial process of the

lamella preparation optimization by Focused lon Beam (FIB) milling, pertaining to a 40 nm Cu
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film deposited on 7 nm silicon dioxide (SiO,) on silicon (Si) substrate. This is one of two
different Cu films and liners used throughout this project. The second being a 50 nm Cu film
on 7 nm tantalum (Ta) liner on Si substrate. The preparation method varies slightly to the
preparation of the SiO, liner. The SiO, liner is prepared through Plasma Enhanced Chemical
Vapour Deposition (PECVD) as opposed to sputter Physical Vapour Deposition (PVD) for the Ta
liner. As noted previously, both variants were investigated, however eventually the 50 nm Cu
films on 7 nm Ta liner became the primary sample of interest and remained the focus

throughout the majority of this PhD work.

The decision for using SiO, for a liner was determined by Intel. The reasoning behind this was
to investigate the properties of the evaporated Cu film without the interaction of a typical
liner material but an insulating material with little interaction with the Cu at low temperatures
and with no electrical bias applied. Using SiO, was ideal to investigate the Cu without the
contribution of other materials/external factors. SiO, has been used as a dielectric material
and a barrier in the semiconductor industry for decades. Hence why the diffusivity of other
metals into this material has been investigated thoroughly.[6] At elevated temperatures it has
been noted that Cu diffusion occurs into SiO, dielectric layers due to the low-temperature
electric field applied and this diffusivity is significantly accelerated at increasing high

temperatures.[6], [7]

4.2 Experimental Methods

The Cu was PVD in a Temescal e-beam evaporator, and the SiO, was deposited by PECVD. They
were 40 nm and 7 nm in thickness respectively. The Cu NWs used for the Conductive-Atomic
Force Microscopy (C-AFM) data acquisition were 100 nm wide wires with a depth of

approximately 150 — 160 nm, with a proprietary protective barrier layer on a Si substrate.

All TEM and STEM images were acquired on an FEI Titan at either 80 kV or 300 kV. Energy-
dispersive X-ray (EDX) spectra were acquired using an EDAX EDX detector with spatial
resolution ~0.5 nm. All Scanning Electron Microscopy (SEM) and FIB imaging acquired for
lamella preparation and optimisation procedures were performed on a dual beam Zeiss

Auriga.

70



All samples used for Scanning Tunnelling Microscopy (STM) analysis were etched with a glacial
acetic acid and loaded into an ultra-high vacuum (UHV) system equipped with a low-
temperature scanning tunneling microscope. It was also gently sputtered and annealed at

~300°C prior to imaging. C-AFM data was collected on a Bruker Multimode AFM.

4.3 Optimisation of Lamella Preparation

The first criterion, which needed to be met for this project was to produce lamellae at an
approximate thickness of < 50 nm. There were many attempts at adjusting the thinning and
polishing protocol in order to produce the desired lamellae. The aim was to produce lamellae
of ideally < 50 nm thickness, a condition necessary to observe crystalline Cu films and to
achieve atomic resolution S/TEM imaging and analysis along the Cu grain boundaries. Many
lamellae were prepared of this particular sample to achieve the desired thickness.
Approximately 10 cross-sectional and 2 plan-view lamellae were prepared to this effect.
Furthermore, there were approximately 10 further re-thins of these lamellae. Re-thinning
simply describes using a lamella, which has already been welded to a TEM Omniprobe grid
pillar but with an unsuccessful initial polish. It may have been too thick for TEM imaging and
characterisation. The lamella can be cut to remove the “unusable” area and it can be re-
polished without having to start the preparation from the bulk sample again. This was to try
and obtain the best and most pristine crystalline sample to produce the highest quality
images. The main parameters optimized were milling angle, platinum (Pt) deposition height
and lamella size. A lot of this lamellae preparation was a slow and iterative process, which
took approximately a year and a half to master. Due to the large volume of lamellae prepared
and the subsequent data analysis generated, | will only highlight the significant adaptations to
the sample preparation, including unsuccessful attempts, which | feel are significant to the

overall result achieved without going into detail about each lamella prepared in the process.

4.3.1 Gold/Palladium Coating

Initially lamellae were prepared using the in-situ lift-out procedure as described in the
previous experimental methods chapter, section 3.1.2. Samples of 40 nm Cu/ 7nm SiO,/Si
substrate were coated in ~ 30 nm layer of gold/palladium (Au/Pd) to protect the sample from
any damage due to the FIB beam. This additional layer protects the Cu film for longer while it
is being thinned under the FIB beam, especially at lower beam energies. The sample was

coated with a further protective ~1 - 2 um layer of Pt.
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Most lamellae were prepared using a reduced beam energy technique. Going from 30 kV 240
pA to 15 kV 200 pA and finally to 5 kV 20 pA. Reducing the beam energies is of great
importance, as it helps reduce the amorphisation of the material. Figure 4-1 (a) and (b) shows
the initial samples prepared with the Au/Pd coating and with a final beam polish of 5 kV 20pA
at a tilt of approximately +3° with respect to the FIB. This beam voltage and current were used
at ~300 nm thickness and the polishing would continue on either side of the lamella until it

became bright in contrast to the other parts of the lamella at 3 kV in the SEM image.

As can be seen from the image in Figure 4-1 (d) it is difficult to obtain any significant grain
information about the Cu film. The greatest technical challenge with this particular
preparation method is the coating step, which can be seen in the TEM images in Figure 4-1 (c)
and (d). The deposited Au/Pd coating creates columnar structures and gaps within the film
leading to failure to act as a protective layer, which leaves the Cu film exposed in terms of ion
irradiation and damage.[8] It was also noted that there was insufficient lattice information
from the grains and grain boundary in the sample. Therefore, it was determined the
preparation method needed to be adapted and improved, especially the varied milling rate of
Cu needed addressing. The dimensions of the Cu film also made it extremely difficult to thin

uniformly and without significant damage to the sample.

Thickness maps were obtained of the thin region of interest using EFTEM mapping. These
depicted a log ratio, described in section 2.2.6 (t/A) of 0.21 — 0.29 at the Cu/SiO, interface with
lower values closer to the film surface, near the Au/Pd coating, where they were typically
found to be 0.1. Even though the intensity ratios obtained are quite low, the compromise was
visible with regards the crystallinity of the film. Some regions were found that had the desired
thinness and desired electron transparency (<50 nm) but no atomic resolution imaging and
analysis could be achieved due to the amorphisation of the material leading to a lack of

crystallinity in the film.

72



Cu grid pillar

Figure 4-1: (a) Scanning Electron Microscopy (SEM) image of side-on profile of the lamella, (b)
SEM image of the lamella after its final 5 kV 20 pA polish, (c) 300 kV Transmission Electron
Microscope (TEM) image of gold/palladium (Au/Pd) and platinum (Pt) coated lamella and (d)
TEM image with arrows marking large columns/gaps in the Au/Pd coating. (Notation in
images: Cu=copper, Au/Pd=gold/palladium, Pt=platinum)

4.3.2 Adopted Weld Technique

Another technique adopted during lamella preparation was the weld of the lamella to the
pillar of the TEM Omniprobe grid. Due to the geometry of the Gas Injection System (GIS), FIB
and SEM columns in the Zeiss dual-beam systems, it was very challenging to weld the lamella
to the grid with ion beam-induced deposition (IBID)-Pt. This type of weld would be preferable
to the electron beam induced deposition (EBID)-Pt, as it is much stronger weld and strength is
of vital importance if the lamella is to be analysed on multiple occasions in different
microscopes. However, the lamella was nevertheless welded securely using an EBID-Pt weld
and the micromanipulator was removed. The GIS was securely parked before continuing on
with this method, as there would be a stage touch. Once this was checked, the stage was tilted
to 7°. Once tilted, the lamella was then viewed in the FIB and with some minor stage
movements the lamella appeared upside down on the pillar in the centre of the image. This is

depicted in Figure 4-2 (a) and (b) which display the SEM and FIB view at the 7° stage tilt,
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respectively. A reduced raster box is carefully placed at an ion beam voltage and current of 30
kV 2 nA respectively, on the area of the pillar directly adjacent to the lamella. A slight overlap
was milled between the area of the pillar beside the lamella and the edge of the lamella itself.
This ion bombardment milled into both the EBID-Pt weld and the Cu pillar, fusing the two into
a stronger weld. This was then repeated, carefully, at the top of the lamella and the opposite
side to ensure a secure weld. It must be stressed to be as careful as possible when moving the
reduced raster box to a different area of the lamella, as sometimes the reduced function can

focus on the middle of the lamella, which can lead to unwanted milling/damage of the lamella.

Lamella
covered

top of
lamella

Figure 4-2: (a) Scanning Electron Microscopy view of pillar and lamella at 7° and (b) Focused
lon Beam view of lamella on pillar at 7° with the boxes indicating the regions in which the
beam is placed to create a stronger weld.

4.3.3 No Additional Coating

Due to the essentially destructive nature of Au/Pd protective coating, the following lamellae
were prepared with no coating prior to the Pt protective layer deposited using both EBID-Pt
and IBID-Pt in-situ within the SEM/FIB system. Again, this lamella was prepared in the bulk of

the sample using the in-situ lift-out method as described in section 3.1.2 of chapter 3.
The bulk thinning at 30 kV 240 pA was done at an angle of 0° with respect to the FIB. At the

lower polishing energies, more specifically the final low 5 keV beam energy, the lamella was

tilted to an angle of 1 — 2° with milling times of ~5 minutes either side of the lamella.
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Figure 4-3: (a) Scanning Electron Microscopy image at 3 kV of final lamella prepared with 5 kV
polish, (b) 300 kV Transmission Electron Microscopy (TEM) image of lamella, (c) High-
resolution 300 kV TEM image of silicon (Si) substrate with (d) the indexed fast Fourier
Transform (FFT) of the area highlighted in red. (Notation in images: Cu=copper, Pt = platinum,
Si=silicon)

Figure 4-3 (a) shows a SEM image of the final 5 kV thinning of the lamella, with the thinnest
region and hence the region of interest for TEM analysis highlighted. The TEM image of this
highlighted region is displayed in Figure 4-3 (b). The Pt layer provides a significant layer of
protection, which compensates for the lack of an extra protective layer such as Au/Pd. The
changes in preparation technique lead to distinct improvements as shown in the high-
resolution TEM image of the Si substrate interface with the SiO, layer shown in Figure 4-3 (c).
Producing this kind of high-resolution imaging proves extremely promising in terms of
optimising lamella preparation and ultimately gaining insights into the microstructural
properties of the Cu film. The Fast Fourier Transform (FFT) shown in Figure 4-3 (d) highlighted
again that at this early stage of optimizing the sample preparation that atomic resolution
information of the Si substrate can be consistently obtained. An Energy-Filtered TEM (EFTEM)
thickness map of the thinned region of interest was acquired and the t/A value was found to
still be relatively low at the Cu/SiO, interface with values between 0.28 — 0.35 and even lower

still at ~0.22 at the top of the Cu film, closer to the Pt protective layer. Using the formula
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outlined in chapter 2, equation 2.7, a rough estimation for A for Cu is ~78 nm, giving a
thickness of ~17 nm. This is quite a low value and is of the thinnest region visible in the
thickness map. It may not have the most crystalline region. These variations in thickness were
as expected, although the average thickness was still thicker than the thicknesses achieved
using the method previously described using the Au/Pd coating. Nevertheless, the quality and
crystallinity of the lamella produced via the adapted method was clearly evident while still

maintaining the electron transparency and sufficient thinness of the lamella.

4.3.4 Carbon Coating, Wedge Technique and 2 kV Polish

Multiple lamellae were prepared following this adapted method, without any significant
improvement occurring in terms of reducing the thickness of the Cu film. As mentioned in the
previous experimental methods chapter, Schaffer et al. have developed an inverted triangle
“wedge” technique to maximize the protection and reduce damage of the layer of interest
within the lamella. They predominantly do this through creating a technique which creates an
“ice cream cone” type shape, as can be seen in the side-on SEM image of the lamella mounted
on the TEM grid pillar shown in Figure 4-4 (a). By employing this new wedge technique, the
area of interest was further protected from the gallium (Ga) beam. Furthermore, there was
less aggressive milling of the Pt, which meant that 2 kV 20 pA could be used to further polish
the lamella. There were other helpful precautionary measures to further reduce the chances
of damaging the lamella used by Schaffer et al. These included coating the bulk sample with a
layer of carbon (C) and depositing a further 500 nm extra Pt compared to traditional lamella
preparation techniques. Schaffer et al. stress that these procedures are of particular
importance when the area of interest is near the sample surface, which is the case for all the
samples used over the course of this PhD work. Hence adopting the approach developed by
Schaffer et al. allowed for a 2 kV polish to be used without causing damage to the lamella as
previously shown.[9] This “ice cream cone” approach resulted in a thinner lamella with less
apparent damage compared with the previous lamellae produced using just a 5 kV polish.
Prior to this technique, it was very difficult to use the 2 kV 20 pA beam as it is very broad and
would damage and mill away most of the very fine Pt layer that was left after a 5 kV final

polish.

An EFTEM thickness map of the thinned region highlighted in Figure 4-4 (b) and (c) was

acquired and the t/A intensity ratio of this region was found to be slightly lower than the
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previous Pt protected lamellae with values of 0.24 — 0.26 at the Cu/SiO, interface and similar

values of 0.22 at the top of the Cu film near the C layer.

Figure 4-4: (a) Scanning Electron Microscopy (SEM) image of side-on view of an inverted

triangle “wedge” shaped lamella, (b) 3 kV SEM image of final 2 kV 20 pA polish of cross-

sectional lamella (circle marking area of interest for Transmission Electron Microscope (TEM))

and (c) TEM image showing the low kV polished lamella. (Notation in images: Cu=copper,
=carbon, Si=silicon, Pt=platinum)

4.4 Cu Film Microstructure Characterisation

4.4.1 Grain & Grain Boundary Size and Structure

As can be seen throughout the lamella preparation optimization process detailed in chapter 3,
determining the grain size distribution throughout the cross-sectional lamella was quite
challenging. The main challenge was to reduce the thickness of the lamellae sufficiently,
particularly in the early stages. Another challenge was to preserve crystallinity as a lot of the
over-thinned regions were damaged by the FIB beam due to milling and as a consequence had

lost most of their structure.
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It is worth nothing at this point that it is evident from the high-resolution images shown in the
figures thus far that there is a range of different and complex grain shapes and grain

boundaries present within this particular Cu film.

In Figure 4-5 (a) and (b) we can see the mixture of columnar grains with grain boundaries
almost perpendicular to the Cu film and others with a distinct angle. The visible grains were
found to be comprised mainly of columnar grains which ran the depth of the Cu film i.e. had a
depth of ~40 nm. The width of these columnar grains ranged from 25-100 nm. There were also
some more irregular shaped grains, which were less rectangular in their two-dimensional (2D)

structure. They were found to have a height of 40 nm with curved grain boundaries.

It is difficult to determine from a cross-sectional perspective the statistical distribution of both
low-angle grain boundaries (LAGB) and high-angle grain boundaries (HAGB) within the film.
Grains can be defined by the misorientation angle between them. A LAGB is a misorientation
between two grains, which is less than 10-15°, this is material dependent. They are generally
comprised of an array of dislocations and their structure and properties are correlated with
the misorientation. HAGBs have a misorientation greater than 10 — 15°. Unlike LAGB, HAGB
properties are generally found to be independent of misorientation.[10] As shown in Figure 4-
5 (c) and (d) there is a complex mixture of grain sizes and grain boundaries with many being
extremely complicated boundaries incorporating a mixture of misorientations from both the
tilt and twist direction. It has been reported that there is poor Cu grain texture on SiO, barrier
layers, particularly a weak (111) surface texture, which could be contributing to the varied

mixture of grain and grain boundaries observed.[11]

Another grain feature observed in Figure 4-5 (b) and (d) is grain boundary grooving. Grain
boundary grooving is a process when surface diffusion redistributes the diffused atoms at the
grain boundary triple junction, which creates equilibrium of the surface tensions of all the
contributing interfaces.[12] Grain boundary grooving is closely linked to film de-wetting, which
will be discussed further in chapter 6, when discussing in-situ techniques.[13] It has been
observed that normal grain growth stagnates when the average diameter of the columnar
grains is 2 — 3 times the size of the film thickness. This is known as the specimen thickness
effect. Mullins et al. stated that this stagnation is linked with grain boundary grooving

occurring when the grain boundary meets the free surface of the film.[14]
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Figure 4-5: Transmission Electron Microscopy images at 300 kV of (a) visible grains and grain
boundaries within the 40 nm copper (Cu) layer of lamella (b) grain boundary grooving within
the film, c) and d) high-resolution imaging revealing the angles between different grains.
(Notation in images: Si= silicon, Pt=platinum, Cu=copper and C=carbon)

4.4.2 Intra-grain Features

4.4.2.1 Twinning

Deformation twinning occurs in a crystal when part of the crystal lattice undergoes a
homogenous shear, which changes the original orientation of the crystal lattice. Another way
of describing this is to say that a twin boundary is a mirror image of a crystal’s lattice structure,
see Figure 4-6 (a). They can form through the mechanism of partial slip through close packed

layers {111} for this particular face centred cubic (fcc) crystal.[15], [16]
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It is noted from the literature that deformation twinning greatly increases in metals when they
are reduced from coarse grained (micron size) to below 100 nm grain diameter. Both grain size

and stacking fault energy affect the formation of twins in nanocrystalline fcc metals.[17], [18]

High mechanical strength and low electrical resistivity are very important and are ideal
properties for Cu interconnects within integrated circuits.[19] In this instance, twinning could
potentially enhance the mechanical strength of nanocrystalline Cu interconnects. However,
even though introducing defects can strengthen a nanomaterial, sometimes it can have
adverse effects on electrical conductivity due to defects/dislocations potentially affecting the
transmission/reflection probability of electron transport.[18] Cu interconnects with high
density of {111} coherent twin boundaries reduce electromigration as the twin boundaries
slow down the diffusion of vacancies/Cu atoms.[20] The triple point where a grain boundary
meets a twin boundary reduces surface and grain boundary electromigration by an order of

magnitude.[19]

However, twin boundaries are preferable to HAGBs as their electron scattering coefficient is
an order of magnitude lower.[21] From a thermodynamic point of view, the formation of twin
boundaries reduces the overall interfacial energy as the excess energy for coherent twin

boundaries is much smaller than that for conventional HAGBs.[22]

Cu synthesized with a high density of nanoscale growth twins has been found to exhibit
considerably higher tensile strength than coarse-grained Cu, but the former retains the
electrical conductivity comparable with that of pure Cu.[22] The electrical conductivity of
nanocrystalline Cu without twins was at least one order of magnitude lower. Resistivity of
grain boundaries in Cu at 295 K is known to be 3.6 x 10 Qm? and twin boundaries is 1.7 x 10
7 Om?2.[18], [23] The presence of twin boundaries within the Cu film may not have such an

adverse effect on the electrical conductivity as opposed to HAGBs.
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(a) Twin plane (boundary)

Figure 4-6: (a) Schematic of twin plane/boundary, mirror image of crystal lattice is shown here
[24], (b) Transmission Electron Microscopy image of the copper (Cu) film containing multiple
twins and (c) grains taken from central region shown in (b) with twins at angles to film surface.

As can be seen from the images in Figure 4-6 twinning is present in the Cu film. Figure 4-6 (b)
and (c) display twin boundaries typically running the depth of the Cu film primarily at angle of
~54.6°, with some running at angles of ~81.7° to the Cu film surface. The size of these twins
range from 10-30 nm in width. There is a correlation between the thickness of the twins and

resulted increase in strength of nano-twinned Cu.[25]
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Figure 4-7: (a) High magnification Transmission Electron Microscopy (TEM) image of twins
highlighted in Figure 4-6 (b) with a 70.4° tilt with respect to the matrix lattice (b) indexed fast
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Fourier Transform (FFT) of twin in (a), looking at the [1-10] beam direction, (c) inverse FFT of
the (11-1) and (-1-11) diffraction spots from part (b) confirming the twin boundary plane, (d)
Area in which Energy-dispersive X-ray line scan was obtained across the twin boundary and (e)
graph displaying the elemental spectra obtained from (d). (Notation in images: M=matrix
lattice, T=twin)

Using HRTEM imaging, mainly coherent twin boundaries were observed. An example can be
seen in Figure 4-7 (a). The indexed FFT in Figure 4-7 (b) displays two spots in close proximity to
each other. These spots represent the twin boundary lying in the (11-1) plane. The beam

direction is the [1-10] direction.

The FFT of this particular twin also displays the mirror symmetry with an angle of ~70.4° with
the boundary lying in the (11-1) plane, which is in agreement with the expected value for twin
boundaries in Cu, see also inverse FFT of the twin boundary plane in Figure 4-7 (c).[16] This
could potentially be of interest as it has been investigated that Cu interconnects with a
significant number of {111} coherent twin boundaries can potentially lead to increased
resistance in electromigration of the Cu. Therefore these particular twin boundaries could

potentially slow down the diffusion of vacancies or Cu atoms.[20]

An EDX line scan was acquired across the double twin boundary with the element spectra
plotted across the line scan distance, as shown in Figure 4-7 (d) and (e). There was no change
in the chemical composition of the Cu but there is a noticeable change in the Cu counts across
the twin boundary with the peak rising again once within the grain. Concurrently, the counts
are consistently reducing across the entire boundaries due to the reduced thickness of the

region itself.

As can be seen from Figure 4-8 (a), twins could potentially be propagating from the
dislocations at the SiO,/Cu interface. There are also twins running parallel with the Cu film
surface which terminate at the grain boundary interface, as is marked in Figure 4-8 (b). This
could be interesting in terms of twins being more energetically favourable than other grain

boundary types. There were also incidents of 5-fold twins within the Cu film, see Figure 4-8 (c).
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Figure 4-8: Transmission Electron Microscopy (TEM) image at 300 kV of (a) twin boundary (TB)
in copper (Cu) film with dislocations highlighted at interface, (b) TB within Cu grain parallel to
the Cu film with boundary terminated by asterisks and (c) 5-fold twin within grain in Cu film.
(Notation in images: SiO,=silicon dioxide, Cu=copper, M=matrix lattice, T=twin, TB=twin
boundary)

4.5 Damage of Cu Film

Damage under the electron beam was observed in the thin lamellae. The Cu layer was showing
significant structural damage as well as movement of the Cu material, particularly in thinner
areas of the lamellae. This is most likely due to the quality of the Cu film, which led to some
structural deformation under the electron beam. There was a considerable amount of
crystallites within the grains themselves, as shown in the TEM image in Figure 4-9. It is clear

from the image that there is a lot of damage to the lattice within the grains themselves. These
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small areas of crystallinity proved extremely difficult to index as well as to interpret the grain

structure.

The small nano-crystallites showed the quality of this particular evaporated Cu film on the SiO,
liner. The grains were not uniform in crystallinity and this affected the structural

integrity/stability of the film.

Figure 4-9: Transmission Electron Microscopy image showing the crystallites within copper
grains in 40 nm film.

The effects of FIB milling on and the potential damage to the Cu are discussed in the section
3.2. In order to confirm whether the damage was related to the electron beam, a series of
images were obtained over an 8 min time period, as shown in Figure 4-10 (a) and (b). An EDX
line scan was also acquired across the Cu/SiO, interface, confirming the presence of Cu across
the SiO, and into the Si substrate, see Figure 4-10 (c). The Cu spectra does reduce across the
interface, but still has a significant presence in Si, shown in Figure 4-10 (d). The corresponding
video of the damage induced over time can be found in the Appendix Al. There are two main
mechanisms of sample damage in the TEM: knock-on damage and ionization damage
(radiolysis). Knock-on damage, also called displacement damage, describes the event when
fast electrons from the beam transfer sufficient energy to atoms in the sample to knock them
out of their sites. This mechanism is caused by elastic scattering of the beam. Conversely,
radiolysis is due to inelastic scattering of beam electrons breaking chemical bonds in the
sample. The minimum amount of energy needed to cause atomic displacement or sputtering

in a specific sample can be calculated if the displacement energy threshold of the material and
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the incident energy of the electrons are known.[26], [27] It is noted that most metals
experience knock-on damage. Although the thickness of the sample also has a role in the
damage occurring as thicker sample experience increase radiolysis compared to thinner

samples of the same composition.

According to Egerton et al. the displacement energy, E4 for Cu is 20 eV and the threshold
energy for displacement of Cu is found to be 93 keV and 147 keV for surface and bulk
sputtering thresholds, respectively.[28] Hence, damage is most likely caused by the sputtering
of the Cu by the electron beam. However, it is likely that both damage mechanisms play some

role in the damage observed.

All imaging in the TEM thus far had been done at an accelerating voltage of 300 kV, which was
above the threshold for both damage mechanism. The beam voltage was reduced to 80 kV to
reduce the damage occurring as this was thought to slow the damage process according to the

energy thresholds stated in the literature and mentioned above.[28]
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Figure 4-10: Transmission Electron Microscopy image showing the structural damage to the
copper (Cu) film (a) before and (b) after 8 minutes of beam exposure at 300 kV, (c) The area in
which an Energy-dispersive X-ray Spectroscopy line scan was acquired over the damaged area,
(d) graph displaying the elemental spectra obtained from (c) showing a significant presence of
Cu in the silicon (Si) substrate.(Notation in images: Cu=copper, Si=silicon)

Figure 4-11 displays images taken of the Cu film at 80 kV within the TEM. Unfortunately, there
is still a significant amount of damage occurring, making it extremely difficult to image and
analyse the grain structure of the Cu film. There was a slight increase in the time window

available to image without significant visible damage to the material.

The small time window available to image and analyse the sample was challenging as in order
to obtain high-resolution data more time tuning the instrument and higher doses of electron
irradiation are needed to image and analyse the lamellae. The damage of the Cu film
persisting at 80 kV was unexpected which could suggest that the Cu material itself is making

the sample more susceptible to damage. As mentioned earlier in this chapter, this particular
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Cu film does not have long-range order and there are many smaller crystallites contained
within its grains. This structural instability could be increasing the probability of sputtering and
it also could be hindering the film from dissipating heat more efficiently. Therefore resulting in

an increased susceptibility to damage under the electron beam.

A significant portion of the damage in the 80 kV shown in the images in Figure 4-11 is visible in
the SiO, layer. Due to its insulating properties, this layer experiences a significant amount of
radiolysis, resulting in what appears to be mass-loss as can be seen in Figure 4-11 (a) and (b)

(change in layer thickness marked in red). The heating of the insulating SiO, layer, could

subsequently be annealing the Cu film and damaging its structure.[28]

Figure 4-11: Transmission Electron Microscopy image showing the reduction in thickness of the
silicon dioxide layer (a) before and (b) after 8 min of electron beam exposure at 80 kV.

4.6 Comparative Scanning Tunneling Microscopy and Conductive-Atomic

Force Microscopy

Concurrently, both the STM and C-AFM spokes of this project were also experiencing
challenges albeit different to what was experienced using TEM when attempting to obtain
high-resolution data from this particular sample. Both of these techniques were studying the
sample surface and experienced challenges in terms of oxidation of the sample. In addition,
the films surface was simply too rough to obtain any atomic resolution data, particularly in
terms of the STM. The STM data suggested that the bulk of the Cu film could be crystalline but

the surface of the material was not. As has been shown in this chapter, there were also some
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crystallinity issues within the bulk of the Cu film also. Figure 4-12 (a) and (b) show the STM
images of the Cu film surface. It was very challenging to obtain any atomic information

especially with regards grain boundary identification and characteristics.

In terms of C-AFM, it was again extremely challenging to obtain any useful surface information
from the Cu film as surface roughness, oxide formation and degradation hampered the
capabilities of the AFM. As can be seen in Figure 4-12 (c) and (d), both the topography and
conductivity show very little in terms of grain size or boundary frequency along the wire, with

no data obtained in relation to grain size, distribution and grain boundary structure.
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Figure 4-12: (a) & (b) Scanning Tunneling Microscopy images of copper (Cu) film surface with
the silicon dioxide (SiO;) liner, (c) and (d) displaying Conductive-Atomic Force Microscopy
topography and conductivity maps respectively of the Cu nanowires on SiO,.

The combined challenges faced using the different characterisation methods suggested that

the Cu films were overall of too poor quality and susceptible to intra-grain disorder and

amorphisation to successfully and reliably image and analyse at high resolution. It was
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therefore decided to explore a different Cu film thickness on a different liner and Ta was
thought to be a good alternative candidate and the results of this investigation are described
in the next section. The sample consisted of 50 nm Cu film with a 7 nm Ta liner, on a Si
substrate. This sample was prepared by sputtered PVD as opposed to the evaporated Cu on
SiO,. This sample instantly produced better results but this new liner came with its own set of
drawbacks in terms of the sample preparation for TEM analysis. This will be discussed in

chapter 5.

Although the SiO, sample produced less than optimal results, the time analysing it was not
wasted. The lamellae preparation technique was steadily improved and optimised in the
process to provide the highest quality lamellae necessary to observe the microstructure of the

Cu film.

4.7 Tantalum Liner

The Ta liner lamellae were prepared in an identical fashion to the optimised technique used
for the SiO, liner. The wedge technique was adopted with a final polish of 2 kV 20 pA and an

extra protective layer of C as well as Pt were deposited.

The Cu film deposited onto the Ta liner is of significantly better quality, as can be seen from
the images in Figure 4-13 (a) and (b). Little to no damage was visible when imaging at 80 kV
and 300 kV, suggesting that the damage experienced with the previous sample was most likely
due to knock-on damage/sputtering resulting from the disordered nature of the grains within
the sample. In absence of noticeable knock-on damage, using 300 kV is preferential as imaging
at 80 kV a) requires thinner samples — a difficult task for low kV prepared lamellae — and b)
also results in lower image resolution. The HRTEM images in Figure 4-13 (c) and (d) show that
the lamella preparation had finally been successfully optimized as the crystallographic and

atomic structure information are now observable in the images of the lamellae.
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Figure 4-13: Transmission Electron Microscopy (TEM) images acquired at 300 kV of (a) lamella
overview, (b) copper (Cu) layer, (c) silicon, tantalum and Cu interfaces and (d) atomic structure
of Cu layer with fast Fourier Transform (inset). (Notation in images: Cu=copper, Si=silicon,
Ta=tantalum, Pt=platinum, C=carbon)

The images suggest that the grains are relatively columnar in nature, running the whole depth
of the film, as shown in Figure 4-13 (a) and (b). This has some similarities to that of the SiO,
sample as it also had regions of columnar grains. However, there were a significantly larger
number of irregular grains present in the SiO, than the Ta sample. The grain sizes running from
~30-100 nm were found to be similar in both sample types. HRTEM images in Figure 4-13 (d)
show the intragranular nature of the Cu film on the Ta liner which were found to be
significantly different from the ones in the Cu film on SiO,. Crystallinity within the grains was
clearly visible in the Ta sample, making it easier to obtain atomic resolution images of the film.
This was achieved after preparing only three lamellae. This was in stark contrast to the SiO,
sample, which contained a large number of dislocations and crystallites. EFTEM thickness

maps were acquired and the intensity ratio t/A at the Cu/Ta interface was found to be
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considerably higher than that of the Cu/SiO,, at ~0.35, with a lower value at the Cu/C interface
of ~0.19-0.22. This was not unexpected as Ta is a much heavier material than Cu and
consequently has different sputter rates. It is very challenging to mill materials of varying
sputter rates within the same film, especially when they are only nanometres apart.
Consequently, a variation in thickness has to be expected in these samples, thus explaining the
thicker region of Cu than what has previously been recorded up until this point. But the quality
of the Cu film is of a higher standard meaning there appears to be a trade-off between sample
thickness and sample crystallinity. This data supported the decision to pursue all further

experiments, preparation and characterisation using the Cu film on Ta liner.

4.8 Conclusions

This chapter has shown the successful optimisation of the lamellae preparation technique for
both the 40 nm Cu film on SiO, and 50 nm Cu film on Ta. In order to achieve this optimisation,
the Schaffer et al. wedge technique along with low kV milling and additional Pt protection
layer deposition were employed.[9] The overall grain sizes, grain boundaries and crystallinity
of the Cu film on SiO, were imaged and characterised using HRTEM imaging. The damage
induced to the film by the electron beam irradiation was investigated. The characterisation
and imaging at both 80 kV as well as 300 kV suggested that the SiO, samples were not suitable
for atomic resolution analysis of the Cu grains, their boundaries or the interface of the film and

liner.

A new sample type was investigated next: 7 nm Ta liner with 50 nm Cu films deposited by PVD.
The lamella preparation technique optimised from the previous sample type was successfully
adopted and high quality lamellae were effectively prepared. It became evident through
HRTEM imaging of these lamellae and by comparing the data of the previous sample type to
the new sample type using the Ta liner that lamellae produced from the latter sample type
contained more uniform, crystalline Cu films of which atomic resolution imaging could be

achieved.

From this analysis, an extensive amount of lamellae preparation was executed with respect to

both the SiO, and the Ta liner samples. This led to a comprehensive comparison of both types

of Cu film and ultimately led to the decision of using the Ta sample for the remainder of the
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PhD work. The next chapters will be focusing on various lamella preparation techniques

developed and optimised for the analysis of Cu on Ta in various different forms.
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5. Development and Optimisation of Various Cross-sectional,
Plan-view and Site-specific Lamella Preparation Techniques
for 50 nm Cu Film on Ta

5.1 Introduction

As discussed in the introduction chapter of this thesis, due to the multiple issues encountered
when copper (Cu) reacts with the silicon (Si) substrate, the interlayer dielectric material and
several other parts of the transistor, it is necessary for a barrier layer to be used. This barrier
encapsulates the entire copper interconnect from all sides. It is different from aluminium (Al)

interconnections, which only need a diffusion barrier for one interface.[1]

However, the total encapsulation of the Cu interconnect leads to an increased resistivity due
to the thickness of the diffusion barrier beginning to dominate the space filled by the Cu
interconnect. Aside from preventing the Cu diffusing and poisoning other layers, a diffusion
barrier needs to fulfil several other requirements: a) it must be thermodynamically stable
between the two materials it is separating; b) it must provide strong adhesion with both
materials; c) it should also be resistant to mechanical and thermal stress as well as d) being

both highly thermally and electrically conducting.[2]

Tantalum (Ta) is a commonly chosen liner for interconnects due to the fact that it is a heavy
refractory metal, which is a good barrier layer, preventing Cu poisoning of the Si substrate. Ta
has been shown to be an excellent diffusion barrier, particularly its § — phase. Although the Ta

lacks adequate adhesion to SiO,, its adhesion to Cu is excellent.[3]

In addition to the properties described above, another major factor to consider is the
electromigration performance of the barrier. Therefore, Ta is the barrier of choice for what is
described here as it shows the best electromigration lifetime and the lowest electrical
resistance in comparison to tantalum nitride (TaN) and Ta/TaN. Ta is generally in the form of
amorphous, tetragonal (B-phase) or bcc (a-phase). The orientation and phase of the Ta liner

discussed within this chapter cannot be disclosed due to it being of a proprietary nature.[4],

(5]

Generally, the microstructure and electromigration properties of electro-plated Cu are highly

dependent on the type of barrier layer used. Ta is a popular choice for barrier liner. This is due
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to its higher ratio of (111) Cu to (200) in both the seed layer and electro-plated Cu. This ratio is
higher than for various other barrier layer choices. It also exhibits good adhesion with Cu,

reducing the interface diffusion between the two.[6]

As shown in section 4.7 of chapter 4, the lamellae prepared using the 50 nm Cu film on 7 nm
Ta samples were found to be of a much higher quality in comparison with the 40 nm Cu film
on 7 nm silicon dioxide (SiO,) samples, which were also prepared differently. Therefore, for
the work described in this chapter we chose to investigate the Ta samples further. The cross-
sectional information of the film is examined further while also describing other types of
lamella preparation techniques in a variety of forms such as; plan-view lamellae and site-

specific lamella preparation.

This chapter will discuss in detail the development and methodologies behind these sample
preparation techniques. It will also provide experimental data to show that these techniques
can be successfully applied to reveal microstructural information about the film under

investigation.

The current most used technique for preparing plan-view lamella will be investigated and why
this technique was not well suited to this particular type of sample preparation will be
discussed. The technique that was developed for this sample preparation and its benefits for

this particular sample type will then be described.

Two other different techniques for plan-view lamellae preparation will also be outlined and
the merits of both will be discussed. All the plan-view methods outlined will be accompanied
by supporting Transmission Electron Microscopy (TEM), Scanning TEM (STEM) and Energy-

dispersive X-ray spectroscopy (EDX) analysis.

Next, results from cross-sectional site-specific lamella of Cu nanowires (NWs) as prepared by
Focused lon Beam (FIB) milling and analysed through high-resolution S/TEM (HRS/TEM) and

aberration-corrected STEM will be described.

5.2 Experimental Methods

The Cu films were deposited using sputtered Physical Vapour Deposition (PVD) at the Intel
wafer fabrication plant. The Cu films discussed in this chapter were 50 nm in thickness and

deposited on a 7 nm Ta barrier layer on a Si substrate. The Cu NWs were ~100 nm wide with a
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depth of approximately 150 - 160 nm. These were provided by Intel’s researcher-in-residence

in CRANN, Mr. Peter Gleeson.

All S/TEM images were acquired on an FEI Titan at 300 kV. EDX spectra were acquired using an
EDAX EDX detector at a stage tilt of ~15° with a spatial resolution of ~0.5 nm. High-angle
annular dark field (HAADF) imaging was performed at a convergence semiangle of 10 mrad
with a collection semiangle of 39 mrad. Aberration-corrected high-resolution STEM images
and EELS spectra were acquired at 100 kV on a NION UltraSTEM at SuperSTEM, Daresbury,
courtesy of Prof. Quentin Ramasse and Dr. Patricia Abellan. The convergence semiangle was

37 mrad with a 39 mrad collection semiangle for HAADF imaging.

All Scanning Electron Microscopy (SEM) and FIB imaging performed during lamella preparation
and optimisation procedures was performed on a dual beam Zeiss Auriga with the exception
of the xenon difluoride (XeF,) etched lamella, which was performed on an FEI Strata FIB. All
hydrofluoric (HF) acid etched experiments were performed in a class 100 cleanroom, where
strict lab safety rules were followed and a buddy system was employed. All Electron
Backscatter Diffraction (EBSD) and Transmission Kikuchi Diffraction (TKD) data was acquired

on a Zeiss Supra SEM using a Bruker EBSD Detector and bespoke TKD holder.

All samples used for Scanning Tunneling Microscopy (STM) analysis were etched with a glacial
acetic acid and loaded into an ultra-high vacuum system equipped with a low-temperature
scanning tunneling microscope. It was also gently sputtered and annealed at ~300°C prior to
imaging. Conductive-Atomic Force microscopy (C-AFM) data was collected on a Bruker

Multimode AFM.

5.3 Cross-sectional Lamella Preparation and Aberration-corrected

Imaging

As mentioned at the end of the results chapter 4, after the refinement of the sample
preparation with the SiO, sample it was realised that the sample itself was not of the best
quality for high resolution imaging and characterisation with S/TEM. The project then
progressed onto using a different liner, Ta. In this PhD work we were only interested in the Cu
film and its interaction with the Ta, so for the purposes of our experimentation, a Ta layer

directly on a Si substrate without an additional TaN layer, for example, was suitable for current
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analysis. There was also a slight increase in the Cu film depth, 50 nm as opposed to the 40 nm

in the previous samples.

Once the optimised lamella preparation technique was used with the Ta liner sample, the
results were significantly improved, although using the Ta liner also came with its own
setbacks. The main disadvantage of using Ta as a liner is that it is a heavy metal, which is
extremely challenging to mill next to the Cu film and the Si substrate as they have very
different mill rates. This makes it challenging to create lamellae of relatively uniform thickness
and to maintain the structural integrity of the lamella while also having a sufficiently thin
region of Cu film to image and analyse at high resolution within the S/TEM. Due to these
challenges, it took 3 — 4 more iterative processes to create cross-sectional lamellae of suitable

quality.

Again, the process was similar to the results chapter 4 and also the methods detailed in
section 3.1.2 of chapter 3. A cross-sectional lamella was polished to a thickness of between 50
— 70 nm with final low kV polishing of 2 kV 20 pA, see Figure 5-1 (a). The thinnest region of this
lamella was then imaged using high resolution TEM. The overview of this region is shown in
Figure 5-1 (a) and also in Figure 5-1 (b) at a higher magnification. Prior to the deposition of the
platinum (Pt) protective layer described in chapter 3 an additional step of sputtering of a 50
nm protective layer of carbon (C) was introduced in the preparation of these particular

lamellae to further protect the sample from damage.
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of interest

Figure 5-1: Transmission Electron Microscopy (TEM) images acquired at 300 kV of (a) the
overview of lamella, showing the protective carbon (C) and platinum (Pt) coating and the thin
region of interest highlighted, (b) columnar “bamboo” like grain structure apparent in copper
(Cu) film, (c) High-resolution TEM image of uniform crystalline Cu grain with C protective layer
and (d) thin regions of tantalum (Ta) highlighted at Cu/Ta interface. (Notation in images:
Cu=copper, Ta=tantalum, C=carbon, Pt=platinum, Si=silicon)

On initial TEM imaging, it was noticeable that this Ta liner lamella showed some significant
difference to that of the 40 nm Cu on SiO, sample from the results chapter 4. It was evident
that the grain boundary structure is more uniform with considerably less visible damage to the
film as shown in Figure 5-1 (b). The Ta liner, also appears to be significantly thicker than the
SiO; liner, most likely due to the Ta atoms being heavier and more difficult to mill. However,
the single most significant difference between the two different samples is the large reduction
in amorphous and disordered regions of Cu, especially within the grains. There was

consistently more uniform crystallinity within the Cu grains in the Ta liner samples, which was

not present in previous samples (shown in Figure 5-1 (c)). The Ta liner appeared to be thinner
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in some regions, as shown in the regions highlighted in Figure 5-1 (d). This is an indication of
how the preparation has been optimised and the quality of the lamellae that were being

produced with the FIB milling.

The interaction of the Cu with the Ta layer can be seen clearly in Figure 5-1(d). There is a clear,
abrupt line where the Cu meets the Ta. This relationship between Ta and Cu will be
investigated further in the following chapter 6 on in-situ annealing in the TEM. In order to
understand and examine the relationship between the barrier layer and the Cu interconnect,

annealing experiments are performed as a way to test barrier compatibility and reliability.

Since the lamella was prepared to an extremely high quality with relatively low amorphisation
and disordered regions and reduced thickness, it was found suitable to be analysed using
aberration-corrected STEM. From initial overview images shown in Figure 5-2 (a) and (b), we
can see that the grains run the entire length of the film, with some slight variations in the grain
boundary shape in different regions, that could be due to a slight thickness variation
throughout the lamella. As noted in the previous results chapter 4 with the 40 nm Cu film on
SiO, the grain boundaries are experiencing some grooving at the top of the Cu film and also

minor grooving and voids at the Cu/Ta interface.
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Figure 5-2: Aberration-corrected Scanning Transmission Electron Microscopy (STEM) High-
angle annular dark field (HAADF) imaging acquired on a NION UltraSTEM at 100 kV showing
(a) uniform bamboo like copper (Cu) grains running the depth of the film, with widths matching
that of the film thickness, (b) more complex grain boundary orientations in slightly thicker
areas of the lamella, (c) top of Cu grain with protective carbon (C) layer showing that atomic
resolution imaging has become achievable and (d) step/faceted grain boundary and inset
atomic resolution grain boundary on zone axis with neighbouring grain tilted out of plane.
(Notation in images: Cu=copper, Ta=tantalum, C=carbon, Pt=platinum, Si=silicon)

The aberration-corrected images shown in Figure 5-2 highlight the high-quality sample
preparation can be achieved using FIB low kV milling. The primary focus of this PhD work was
to produce lamellae that were of a quality to produce high-resolution imaging, more
specifically atomic resolution imagery. This is finally being achieved in these aberration-
corrected STEM images. Using this type of high-resolution analysis can give us unprecedented
insight into the grain boundary structures within the sample. Figure 5-2 (c) depicts a high-
resolution image of the top of one grain within the Cu film, bordering with the C protective

layer. Taking a closer look at the grain boundary in Figure 5-2 (d) with inset, we can see that
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the boundary has a step or faceted feature. Faceting occurs thermodynamically to reduce the
grain boundary free energy. It typically occurs parallel to the most densely packed plane of
coincidence sites lattice and can disappear with increasing temperature.[7], [8] It is
challenging to assess the relationship between neighbouring grains here as one grain is out of
focus, indicating that it is potentially tilted away from the boundary. This gives us a better
indication of the types of grain boundaries that are present within the Cu grains. These
boundaries are a mix of both tilt and twist, a complicated boundary, see Figure 5-3 (c). This
can be observed clearly in the aberration-corrected STEM and high-resolution TEM images in
Figure 5-3 (a) and (b) respectively. It appears that the boundaries are primarily tilt with an
additional twist component. The grain orientation is slightly off the zone axis indicating the tilt
and twist nature of the boundary. Tilting this individual grain onto its zone axis is extremely

challenging and the tilt is so minor in comparison to the increments of the stage tilt, it would

be extremely challenging to measure accurately.
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Figure 5-3: (a) Aberration-corrected Scanning Transmission Electron Microscopy (STEM) High-

angle annular dark field (HAADF) image taken at 100 kV, (b) Transmission Electron Microscope
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(TEM) image at 300 kV marked with arrows showing the tilt and twist nature of the grain
boundaries present in the 50 nm copper (Cu) film on 7 nm tantalum (Ta) liner and (c) schematic
of tilt and twist grain boundary geometry.[9]

In order to achieve the resolution shown in images in Figure 5-1 and 5-2, the lamella thickness
of the sample had to be less than ~50 nm. However, in order to more accurately measure the
absolute thickness of the region of interest on the lamella, Electron energy-loss spectroscopy
(EELS) was used. EELS spectra of the zero-loss peak (ZLP) region along with EELS spectra of the
core-loss (CL) region of the area of interest were obtained. The fundamental theory behind
this type of thickness measurement is described in detail in section 2.2.6 in chapter 2. In short,
the ratio of the intensities of the zero-loss (ZL) spectra and the rest of the energy-loss spectra
is used along with the inelastic mean free path, which is specific to the sample analysed, to
obtain the absolute thickness information of this Cu film. Prior to this, the ZLP spectra were
used to align both the ZL spectra and CL spectra by energy. Once the ZLP was aligned, the
absolute thickness was calculated using an effective atomic number of 29. The resulting
absolute thickness map is shown in Figure 5-4 (c), displaying a thickness gradient (in the map,
white regions denote the thickest regions of the film and the black the thinnest). Using this

method, the average thickness was found to be ~30 nm.

EELS maps were also acquired across grain boundaries. The EELS spectra were processed in
the following manner: First the background to the peak of interest was subtracted for each
spectra in the map, then the EELS maps were integrated for specific energy loss windows to
show the intensity distribution for specific peaks of interest. The Cu L, ; edge can be spatially
mapped in this manner by integrating over the intensity of the 958 — 959 eV energy loss. An
example of this is shown in Figure 5-4 (e) and the corresponding STEM image in Fig 5-4 (d).
This range was selected as it is a strong EELS edge for Cu and also there is no overlap with
other EELS features of the materials present in the sample. The individual spectra shown in
Figure 5-4 (f) of the Cu L,; edge demonstrate that there was no energy shifts in the spectra
within the grains or across the grain boundary. This shows that chemical compositional change

in the Cu across the grain boundaries is unlikely.

Figure 5-4 (h) shows the integrated EELS map of the area shown in Figure 5-4 (g) after
background subtraction and intensity integration for energy-losses between 937.5 — 959 eV. In
Figure 5-4 (i) the spectrum displays a slight increase in intensity in the left grain, possibly

indicating a mass-thickness contrast between the grains.
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Figure 5-4: (a) Aberration-corrected High-angle annular dark field (HAADF) Scanning
Transmission Electron Microscopy (STEM) image of copper (Cu) grain boundary and
Cu/tantalum (Ta) interface, (b) aberration-corrected Medium-angle annular dark field
(MAADF) STEM image of the same boundary featured in (a), (c) absolute thickness map of area
in which the zero-loss peak (ZLP) has been aligned to reduce any shifts, (d) HAADF STEM image
of Cu grain boundary at top of Cu film with carbon (C) protective layer annotated with the
areas in which spectra were collected, (e) integrated Electron Energy-loss Spectroscopy (EELS)
map of image (d) with background subtraction and intensity integration for energy losses
between 958 — 959 eV, (f) displays each spectra taken across the image (d) showing the Cu L ;
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edge across the boundary, (g) HAADF STEM image of Cu boundary and Cu/Ta interface with
corresponding integrated EELS map displayed in, (h) with background subtraction and intensity
integration for energy losses between 937.5 — 959eV and (i) displays the spectra acquired
across image in (g), comparing the Cu L, ;3 edge signal intensity across the boundary. (Notations
in image: Cu=copper, Ta=tantalum)

A further investigation into the grains and grain boundaries observed on the 7 nm Ta liner was
performed. Twin boundaries were also noted within the Cu film. Figure 5-5 (a) displays a twin
boundary, which is running parallel to the Cu film as opposed to perpendicular, which has
been the most common grain boundary observed thus far. However, Figure 4-8 (b) in chapter
4 did display a twin, which terminated at the grain boundary. As mentioned in previous
chapters, twin orientation in fcc metals corresponds to a misorientation of 70.5° about a
<110> axis and 60° about a <111> axis. As can be seen from Figure 5-5 (b), there is a ~70.5°
difference between crystal orientation of the two grains, with the grain boundary defined as
70.5° [1-10](111). The twin boundary is also incoherent, with the atoms of each grain not

perfectly aligned. This has an approximate misalignment of 70.5° + 1-2°.

A key component to this project was the collaboration between Prof. Boland’s group
performing STM analysis and Mr. Peter Gleeson, Intel researcher-in-residence, undergoing C-
AFM experiments. The ultimate goal was to achieve clear corroboration of data from each
element of the project. A paper published on this work in particular from Dr. Xiaopu Zhang,
who ran all STM experiments and analysed the data collected, describes in detail the effect of
the grain boundaries on the surface have on nanocrystalline films. Figure 5-5 (c) displays an
atomic resolution STM image of a low-angle grain boundary (LAGB), which has a pure tilt
component, in the <111> direction. The viewing direction of the TEM is <1-10>. It is a valley
grain boundary with a 3° out-of-plane angle and a periodic sequence of edge dislocations with

an approximate width of 3 nm.[10]

The slight misalignment of the twin boundary inclination observed in the TEM, see Figure 5-5
(a) and (b) could potentially be contributing/causing the out-of-plane rotation of the grains on
the surface of the film, which have been investigated through STM imaging and simulations by
Zhang et al. According to Zhang et al. the slight inclination caused by the misalignment here at
the twin boundary could confirm the out-of-plane rotation of grains at the film surface. This
slight misorientation observed in TEM could possibly be the contributing angle of ¢p/2 as seen
in Figure 5-5 (d). Zhang et al. discovered that nanocrystalline films are never flat, with this out-
of-plane rotation causing grain boundaries to form ridges and valleys to lower the energy of

the grain boundary itself. A valley grain boundary imaged in STM is shown in Figure 5-5 (c).
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This misalighment observed in TEM, could help confirm what the simulations and STM data

have been suggesting about these grain boundaries.[10] This will need to be investigated

further in the future through high-resolution aberration-corrected STEM.

(c) (c)

Figure 5-5: (a) High-resolution Transmission Electron Microscopy (HRTEM) image of copper
(Cu) grain with twin boundary running parallel to the Cu film; (b) indication of the small ~1-2°
misalignment of the twin boundary featured in (a), (c) atomic resolution Scanning Tunneling
Microscopy (STM) image of a valley grain boundary with periodic edge dislocations and an out-
of-plane angle of ~3°, the green arrows indicate the path of the burger’s vector circuit solid and
dotted lines indicating the <-1-12> and <1-10> planes respectively [10] and (d) schematic of the
low-angle grain boundary (LAGB) induced film tilting with in-plane angle O and out-of-plane
angle @ with Y representing the angular difference between the dislocation line and the
surface normal.[10]
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5.4 Plan-view Lamella Preparation

5.4.1 Motivation and Testing Developed Methods

As the cross-sectional lamellae were prepared successfully and the microstructure of the Cu
film was successfully imaged and analysed, the next step in the process was to focus on plan-
view lamella preparation and to investigate and optimise the various preparation techniques
involved. In order to have a more complete, direct and cohesive comparison of data between
STM, C-AFM and S/TEM within the project, it was necessary to investigate plan-view lamella

preparation.

There have been many different techniques developed for plan-view lamellae
preparation.[11]-[14] Plan-view lamellae preparation can be a challenging process and its
success can be highly material dependent and even location dependent as different regions of

interest within the sample can vary.

Within this project work, a well established technique as developed by Mayer et al. was
attempted.[15] This technique involved first covering the area of interest in a protective Pt
layer, deposited by a Gas Injection System (GIS), in a manner similar to that of cross-sectional

lamella preparation.

The main difference being that prior to the lift-out, the TEM omniprobe Cu grid was placed in
the horizontal position on a carbon adhesive tab. This ensured that the 3 pillars were left
protruding over the tab/SEM stub, as opposed to being clamped in the upright position as
done during traditional preparation. Any contact between the carbon tab and the area of
interest would make it extremely challenging to remove the grid at a later stage and not cause

damage to the lamella.

The critical difference between this plan-view lift-out and traditional cross-sectional
preparation technique is the angle at which the milling is performed. A protective Pt layer of 4
X 8 um using both EBID-Pt and IBID-Pt was deposited to a height of ~2 um. This was performed

at the commonly used angle of 54° i.e. a 0° incident FIB beam.
The trenches either side of the lamella were then milled at a stage angle tilt of 0°, so the FIB
incident beam was at an angle of 54° and then at a stage tilt of -10°, so the FIB was at an angle

of 64°. Figure 5-6 (a) shows the trenches after successful milling. The remainder of the bulk
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preparation was performed in a similar manner to the cross-sectional preparation (for more
details see the preparation described in section 3.1.2 in chapter 3). Once the side trench was
milled, the micromanipulator needle was carefully inserted and welded to the side of the
lamella. The final sidewall connecting the lamella to the bulk material was then removed using
a 30 kV 2nA ion beam, see Figure 5-6 (b). The lamella was welded to the horizontally
positioned TEM grid and once secured, the micromanipulator was removed. The system was
vented, the grid gripped in the clamp in the typical upright position and placed back into the
microscope chamber. Figure 5-6 (c) shows a SEM image of the plan-view lamella welded to the
TEM grid after flipping the orientation of the lamella. The peaked region in the image shows

the Si substrate and the mounded region shows the Pt protective layer.

By flipping the orientation of the lamella, the entire Cu film now covers the depth of the
lamella, which is extremely beneficial for the thinning process. This means regardless of which
region of the lamella was thinned to the desired thickness, it contained the entire Cu film.
Initially, the Cu side was milled minimally. The majority of the Pt protective layer was milled
until both sides of the lamella started to even out. As shown in Figure 5-6 (c) (annotated),

there was a large amount of Pt to mill in contrast to the Cu and Si substrate.

Once a thickness of 300-400 nm was reached, with this type of lamella preparation a new
challenge of knowing when the Cu layer had been reached became apparent. With the
material in question in Fox et al., the end point detection for thinning was when the
nanoparticles were visible.[16] Unfortunately, the Cu film contained no such defining features,
making it challenging to differentiate between the Cu and Pt layer. It is not possible using this
technique to have no Pt layer as the ion beam would cause too much damage to the surface,
making this technique ineffective for our purposes. Therefore, an additional step had to be

introduced into the protocol to observe the 50 nm Cu film in plan-view.

The lamella was polished with a final ion beam voltage and current of 15 kV 200 pA , see
Figure 5-6 (d). As can be seen from the TEM image in Figure 5-6 (e) the plan-view lamella
contained regions of significant damage with almost no grain information observable. EDX
spectra of the region (as shown in Figure 5-6 (f)) were acquired to determine whether; a) the
thinned area was in fact the Cu film, b) it still contained some Ta liner or c) the Cu film had
been completely milled through and only contained the remaining Si substrate. The EDX
confirmed that the Pt side of the lamella had been milled too aggressively and the milling had

continued into the Cu film and the lamella in question now contained mainly Si and by
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extension Ta as well as potentially some Cu film. This low presence of Cu would make it

extremely challenging to detect any Cu crystallinity within the lamella in the TEM.

(a)
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Figure 5-6: (a) Scanning Electron Microscopy (SEM) image acquired at 0° stage tilt with
Focused lon Beam (FIB) cuts milled at high angles to create plan-view lamella, (b) SEM image
at 54° stage tilt with side trench and undercut milled at 30 kV 2 nA, (c) the plan-view lamella
welded with perpendicular geometry to traditional Transmission Electron Microscopy (TEM)
grid pillar weld with copper (Cu) and platinum (Pt) sides of the lamella marked, (d) SEM image
showing final 15 kV 200 pA ion beam polish, (e) TEM image of thin region of lamella showing a
lack of visible crystallinity in the region and (f) Energy-dispersive X-ray (EDX) spectroscopy of
area of interest within the lamella displayed strong silicon (Si) peak, confirming presence of the
Si substrate, suggesting that milling has gone too far into the sample. (Notation in images:
Si=silicon, Cu=copper, Pt=platinum)

5.4.2 HF Etch: An Alternative Lamella Preparation Procedure

This section details an alternative and unique approach to obtaining a plan-view Cu film
lamella. This method was used as a trial for a potentially new plan-view preparation
technique. To develop the technique, many samples were needed and therefore, non-
annealed samples were used as they were readily available and provide a comparable

representation of the Cu film that we typically observe with the annealed films.

Etching the Cu films with HF is a technique used for fast analysis to strip back Cu metallizations
stacks within the semiconductor industry to inspect the bare Si for anomalies or damage. It is
not traditionally used for the preparation of lamellae for TEM analysis. This is a novel

approach.

The HF etches the underlying oxide layers of the sample (normally SiO,) and this gently lifts off
the Cu thin film. Deionised (DI) water is placed in a 2" beaker to rinse off any excess acid drips

from the plastic tweezers and thin film, see steps 1 -3 in Figure 5-7.

HF is widely used as an oxide etchant in industry. However, as this approach, to effect lift off,
is not standard, it was deemed necessary to fully risk assess the procedure. With appropriate
risk mitigation (for example, trained buddy system, Personal Protective Equipment (PPE),

dedicated sign off sheets and so on), it was deemed safe to proceed.
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Figure 5-7: Schematic of the Hydrofluoric (HF) acid etch process in three steps: 1) the copper
(Cu) film on tantalum (Ta)/silicon (Si) substrate is placed in a beaker of 49% HF for 4-5 minutes,
once the Cu film has lifted from the substrate it is placed in deionised water for ~1 minute, 2)
The Cu film is then placed in acetone and isopropanol for 30 seconds respectively, 3) The Cu
film is left to dry on filter paper prior to being dropped onto a lacey carbon Transmission
Electron Micoscope (TEM) grid.(Notation in schematic: HF=hydrofluoric acid, IPA=isopropanol)

The technique used a small amount (20 ml) of 49% HF in a small Teflon beaker. The sample
was placed into this beaker and after 2-3 minutes the Cu film lifted off from the underlying Si
substrate. The thin film was then gently lifted out of the HF and placed into the DI water to
rinse. It was then gently lifted out of the DI water and placed into beakers for a final rinsing
with acetone and isopropanol (IPA) solutions on the solvent bench. The thin films were left to

dry after this final rinse and were then placed onto a standard TEM grid for analysis.
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A TEM image of the HF etched plan-view film placed on a lacey carbon TEM grid is shown in
Figure 5-8 (a). A STEM image of the grain overview within the Cu film in the lamella is shown in
Figure 5-8 (b). The grain sizes range from 20-70 nm. This result correlates well with the general
grain sizes noted for the cross-sectional lamellae. This technique successfully allowed the
acquiring of general grain information about the Cu film from a top-down perspective. As a
significant amount of grain and lattice information was obtained from this particular
technique, see Figure 5-8 (c), it confirmed the successful removal of the majority of the Si
substrate. However, there was a small amount of Ta detected shown by the EDX spectra in
Figure 5-8 (e) and (f) (the location where the spectra were collected is shown in Figure 5-8 (d)).
This highlights how challenging it is to remove the Ta layer. The disadvantage to this
preparation technique is the instability of the “lifted” film. The films’ large lateral size (several
mm in width with a thickness of 50 nm) makes the film extremely fragile, which can
compromise the integrity of the film and in the worst case lead to film breakage. In addition,
as mentioned previously, there was still the partial presence of the Ta layer. This type of
preparation was a once-off technique, meaning no re-polishing/milling can be done to the

sample. It is similar to ex-situ lift-out (EXLO) lamella preparation in this way.
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Figure 5-8: (a) Transmission Electron Microscopy (TEM) image of Hydrofluoric (HF) acid etch
prepared lamella placed on lacey carbon (C) TEM grid, (b) Scanning TEM (STEM) image of HF
etched plan-view lamella showing grain size distribution overview, (c) TEM image of two
neighbouring grains within the plan-view lamella, (d) locations of Energy-dispersive X-ray (EDX)
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spectra collection annotated in the image from (b), (e) and (f) EDX spectra collected from area
1 and 2, respectively, with Cu and Ta presence detected.

5.4.3 Side-profile Mounting Plan-view Lamella Preparation

As the previously described FIB-based technique proved challenging to execute and failed to
achieve high-resolution images of the Cu film, an alternative procedure was established. Firstly
prior to the bulk sample preparation, the sample itself was mounted on its side ensuring that
the height did not obstruct the geometry within the microscope chamber and would still allow
a working distance of 5 mm, shown Figure 5-9 (a). It was also ensured that the new sample
geometry did not interfere with the GIS system. The initial bulk preparation stages were
identical to those described in section 3.1.2, chapter 3. There was a slight variation to the
preparation technique employed here; there was no need for a second trapezoidal trench, as
the area of interest was the surface of the material. Hence, there was only a need to mill
behind the surface, as shown in Figure 5-9 (b). The dimensions of this lamella are also slightly

altered in comparison with the cross-sectional lamella preparation observed thus far.

The top width of the lamella was quite short compared to previously prepared cross-sectional
lamellae, with a length of 2 - 3 um. The depth of the lamellae was considerably longer,
between 15 - 20 um. The altered dimensions are favourable in the context of this work, as
when the thinning is successful, the entire 3 x 15 um surface will consist of the Cu layer. The
benefit of the entire lamella containing the Cu film is that there is less of a need for such a
large protective Pt layer due to the depth of the lamella. In this case, it does not matter which

part of the lamella thins first.

The lamella was then lifted out and welded to the TEM grid in the traditional format, as can be
seen in Figure 5-9 (c) and (d). The big benefit of changing the position of the sample compared
to the method previously described, is that the TEM grid can be mounted in the upright
position, without the need for placing it horizontally on a carbon adhesive tab. This reduces
the amount of times the microscope chamber is vented in between the lift-out and thinning
steps while also reducing the risk of damaging the TEM grid and potentially losing the lamella
by removal from the adhesive. After welding to the TEM grid pillar, the lamella was only
thinned and polished from the bulk Si side as the Cu should remain untouched for as long as
possible, see Figure 5-9 (e). The thinning and polishing procedure was identical to that
descibed in section 3.1.3, chapter 3. The sample was tilted and milled with 30 kV 240 pA, 15 kV
200 pA and a final 5 kV 20 pA polish, see Figure 5-9 (f).
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Figure 5-9: Side-profile mounted lamella preparation in steps: (a) Scanning Electron Microscopy
(SEM) image of side-mount sample on SEM stub in microscope chamber, (b) SEM image of top-
down view of sample surface with the trapezoidal and side trench milled, (c) micromanipulator
welded to side of lamella after undercut has been milled at 7° stage tilt, (d) Plan-view lamella
successfully welded to Transmission Electron Microscope (TEM) grid pillar, viewing the silicon
(Si) substrate side, (e) Focused lon Beam (FIB) image of top-down view of 30 kV 240 pA milled
plan-view lamella welded to TEM grid pillar, milling is only performed from the Si substrate
side of the lamella, while the copper (Cu) side remains untouched and (f) SEM image of final 5
kV 20 pA polish of plan-view with thin region of interest highlighted. (Notation in images:
Cu=copper, Si=silicon)

5.4.4 New Step: Removal of the Si Substrate using XeF, Etch

An additional/alternative step was then incorporated into the plan-view lamellae preparation

technique. It was discovered that a XeF, etch could successfully remove the Si substrate
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without as much time and beam precision as needed with the reduced beam milling
technique. Once the Si was removed, a final low 5 kV 20 pA polish was performed to remove
any excess Ta. By using this technique a significantly larger area of lamella was thinned and
available for high-resolution S/TEM imaging, in comparison to the previous techniques. Later,
we found that this technique had already been described in Kim et al. and Liebig et al. The
main advantage using this etching technique is that it can provide a large area with uniform

thickness at a better sputter rate than FIB milling.[17], [18]

The plan-view lamella lift-out was prepared using the side-profile method, just described in a
Zeiss Auriga dual beam FIB/SEM. Once the lamella was welded onto the grid it was then milled
and etched using an FEI Strata as this instrument has XeF, etch capabilities. Initial thinning of
the bulk of the lamella was performed at an ion beam voltage and current of 30 kV 1300 pA
and was gradually lowered to 30 kV 300 pA. The region was approximately 2 x 5 um in area.
The lamella was thinned to approximately 500 nm in thickness. Using a 5 kV e-beam, the Si
was slowly and consistently etched for approximately 1 — 2 hours. As previously mentioned,
once the image contrast depicted a significant reduction in thickness and the lamella was
approximately 60 — 80 nm in thickness the etching was stopped and the lamella was returned
to the Zeiss Auriga FIB for the final low 5 kV 20 pA polish, see Figure 5-10 (a). Figure 5-10 (b)
displays a SEM image of another successful XeF, etch in which a larger area was polished. As
small grain structure of Cu was visible, it was an indication to complete the final polish, as the
desired thickness had been reached. This final polish was to remove any excess Si, which still

remained and more importantly it was to remove any of the remaining 7 nm Ta barrier layer.

(a)

Figure 5-10: (a) Scanning Electron Microscopy (SEM) image of xenon difluoride (XeF,) etched
silicon substrate with copper (Cu) and tantalum layer exposed (b) SEM image of another XeF,
lamella where grain structure of Cu layer exposed after 5 kV 20 pA polish of area of interest.
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Once the lamella was polished to the required thickness, Transmission Kikuchi Diffraction
(TKD) was then performed. This technique is described in detail within section 2.2.4, chapter 2.
It essentially uses the same principles as EBSD but instead of bulk samples it uses lamellae or

thin films usually prepared for TEM analysis.

The TEM grid containing the lamella was secured on a customised holder which allows for a
high angle tilt of 70° to be used. Ultimately this customized holder, enabled the acquisition of
high-resolution maps and ultimately enabled the resolving of grains as small as 20 nm as
opposed to 100 nm achieved in traditional EBSD. From the (Inverse Pole Figure) z-direction
map displayed within Figure 5-11 (b) we see from the legend (inset) that the dominant grain
orientation on the surface is (111), confirming the observations from STM as seen in Figure 5-5
(c). Figure 5-11 (a) shows that the grain sizes range from 10 — 40 nm. This was further
confirmed by C - AFM obtained from the surface of similar Cu film as shown in Figure 5-11 (e)
and (f) which displays the topography and conductivity respectively. The freshly removed
oxidation layer as well as the just visible grains from beneath are shown in the conductivity
map. This was a huge step forward for C-AFM analysis, as the corrosion often leads to loss of
information obtainable from the surface of these films. It was also a very challenging
technique requiring a highly skilled operator as the correct amount of driving force was
needed to mechanically scrape away the oxide layer without damaging or destroying the

grains and grain boundaries under investigation.

Through the TKD analysis, statistics were collated of the average grain size, which was found
to be ~13 nm and the frequency of certain misorientation angles was also studied. In Figure 5-
11 (d) the misorientation of some specific grains were measured with typical values ranging
between 20°-30°. It was challenging to confirm whether these grain angle measurements were
a true indication of the actual misorientation as the grain size was quite small and pushing the
resolution limit of the instrument.[19] Also, ideally TKD performs better with slightly thicker
samples than would be ideal for TEM and with a plan-view lamella the Cu layer is only 50 nm
thick, which is not ideal for TKD. Another issue could have been that there was still some Si or
Ta remaining in the sample that could have caused the wrong indexing to occur when trying to

interpret the patterns in the map.
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Figure 5-11: (a) Forward-scattered ARGUS image obtained from detector displaying the grain
distribution of the copper (Cu) plan-view lamella, (b) grain orientation Inverse Pole Figure (IPF)
map in the z-direction (surface) displaying a uniform (111) Cu orientation with the grain
orientation legend inset, (c) graph displaying grain size distribution of mapped area in (b), (d)
graph of misorientation angles between the grains mapped in part (b), (e) and (f) topography
and conductivity obtained by Conductive-Atomic Force Microscopy of Cu surface displaying the

grain information available which is comparable to the surface information obtained from the
Transmission Kikuchi Diffraction (TKD) data.

Figure 5-12 displays the STEM and TEM images of the plan-view lamella obtained through FIB
milling and XeF, etching. The images give an overview of grain shape and size and also shows

high-resolution STEM images of specific grain boundaries within the film. As previously
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discussed in this chapter, Zhang et al. have discovered that nanocrystalline films are never flat
and experience out-of-plane rotation, which results in the formation of ridges and valleys
within the film to reduce the grain boundary energy. As can be seen from the TEM image in
Figure 5-12 (b) and the STEM images in Figure 5-12 (c) and (d) there are “zipper” like
structures appearing along the grain boundary. In both TEM and STEM mode, it was
impossible to confirm that this was the exact structure seen with STM. However, the
dimensions were found to be similar: between the zipper it was found to be 1 — 2 nm and the
zipper widths 3 nm. This complements the STM data, as shown in Figure 5-12 (e) part (i) and
(ii) with the depth and height profile of both valleys and ridges noted in Figure 5-12 (e) part
(iv). The next step would be to achieve atomic resolution at the grain boundary interface in
both TEM and aberration-corrected STEM, where the potential structures could be potentially
confirmed as the ridges and valleys. The possibility that these structures could be an effect of

imaging interference needs to be excluded as well.
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Figure 5-12: (a) Scanning Transmission Electron Microscopy (STEM) images of the 50 nm plan-
view copper (Cu) film over a large area displaying the grain size overview with Energy-
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dispersive X-ray (EDX) spectra locations marked, (b) TEM image of particular grain boundary
with small “zipper”-like defects, which can be repeatedly seen across many grain boundaries,
such as (c) and (d) and (e)(i) is a perspective view of the Scanning Tunneling Microscopy (STM)
topography of the nanocrystalline Cu film with tunneling parameters | = 20 pA and U = 0.2 V;
(ii) high magnification STM image of a grain boundary valley location; (iii) high magnification
STM image of a grain boundary ridge location; (iv) Profile of ridge and valley line cross-sections
marked by the dashed lines in the previous images.[10]

5.5 Site-specific Cross-sectional Lamella of Cu Nanowires

There was a huge amount of investigation into the 50 nm Cu film and how it relates to the 7
nm Ta liner. A vast amount of knowledge and data was acquired in terms of Cu microstructure
and more specifically lamella preparation through FIB milling. However, as mentioned in the
introductory chapters of this thesis the ultimate goal of this project was to investigate the
resistivity issue within Cu interconnects. This means, analysing actual Cu NWs to try and
replicate the kinds of dimensions typically dealt within a transistor. After all the lamella

preparation and optimisation part was completed, this part of the project could commence.

The aim was to develop a correlative approach to the experimentation and analysis on this
particular sample. More specifically, the aim was to make it possible to pinpoint a specific wire
and perform various analytical techniques on this particular wire to make the data as exact
and comparable as possible. We were interested to observe how the Cu behaved within a Cu

NW in terms of its grain size and distribution as well as the grain boundary structure.

Cu NWs were fabricated at the Intel fabrication facility with NW dimensions of 100 nm wide
with ~160 nm depth and with a proprietary barrier of 10-12 nm thickness. These NWs were
prepared using the dual-damascene process. A Cu seed layer of a few nm in thickness was
deposited using PVD, with the remaining Cu deposited using electroplating creating an
overburden of ~200 nm in height, where the excess is then removed using CMP (Chemical
Mechanical Planarisation). As this sample was prepared within the Intel fabrication, certain
information such as the barrier element and the thickness of the seed is proprietary

information, which was not disclosed during the course of the PhD.
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5.5.1 Electron Backscattered Diffraction (EBSD)

Firstly, a general overview of the grains on the surface of the bulk sample of Cu NWs was
observed using the EBSD technique. The sample was placed at a WD of 9.8mm with a stage tilt
of 70° with the EBSD detector at a working distance (WD) of 17 mm. The maps were acquired

for 2.5 hrs. An EBSD map of the specific NW and the surrounding NWs was acquired.

Figure 5-13 (a) shows the EBSD map acquired from the area highlighted in Figure 5-13 (c) with
grain orientation legend in Figure 5-13 (b). The general grain orientation was again found to be
(111), similar to the films surface. Although there is a slightly larger variation in the other
grains. This could be potentially due to the restriction of the NWs, causing smaller grains of
various orientations to form. It is evident from the EBSD map in Figure 5-13 (a) that the
pattern of grains which run across several wires are the “daughter grains” left from the
overburden as opposed to smaller grains forming due to the Cu seed layer. It has been
hypothesised that there are two competing grain growths influenced either between the
overburden or the seed layer. Recrystallisation seems to favour the seed layer, when the
overburden is particularly thin, and the “mother grains” of the overburden overpower the
seed layer, when the overburden is significantly thicker. If the overburden is the cause of this,
it would explain the lack of consistency for a more uniform (111) orientation on the surface, as

we have consistently observed in previous samples.[20]
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Figure 5-13: (a) Electron Backscatter Diffraction (Inverse Pole Figure) z-direction map of 100
nm copper (Cu) nanowire (NW) array surface, (b) grain orientation legend for Cu and (c)
Scanning Electron Microscopy image of Cu NWs highlighted in (a).

5.5.2 Conductive-Atomic Force Microscopy

Next, C-AFM was performed on the sample. Unfortunately it was extremely challenging in
both these techniques to pinpoint the exact location of a particular Cu NW. The sample was

analysed close to the site-specific Cu NW.

As can be seen from Figure 5-14 (a) there was clear topographical information obtained from
the C-AFM, which was extremely challenging to obtain with the previously prepared samples.
The wires were clearly visible and some grain information evident from Figure 5-14 (a),
displaying the difference in resolution between the differing samples. The most exciting and
interesting map is the conductivity map in Figure 5-14 (b). This map shows the successful
passing of current through these wires, clearly visible. This information was virtually
impossible to obtain from previous samples due to the oxidation and corrosive layers formed
on these NWs and films due to the better sample preparation and different barrier layer. This
was a clear step in the right direction. Combining this data with the cross-sectional
information will form a more coherent investigation of the microstructure of the Cu NWs.
Unfortunately, to-date we were unable to obtain any STM data from these NWs. This work in

progress is discussed further in the future work section of this thesis.

(b) Conduct_iyity'Map

Figure 5-14: (a) Conductive-Atomic Force Microscopy (C-AFM) topography map of copper (Cu)
nanowires (NWs) with grain structure becoming visible and (b) C-AFM conductivity map of Cu
NWs.
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5.5.3 Site-Specific Lamella Preparation of Cu Nanowires Cross-sections for
Transmission Electron Microscopy

Once the Cu NW had been analysed by all other techniques, the lamella preparation process
began, as it was the most invasive and destructive of all the processes. It was an extremely
challenging task to prepare a site-specific lamella of a 100 nm Cu NW for TEM analysis.

Before any initial preparation began, several SEM and FIB images of the entire sample were
obtained. It was extremely important to mark exact the distance of the particular Cu NW from

the sample edge.

A specific Cu NW was selected using SEM imaging, shown in Figure 5-15 (a) and (b), where the
selected NW position was marked using both 0° and 54° stage tilt. Marker pinholes were
milled 1- 2um either side of the wire of interest, as a simple indicator of where the position of
the NW was, see Figure 5-15 (c). It was later discovered that this method was previously used
for site-specific lamellae preparation by Pettersson et al. [21] Using beam parameters of 30 kV
50 pA in spot mode for 60-120 seconds, the markers were milled to a depth of ~5 um. It was
crucial to have the trench/spot with a significant depth of at least 2-3 pum and a width of ~500
nm to ensure it was clearly visible during the milling/thinning process, as shown in Figure 5-15

(d) and (g).

The bulk lamella preparation was prepared in the previously described method used from
cross-sectional preparation, with a slightly extended section including some extra wires, which
also served as markers for the navigation of the NW of interest. The lamella was mounted
onto a TEM grid and the NWs that were not coated in a protective Pt layer gave an indication
of the approximate location of the wire of interest, see Figure 5-15 (e). The lamella was
thinned using the method as described in section 3.1.3, chapter 3. There was a slight
alteration to this preparation, as the angle of milling was reduced to 1-2° with respect to the
FIB beam. As this was a more targeted lamella, it was important to not create an over
exaggerated angle, see Figure 5-15 (f), showing a very straight side-profile as opposed to the
wedge shape previously shown. This needs to be implemented as an exaggerated angle could
lead to milling too far into the wire of interest and thinning the incorrect wire. The lamella was
polished with gradual reducing beam energies with a final polish performed at 2 kV 20 pA, see

Figure 5-15 (h). The lamella was then imaged in both, TEM and STEM mode.
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Figure 5-15: Scanning Electron Microscopy (SEM) images of (a) and (b) with markers of position
of copper (Cu) nanowire (NW) at 0° and 54° stage tilt respectively, (c) and (d) pinholes markers
milled into substrate to use when milling, (e) Focused lon Beam (FIB) image of wires kept
untouched from platinum (Pt) to use as navigation markers for milling and polishing, (f) SEM
image of straight side-on profile of lamella during thinning procedure, (g) some “wave” like
feature appearing along top of wires and (h) SEM image of final 2 kV 20 pA polish.
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5.5.4 Scanning/Transmission Electron Microscopy Imaging

The area of interest highlighted in Figure 5-15 (h) was imaged in TEM. The lamella preparation
technique was successful as high-resolution TEM images containing lattice information was
achievable, as shown in Figure 5-16 (a). Also in Figure 15-6 (b) is a high-resolution aberration-
corrected image of the Si substrate with FFT inset taken at 200 kV using the NION Ultra STEM
microscope at the Advanced Microscopy Lab, Trinity College Dublin. Achieving atomic
resolution with this sample shows the precision and expert skills employed in the preparation

of these site-specific lamellae.

In contrast to the Cu films, the Cu NWs had a consistent mix of grain sizes and grain
boundaries. In both, the SEM and EBSD analysis, bamboo-type grain structure is prevalent on
the surface of the Cu NWs. It was unclear whether these structures ran throughout the depth
of the wire. It can be seen in Figure 5-16 (c) and (d) that there were areas of dips of 30-40 nm
in depth, which occur frequently across the cross-section of the wire. This could correlate with
the bamboo structure on top, suggesting that it does not run through the entire depth of the

wire.

Using STEM imaging, the variety of grain structure and size became apparent. Almost no
grains run the depth of 150 nm Cu NW, with a mixture of grains running in parallel and
perpendicular to the NW, shown in Figure 5-16 (e) and (f). There is a definite mix of both high-

angle and low-angle grain boundaries with grain sizes ranging from 20-200 nm.

Taking a closer look at the grains and grain boundary interaction, it can be observed, as shown
in Figure 5-16 (a), that these have similar grain orientation to previously observed. It can also

be seen at this grain boundary junction that twin boundaries are also present within the NWs.
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Barrier Layer

Figure 5-16: (a) High-resolution Transmission Electron Microscopy (TEM) image of twin
boundary within copper (Cu) nanowire (NW) cross-section, (b) aberration-corrected High-angle
annular dark field (HAADF) Scanning TEM (STEM) image of the silicon (Si) substrate after 2kV
20pA milling, with fast Fourier Transform (FFT) inset, (c) and (d) and TEM and HAADF STEM
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images displaying the “dents” and “bumps” of approximately 40 nm in depth, (e) HAADF STEM
image of Cu NW grain overview, due to thickness difference, much less grains running through
the depth of the film and (f) TEM image of Cu NW cross-section with protective mound of
platinum (Pt). (Notations in image: TB = Twin boundary, Cu=copper, Pt=platinum)

5.6 Conclusions

The microstructure of Cu films deposited on Ta liners was investigated through a variety of

different preparation and characterisation techniques.

Numerous lamella preparation techniques were employed and optimised specifically for this
particular sample. Taken into consideration the challenges encountered due to the
preferential milling of Cu and the hardness of Ta and its reluctance to mill at the same rate as
Cu, cross-sectional lamellae of Ta liner Cu films were prepped to an extremely high quality
using low kV FIB milling. This allowed the microstructure to be analysed using aberration-
corrected STEM with a reported thickness of ~30 nm. Similar to the SiO,, twin boundaries
were also present in this Cu film, but the amorphisation and smaller crystallites present within
the previous samples were significantly reduced and sometimes absent within this film.
Incoherent twin boundaries with slight misalignment of 1-2° running parallel with the Cu film
could potentially confirm the out-of-plane rotation of grains visible using STM. Providing high-
resolution imaging and analysis of the grains and microstructure from the cross-sectional
perspective is extremely important and was very beneficial to this project as it illuminated an
aspect of the film/material that was needed to further the project in terms of both STM and C-
AFM. Without this initial cross-sectional information, it would be very challenging to interpret

the films as a whole.

Plan-view lamella preparation proved extremely successful across a number of different
techniques, in particular, the use of the side on lamella preparation and the XeF, etch with a
final low kV FIB polish. Again, this data was analysed using TKD, TEM, STEM and EDX
confirming the type of grain structure observed by the other surface techniques, C-AFM and

STM. This helped in supporting the findings.

Finally, site-specific lamellae were a natural progression as Cu interconnects investigation was
the ultimate goal of this project in terms of linking the grain structure with point-specific
resistivity and conductivity measurements. Cu NWSs prepared using the dual damascene

process were analysed. Using EBSD, the overall grain structure and orientation of the NW
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surface was analysed. The cross-sectional lamella of the NW was also analysed through STEM
and TEM, through the highly skilled task of selecting a specific NW of just 100nm in thickness
in SEM and proceeding to mill this NW, using conventional ion beam milling procedure. This
led to significant findings in the grain shape, size and orientation and distribution throughout

the NW, which were previously undetectable in both STM and C-AFM.

Through a variety of lamella preparation and many other complementary characterisation
techniques, the microstructure of Cu and its relationship with Ta had been investigated.
Extremely high-quality data and analysis had also been produced through the consistent

optimisation of the highly skilled technique of lamella preparation.
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6. Novel in-situ Lamella Fabrication Technique for in-situ
Transmission Electron Microscopy Annealing Experiments

6.1 Introduction

The methods described in this chapter outline an innovative and reproducible technique for
cross-section lamella preparation for in-situ Transmission Electron Microscopy (TEM)
experimentation using a gallium (Ga)" Focused lon Beam (FIB), as well as an improved method
for mounting electron-transparent lamellae directly onto a research platform — in this case,
the Micro-Electro-Mechanical Systems (MEMS) device.[1] This represents a great
improvement compared to preparing larger, bulk-like sample sizes, which generally leads to

anisotropic heat distribution throughout the sample.

FIB sample preparation is a well understood and frequently used technique, as it is an efficient
and reliable method for preparing high-quality electron-transparent samples with minimal
damage.[2]-[7] A method for lamella lift-out for MEMS device mounting has been developed
previously by Duchamp et al.[8] In the technique presented here lamella transfer is achieved
by the chemo-mechanical securing of the lamella to the MEMS device, eliminating the need to
use the platinum (Pt) weld technique. Avoiding the use of electron beam-induced deposition
(EBID)-Pt comes with two distinct advantages: 1) no re-deposited Pt spray from the deposition
process, which would contaminate the lamella; and 2) no risk of damaging the MEMS device

during the thinning process.

The technique detailed in this chapter not only provides a new improved lamella preparation
method for in-situ annealing, but also presents a novel means for preparing cross-sectional

lamellae for applications across many different analytical platforms.

Real-time observations of materials undergoing dynamic changes upon the application of
external stimuli are increasingly recognised as vital to understanding the fundamental
processes taking place during materials synthesis, processing and functioning.[9] In
technological applications, a material is exposed to a variety of environmental stress and
external stimuli. The response of a material to these stimuli often influences their
functionality. Based on this reasoning, in-situ TEM has become an essential technique within

the field of material science. In-situ techniques such as annealing [10], biasing [11], cryogenics
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[12], liquid/gas [13]-[15], mechanical interrogation [16], [17] and electrochemical analysis [18],

have been developed to track the evolution of materials under such external stimuli.

Thermal experimentation within the TEM has provided a new and interesting perspective on
many material sets.[19]-[22] In-situ annealing has progressed from heating entire sample grids
to using MEMS devices to enable localised heating. This technology provides greater
temperature control due to the small volume and reduced thermal mass of the heater.
Moreover, it considerably reduces specimen drift and settling time.[23] The use of this
technology for in-situ annealing experiments has enabled the process to become fast and
reliable, offering new insights into material morphology.[24], [25] Despite all the progress that
has been made using in-situ annealing experiments, studying dynamic processes in-situ within
the TEM presents several important challenges, including specimen preparation and sample

transfer.

6.2 Experimental Methods

The technique developed and described in this chapter utilises a Zeiss Auriga cross-beam FIB-
SEM system for complete lamella fabrication as well as lamella transfer to the MEMS device.
(MEMS devices were purchased from DENSsolutions). The MEMS device consists of a
molybdenum (Mo) spiral encapsulated between two SiN, membranes. The Mo spiral heats the
localised area via joule heating controlled by a 4-point probe feedback loop. As well as the Mo
heating spiral, there are a series of through-hole windows (5-20 um).[26] The lamella is
positioned over a window close to the centre of the heating spiral as shown in Figure 6-1. The
MEMS device can reach a maximum temperature of 1300°C, with temperature stability of <

1°C at 1300°C. It has a heat rate of 200°C per millisecond and a settling time of < 2 seconds.

The standard proof-of-concept specimen is bulk silicon (Si) for reproducible, reliable
fabrication and analysis. SEMGIlu (Kleindiek Nanotechnik GmbH, Reutlingen) was used for
securing lamellae to the MEMS device. SEMGlIu is a vacuum-compatible adhesive that is cured
by electron-beam irradiation, providing a mechanically robust and thermally stable bond

between the lamella and the MEMS device.[27]

A reduced electron-beam current of ~ 10 pA permits working with the glue under SEM

observation. Adhesive curing is achieved by irradiating with the condensed electron probe for
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one minute using an electron beam current density of 10 pA/um?, on the SEMGlu, causing the
adhesive to harden. The incident electrons trigger a polymerisation process and change the
physical properties of the glue (elasticity, tensile strength). The electron-beam voltage
determines the penetration depth (approximately 100 nm per kV) into the glue and thus the

glue’s curing volume.

+

(c)

Electrical contacts

Heating Spiral

Figure 6-1: (a) Scanning Electron Microscopy (SEM) image of Micro-Electro-Mechanical
Systems (MEMS) device displaying the 4-point geometry, (b) SEM image of MEMS device
showing the heating spiral and through-hole windows and (c) schematic of heating holder and
MEMS device.

The application of the SEMGIu and the removal of the lamella were performed using a roof-
mounted Kleindiek micromanipulator fitted with RoTip and microgrippers for lamella lift-out.
The ROTIP-EM is a rotational axis plug-in for the MM3A-EM micromanipulator that enhances
the system by providing a fourth degree of freedom, which is ideal for this particular
technique. All images pertaining to the video created for this work were recorded on an FEI

Quanta 200 3D.
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In this study we used a DENSsolutions Wildfire S3 and a double-tilt Lightning heating holder,
however the technique is compatible with other heating holders. The system comprises of a
single tilt holder with the MEMS device replacing the standard TEM grid. The TEM holder has a
tilt range of +/- 30° with maximum sample drift of 0.5nm/min at 800°C. S/TEM imaging and
analysis is performed on a FEI Titan TEM at 300 kV. Energy-dispersive X-ray (EDX) spectra were
collected at an angle of 15° on an EDAX EDX detector using a non-annealed 50 nm Cu film on 7
nm Ta on a Si substrate. All high-angle annular dark field (HAADF) imaging was at a

convergence semiangle of 10 mrad and a collection semiangle of 39 mrad.

6.3 Motivation

6.3.1 Mounds — 50 nm Cu Annealed Film

As mentioned in previous chapters, the 50 nm Cu film/7 nm Ta on Si was annealed prior to
Scanning Tunneling Microscopy (STM) analysis. It was annealed under ultra-high vacuum
(UHV) to approximate temperatures of between 300-400°C for 10 min with a temperature
ramp time of 10 min. It underwent an acetic etch to remove the first 1-2 nm of the film
surface to remove any oxide and reduce surface roughness. So as to create a cohesive analysis
of the Cu film and its microstructure, the subsequent FIB lamella preparation and TEM analysis
was performed using the annealed 50 nm Cu film. Areas of the Cu film were noted to have de-
wetted. Within these circular areas of de-wetting, small mounds had formed (~1 um in size).
From the literature, the mounds are created from an intermixing of the Cu and Si to form an”

— CusSi precipitate.[28]-[30]

The formation of these types of mounds has been previously observed in studies of the
reaction of Cu/Ta/Si at increasing temperatures. The temperatures noted here were
considerably higher, ~600°C.[28], [29] A lot of the previous analysis of this type of material has
been done with thicker films using SEM, cross-sectional TEM, resistance measurements and
Rutherford backscattering spectroscopy (RBS). It has also been observed with different liners
other than Ta. Chen et al. investigate the diffusion barrier properties of sputtered TiB, and
similar mounds form on the surface of the Cu film at ~800°C.[31] It has also been investigated
how the deposition of the Ta liner at ultra-high vacuum (UHV) and high vacuum (HV) can
effect the temperature at which the Ta barrier fails and again the formation of these mounds
occurs.[32] Clevenger et al. noted that the variation in failure temperature was significant

within these different environments. HV deposited Ta barriers failed from 560 to 630°C and
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UHV deposited Ta barriers between 310-630°C. Also studied within this paper was the effect

of oxygen dosed and non-dosed samples and the change in failure temperatures.[32]

De-wetting of films (also known as film agglomeration) has a direct link with grain boundary
grooving, which has been mentioned in previous results chapters. The surface diffusion of
atoms causes grooving, which in turn leads to de-wetting when the temperature is increased
as atom mobility increases with increasing temperature. There is typically a characteristic
temperature at which de-wetting occurs and this is dependent on film thickness.[33] It has
been stated that there is a critical ratio of grain size to film thickness that must be reached
before agglomeration can occur.[34] De-wetting typically occurs in films to try and reduce the
surface and interfacial energy.[35] There is a direct link between the agglomeration/de-
wetting and the barrier layer, as Cu directly deposited onto SiO, does not experience any
agglomeration.[34] Therefore, adhesive quality of the barrier layer plays a major role in the
de-wetting of the film. Ruthenium (Ru), for instance, has good adhesion properties with Cu
film and has lower wetting angles with the Cu film than Ta, meaning it is less likely to
agglomerate than the Ta. Ru could be used as a glue layer between Cu and Ta to provide
better adhesion, while still using Ta’s good diffusion barrier properties. It is important to study
the de-wetting properties of the Cu films as this has been linked to electromigration

resistance. [36]

We were interested in finding out how these mounds formed in real-time and observe the
behaviour of the Ta liner under these conditions. Holloway et al. had shown that these
mounds usually contained a CusSi intermixing along with a TaSi, forming along the top of the
mound. We wanted to observe in real time the formation of these mounds and the critical
point at which the Cu diffusion and intermixing began, along with the migration of the Ta to
the surface of the mound. We also wanted to confirm if the temperatures of the diffusion
varied due to the reduced film thickness. We were using a 7 nm Ta layer as opposed to 50 nm
previously used. The reduction in the Cu film thickness from 100 nm as commonly used,
including by Holloway et al., to 50 nm Cu film used here could lead to variations in the

temperature dynamics. [28], [29]

This first process of investigation was done using SEM analysis. Figure 6-2 shows SEM images
of the mounds at various angles. To confirm whether Ta or Cu was present at the surface of
the mounds, EDX spectroscopy would ideally be performed. Unfortunately, it was challenging

to perform EDX analysis on these mounds as they were, at less than 1 um in diameter, below
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the resolution limit as the interaction volume for EDX at a beam voltage of 20 kV is ~2 um. It
also proved challenging to successfully perform EDX of a FIB cross-section due to the

obstructing geometry of the set-up at a stage tilt of 54°.

Figure 6-2: Scanning Electron Microscopy (SEM) images of mounds formed on copper (Cu) film
surface due to annealing at (a) 0° at low magnification, (b) 0° at high magnification, (c) at
54°at high magnification and high magnification image of mound used for Focused lon Beam
(FIB) cross-sectioning and (d) specific mound in which FIB cross-section was milled.

To get a better understanding of the internal geometry of the mound as well as above the film
surface, cross-sectional FIB analysis was performed on the sample. This was done by tilting the
sample to 54° so as to be parallel with the FIB. Due to the dual-beam nature of the Zeiss
Auriga FIB, it is possible to live image with the SEM while simultaneously mill the sample with

the FIB.

Included in Appendix A2 is a slice-and-view cross-sectional video, set up so that an image is
taken every 20 seconds. This FIB cross-section along with the slice-and-view video confirmed
that the mound that formed ruptured the Ta barrier layer, intermixing the material above and

below the surface. It can be seen from the comparison in Figure 6-3 the CusSi precipitate
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formed is bound by the Si (111) and the Si (100) planes with an angle of 54.7°. The CusSi
formed within the Si substrate is trapezoidal in shape, which is similar to that of Jung et al.,

Holloway et al. and Chen et al. This is one of the preferred orientations of the CusSi precipitate

within the Si (100) substrate.[37]

(b)

(c) (d)

f

I.Sum |}

Figure 6-3: (a) Scanning Electron Microscopy (SEM) images of mound cross-section (b), (c) and
(d) Jung et al., Holloway et al. and Chen et al. respectively, showing similar mounds forming
upon annealing the films.[28], [31], [38]

When noticing the internal structures of the mound from the slice and view data collected
from the FIB/SEM analysis, the question was raised as to whether the Si or Cu had migrated
across the Ta layer. From what we can see with Holloway et al.,, they determined using
Rutherford Backscattered Spectroscopy (RBS) and cross-sectional TEM analysis that the Ta
layer had migrated to the top of the mound but had also intermixed with the Si to form TaSi,.

[28], [29]

In order to confirm that the Ta had migrated to the top of the mound and that the Cu had

intermixed with the Si, a cross-sectional lamella for TEM analysis was prepared using the in-

situ lift-out FIB technique. This was a tricky process, unlike previously described in-situ lift-out

141



TEM lamella preparation. This was more analogous to a site-specific lamella, as we wanted to
examine the middle of the mound, to find the most interesting and useful data. The lamella
was milled from the outer edges of a larger circle of mounds, shown in Figure 6-4 (a) and (b).
The mound was placed as centred as possible within the bulk lamella in both the x- and y-
direction. Its position was marked by depositing a localised spot of Pt. The final polish of

lamella was performed at 5 kV 20 pA.

-

Figure 6-4: (a) Scanning Electron Microscopy (SEM) image of area of annealed film containing
mounds, (b) SEM image of lamella cross-section prior to lift-out, (c) SEM image of final thinning

142



stages of lamella preparation, (d) Transmission Electron Microscopy (TEM) image of lamella
containing copper silicide (CusSi) precipitate within silicon (Si) substrate, (e) high magnification
TEM image of CusSi, and (f) high-resolution TEM image of CusSi structure. (Notation in the
images: Pt=platinum, Ta=tantalum, Si=silicon, CusSi=copper silicide)

As can be seen from Figure 6-4 (c), it was challenging to thin the mounds within the lamella, as
parts were porous containing no material, which led to a lot of potential mounds being lost in
the thinning process. As can be noted from Figure 6-4 (d) the Ta layer does appear to be
pushed from the Si surface upwards toward the top of the mound. It was challenging to
capture the very defined trapezoidal shape of the root of the mound, due to the milling. But it
can be noted that the mound forms well below the Si surface (~150 nm). It is clearly evident
from Figure 6-4 (d) that the Ta layer has migrated from the Si surface to the top of the mound
with the Cu diffusing with the Si in the bulk/centre. Figure 6-4 (e) and (f) show high
magnification images of the CusSi mound, noting the lattice information available, showing it

was not completely damaged by the FIB thinning.
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Figure 6-5: (a) Scanning Transmission Electron Microscopy (STEM) image with highlighted area
at the mound surface/platinum interface in which Energy-dispersive X-ray (EDX) map was
obtained, (b) Extracted individual elemental maps from area highlighted in (a); (copper (Cu),
tantalum (Ta), silicon (Si) and oxygen (0)), (c) STEM image with highlighted area of internal
structure of the CusSi precipitate in which EDX map was obtained, (d) Extracted individual
elemental maps from area highlighted in (c); (Cu, Ta, Si and O).

Using EDX mapping it was confirmed that the surface of the mound does contain a mixture of
Ta and Si, shown in Figure 6-5 (a) and (b), while also showing the presence of both Cu and Si
within the mound itself, shown in Figure 6-5 (c) and (d). It is challenging to determine whether
it is singularly Ta or Si at the surface of the mound, as there is overlap of the Si-K and Ta-M
lines, with energies 1.74 keV and 1.71 keV respectively. Also the Ta-L overlaps with the Cu-K

line. The high contrast in the TEM image itself does suggest the possibility of Ta but the work
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by Holloway et al. and Laurila et al. and many others suggests that it is a mixture of Ta and Si,

TaSi,, which tends to form at the surface. [28]-[30] This needs to be investigated further.

We wanted to observe in real time on the microscale what was happening to the Cu/Ta/Si
within the mound when the temperature was increasing. This could be done by preparing a
cross-sectional TEM lamella of the pristine non-annealed Cu film and placing it within an in-
situ TEM heating holder and observing what happens to the Cu/Si formation and more

importantly, how the Ta reacts under the differing temperature environments.

Although it has been investigated before, it has not been investigated in real-time. Observing
what happens to the Ta barrier layer by in-situ TEM as the temperature increases could
provide exciting new information about how the Cu diffuses through it at higher temperatures
and why it is pushed or migrates to the surface forming TaSi,. It is also interesting to observe
the exact temperatures at which the Cu begins to diffuse or when the Ta breaks down. The
RBS data obtained by Holloway et al. is discrete data with only a small number of
temperatures observed due to the nature of the experimentation. [28], [29] The in-situ
microscopy data that will be achieved from this technique will help establish a more
continuous timeline of the progression of the Ta migration and Cu diffusion. We can be much

more precise in the pinpointing of critical changes in the reaction.

6.3.2 Initial Lift-out Attempts

A method for preparing lamella for MEMS device mounting was established by Duchamp et
al.[8] This method was attempted without the aid of a flip stage, meaning an alternative
approach had to be adopted. This involved placing a 3-pillared Cu TEM Omniprobe grid flat on
a carbon tab, with the pillars protruding out over the edge of the tab, so as not to contaminate

or damage the pillars with the welded lamella, see Figure 6-6 (a).

A lamella lift-out was performed as previously described with the lamella lifted out and
welded to the middle pillar of the TEM grid. Due to the different geometry of the grid, as it
was laying flat, the lamella was welded perpendicular to the pillar as opposed to parallel, see
Figure 6-6 (c) and (d). The lamella was welded using EBID-Pt and ion beam-induced deposition
(IBID)-Pt and once secure, the micromanipulator weld was removed. The system was then
vented and the grid rotated 90° by being placed in the traditional upright position. Once

returned to the chamber of the SEM/FIB system, the micromanipulator was then welded to
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the bottom right corner of the lamella, which was easily accessible due to perpendicular

orientation of the lamella.

Prior to this a MEMS device had been placed securely on carbon tabs. The device is then tilted
to the recommended tilt of 13°. The lamella is carefully placed over the desired MEMS device
window, see Figure 6-6 (e) and (f). Unfortunately it was not possible to successfully place the
lamella over the window and perform Pt deposition at 13° as the geometry of the GIS was not
compatible. The amount of Pt deposited at this angle was not sufficient to secure the lamella
to the device. The method outlined in this paper was attempted numerous times but the
geometry of the Zeiss Auriga system did not work with the method outlined due to the lack of
a flip stage. Due to this, a new novel method had to be developed and optimised to

successfully mount lamella onto MEMS devices for in-situ experimentation within the TEM.
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Figure 6-6: Scanning Electron Microscopy (SEM) image of (a) Transmission Electron Microscopy
(TEM) grid placed flat on carbon tab, note geometry of the needle and Gas Injection System,
(b) lamella placed perpendicular to pillar while flat on carbon tab, (c) lamella after needle has
been removed and TEM grid has been placed in the upright position, (d) needle is welded to
bottom right corner of lamella, (e) and (f) SEM and Focused lon Beam (FIB) images
respectively, of the attempt to place lamella securely over Micro-Electro-Mechanical Systems
(MEMS) device window.
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6.4 Protocol for Novel In-Situ Lamella Lift-out Technique for MEMS

Device Mounting

The fabrication process begins by mounting a through-hole MEMS device on to a standard
SEM stub using carbon adhesive. A separate reservoir of SEMGlu is also placed in the chamber
away from the MEMS device. Before the lamella is placed on the area of interest, the MEMS
device is pre-loaded with SEMGIlu. A micromanipulator needle was dipped into the SEMGIu
reservoir forming a teardrop-shaped portion at the tip of the needle. The needle is driven to
the MEMS device and lowered until the SEMGlu makes contact with the SiN, surface. The
stage is slowly moved in the x- and y- direction to gently disperse the SEMGIu around the
desired windows, Figure 6-7 (a). As can be seen from Figure 6-7 (a), dispersing the glue around
several windows provides a greater number of locations for mounting the lamella, increasing

the success rate of the lift-out.

Figure 6-7: (a) Scanning Electron Microscopy (SEM) image showing the application of SEMGlu
around the surrounding windows of the Micro-Electro-Mechanical Systems (MEMS) device
using a micromanipulator needle, (b) and (c) Focused lon Beam and SEM images respectively,
showing the correct positioning of the microgrippers prior to lift-out.
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After SEMGIu application the needle is replaced with the microgrippers and RoTip attachment,
providing full 360° rotation. Figure 6-7 (b) and (c) show FIB and SEM images of the correct
positioning of the grippers with respect to the lamella. For accurate positioning of the

microgrippers during lift-out, they are tilted to 54°, parallel to the FIB, using the RoTip.

The bulk lamella preparation was based on the procedure as developed by Langford et al. and
Giannuzzi et al.[4], [5] Table 1 outlines the parameters for sample preparation. Both EBID-Pt
and IBID-Pt are deposited over an area of approximately 2 um x 22 um, using the standard
Zeiss deposition mode setting, as shown in Figure 6-8 (a) and (b). The electron and ion beam
voltages and currents used are 5 kV 3 nA and 30 kV 20 pA, respectively. A large area of
deposited Pt is needed to fabricate an extra-long lamella, which provides a large cross section
for the microgrippers to handle. Large trapezoid trenches are milled using the mill for depth
setting on each side of the lamella. These trenches have approximate dimensions of top
length: 40 um, bottom length: 50 um, trench width: 15 um and trench depth: 15 um, Figure 6-
8 (c). The side trench (30 um x 10 um) is milled using the mill for depth setting with an
approximate depth of 15 um. All are performed at a tilt of 54°. The undercut (1 um x 24 pm) is
performed at a tilt of 7°. It is milled using the mill for time setting until the undercut is clearly
visible, see Figure 6-8 (d). All milling was performed at an ion beam voltage of 30 kV 4 nA with

the exception of the undercut, which was performed at 30 kV 2 nA.
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Figure 6-8: Scanning Electron Microscopy images showing overview of bulk preparation for
lamella lift-out: Protective platinum (Pt) strip deposited by (a) electron beam-induced
deposition and (b) ion beam-induced deposition, (c) two trapezoid trenches milled to a depth of
approximately 15 um, and (d) side trench and undercut viewed at 20° stage tilt.
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. . SEM E-Beam FIB I-Beam . .
Preparation Step | Primary Mode Voltage Current Voltage Current Depth Tilt Details
MEMS device Imaging: 5 KV 3nA 54° Using the manipulator needle, SEMGIu is applied
preparation e-beam carefully around the windows of the MEMS device
D ition: 0.5-1 ° . .
EBID-Pt eposition 5 kv 3nA 54 Dimensions of 2 um x 22 um
e-beam um
IBID-Pt Deposition: 5 kv 3nA 30 kv 20 pA 1572 1 g0 Dimensions of 2 um x 22 um
i-beam um
Milling: o . .
Trenches _beamn 5 kv 3nA 30 kv 4 nA 15 pm 54 Dimensions of 40 pm x 50 um x 15 pm
. Milling: o . .
Side Trench _beam 5 kv 3nA 30 kv 4 nA 15 pm 54 Dimensions of 30 pm x 10 um
Milling: o . .
Undercut _beam 5 kv 3nA 30 kv 2nA 3-4 um 7 Dimensions of 1 um x 24 pm
Final sidewall Milling: o . .
nai siaewa . "ing 5 kv 3nA 30 kv 2nA 15 pm 54 Dimensions of 2 pum x 2 pm
removal i-beam
. Imaging: ° . . . .
Lamella lift-out o-beam 5 kv 3 nA 30 kV 20 pA 54 Sample lifted out using microgrippers
Thinning in RoTi - i i i
l‘nn/ng‘m ollp Milling: 58 - Milled to a thickness of approximately 700—800 nm
microgrippers — . 5 kv 3 nA 30 kV 240 pA o o iite e
i-beam 59 (4 — 5° tilt with respect to FIB)
Stage 1
Thinning in RoTip - . . .
. . Milling: 58 - Milled to a thick f tely 200-300
microgrippers — . ing 5 kv 3 nA 15 kV 200 pA ° tedto a thic r:e‘ss o.apprOX|ma ey nm
i-beam 59 (4 — 5° tilt with respect to FIB)
Stage 2
Thinning in RoTi
mli’Z:(IJniim efs I_p Milling: 3/5 kv 3nA 5 KV 20 bA 57 - Milled to a thickness of approximately 50-70 nm
gripp i-beam P 58° (3 — 4° tilt with respect to FIB)
Stage 3
Lamella and MEMS device both at coincidence point.
Transfer of‘ Imagl.ng: 3KV 10 pA 30 kV 20 pA 0° SEM .voltage and beam current lowered t9 reduce
lamella to device | e-beam/i-beam charging and prevent any unnecessary curing of the
SEMGlIu prior to the final stages of the transfer.
Securing lamella Curing: Lamella successfully placed over the window. Thicker end
over MEMS o beai; 30 kV 6 nA 0° of lamella over SEMGIu exposed to a high beam voltage
device window for approximately 30 min to ensure a secure placement.

Table 1. Complete set of parameters for in-situ lamella preparation
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After the bulk of the lamella is prepared, the microgrippers are inserted to lift the lamella
away from the substrate to perform fine polishing. The rotating microgrippers are inserted
near the bulk lamella. Before reaching the lamella, the grippers are opened to allow for the

lamella to easily fit between them.

By switching between both SEM and FIB imaging, the lamella is placed between the
microgrippers. Once in the correct position, the grippers are carefully closed until they begin
to slide along the lamella, indicating that the lamella is secure, shown in Figure 6-9 (a). The

remaining sidewall connected to the bulk is removed using a 30 kV 2 nA ion beam, Figure 6-9

(b).

Release of the lamella from the substrate is realised by a slight shift in the lamella position
with respect to the bulk. The microgrippers are tightened to ensure the lamella is securely
gripped and slowly lifted out of the trench. When the lamella is lifted clear of the bulk, the

substrate is moved away from the lamella/gripper by lowering the stage, Figure 6-9 (c) and (d).

Figure 6-9: (a) Focused lon Beam (FIB) image of lamella securely gripped, (b) Scanning Electron
Microscopy (SEM) image of milling sidewall connecting to bulk sample, (c) and (d) FIB and SEM
images respectively, of the positioning of lamella during the thinning process.
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Fine thinning of the lamella is critical to enable high resolution imaging in the TEM. Using the
rotating microgrippers, the lamella is tilted between 3°- 5° with respect to the FIB. The
lamella is milled by adopting a wedge technique as developed by Schaffer et al.[6] This
technique utilises a range of decreasing ion beam energies, from 30 kV 240 pA - 5 kV 20 pA,
see Table 1., to ensure minimal damage and amorphisation of the sample, and also to
minimise the loss of the Pt layer as the ion beam energies are reduced. As can be seen from
Figure 6-10 (a) and (b), a staggered approach in relation to the top-down profile of the lamella
is also employed. The staggered approach isolates parts of the lamella from the ion beam
exposure during the thinning process, providing support to the thin regions. This also creates a
ledge between the thinned area of interest of the lamella and the MEMS device. This
approach elevates the area of interest while maintaining a parallel geometry between the

MEMS device window and the lamella surface.

The thickness of the sample can be estimated by Secondary Electron (SE) imaging.[7] As the
thickness of the specimen decreases, the SE yield increases. The net result is a significant
brightness increase in the SE signal as the specimen thickness is reduced, highlighted region
shown in Figure 6-10 (d). While imaging with a 5 kV accelerating voltage, the area of interest is
thinned to approximately 70 - 100 nm thickness. The accelerating voltage is reduced to 3 kV

and the lamella is polished further until it is approximately 50—70 nm thick, Figure 6-10 (d).

The use of the RoTip microgrippers provides many advantages over conventional methods.[8]
The lamella can be milled and polished (front and back) without the obstruction of the MEMS
device itself and removes potential damage to the area surrounding the MEMS device
window. The microgrippers also ensure there is no sputtering or re-sputtering of Pt due to

welding, as no Pt weld is needed.
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- Thin region of interest
[

Figure 6-10: (a) and (b) Focused lon Beam and Scanning Electron Microscopy (SEM) images
respectively, showing the staggered approach to the thinning process, allowing the thicker
segment to create a ledge between the thinned section of the lamella and the surface of the
Micro-Electro-Mechanical Systems (MEMS) device, (c) and (d) SEM images of the final thinning
stages 15 kV 200 pA and 5 kV 20 pA respectively with thin region of interest highlighted.

When the lamella is polished to a thickness of ~70 nm, the stage is tilted back to 0° and the
MEMS device is brought to the SEM/FIB coincidence point of 5 mm, see Figure 6-11 (a) and
(b). Having the stage at 0° tilt ensures the lamella will be in a more favourable position to lie
flat over the window of the MEMS device, as the angle between the top of the lamella and the

device surface is reduced below 90°, see Figure 6-11 (c) and (d).

To minimise charging between the sample, microgripper and MEMS device, the SEM
accelerating voltage is kept at 3 kV, and the electron beam current reduced to ~ 10 pA.
Furthermore, this prevents the SEMGIu from curing/hardening before the lamella is placed

over the window.
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VSEM column

FIB column
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\Sample MEMS Device

Figure 6-11: Scanning Electron Microscopy (SEM) images of (a) the transfer of the lamella from
the grippers to the Micro-Electro-Mechanical Systems (MEMS) device, (b) the high-kV curing of
the lamella and SEMGlu, (c) and (d) schematics of lift-out geometry.

The lamella is positioned above a window in the centre of the MEMS device and slowly
lowered until the base of the lamella is in contact with the SiN, surface. It is critical that the
lamella is placed in the centre of the device where the temperature measurement is most
accurate (the variation from the centre to the edge is ~ 15%).[26] The thick part of the lamella
gripped by the microgrippers is placed directly over the SEMGIlu, with the thinned area of
interest extending over the adjacent through-hole window. To release the lamella, the
microgrippers are slowly opened while simultaneously moving them in the x- and y- direction.
In the closed position the microgrippers can be used to make minor adjustments to
positioning of the lamella, which lies flat over the window. A short video clip demonstrating
the complete lift-out and polishing procedure is available in the Appendix A3. The Appendix

video was recorded on an FEI Quanta 200 3D.
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To secure the lamella in the desired position, electron transparent section in field of view over
window, the microgrippers are pressed against the thick side of the lamella away from the
window. The SEMGIu beneath the thick section is cured by increasing the acceleration voltage
to 30 kV with an electron beam current of ~ 6 nA with a field of view of approximately 100
um2 and exposing the area for 30 min. This process results in a securely bound lamella to the

MEMS device, providing a robust platform for in-situ TEM analysis.

Figure 6-12 shows TEM images of the thinned region extending over the electron transparent
window, after sample transfer to the in-situ holder and TEM. From a comparison between the
SEM image in Figure 6-11 (b) and the TEM image in Figure 6-12 (a), the lamella remains in the
desired position with no movement evident. This demonstrates the mechanical robustness of

the SEMGlu as well as the vacuum-compatibility within the TEM.

Figure 6-12 (b) shows the high-resolution TEM image of the Si (110) substrate recorded from
the thin region of the lamella. From the TEM image and fast Fourier Transform (FFT) it is clear
that the sample remains crystalline with no apparent damage after ion-beam polishing. These
results are what we expect from lamellae prepared by traditional in-situ lift-out techniques,
Figure 6-12 (d). It is evident that lamellae prepared using this novel technique maintain the
same quality while removing the risk of Pt re-deposition as well as the risk of damaging the

MEMS device through milling.
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Figure 6-12: (a) Transmission Electron Microscopy (TEM) image of lamella remains in desired
position over through-hole window, (b) High-resolution TEM (HRTEM) of silicon (Si) with fast
Fourier Transform (FFT) inset, (c) high magnification image of Si and (d) reference HRTEM
image of Si substrate prepared using traditional in-situ lift-out technique with platinum (Pt)
weld with FFT inset.

6.5 First Applications

To date, three Cu film lamellae have been prepared as well as two Si only lamellae for
purposes of developing the technique. Below are the initial results from these Cu lamellae,
further heating experiments need to be performed to fully characterise the formation of the

precipitates and the behaviour of the Ta liner in real time.

The Cu annealed film lamella cross-section was placed in a double tilt heating DENSsolutions

Lightning holder. This lamella was imaged in STEM mode using a 0.5 um aperture. The lamella
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was not at the ideal thickness compared to previous prepared lamellae so it was easier to
assess and observe the Ta layer in STEM mode. This lamella was chosen for investigation due
to the CusSi precipitate that formed in-situ during the annealing procedure. As this process is
sporadic and not uniform throughout the film, the likelihood of a precipitate forming and
rupturing through the Cu film and Si substrate of a lamella is low. Hence this particular lamella

is of a special interest.

The temperature applied to the lamella by the MEMS technology is ramped from room
temperature to 50°C, with a 50°C increase until 250°C, at which point the increments are

decreased to every 25°C.

Up to 250°C the sample remains similar. Figure 6-13 (a) captured at 250°C shows a slight
difference within the Cu grain structure. There appears to be a possible thinning of the Cu
structure. Increasing the temperature to 300°C shows a gradual thinning of the Cu film as can

be seen in Figure 6-13 (b) and (c), starting from the small area indicated in Figure 6-13 (a).
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(f) Ta-M

Ta-L

Figure 6-13: (a) Scanning Transmission Electron Microscopy (STEM) image of copper (Cu) film
at a temperature of 250°C, (b) STEM image of Cu film at a temperature of 300°C, (c) STEM
image of Cu film at 325°C at low magnification, (d) STEM image of Cu film at 325°C at high
magnification, (e) Area in which Energy-dispersive X-ray (EDX) map was obtained of mound at
temperature of 325°C and (f) extracted individual elemental maps of Cu, tantalum (Ta), silicon
(Si) and oxygen (O).
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As shown in the video attached in Appendix A4, as the temperature was increased to 325°C,
formation of the mound/CusSi precipitate within the Cu film can be observed immediately,
starting from the Ta layer. At this point the temperature was left constant at 325°C. At this
stage, EDX was acquired of the sample during the heating process, area of interest highlighted
in Figure 6-13 (e). This initial EDX data showed movement of the Ta, ballooning to the top of
the mound. This is observed by the presence of the Ta-M line along the top of the mound,
shown in the elemental maps in Figure 6-13 (f). However, as mentioned earlier, there is an
overlap with the Si-K and Ta-M, which is very difficult to decipher. The EDX map also displays
the presence of both Si and Cu within the mound, further confirming through qualitative
analysis what is expected from the literature. Throughout there is a presence of Pt, this can be
due to the fact that the lamella was slightly thicker than previous attempts and the milling
angle may have been too aggressive. This would cause a lot of Pt to potentially be pushed
further into the sample. However, the Pt-L also overlaps with the Ga-K line, which also could
be contributing to intensity profile. There is a clear mound forming within the Cu layer. The Si
substrate is also experiencing some potential structural changes. When the temperature was
further increased to 335°C, see Figure 6-14 (a), there seemed to be a slight increase in the
height of the mound and amorphisation of the Si substrate. There is a non-uniformity in the
scan which is visible in Figure 6-13 (f), which should not be misconstrued for an obvious break

in the mound/Ta barrier layer. Unfortunately, a continuous scan could not be obtained.
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Figure 6-14: (a) Scanning Transmission Electron Microscopy (STEM) image of copper (Cu) film
at a temperature of 325°C, (b) STEM image of Cu film at a temperature of 420°C, (c) STEM
image of Cu film at 540°C, (d) STEM image of Cu film at 700°C and (e) Area in which Energy-
dispersive X-ray (EDX) map of mound was obtained at a temperature of 23°C after
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experiencing temperatures of up to 700°C and (f) extracted individual elemental maps Cu,
tantalum (Ta), silicon (Si) and oxygen (O).

At ~420°C, Figure 6-14 (b), changes in both the Pt layer and Si substrate were observed. This
progressed when temperatures increased to 450°C, which is visible from the video in Appendix
A4 of this particular increase in temperature. There is a slow and steady change in possibly the

thickness of the Si substrate.

At ~540°C, Figure 6-14 (c) we start to see a change within the mound formed in the Cu film. It
is very clear from this image that the remainder of the Cu film surrounding the mound is

beginning to possibly delaminate or thin.

The lamella was heated to a final temperature of 700°C. There was significant change within
the Cu film, the Si substrate and the precipitate formed. The behaviour and microstructure of

the Ta barrier layer was extremely challenging to interpret due to the thickness of the lamella.

At these higher temperatures at ~600-650°C, the CusSi precipitate begins to experience
degrading/thinning or possibly mixing of the Cu and Si. Upon closer inspection of the
remaining parts of the lamella, more mounds were discovered, this time rupturing internally
within the Si substrate, see Figure 6-14 (d). As EDX could not be performed at such high
temperatures, the temperature was reduced back down to 23°C and an EDX map was acquired

from the area highlighted in Figure 6-14 (e).

From the elemental maps extracted from the EDX data in Figure 6-14 (f), the Cu signal does
not appear as strong within the mound. This could be that at these high temperatures the Cu
is degrading and being sputtered from the sample. There is still a strong presence of Ta/Si at
surface of the precipitate. It is challenging to determine whether the Ta barrier has been
structurally compromised due to this annealing process and this is an aspect of the project,

which needs further comprehensive investigating.
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6.6 Conclusions

It was observed that micron-sized mounds formed on the surface of annealed Cu films after
exposure to temperatures of 300 - 400°C. These mounds were successfully cross-sectioned
using FIB milling and it was observed that the internal structure, a trapezoidal shape bounded
by the Si (111) and Si (100) planes, was similar to that reported in the literature. To confirm
whether the mounds formed were an intermixing of Cu and Si forming CusSi, a lamella cross-
section for TEM was successfully prepared. HRTEM imaging and EDX analysis were performed,
confirming the intermixing of the film and substrate along with the migration of the barrier

layer to the mound surface.

An alternative in-situ lift-out procedure using FIB milling was developed and optimised for the
preparation of lamellae for in-situ annealing in the TEM and beyond. This technique combines
for the first time the use of rotating microgrippers for lift-out and thinning, and a unique
adhesive substance, SEMGIu, during the lift-out procedure, instead of the traditional
micromanipulator needle and Pt weld. Lamellae were successfully mounted onto a MEMS

device for in-situ TEM annealing experiments without damage to the MEMS.

It has been shown that this novel method ensures the ability to employ the wedge technique
during the thinning procedure due to the rotation of the microgrippers. The use of the
microgrippers also ensured no Pt deposition onto the sample and reduced the risk of
damaging the MEMS device during thinning. HRTEM imaging of the polished lamella verifies
that this method can produce high quality lamellae comparable with regular in-situ lift-out
procedures. In-situ annealing of the non-annealed Cu film lamella also showed in real-time the
forming of the CusSi precipitate and the pushing of the Ta liner upwards towards the mound

surface along with the subsequent rupturing of the precipitate within the Si substrate.

Not only is the method successful for in-situ annealing, it can also be used and adapted for a
number of in-situ applications, including fluid and gas phase analysis as well as in-situ electrical

experimentation and also traditional lamella preparation.
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7. Conclusions and Future Work

Overall this thesis work has shown optimised lamella preparation techniques for high-
resolution Scanning/Transmission Electron Microscopy (S/TEM) imaging and analysis of copper
(Cu) films and nanowires (NWs). Multiple lamella preparation methods such as plan-view, site-
specific and Micro-Electro-Mechanical-Systems (MEMS) device mounted have been developed
and optimised for film surface imaging, cross-sectional nanowire imaging and in-situ annealing

respectively.

Chapter 4 discussed the successful optimisation of the cross-sectional lamella preparation
technique for 40 nm Cu film on SiO,. This was done through an iterative process of combining
low kV milling, an extra Pt protective layer along with an exaggerated milling incidence angle,
a method developed by Schaffer et al. also known as the wedge technique. Successful S/TEM
imaging displayed a mixture of grain boundaries including twins and grooved boundaries.
Grains also varied between columnar (running depth of film) and not occupying the entirety of
the film depth. As the cross-sectional preparation technique improved and thinner lamellae
were being produced, it was noted that damage was experienced by the Cu film under the
electron beam. This damage was recorded and it was concluded that the evaporated Cu was
of poor quality containing grains of non-uniform crystallinity and amorphisation. The
successful preparation of cross-sectional lamella of the 40 nm Cu film on SiO, was of extreme
importance to the project. Both STM and C-AFM proved extremely difficult to obtain any
information due to the roughness and oxidation of the film surface. Cross-sectional TEM
provided data about the grain and grain boundary structure, which was otherwise not
obtainable for this particular film. Finally an alternative 50 nm Cu film on a 7 nm Ta which was
sputtered as opposed to evaporated was analysed. This sample proved to be of a better
quality and the optimised lamella preparation technique produced high-resolution S/TEM

imaging with stable Cu films under the electron beam at 300 kV.

Chapter 5 outlines the aberration-corrected STEM imaging and analysis obtained due to the
lamella produced from the cross-sectional preparation. From this it was noted that the film
contained complex grain boundaries that were both tilted and twisted but predominantly

tilted. The grains were mostly “bamboo” or columnar in nature with approximate widths of 40

169



— 50 nm. Similar to the Cu film on SiO, the 50 nm Cu film on 7 nm Ta contained twin
boundaries with particular interest on twin boundaries running parallel to the Cu film. These
twin boundaries were discovered to be slightly incoherent with a misalignment of between 1-
2°. From complementary STM data, this misalignment could potentially confirm the out-of-
plane rotation observed. Using the zero-loss peak obtained by EELS analysis, the absolute

thickness of the Cu film was calculated and found to be ~30 nm.

This chapter also detailed the various plan-view lamella preparation techniques successfully
executed to obtain high-resolution S/TEM imaging of the 50 nm Cu film surface. The three
techniques detailed were side-view mounted, HF dip plan-view and side-view mounted with
XeF, etch. Each technique successfully produced lamellae suitable for S/TEM imaging and
analysis. The most successful technique however, was the side-view mounted with XeF,. The
preparation of plan-view lamellae enabled the analysis of the Cu grain structure through
Transmission Kikuchi Diffraction analysis, obtaining data about the percentage of HAGB and
LAGB as well as grain size statistics. It was also noted that the dominant grain orientation of

the Cu film surface is [111]. This corroborates with the STM results.

Finally fulfilling the ultimate objective of this work, site-specific lamellae were prepared of 100
nm Cu nanowires (NWs) with a depth of ~160 nm. High resolution S/TEM imaging of the Cu
NWs was achieved, which is difficult to achieve with the width of the NW and the likelihood of
only partially milling the correct NW during the final thinning stages. Similar grain boundary
features were discovered within these NWs including twin boundaries. Grains rarely ran the
depth of the film with a mixture of grain size and shape evident throughout. Site-specific
lamella preparation is extremely important for this type of work and in the future it is vital
that specific NWs can be targeted and data from a specific NW can be acquired using a range
of different, complementary techniques. There is a high demand for such a correlative

approach, integrating several imaging and analysis techniques.

Chapter 6 details the conception and development of a novel in-situ lamella fabrication
technique for in-situ TEM annealing experimentation. This technique combines for the first
time the use of rotating microgrippers for lift-out and thinning, and a unique adhesive
substance, SEMGlu, during the lift-out procedure, instead of the traditional micromanipulator
needle and Pt weld. Lamellae were successfully mounted onto a MEMS device for in-situ TEM

annealing experiments without damage to the MEMS.
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It can be concluded that this novel method ensures the ability to employ the wedge technique
during the thinning procedure due to the rotation of the microgrippers. The use of the
microgrippers also ensured no Pt deposition onto the sample and reduced the risk of
damaging the MEMS device during thinning. HRTEM imaging of the polished lamella verifies
that this method can produce high quality lamellae comparable with regular in-situ lift-out

procedures.

In-situ annealing of the non-annealed Cu film lamella enabled real-time observation of the
formation of the CusSi precipitate along with the lifting of the Ta barrier above the mound

surface and the subsequent rupturing of the precipitate within the Si substrate.

This technique shows versatility as it can be used and adapted for a number of in-situ
applications such as liquid, gas, electrical in-situ analysis as well as traditional lamella

preparation.

7.1 Future Work

The future work going forward with this project work can be categorised into two parts, which
can work concurrently with each other: a) the further iterative optimisation of sample
preparation techniques and b) the extended advanced analysis and characterisation of the Cu

film/NW microstructure.

7.1.1 Further Iterative Optimisation of Sample Preparation Techniques

In terms of sample preparation techniques, there are many alternatives as well as some
additional steps/enhancements that could be included to the methodologies developed in this
project. Low kV Ar ion milling would most likely be the next step to achieving a more
crystalline and uniformly thin lamella. Ar ion milling using beam voltages as low as 500 V,
which can be used as a final polishing step. This might provide a cleaner, less damaged and
amorphised sample. It may also reduce some of the disadvantages associated with the
broader, less controllable beam of 2 kV and even 5 kV in the Focused lon Beam (FIB), by

allowing 30 kV thinning to approximately 400-500 nm and proceeding with Ar ion milling for
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the remaining thinning. Later on, it could also be used to ensure larger areas of interest would
be thinned to sub-50 nm thickness with minimal damage. Larger areas of interest would be
extremely beneficial for the continual analysis of Cu NWs. This Ar ion milling could be
employed for final polishing procedure for both cross-sectional and plan-view preparation of

Cu films and Cu nanowires.

Another alternative to gallium (Ga)* FIB milling sample preparation is mechanical preparation
combined with Ar milling. This is a commonly used procedure but isn’t favoured over the
“faster” procedure of FIB milling. This would be an attractive alternative to display
comparisons between the ion prepared Cu films and mechanically prepared, to observe any

amorphisation, crystal structure differences or grain size difference between both.

7.1.2 Extended Advanced Analysis and Characterisation of the Cu Film/Nanowire
Microstructure

The second section of this potential future work would be the continuation of the advanced
characterisation of the Cu films’ and NWs microstructures. This would involve atomic
resolution S/TEM imaging and analysis of the grain boundaries in particular. Currently this is
difficult to do with the thickness and current crystallinity of the lamellae. With the slight
improvement of the sample preparation mentioned above the high-resolution analysis of the
grains and grain boundaries within the Cu films and nanowires would be more readily
achieved. By achieving this high resolution, the potential to correlate the STM data of the
“zipper” like structures appearing along the ridge and valley grain boundaries would be much
greater. The ultimate ambition would be to do a complete grain boundary and interface
analysis of varying Cu film thicknesses (30 nm, 20 nm, 10 nm) as well as Cu NW thickness and
correlate this with the resistivity measurements obtained through C-AFM. Being able to track a
drop or increase in conductivity and correlate that to a specific grain boundary within a

particular Cu NW would be the ultimate achievement here.

In terms of the in-situ annealing analysis, future work would be centred around the continued
imaging of the mound formation. Particular focus would be placed on the Ta layer and the
structural changes it undergoes during the annealing process. Again, this also reverts back to
the further optimisation of the lamella preparation. The current lamellae were thinned at a
final beam voltage of 5 kV, with further optimisation, a 2 kV beam voltage could potentially be

used. This would lead to high-resolution imaging of both the Cu film and the Ta barrier layer.
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The Ta liner, grain growth and grain boundary changes of the Cu film during the annealing
process could be analysed. Again, as with the project described here, these findings would be
applicable and useful for a range of in-situ TEM techniques including but not limited to liquid,

biasing and gas phase applications.
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A. Appendix

A.1 Damage Experienced by Electron Beam

Video of damage experienced by 40 nm Cu on SiO, taken over the course of 8 minutes in total,

attached in USB drive. Each TEM image taken at ~30 second intervals.

A.2 Focused lon Beam Cross-section of Mounds

Video of 50 nm annealed Cu mound cross-section, imaged by SEM, attached in USB drive.

Image slice captured every 20 seconds.

A.3 Novel in-situ Lift-out Technique

Video of in-situ FIB lift-out performed on a FEI Quanta 200 3D, attached in USB drive.
A.4 Formation of Cu;Si Mounds in-situ TEM

Video of CusSi mound formation during in-situ TEM annealing from room temperature to

700°C, attached in USB drive.
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