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The growth of two dimensional materials such as graphene and hexagonal
boron nitride (h-BN) have been demonstrated by chemical vapor deposition (CVD)
on polycrystalline copper catalytic substrates. Polycrystalline copper foil substrates
most often utilized in CVD approaches are produced by metallurgical rolling, a
technique which forms irregular ridges on the foil surface and can introduce con-
taminants. The Cu foil supplied by vendors, such as Sigma Aldrich or Alfa Aesar,
also has a film of native oxide on the surface. These processing artifacts, irregular
ridges, along with the native oxide are a limiting factor for controlled and repro-
ducible large area (several cm?) growth of these low-dimensional materials envisaged

to be used for microelectronics. Greater control of growth can be achieved by con-



trolling the density of nucleation sites and improving the catalytic activity of Cu by
removing the native oxide on the Cu surface. Previous attempts to pre-treat the Cu
substrate either by using wet chemistry and thermal annealing to control growth
has been weakly addressed.

In this work, electrochemical polishing (electropolishing) combined with prior
thermal annealing at 1030°C for 5 hours under H,—N, is used to control the degree
of roughness of cold rolled polycrystalline Cu foils, and subsequently, to explore
the influence of electropolishing on the growth of h-BN. Electropolishing dissolves
a thin surface layer of copper, which contains surface defects and contaminants.
This helps in decreasing the density of spontaneous nucleation sites by producing
a morphologically uniform and contaminant-free surface. Secondary effects during
electropolishing, such as etch pits, arise from the standard electropolishing recipe
of concentrated H;PO,. These secondary effects, ascribed to oxygen bubbling at
random nucleation sites on Cu surface, can be overcome by using additives, such as
acetic acid and ethylene glycol, as oxygen suppressors in the electrolyte to counter
formation of etch pits and to prepare a planarized substrate. The additives are added
to the standard electrolyte with a volume ratio of 25% Ethylene Glycol, 25% Acetic
Acid, 50% concentrated H;PO, forming a compound electrolyte and a potential of
2.3 V is applied for 30 minutes for electropolishing to occur. Atomic Force Mi-
croscopy (AFM) reveals that a roughness of ~ 1.2 nm (R, ) and a greatly planarized
Cu foil without the waviness from metallurgical rolling can be achieved with the two
step: thermal annealing followed by two-additive electropolishing process. Fourier

Transform Infrared (FTIR) spectroscopy is used to confirm the existence of h-BN



on electropolished substrates. Subsequent growth studies of h-BN on high quality
copper substrates demonstrate improved growth, as demonstrated by the metrics of
size and count of h-BN crystals from Scanning Electron Microscopy (SEM) micro-
graphs. The work proves that thermal annealing followed by electropolishing leads
to optimization of copper foil surface resulting in the larger crystal size of h-BN and
reduction in nucleation sites that induce h-BN crystal growth. AFM is also used to
establish the Cu substrate morphology and its relationship to the growth of h-BN

crystals.
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CHAPTER 1

Introduction

The goal of this work is to utilize electrochemical polishing to prepare smooth poly-
crystalline copper foils for the chemical vapor deposition (CVD) growth of hexagonal
boron nitride (h-BN). In general, the approach involves developing an electrochem-
ical polishing recipe for polycrystalline copper foils that modifies the surface mor-
phology suitable for controllable CVD growth. Previous studies on CVD growth of
h-BN and graphene on electropolished Cu foils have indicated that electropolish-
ing alters the copper surface morphology improving growth of h-BN and graphene
thin films [1,2,3,4]. However, previous studies on electropolishing of Cu for CVD
growth [1,2,3,4] do not quantitatively assess the degree of improvement of the Cu
surface such as roughness, nor develop a relationship between surface morphological
preparation and controllable growth of h-BN and graphene, a necessity for controlled
CVD growth. Polycrystalline copper foil used for growth of h-BN and graphene is
prepared by metallurgical cold rolling and has a very rough surface with grooves

and metal contaminants [5,6,7]. Consistent and uniform growth of 2D materials



requires a flat, contaminant-free surface [8,9,10, 11] and, therefore, the unaltered
Cu foil surface as received from the vendor largely deviates from the ideal substrate
free of surface defects, dramatically influencing growth. This work utilizes two-step
thermal annealing and electropolishing to create a Cu foil surface that is laterally
smooth with large Cu grains, reducing surface abnormalities and defects, and the
density of nucleation sites. Roughness measurements are carried out to quantita-
tively assess the degree of improvement of Cu surface after each processing step. A
relationship between the Cu surface morphology and the growth of h-BN will be
assessed.

Electropolishing, a controlled dissolution of metal in an electrolyte with an
applied potential, is chosen because of its simplicity, speed, versatility and ability to
create a surface nearly free of defects [12]. Electropolishing has a simple setup as it
requires four elements: a counter electrode, working electrode, an electrolyte and a
potentiostat. Electropolishing is quick to use because the electropolishing operation
takes only 15-30 minutes. Electropolishing can be applied on variety of surfaces
to remove both macroscopic (> 1 pm) and microscopic (< 1 wm) surface features
concurrently. It also has an ability to create a surface mostly free from deformations

and surface defects [12].

1.1 Background

Graphene, a single atomically thick sheet of sp? hybridized graphitic carbon, has

been envisaged to be used for various electronic applications, such as sensing of in-



dividual molecules [13,14], integrated circuits [15,16], transparent conducting elec-
trode [17,18], because of its unique electronic properties [16]. Considerable research
efforts have been devoted to utilize graphene for microelectronic applications replac-
ing silicon (& 1600 cm?V~1.s71) [16,19], due to graphene’s high electron mobility
(> 100,000 cm?V~1.s71) [16,20]. In order to fully utilize graphene for microelec-
tronic applications, a gate dielectric is necessary. Silicon, the traditional material in
microelectronic devices, has a native oxide SiO, that readily serves as a gate dielec-
tric and is crystallographically compatible with Si. Graphene does not have such a
luxury and very few materials are compatible with its hexagonal lattice structure
and a small lattice coefficient. The choice of dielectric material should also fulfill two
basic criteria as a substrate for graphene: 1) minimal interference with its electronic
mobility and 2) structural compatibility i.e. a van der Waals surface with no dan-
gling bonds. Hexagonal boron-nitride (h-BN), is the only known material available
with a lattice constant of 1.44 A, which is within 1.8% of graphene’s 1.42 A, and
with a hexagonal lattice with sp? hybridization [21,22]. More importantly, h-BN is
also an insulator (or a wide band-gap semiconductor) with a band gap of 5.9 eV [21],
which can also act as a gate and a tunneling dielectric [23,24,25,26]. Figure 1.1

shows crystallographic structures of graphene and hexagonal boron nitride.



@ Carbon @ Nitrogen @ Boron

Figure 1.1: Graphene (a) and its analog, hexagonal boron nitride (b). In a, the
black ball shown represents carbon. In b) the purple and the grey ball represents

nitrogen and boron, respectively.

Graphene, with its two dimensional state, is expected to take the shape of
the substrate on to which it is deposited [27]. Therefore, the surface morphology
of the substrate plays a critical role in exploiting graphene’s electronic properties
to its fullest. h-BN has a very low surface roughness and preliminary studies show
that graphene transferred on h-BN substrate (few atomic layers) has lower surface
roughness than on SiO, [22]. As an extension to h-BN’s capacity as an excellent sub-
strate, monolayer h-BN is also shown to be an ideal candidate as a tunnel dielectric
for graphene heterostructure applications [24]. However, these initial studies utilize
h-BN crystals mechanically exfoliated from h-BN single crystals grown using a high

temperature high pressure process [21] and transferred onto SiO, using a support



polymer (Poly(methyl methacrylate), PMMA) which may mean that it is sufficient
for fundamental studies but not large area growth. Therefore, if graphene ever has
to succeed in mainstream microelectronic applications, it would require h-BN to be

grown on large areas.

1.2 Growth of graphene and h-BN using CVD

Mechanical exfoliation of graphene has been reported to exhibit the best electronic
properties (highest electron mobility) and structural integrity (strongest material
ever known) [28,29]. However, mechanical exfoliation can produce up to 100 pm?
areas of graphene [16,28]. While this is sufficient for fundamental studies of material
properties, commercialization requires larger area growth (300 mm wafer size). High
quality wafer scale (50 mm) graphene has been epitaxially grown on SiC through
sublimation of silicon at high temperatures (1450°C) [30]. However, graphene grown
on SiC suffers from a stepped surface that can limit device performance by scatter-
ing charge carriers flowing in the active graphene layer [31].Graphene is shown to
be growing on polycrystalline Cu despite the existence of monatomic steps on the
Cu surface [32]. Commercial applications of graphene demand economically viable
techniques, such as CVD, for production of large areas, along with controllable,
reproducible growth.

Chemical Vapor Deposition (CVD) has been utilized for the growth of oxides,
and dielectric materials in large volume semiconductor manufacturing. CVD is a

thin film deposition technique where precursors in vapor form are injected into a



reactor which is at high temperature (> 700°C). The precursors react chemically
at the surface of the substrate leading to growth of solid material on the substrate.
By-products are outgassed and exit the reactor in gaseous form. It is important
that the injected precursors are volatile (gaseous) [33,34].

CVD growth of graphene has been successfully achieved on polycrystalline
copper substrates [35]. CVD growth of graphene has also been demonstrated on
other transition metal elements including, Ni [18], Pd [36], Ru [37], Ir [38]. Single
crystal copper has also been used [39] as a substrate, however with high cost and
limited availability, single crystal copper is not considered as a viable substrate for
mass production applications. On the other hand, polycrystalline copper is widely
available, economical and high purity (up to 99.9999% purity) copper foils are avail-
able. Graphene primarily grows on Cu surface where the Cu atoms act as catalyst
decomposing hydrocarbons (commonly from methane) at high temperature (around
1000°C) [35]. With hydrogen escaping as gas, the carbon atoms rearrange them-
selves forming an sp? lattice structure. The hexagonal lattice rearrangement takes
place at nucleation sites and the growth propagates laterally eventually covering
the entire copper substrate [35]. As carbon has extremely low solubility in Cu, Cu
becomes very attractive for the growth of graphene [35].

Like graphene, hexagonal boron nitride has been shown to grow on polycrys-
talline copper and a variety of transition metal elements: Cu [4,40], Ni [41,42,43,44],
Pd [45], Ru [46], and the underlying principle for growth is essentially the same as
graphene. There are two precursors commonly used: ammonia borane (H;NBH,)

[40] and borazine (B;HGN,) [4]. With polycrystalline Cu acting as a catalyst and
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a substrate, the surface morphology is critical for the lateral growth of h-BN and
graphene. As h-BN, a graphene analog, has not been as thoroughly studied as
graphene, any substrate induced effects on CVD growth reported for graphene will
also apply to h-BN. Common surface morphological defects such as step edges and
grain boundaries that appear in polycrystalline Cu substrates act as nucleation sites
due to their high surface energy [47]. Therefore, it is important to discuss the surface
morphological state of polycrystalline Cu and previous work done by other research

groups to modify the surface morphology for improving the growth of graphene.

1.3 Morphology of vendor supplied Cu foil

High-purity (99.9998%) polycrystalline copper foils supplied by vendors such as
Alfa Aeser is too rough (> 100 nm in RMS roughness), and is susceptible to surface
morphological defects in the form of rolling lines, arising from its preparation by
metallurgical cold rolling as shown in Figure 1.2 [5,6,7]. The Cu surface is expected
to contain native oxide (a combination of CuO and Cu,O) which limits the catalytic
nature of Cu [47,48]. The grain size of Cu is also relatively small (=~ 10 pum) and
optically invisible [11]. The surface is also expected to be contaminated with other
metals (like aluminum) during processing [5,6]. These morphological issues have a
direct impact on the growth of h-BN and graphene by limiting the lateral growth.
Surface defects such as grain boundaries and step edges act as nucleation sites.
These nucleation sites assist adjacent crystallites to merge into each other during

growth [9]. This hampers any attempt of continuous lateral growth of h-BN and



graphene crystals without merging into adjacent crystals.

a) b)
Rolling pin
- Rolled Cu
. Cu foil
Cu ingot —
/ Rolling lines
“\\‘ ------------- >
/. """"""" > %g/
Rolling
direction
) Cu ingot
Rolling pin

Cu foil

Figure 1.2: Metallurgical rolling of Cu. a) Two dimensional representation of the
cold rolling process. b) Two dimensional view of Cu foils after cold rolling process.
¢) Three dimensional representation of the cold rolling process. Figure redrawn

from [5,6].

Reports have shown that pre-treatment of copper is critical if large area
graphene growth is desired [47]. One of the pre-treatment techniques employed
is to dip Cu in acetic acid [49] or nitric acid to remove the oxide [11]. However,
these dipping techniques in acids are known to leave residues and etch quarries [11]
negating any positive effect of oxide removal on the surface by these acids. Thermal

annealing of Cu in a reducing environment is another technique that has gained



prominence due to its ability to recrystallize Cu grains by enlarging them and to
remove native oxide [11,50,51,52,53,54,55] making the Cu surface more suitable for
large area CVD growth. The larger grain size aids in uninterrupted lateral growth
of h-BN and graphene, while the native oxide removal improves the catalytic nature
of the Cu surface [47].

Thermal annealing in a reducing environment is shown to enlarge grains by
recrystallizing several neighboring grains into a larger grain (Figure 1.3a) [50,51,56],
while also removing the native oxide (Figure 1.3b) [53,54,55] of Cu, smoothing the
surface as in Figure 1.3c. However, thermal annealing also has the following impacts
on the Cu surface (also shown in Figure 1.4). Surface defects such as step edges
become more prominent after thermal annealing [57]. Thermal annealing also does
not lead to flattening of the substrate (discussed in chapter 3) but the high regions of
the irregularities on the Cu surface become less prominent during the recrystalliza-
tion process leading to a pseudo-smoothing effect. Despite the availability of high
purity of polycrystalline Cu (99.999%, Sigma Aldrich), contaminants are present in
low quantities (= 300 ppm Sigma Aldrich) deep in the bulk and can diffuse onto

the surface impacting the density of nucleation sites.



After rolling (as After annealing at
received) 1040C for >8hrs

Step Edges become
minent

Grain Boundary Enlargement

Cu oxide Cu oxide removal

—>

Surface smoothening
- [ 7]
Figure 1.3: Evolution of Cu surface before and after thermal annealing under H, gas
environment. a) Grain enlargement after thermal annealing. b) Removal of native

oxide from the Cu surface. ¢) Surface normalization by smoothing high asperities.

As the growth of h-BN crystals on the Cu surface emerges from a nucleation
site such as grain boundaries, the density of nucleation sites dictates the crystal
placement and distribution, while surface defects limit the lateral spread of nano-
material [4]. The previous reported results on Cu surface pretreatment [47] have not
shown improvements (through a quantifiable metric relating surface pretreatment
with crystal size or density). Thermal annealing alone cannot be used for surface
preparation because of step edges and contaminant diffusion despite Cu grain en-
largement and native oxide removal. Therefore, a subsequent processing step, such

10



as electropolishing, in addition to thermal annealing is required.

Step Edges

-

Bulk contaminant
diffusion

IR S il

Figure 1.4: Impact of thermal annealing on Cu. a) Step edges become prominent.
b) Contaminants from the bulk diffuse on to the surface. The diffusion direction is

indicated by arrows.

This subsequent processing step is necessary to mitigate the effects of thermal
annealing and to prepare a Cu surface for promoting high quality growth of h-
BN. Electropolishing has been used as a surface preparation technique to flatten
Cu foils to grow h-BN [4] and graphene [1,2], however no quantifiable relationship
such as roughness of Cu substrate with crystal size was established. Therefore,
the aim of the work is to utilize thermal annealing and electropolishing of Cu to
prepare a planarized copper substrate (or catalyst) by enlarging the Cu grains,
reducing the density of nucleation sites, and surface defects, and enabling controlled
growth of hexagonal boron nitride (h-BN). As electropolishing is a technique in
electrochemistry, a brief discussion of electrochemistry followed by electropolishing

is pertinent.
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CHAPTER 2

Electropolishing: Theory and Practice

This chapter will introduce electrochemistry and also cover the theory and practice
of electropolishing. The progression of different methods employed for this thesis
will also be shown. Finally, the experimental procedure and the characterization

techniques used will be discussed.

2.1 Electrochemistry

Electrochemistry is a branch of chemistry that studies chemical reactions at the
interface of an electrode when the electrode is in an electrolyte solution. The ba-
sis of electrochemical studies lies in the electrochemical cell (shown in Figure 2.1),
which has three basic components: a working electrode, where the reaction of in-
terest is occurring, a counter electrode and an electrolyte (ionic conductor). When
the electrical circuit is closed, with the application of a voltage potential to the

electrodes in the electrochemical cell, chemical reactions involving oxidation and

12



reduction reactions take place between the electrode and the solution. The reac-
tions in the cell can be divided into two half-cell reactions: anodic and cathodic
reactions. The anodic reactions are all oxidation reactions, which lose electrons;
while the cathodic reactions are all reduction reactions, which gain electrons. With
these two simple half-cell reactions described, the study of electrochemistry has led
to various applications such as batteries, electrolysis, corrosion, electroplating, of

which electropolishing is one of the applications [58,59].

Potentiostat

T-

+

(

Cu Pt

85% H,PO,

Figure 2.1: A simple electrochemical cell. The two electrodes: counter (Pt) and

working electrode (Cu) is shown along with the electrolyte.

2.2 The theory and practice of electropolishing

Electropolishing is a technique where the working electrode (often metal) is etched
away or dissolved in a controlled manner. The control is achieved both by choosing

the appropriate electrolyte, that takes part in the dissolution process by accepting
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metal ions (Me™), and the appropriate applied potential on the working electrode
that promotes the electrochemical reaction. Electropolishing has been used to pre-
pare smoother and brighter metallic surfaces after mechanical preparation such as
mechanical polishing, using fine abrasives such as diamond nanoparticles on a pol-
ishing pad, is inadequate. Both mechanical preparation and the usage of polishing
pads will leave the metallic surface with various morphological complexities with
both macroscopic (> 1 um) and microscopic (< 1 pm) deformities. On a macro-
scopic scale the contour of a metal surface is filled with hills and valleys, and mi-
croscopic smaller hills and valleys exist on top of the macroscopic hills and valleys
(discussed in detail in chapter 3). In this regard, electropolishing is used as a surface
leveling process, evening the hills through controlled dissolution [12].

Upon application of an appropriate potential on the working electrode, the
higher features (hills) are removed first and more quickly than the low regions (val-
leys) due to the existence of a concentration gradient and lower electrical resistance.
Continued and prolonged potential application further reduces the high regions and
leveling occurs at the microscopic level thus producing a planar surface without the
presence of asperities. One of the first developments in metal electropolishing was
published by Jacquet [60], investigating the electropolishing of copper in phosphoric
acid by studying I-V characteristics. Unlike commonly expected, the I-V behavior
of an electrochemical cell is non-linear (see Figure 2.2), with three discrete regions
in the I-V profile, namely: etching, polishing or dissolution and gas evolution, with

increasing applied potential [60,61].
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Figure 2.2: Current-Voltage relationship in an electrochemical cell for Cu electropol-
ishing. The three regions: etching, dissolution and oxygen evolution is marked as
A, B and C in the figure. Figure redrawn from [60]. The target voltage, also called
inflection voltage due to transition from dissolution to oxygen evolution region, is

indicated with a blue dot.

Each of these three distinct regions: Region A, B and C (as seen in Figure 2.2)
have very distinct surface morphological activities occurring. It is however important
to note that despite the characteristic model, under practice the curve (current-

voltage) may vary (shifting or scaling) but nevertheless the form of the curves with
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these three distinctive regions remain the same. Region A is where the Cu specimen
is etched and a uniform removal of anodic material occurs throughout the Cu surface
[60]. The transition region from A to B is characteristic of the onset of a viscous
layer, which is formed on the anode surface that is responsible for polishing activity.
Region B is the polishing/dissolution region, where polishing occurs and the current
density (also called limiting current) drops significantly leading to a more selective
removal of higher elements (hills). It is reported that the potential slightly less
than the potential transiting from region B to C (indicated by a blue dot on the
curve, target voltage in Figure 2.2) is where optimum electropolishing occurs [60].
Region C is where gas evolution (specifically O, evolution) occurs along with pitting
which is ascribed to the formation of bubbles at random nucleation sites on the
specimen surface [60]. Of these three regions, region B is the most relevant to
this work as it is the region where the specimen surface undergoes electropolishing
necessitating a closer examination. The viscous layer, which forms as the applied
potential transitions from region A to B, is responsible for polishing.

As observed from the I-V profile, the viscous concentration layer (shown in Fig-
ure 2.3), which forms in the transiting region of A and B plays two roles. Primarily,
the layer serves to introduce a back electromotive force (e.m.f) in the cell [60,61].
And secondly, after the back e.m.f is attained, it serves to limit the current through
the cell. Elmore finds that the concentration layer is produced by slow diffusion of
freshly dissolved anode material into the bulk of the electrolyte [61]. It is under-
stood that the current through the cell is carried by highly mobile hydrogen ions

and is responsible for the removal of the anode material by diffusion [61]. The con-
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centration of the dissolved copper in the concentrated layer is set by an upper limit
of solubility of copper in the phosphoric acid electrolyte. When the concentration
layer has grown to an extent that this upper limit is reached, the current density will
be automatically limited by the rate of diffusion of dissolved copper away from the
anode. This situation is responsible for the lowering of current in the A-B transition

region [61,62].

Viscous layer

Hills l

Valleys

Concentration
gradient

Electrode

surface profile Electrolyte (Bulk)

Figure 2.3: Formation of viscous layer at the electrode and the concentration gra-

dient at the surface asperities.

The polishing effect, which takes place in region B, occurs when the rate of
solution of copper is limited by the concentration gradient at the anode as shown

in Figure 2.3 [61,62]. As the gradient is the greatest near the projecting por-
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tions of the surface, these portions dissolve more rapidly than the other regions
of the surface [61,62]. To account for polishing on the basis of diffusion, the fol-
lowing assumptions are made. For a plane anode, the current can be given by
i = —AFD(0c/0x)(z=0), where F is the faraday, c is the concentration of the metal,
A is the area of the electrode and D is the coefficient of diffusion of dissolved
metal [62]. When the current is passed for a certain time, t,, the concentration
at the anode surface reaches a maximum value, ¢,,, represented by the solubility
limit of the metal in the electrolyte. At times much greater than ¢y, the current is
limited by the concentration gradient at the anode which is valid when no new anode
reaction, such as salt precipitation, takes place. From these assumptions, metal will
diffuse from high points on the surface much more rapidly due to steep concentration
gradients than from depressions on the surface. As the high regions are removed, the

anode surface will become progressively smoother leading to electropolishing [61,62].

2.3 Progression of methods for this work

2.3.1 Method A

The initial work for this project was to replicate the setup and results from the
Cu electropolishing literature [60,61,62], which will be denoted as Method A. The
electropolishing setup (now referred to as standard electropolishing technique) in the
literature has four components: power supply unit, electrolyte (85% concentrated

H,PO,), Cu working electrode and Pt counter electrode [60,61,62]. As shown in
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Figure 2.4, I prepared the setup for method A using an Agilent E3640 DC power
supply to apply a potential on the electrodes, 85% concentrated phosphoric acid as
electrolyte, Cu as the anode, and Pt as the cathode. The Cu cathode is a &~ 20
mm X 10 mm foil (27 pm thickness, Sigma Aldrich) and the Pt cathode is ~ 40
mm X 15 mm foil (200 pm, Sigma Aldrich). In order to determine the front (facing
the cathode) and the back of the Cu anode, I cut a triangular piece on the lower
left side of the Cu anode which will face the Pt cathode (shown in Figure 2.5).
Prior to electropolishing, I blew nitrogen across the electrodes to remove any dust
or debris. An insulating tape was used to hold the electrodes on an aluminum strip
and the aluminum strip is suspended from a Teflon block ceiling acting as a clamp
(shown in Figure 2.5) which is placed on top of the glass beaker. The electrolyte is
poured into an 80 mL beaker after checking for electrical continuity of connections
between the electrodes and the power supply. The Cu anode is ~ 80% submerged
into the electrolyte (shown in Figure 2.5), such that a portion of the anode that is
not in contact with the electrolyte can be used for visual comparison of the apparent
surface finish with the region that undergoes electropolishing. I took care to make
sure that the electrolyte does not come in contact with the aluminum strip and
the insulating tape that is holding the anode so that electropolishing is confined to
the Cu anode. I finally applied a potential of =~ 1.5 V, as commonly reported in
the literature, on the Cu anode for pre-determined time periods: 5, 10, 15, and 30

minutes.
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Figure 2.4: Electropolishing setup for Method A. Power supply: Agilent E3640 DC
power supply, HP/Agilent 34405A multimeter as ammeter, and Fluke 170 series

multimeter as voltmeter.

Before the application of a potential to the electrolytic cell, I logged the voltage
reading from the voltammeter (Fluke 170 series multimeter) after the electrolytic
cell is setup. When the potential was applied, using the voltage reading of the
applied potential was recorded. The power supply does not log current and voltage,
therefore the current-voltage (voltammetric) and current-time (chronoamperometric
or limiting current) relationship cannot be determined. However, I logged the initial
and final current using an HP /Agilent 34405A multimeter, where initial current was
noted when a potential is applied to the cell at the beginning of the pre-determined

time period and the final is noted at the end of the pre-determined time period,
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immediately prior to when the applied potential is switched off. The initial current
values were much higher than the final current despite the power supply holding a

constant applied potential throughout the electropolishing duration.
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Figure 2.5: Experimental setup of the electrolytic cell for Method A.

After the electropolishing was performed, I removed the Cu anode first and
rinsed thoroughly, followed by the Pt cathode. The rinsing was done by running DI
water over the electrode surface. However, when I observed the Cu surface it was
often unclear if polishing actually took place as there was no difference between the
surface finish of the anode that is submerged into the electrolyte and the portion

that was not in contact with the electrolyte. Upon further inspection using the op-
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tical microscope and Nomarski-contrast! images, there was still no visible difference
between an electropolished Cu surface and the vendor supplied Cu surface, which
was used as the control sample. It was unclear if the setup was faulty or the applied
potential had no effect on the electropolishing. Therefore, this method was decided
as ineffective for a variety of reasons. There was no consistent electropolishing oc-
curring from sample to sample as the grooves on the Cu surface remained intact.
There was also no information about current as a function of time and if the cathode

had any role in retarding the conductivity in the circuit.

2.3.2 Method B

A new setup, Method B (shown in Figure 2.6), was created replacing the power
supply with a Gamry Interface 1000 potentiostat. A potentiostat is an instrument
used to control the electrode potentials, and log the potential and current during the
electrochemical process. The electrolytic cell remained unchanged with Cu anode
and Pt cathode, and concentrated H;PO, electrolyte. The electrodes are clipped
against beaker walls using alligator clips instead of a Teflon clamp. The alligator
clips are used because the Teflon clamp is susceptible to movement and could topple
the beaker with the electrolyte while loading and unloading of samples and connec-
tions. Connections are once again checked before pouring the electrolyte in the

beaker, where the Cu anode is &~ 80% submerged into the electrolyte (as shown in

'Nomarski or Differential Interference Contrast (DIC) images are obtained from the trans-
formation of the phase shift of light into detectable amplitude differences from the optical path

differences within the specimen
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Figure 2.5). Before performing electropolishing, I studied the voltammetric behav-
ior to find the target potential, which is the inflection potential at the intersection
of the plateau region and pitting region. The current levels as high as 80 mA were
observed while performing voltammetry. The applied potential, which varied from
sample to sample, was chosen to be as 90% of the inflection potential as it is slightly
less than the gas evolution potential as suggested by [61]. The average applied po-
tential is &~ 2.05 V with a variance of 0.044 V and the inflection potential is ~ 2.26
V with a variance of 0.0577 V. Electropolishing is done using chronoamperometry
for the calculated applied potential and a pre-determined time period: 15, 30 and
45 minutes. After the electropolishing is performed, the electrodes are rinsed with

running DI water on the electrodes.

Gamry
Interface 1000

Potentiostat

Cu Pt

Electrolyte

Figure 2.6: Experimental setup of the electrolytic cell for Method B.
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The initial electropolishing results were inconsistent but there were samples
where electropolishing occurred clearly by visual inspection. It is understood that
if the connections from the cell to the potentiostat were not right, it will result
in spikes in voltammetry. As all the components of the setup were ”fresh”: Cu
anode and electrolyte, I became suspicious of the Pt cathode, as its reuse may
be the cause of inconsistent voltammetric results. Therefore, the used platinum
cathode is replaced with a fresh Pt anode and electropolishing is performed. 1
observed that the electropolishing occurred successfully for two sequential runs but
the following runs became inconsistent, thus confirming that the used Pt cathode was
responsible for inconsistent results. The cathode was dipped in nitric acid to remove
any copper salts prior to electropolishing. After using the cathode cleaned with
nitric acid, voltammetry was performed to inspect the magnitudes of current, which
is proportional to the electropolishing rate. If electropolishing is indeed happening,
the currents can reach as high as 80 mA. However, this was not observed.

Upon conducting a literature review for platinum cathodes in electrochemistry,
[63] reported that a 600-A sanding paper is used to scrub the Pt electrode after
electrochemical experimentation. Using the same sanding paper, the Pt electrode
was scrubbed on both sides of the electrode and blown with N, gas. I performed
repeated voltammetry tests to check the reusability of the Pt cathode by assessing
the current magnitude after the scrubbing process. Chronoamperometry is also
performed after the cathode shows reusability. Chronoamperometry shows a y =
1 /x-like profile i.e. the current decreases following this profile with increasing time.
After the electropolishing is performed, the electrodes were rinsed with running DI
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water on the electrode, acetone rinse and DI water rinse. I adopted the acetone
rinse as the DI water does not always rinse away the electrolyte residue from the
Cu surface.

I observed that the electropolishing was occurring consistently as there was
visible brightening of the Cu sample relative to a dull finish observed on vendor
supplied Cu sample. At this point, I understood that for electropolishing to occur,
a potentiostat and a clean Pt cathode is necessary. The electropolishing results were
confirmed after examination under the microscope using both optical and Nomarski
images. The Cu surface morphology changes with increasing electropolishing time:
10, 15, 30 and 45 minutes, where the irregularities on the Cu received from the
vendor become more leveled after electropolishing. The Cu foil becomes much thin-
ner losing as much as a third of its thickness (from &~ 27 pm to about ~ 18 um).
Due to significant thinning, electropolishing performed beyond 30 minutes has been
inconsistent as the sample is torn along the region 80% submersion line (as shown
in Figure 2.7). T observed an increase in current magnitudes when the electrolyte is
reused. Therefore, a fresh electrolyte (concentrated HyPO,) has always been used so
the Cu samples after electropolishing can be compared sample to sample (discussed
in detail in chapter 3). There was also some visible contamination occurring despite
the cleaning process of DI water rinse, acetone rinse and DI water rinse. Despite
electropolishing the surface, etch pits were observed on electropolished samples.
Therefore, it was necessary to reduce the applied potential to 1.8 V (= center of
the dissolution region) as it was too close to the gas evolution regime where pitting

occurs.
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Figure 2.7: Tearing of the Cu sample during the electropolishing process beyond
30 minutes. The point where the Cu sample is torn due to significant thinning is

indicated with the arrow.

Etch pits (as shown in Figure 2.8) are reported to occur inherently with pol-
ishing in concentrated H;PO, [64,65,66,67,68]. Etch pits are ascribed to oxygen
bubbling at random nucleation sites on the Cu surface causing a spherical dent (> 50
um in diameter and ~ 2 — 4 wm deep) on the surface. It is clear that the etch pits
will disrupt the surface morphological continuity and there is no visible electropol-
ishing occurring at the site of the etch pit i.e. the surface morphology with the
irregularities stay intact. There were several reports in the literature for using addi-

tives to prevent oxygen bubbling by using organic acids such as acetic acid. Organic
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acids such as acetic acid along with organic alcohols such as methanol, polyethy-
lene glycol, ethylene glycol, were reported to promote planarization efficiency of Cu
surface and a two-additive, combination of organic acid and alcohol, were reported
to show greater planarization efficiency [65,66,67,69,70]. The role of the organic
acid is to increase the acidity of the electrolyte and thus the electropolishing rate.
While the role of organic alcohol is to inhibit the dissolution rate and increase the
viscosity of the electrolyte [65,66,67,69,70]. The two-additives also undergo es-
terification reaction which is shown to promote planarization [65,66,67,69,70]. It
is also reported in the literature that organic acids also limit oxygen bubbling at
the Cu surface increasing the viscosity of the compound electrolyte and the alcohol

promotes wetting of the Cu surface [66].
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Figure 2.8: An example of etch pits (large ones) that occur with standard (concen-

trated H;PO,) electropolishing. The diameter of the etch pits are ~ 100 pm.

For the initial experimental additive tests, methanol only is used as an ad-
ditive (25% electrolyte concentration by volume). Because of inconsistent results,
methanol is discarded as an additive for my electropolishing experiment. Similarly,
concentrated acetic acid (25% concentration by volume in the electrolyte) is used
along with concentrated H;PO, for electropolishing for 15 minutes at 1.8 V. The
results are much more promising with electropolishing occurring throughout the Cu
anode and fewer etch pits being observed. Acetic acid has been reported to show
positive results as an additive for Cu electropolishing [70]. Ethylene glycol, which

was also reported in the literature as an alcohol additive and Cu dissolution inhibitor
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for electropolishing, has been chosen [69].

The following electrolyte mixture was prepared by volume: 25% glacial acetic
acid, 25% ethylene glycol and 50% concentrated H;PO, (20 ml, 20 ml, 40 ml, re-
spectively), was prepared in a 100 ml beaker. The concentration choice was guided
by the literature [66,70]. After setting up the electrodes and the connections as
in method B, the electrolyte solution was thoroughly stirred and poured into a 40
ml beaker. A cleaning procedure was also developed for rinsing electrolyte after
electropolishing by replacing acetone with methanol, as rinsing with methanol was
observed during earlier trials to have a qualitatively brighter Cu surface than acetone
rinse.

Electropolishing tests by using cyclic voltammetry was performed to assess the
viability of using additives for electropolishing; the results are discussed in detail in
chapter 3. Chronoamperometry is performed at 2.3 V (center of the plateau region,
see Figure 2.2) potential to see the limiting current behavior of the electrolytic cell.
I noticed that electropolishing took place, along with significant reduction in etch
pits observed using optical and Nomarski images. Thus, I chose this compound
two-additive electrolyte to be part of a new electropolishing recipe for CVD growth

studies.

2.3.3 Method C

A new method, Method C, was developed from the consistency, reproducibility and

evolution of results from the previous method, Method B and to be used for growth
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of h-BN on electropolished Cu. A Gamry Reference 3000 potentiostat and the
electrochemical cell setup that is identical to method B was utilized. The applied
potential was reduced to 1.8 V for concentrated electrolyte to reduce any potential
etch pits from forming at the Cu anode and 2.3 V for two-additive electrolyte. These
voltages are approximately in the center of the dissolution region, away from the
gas evolution potential. The electropolishing time is now limited to 30 minutes to
ensure the Cu samples’ structural integrity. Pt cathode is scrubbed with a 600-A
sanding paper prior to electropolishing. Both the Cu and Pt electrodes are cleaned
with N, gas. Electropolishing is performed for 30 minutes and the Cu samples are
rinsed off with running DI water on the electrode surface followed by methanol rinse

and finally running DI water on the electrode surface.

2.3.4 Experimental Plan

An experimental Cu sample preparation plan for growth was now designed using
both vendor supplied Cu (Cu) and thermally annealed Cu (Cu TA) at 1030°C in
H,—N, atmosphere for 5 hours. Electropolishing was done on both Cu and Cu TA
using a concentrated electrolyte and two-additive electrolyte electropolished at 1.8 V
and 2.3 V, respectively for 30 minutes. Figure 2.9, shows the general flowchart of the
experimental plan. Electropolishing is performed as described in Method C. AFM
and SEM of both Cu and Cu TA sample is taken. Electropolishing is performed for
30 minutes for both Cu and Cu TA in concentrated H;PO, and using the 2-additive

process at 1.8 V and 2.3 V respectively.
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Figure 2.9: Cyclic voltammetry and chronoamperometry (limiting current) of elec-
tropolishing performed in concentrated (85% concentrated) H;PO, in a and b, re-
spectively. The increase in current observed from reusing the electrolyte is indicated

in a and b.

The results are discussed in chapter 3 starting with electropolishing results
from method B. The surface morphological state of Cu (Cu and Cu TA) from optical
images and AFM is discussed. The comparative results of Cu surface evolution
through electropolishing in concentrated and 2-additive process is discussed to show
surface morphology changes along with the roughness evolution on Cu TA is also

shown.
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2.4 Characterization Techniques

There are three characterization techniques utilized for this work: Scanning electron
microscope (SEM), Attenuated Total Reflectance Fourier Transform Infrared Spec-
troscopy (ATR-FTIR), and Tapping Mode Atomic Force Microscopy (TM-AFM)
with phase imaging mode.

SEM is a type of electron microscope that produces images of a sample by
rastering it with a focused beam of electrons. Modern SEMs provide a resolution
ranging from 1 nm to 10 nm, therefore making it much more superior than optical
light microscopes. SEMs generally have a large depth of focus i.e. if the specimen
features are away from the focal plane, they appear almost sharply in-focus [71].

ATR-FTIR is a form of infrared spectroscopy whereby the infrared beam is
directed onto the sample at a critical angle resulting in total internal reflectance.
The internal reflection creates an evanescent wave close to the sample surface. The
evanescent wave is attenutated after interacting with the sample. The attenuated
wave is reflected back into the detector in the spectrometer resulting in an infrared
spectrum [72].

Atomic Force Microscopy (AFM) is a high-resolution scanning probe microscopy
(SPM) technique used to probe the morphology of sample surface without damaging
the sample surface. In tapping mode AFM, a cantilever beam (~ 150 wm) with a
sharp tip (= 20 nm tip radius) is oscillated (amplitude ~ 50 nm) at its resonant

frequency (= 100 — 300 kHz) and scanned across the sample surface (around 20 pm
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x 20 pm size). As the cantilever tip gets close to the surface, there is an interaction
of forces with the surface. The interactive forces between the tip and the sample
causes the amplitude to decreases as the tip gets close to the sample; a phase signal
is also obtained from the difference in amplitude oscillation. A piezoelectric actuator
is used to adjust the height (tip-sample distance). A tapping mode AFM image is
produced by imaging the interactive forces between the tip and the sample. The
resolution of AFM is limited by the tip radius of the cantilever beam and in general

gives a resolution of 10-20 nm [73].
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CHAPTER 3

Results and discussion of Cu

electropolishing and surface evolution

This chapter will cover the outcome of copper electropolishing results and the mor-
phology of copper surface after electropolishing. It will also discuss Cu electropol-
ishing performed using a potentiostat using voltammetry. This will be succeeded by
a discussion on the surface morphology of copper as received from the vendor (Cu)
and after thermal annealing (Cu TA) using optical microscopy and atomic force
microscopy (AFM). To overcome the side effects of the standard electropolishing
recipe using only concentrated H;PO, electrolyte, electropolishing using the two-
additive electrolyte is used and the results is discussed in detail. Finally, roughness
measurements of the Cu surface after each processing step and the morphology of
Cu surface after electropolishing using the two-additive electropolishing using AFM

and SEM will be discussed.
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3.1 Electropolishing of Cu anode

A non-linear I-V profile is observed for Cu electropolishing with three distinct re-
gions: etching, plateau (dissolution) and pitting or gas evolution region. The voltam-
metry profile, shown in Figure 3.1a, is obtained using method B utilizing a poten-
tiostat. The applied potential is selected to be 90% of the target potential because
it is approximately the potential for optimum electropolishing [60] and also avoids
oxygen evolution [60,62] from occurring. The results of the voltammetric (I-V) and
limiting current behavior of the as received Cu anode is shown in Figure 3.1b. The
voltammetry shows the expected three distinct regions with the inflection potential
(gas evolution potential) and the applied potential (90% of the gas evolution po-
tential) clearly indicated. The limiting current for the calculated applied potentials
(shown in the legend for Figure 3.1) follows an exponential profile, indicating for-
mation of a resistive viscous concentration layer [61,62] through the dissolution of
Cu from the surface immediately after the application of voltage.

Using a fresh electrolyte a very similar I-V and limiting current behavior be-
tween runs was observed, indicating reproducibility. However, when the electrolyte
from the previous electropolishing run was reused, there was an increase in current
as indicated in voltammetry and limiting current plots in Figure 3.1. This can be
ascribed to the accumulation of Cu?* ions in the reused electrolyte. Thus, it is
important to use a fresh electrolyte as the electropolishing rates will be similar and

reusing the electrolyte may lead to incomparable electropolishing results.
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Figure 3.1: Cyclic voltammetry and chronoamperometry (limiting current) of elec-
tropolishing performed in concentrated H;PO, in a and b, respectively. The increase

in current observed from reusing the electrolyte is indicated in a and b.
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3.2 Surface morphology of Cu: Before and after

thermal annealing

The polycrystalline copper foils, as received from the vendor (henceforth referred
to as Cu), is expected to be very rough with the presence of massive irregularities
arising from the metallurgical rolling process (as discussed in section 1.3 shown in
Figure 1.2). The features are large enough to be observed from optical and Nomarski
images (see Figure 3.2). Thermally annealed Cu (Cu TA) is prepared from Cu by
treating foils in a flowing H,—N, atmosphere at 1030°C for 5 hours. After thermal
annealing, the Cu TA is smoother in profile than Cu before annealing (see Figure 3.2
d and a) while also enlarging the grains. The enlarged grains are expected to be
hundreds of microns in size as seen optically in Figure 3.2d. Cu TA also shows the
presence of rolling lines (see Figure 3.2). The rolling lines and the rolling directions

are shown in Figure 3.2 a and d for Cu and Cu TA, respectively.
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Figure 3.2: Optical (above) and Nomarski (below) images of Cu (a, b) and Cu TA
(d, e) under the microscope (5x magnification). SEM images shown in ¢ and f are a
localized view of the Cu and Cu TA surfaces, respectively. The direction of rolling
lines are indicated in Cu and Cu TA, a and d, respectively. The Cu grain, which
enlarges and becomes more visible after thermal annealing, is indicated using the
red dashed circle. The scale bar is 200 um for optical images and 2 um for SEM

images.

Tapping mode atomic force microscopy (AFM) is performed to assess the

surface morphology of Cu and Cu TA (Figure 3.3). From the AFM images, the
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appearance of macroscopic irregularities on Cu is clear and the microscopic features
are much more distinguishable. A deep sinusoidal-like profile (Figure 3.3) in the
rolling lines is clearly evident in Cu. The macroscopic irregularities from rolling of
Cu have a width > 4 pm and height ranges from 100 nm to 400 nm. Microscopic
irregularities (< 1 wm in width) lie on top of the sinusoidal-like macroscopic profile.
The AFM image of Cu TA shows lower variations in height than Cu and reveals

step-like features.
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Figure 3.3: A 10 um x 10 wm tapping mode atomic force microscopy profile of Cu
before and after thermal annealing, a and b respectively. ¢ and d show the histogram

of height and phase distribution of Cu data before and after annealing (indicated).

A histogram of the height and phase data of Cu and Cu TA is obtained from
the AFM images (see Figure 3.3 ¢ and d). The rougher Cu shows multiple bell-
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shaped distributions quantifying the distinct microscopic and macroscopic profiles
of the non-uniform surface. The Cu TA shows a single bell-shaped profile in the
height histogram indicating a uniform surface. The Full Width Half Maximum
(FWHM) of the bell-shaped distribution of height for Cu TA is also narrower (= 20
nm) than Cu (=~ 100 nm). The grain enlargement in Cu TA by merging adjacent
grains is responsible for creating a uniform surface which will be discussed. The
phase image, a secondary imaging technique of tapping mode AFM arising from
differences in tip-sample adhesion, is used to map the material variations on the
surface. Therefore, if the Cu TA surface has a single crystallographic orientation
throughout the scanned region (10 pm x 10 wm), the adhesion between the tip and
the surface should be alike in the scanned region. As the AFM scan region is much
smaller than the Cu TA grain size (> 100 um as noticeable in Figure 3.2), the AFM
image of Cu TA is expected to have a single grain orientation and thus a single
bell-shaped distribution in phase histogram as shown in Figure 3.3d. In contrast,
Cu shows multiple bell-shaped peaks indicating the existence of various orientations
within the AFM scan regions. Despite the uniformity shown by Cu TA, there are
"spike-like” features that are visible on Cu TA but are harder to see on Cu as they
are dominated by much larger features on the Cu surface.

Although the smoothing effect takes place on the whole Cu surface after ther-
mal annealing, the spike-like features (shown in Figure 3.3b) are more prominent in
Cu TA. The distribution of these spike-like features also seem very random. AFM
height and phase image reveal that the spike-like features (or spot-like features in a
2D representation) can in fact be potential nucleation sites as indicated in Figure 3.4
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a and b. AFM phase imaging, which reveals the difference in surface material com-
position from the phase contrast, also clearly shows the potential nucleation sites
(indicated in Figure 3.4b) are in the same region as height images. The phase im-
ages also indicate that the nucleation sites appearing like spots can be materially
different from Cu (such as Fe, Al). This conclusion is arrived from the fact that
AFM on Cu TA was performed on a grain with a single orientation. Therefore, any
differences in height should not be marked by difference in the phase contrast due
to material uniformity. And any difference in orientation or material should have
a direct effect on the phase signal. To confirm that these spots are not artifacts
arising from the AFM imaging, SEM is performed on a similar Cu TA sample which
reveal the existence of similarly sized spots (see Figure 3.4d), which are few hundred
nanometers in diameter. A line scan is obtained from the AFM height image (as
shown in Figure 3.4c) showing that the diameter of these spots are several hundreds
of nanometers in size with a height of few tens of nanometers (see Figure 3.4c). De-
spite the smoothing occurring with thermal annealing, these nucleation sites (spots)
may also act as surface abnormalities impeding lateral growth. Therefore, another
surface processing step such as electropolishing becomes necessary not just for sur-

face smoothing but also to reduce the nucleation sites.
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Figure 3.4: Tapping mode AFM of Cu TA surface with, a) height, and b) phase
image. ¢) A line scan of a potential nucleation site is also shown as an example. d)
SEM image of Cu TA. The potential nucleation sites are clearly visible and marked

on both the AFM and SEM images.

3.3 Cu surface evolution after thermal anneal and

electropolishing

The essence of this project is to modify the Cu surface after thermal annealing using
electropolishing to create a smoother surface. The Nomarski and optical images, as

shown in Figure 3.5, show the evolution of Cu surface from the as received state to
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the thermally annealed state and with varying electropolishing duration of Cu TA (c
thru e in Figure 3.5). A longer electropolishing period of Cu TA shows a much more
uniform, planarized surface while the shorter period still retains the sinusoid-like
profile observed both by optical and Nomarski images. Irrespective of the duration,
the step edges of Cu TA, which are more clearly seen in the Nomarski, are removed
within 15 minutes of electropolishing. However, longer electropolishing is needed to
further smoothen the surface. It is observed that during electropolishing, etch pits
form on the surface as shown in Figure 3.5f. As electropolishing dissolves Cu from
the surface, any native oxide present on the surface prior to electropolishing should

also be stripped off during this electropolishing process.
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Etch pits after electropolishing

Figure 3.5: Optical and Nomarski images of surface morphology evolution of Cu
before and after thermal annealing and evolution of Cu TA with the duration of
electropolishing time: 15, 30 and 45 minutes (¢, d and e, respectively). f) Example

of etch pits forming on the Cu surface during electropolishing.

X-Ray Photoelectron Spectroscopy (XPS) is performed to quantify the pres-
ence of native oxide in two different valence states (Cu(II) and Cu(I)) on Cu before
and after thermal annealing and after electropolishing. Figure 3.6 shows the high
resolution spectrum of Cu 2p performed on Cu, Cu TA and Cu TA electropolished
(Cu TA EP) for 1.8 V for 15 minutes. As indicated by the arrow (in Figure 3.6 at
Cu 2ps/, peak), the presence of native oxide significantly reduces after Cu TA and

Cu EP when compared to Cu. There is also an increase in relative intensity of Cu
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2p after thermal annealing and electropolishing indicating that the signal intensity
is dominated by Cu rather than the Cu metal oxide. The quantification of Cu and
O is shown in the inset of Figure 3.6. The relative quantity of oxygen present in the
form of metal oxide (CuO or Cu,O) on the surface decreases after thermal annealing
and disappears below the detection limit of XPS (& 1 part per thousand) with elec-
tropolishing. It is expected that the Cu surface after electropolishing forms a native
oxide on the surface. Yet, the presence of these trace oxides were not detected by

XPS indicated the oxide concentrations were at or below the XPS detection limit.
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Figure 3.6: High resolution X-Ray Photoelectron Spectroscopy of Cu 2p. The inset
shows the relative composition of Cu and O on the surface. The XPS signal as-
sociated with the thinning of native oxide (shown using an arrow) below the XPS
detection limit after Cu thermal annealing and electropolishing of thermally an-

nealed Cu sample.

From AFM and XPS analysis, it is understood that a two-step thermal anneal
followed by electropolishing makes the Cu surface much more suitable for the CVD
growth of h-BN by smoothing the surface and thinning the native oxide. Despite

the favorable surface created by TA followed by electropolishing, etch pits occur
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consistently with concentrated H;PO,. Therefore, it is important to devise a method
to remove etch pits, as they may act as undesirable nucleation sites or impede the

lateral growth of h-BN, using additives as reported in the literature [65,66,67,68].

3.4 Electropolishing using the two-additive pro-

cess

A two-additive electrolyte is used to reduce oxygen bubbling which causes etch
pits. The electrolyte is prepared from concentrations reported in the literature
[64,65,66,67,68,70]. Voltammetry is performed to study the I-V relationship of the
compound electrolyte. The two-additives chosen, Ethylene Glycol (EG) and glacial
acetic acid, are expected to reduce the overall electrolyte conductivity when com-
bined with concentrated H;PO, electrolyte as reported in the literature. Voltam-
metry is performed on additives individually i.e. 50% EG + 50% concentrated
H,PO, and 50% Acetic Acid + 50% concentrated H;PO,, all by volume, to confirm
the expected lowering of electrolyte conductivity prior to creating the two-additive
compound electrolyte. The expected non-linear voltammetric curve is also observed
(see Figure 3.7). However, the three distinct regions make a less pronounced appear-
ance with the addition of additives. The inflection voltage (voltage of gas evolution)
is higher with the presence of additives and the voltammetric curve is also observed
to stretch (in the voltage direction of the plot). 2.3 V was chosen as an appropriate

value (= center of the dissolution region) for electropolishing potential after observ-
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ing the voltammetric curve of the compound electrolyte. Initial investigations on
electropolishing time demonstrated that for times in excess of 30 minutes the Cu

foil became so thin that it was easily torn during the sample unloading process after

electropolishing.
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Figure 3.7: Voltammetry of various additives in standard electrolyte (concentrated
H,PO,). The addition of additives reduces the current when contrasted with con-

centrated electrolyte indicated using a dashed curve.

The surface of the two-additive electropolished Cu (Cu EP-2) and Cu after
thermal annealing (Cu TA EP-2) is assessed using AFM and SEM shown in Fig-
ure 3.8 and 3.11, respectively. The AFM analysis shows that the thermally annealed

two additive electropolishing causes smoothing of the surface (Figure 3.8a). The
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height image of Cu TA EP-2 shows almost no variations (Figure 3.8a) while the Cu
EP-2 grains become visible in Cu after electropolishing under two additive process
(shown in Figure 3.8¢c). The phase image does not show any variation for Cu TA
EP-2 (as observed in Figure 3.8b), which is expected to be of single crystallographic
orientation as discussed earlier. However, the Cu EP-2 shows phase variations,
which is evident by the various crystallographic orientations of the grains as visible

in the height and phase images (shown in Figure 3.8 ¢ and d).
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Figure 3.8: Tapping mode AFM height and phase images of Cu TA EP-2 (a and b,
respectively) and Cu EP-2 (¢ and d, respectively) with the two additive electropol-

ishing.

To further explore and quantify the evolution of surface morphological features
caused by the importance of the two-step thermal anneal two-additive electropol-

ishing approach, roughness measurements using an AFM have been performed. The

root mean square (RMS) roughness is given by: s = \/ L(x?4 23 +a22). The

roughness measurement is compared with a two-step TA and electropolishing non-
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additive approach to illustrate the roughness (Figure 3.9). The surface roughness of
the Cu foil is expected to decrease after thermal annealing (=~ 6.67 nm) from its orig-
inal state (=~ 19.4 nm). However, the roughness after thermal annealing (~ 6.67 nm)
is still too rough in comparison with the 2-dimensional nature of the h-BN grown
which is reported to be 0.42 nm on Cu surface [4]. The RMS roughness across three
different electropolishing times of the TA Cu foil as previously shown in Figure 3.5
are assessed. Electropolishing reduces the roughness from the TA state eventually
reaching a plateau after which no significant smoothing happens locally (see in Fig-
ure 3.9). Since the main issue with the standard electropolishing procedure is the
etch pits, the additives are utilized to eliminate the etch pits. Therefore, it is neces-
sary to compare the two-additive process to the standard electropolishing procedure
to confirm that electropolishing is indeed taking place and that the roughness is unaf-
fected. The roughness measurements indicate that the two-additive electropolishing
process reduces the roughness even further to ~ 1.2 nm (RMS roughness measured
across three different regions from the same AFM scan). The peak-to-peak line pro-
files (shown in Figure 3.10) are also within the roughness value of 1.1 nm. The low
roughness paired with removal of etch pits make the two-additive process extremely

attractive for the growth of two-dimensional materials.
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Figure 3.10: Line profiles of AFM height image of Cu TA EP-2 shown in a) and b).

The RMS roughness measured across the whole 10 um x 10 pum scan is ~ 1.1 nm.

An SEM analysis of the Cu surface is performed to study the amount of surface
planarization, qualitatively, as shown in Figure 3.11 for Cu and Cu TA with stan-
dard electropolishing and the two-additive approach for comparison. The surface of
Cu shows significant etch pits with standard electropolishing process (indicated by
arrows in Figure 3.11a). The etch pits are also visible on Cu TA on standard elec-
tropolishing process (Figure 3.11b) but are significantly less numerous in comparison
to Cu with standard electropolishing process. The etch pits disappear when two-
additive electropolishing process is used for both Cu and Cu TA attesting a cleaner
electropolishing process. The rolling lines are faintly visible on Cu as indicated by
the direction lines on the SEM image (Figure 3.11c). The thermally annealed two-
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additive electropolishing process (Figure 3.11d) shows complete planarization of the
surface without the existence of any etch pits, waviness or rolling lines and indeed
confirms that the two-additive process is effective in both smoothing and planarizing

the Cu surface making it suitable for CVD growth of two-dimensional materials.

Etch pits

Figure 3.11: SEM images of Cu TA with standard electropolishing and two-additive
electropolishing. a and b are Cu samples without and with thermal annealing elec-
tropolished using the standard non-additive electropolishing. ¢ and d are Cu samples
without and with thermal annealing using the two additive electropolishing process.

The scale bar is 400 um and the magnification is 22x.

o4



CHAPTER 4

Growth of hexagonal boron nitride on

electropolished Cu foils

In this chapter, h-BN on electropolished copper grown using a CVD process and
the implications of the substrate on nucleation and growth will be discussed. Two
independent growth studies were performed: 1) h-BN on thermally annealed Cu
(Cu TA) and on thermally annealed electropolished (without additives) Cu (Cu
TA EP), 2) h-BN on two-additive electropolished Cu, with and without thermal
annealing prior to electropolishing (Cu TA EP-2 and Cu EP-2, respectively) along
with a new control sample (Cu TA-2) identical to the first study. All the Cu samples
were annealed in situ prior to growth of h-BN. The in situ annealing was performed
in an H,—N, environment at 1030°C for 5 hours. For the first study, the growth
was done for 20 minutes at 1030°C and for the second study; the growth was done
for 25 minutes at 1030°C. The growth time is limited so that the crystal size and

distribution can be observed and the step height of h-BN crystal can be measured.
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The precursor for the CVD growth is ammonia borane (H;NBH;) flowing downwards
in a vertical tube furnace at 1.1 psig. The Cu samples were supported by perforated
pyrolytic boron nitride crucible. After the growth process, SEM and FTIR were
performed on all samples to assess the lateral growth of h-BN and to confirm that h-
BN was grown on Cu, respectively. AFM was performed only on the control sample
and the two-additive thermally annealed electropolished sample from the second
growth study to assess the relationship between the Cu substrate morphology and

h-BN nucleation.

4.1 Growth of h-BN

4.1.1 h-BN on non-additive electropolished Cu

Growth of h-BN was initially performed on Cu TA and on non-additive electropol-
ished Cu TA samples (Cu TA EP), where Cu TA was used as control sample. SEM
images were taken to ascertain the h-BN crystal size and count. The SEM images of
Cu TA (control) and Cu TA EP samples, a local view (=~ 10um) and a global view
(=~ 50 wm) are shown in Figure 4.1. The nucleation sites, where crystal budding
occurs, are the bright dot-like spots as indicated in the SEM images (Figure 4.1 a,
b, and d). These bright spots are understood as nucleation sites as the spots are
located in the center of h-BN crystal and h-BN crystal nucleate where these bright
spots are located on the Cu surface. The h-BN crystals are the darker triangular

regions and is indicated by the dashed outline on the SEM images in Figure 4.1
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a and b. The triangular shape of the h-BN crystal on Cu is also reported in the
literature [4].

The reduction in nucleation density can be immediately observed from SEM
images (Figure 4.1) when comparing a with b, and ¢ with d. The nucleation site
density is &~ 100 sites on Cu TA and = 68 sites on Cu TA EP in 10 um x 10 pm SEM
image (Figure 4.1 a and b). The nucleation sites, bright spot-like features, appear
to be much larger on the electropolished sample than on the thermally annealed
sample. This is immediately observed when comparing a with b and ¢ with d in
Figure 4.1. The bright spots are almost invisible in Cu TA global view (Figure 4.1c¢)
but are more conspicuous on Cu TA EP global view (Figure 4.1d). The reason for a
dimensionally larger nucleation site after electropolishing is not understood and may
require further studies (discussed in chapter 6). The crystal size is also observed to
be significantly larger on Cu TA EP than on the Cu TA as shown in Figure 4.1b
and Figure 4.1a, respectively. The triangular h-BN crystal sizes are ~ 1 um in Cu
TA and ~ 2 um in Cu TA EP where the indicated measurements are the sizes of
each side of the triangular crystal. This indicates that electropolished Cu surface is

having an immediate effect on increase in h-BN crystal size.
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Figure 4.1: SEM images of h-BN grown on thermally annealed Cu foil (control
sample) and electropolished Cu foil. The dashed outline shows the h-BN crystals

and the bright dot-like structures are the nucleation sites.

ATR-FTIR spectroscopy confirms the growth of h-BN on Cu. Figure 4.2 shows
the signature absorbance peak of h-BN at ~ 824 cm™! for both Cu TA (control
sample) and the Cu TA EP sample [44]. The electropolished sample shows a higher
peak intensity which can be ascribed to the larger h-BN crystal as shown in SEM
images. This is because the intensity is proportional to the overall concentration
of h-BN on the surface [74]. Despite the density of crystals being fewer in Cu TA
EP, the larger flake size on Cu TA EP gives a higher areal coverage and contributes
to the increase in peak intensity. The narrow peak, measured by the FWHM (= 5

wavenumbers), also confirms that the h-BN crystals on Cu TA and Cu TA EP are
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morphologically uniform [74].
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Figure 4.2: Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR)
spectroscopy of thermally annealed Cu and electropolished Cu using the standard

electrolyte.

4.1.2 h-BN on two-additive electropolished Cu

h-BN is also grown on the two-additive electropolished samples with and without
thermal annealing along with a thermally annealed Cu which acts as the control
sample. SEM and FTIR are performed on all three samples after growth of h-BN to

characterize the h-BN crystals and validate the material grown on the Cu surface,
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respectively. In agreement with the previous results on Cu, fewer nucleation sites are
observed along with larger h-BN crystals on the electropolished samples as shown
in Figure 4.3 a and b. The nucleation site density is ~ 210 sites for Cu TA-2, ~ 12
sites for Cu TA EP-2, and ~ 14 sites for Cu EP-2 in the ~ 20 um SEM image in
Figure 4.3. The size of the h-BN crystal is measured to be ~ 1 um for Cu TA-2,
~ 3 um for Cu TA EP-2 and ~ 4 um for Cu EP-2.

Of the three surfaces compared, Cu TA EP-2 shows the fewest nucleation site
density while Cu TA-2 shows the largest density. The nucleation sites can be located
by bright white spots on the SEM images and appear to be randomly dispersed on
the Cu surface. In Cu TA EP-2, growth appears to take place on a larger nucleation
site as indicated with an arrow in Figure 4.3b. While there are other areas on Cu TA
EP-2 where nucleation sites are visible but no growth takes place. In Figure 4.3a,
growth on Cu EP-2 is much more different in that the h-BN crystal size is the largest
of the three Cu surfaces (Cu TA-2, Cu EP-2 and Cu TA EP-2). As the two-additive
electropolishing selectively dissolves the high regions on the Cu surface, the grains
and grain boundaries are clearly visible on Cu EP-2. h-BN crystals appears to be
located at or very close to the grain boundaries indicating that the grain boundaries
play a role in either assisting nucleation or acting as nucleation site. This is readily
observed on Cu EP-2 (Figure 4.3a), where the adjacent Cu grains can be identified
by slightly different contrast and that the h-BN crystals are closely located at the
Cu grain boundaries indicated by the red dashed line in Figure 4.3a. As thermal
annealing enlarges the Cu grains (Cu grain size are > 100 pm in size), the origin of
h-BN nucleation cannot be immediately ascertained. Surface defects, such as step

60



edges, on Cu surface appear after thermal annealing (discussed in chapter 3) and
they can potentially act as nucleation sites. Therfore, a scanning probe microscopy
(SPM) technique such as the AFM is used to relate Cu surface morphology and
origin of growth of h-BN crystals discussed in section 4.2. The h-BN crystal is
also observed to merge into adjacent h-BN crystals in all the samples indicating
continuity of crystal growth and crystal enlargement. Crystal merging is indicated
by an arrow in Figure 4.3 a and b, and using a red square in Figure 4.3c.

Cu grain .
‘boundary

cleation site

g h-BN Crystal"»/
Nucleation site e "

_Mergi’ng
' '"Cr'ySta-‘lS' . Merging

4um A & onystals

Figure 4.3: SEM of h-BN crystals grown on a) electropolished Cu (Cu EP-2) and b)
thermally annealed electropolished Cu (Cu TA EP-2) and c) thermally annealed Cu
TA-2. The h-BN crystals are indicated by triangular outline in a, b, and c¢. h-BN
crystals merging is indicated in a) and b). The red dashed square shows crystal

merging in c¢). The red dashed line in a) shows the location of Cu grain boundaries.

FTIR is performed on all three samples showing the characteristic h-BN peak

61



(shown in Figure 4.4) at ~ 824 cm™! [44]. Unlike the FTIR results discussed in
Figure 4.2, the FTIR results of the growth of h-BN on two-additive electropolishing
Cu are varying significantly. First, observation is that the peaks of h-BN on Cu
EP-2 are not as intense as Cu TA EP-2 and Cu TA-2 and second, all the peaks
are actually located at ~ 820 cm™!. The intensity can be attributed to fewer h-BN
crystals in Cu EP-2 and Cu TA EP-2 than on Cu TA-2 despite h-BN being much
larger in the former two samples. The peak areas are calculated by peak fitting
using Origin Pro, which shows that the peak areas are 0.02137, 0.07719 and 0.03405
for Cu EP-2, Cu EP TA-2, and Cu TA-2, respectively. EP TA-2 has higher peak
area than Cu TA-2 as calculated from the peak fit, where the peak intensity and
area is proportional to the areal coverage of h-BN on the surface. The peaks of
h-BN on Cu EP-2 and Cu TA EP-2 are much broader than on Cu TA-2, where the
FWHMs are: ~ 6 cm™!, ~ 10 cm~! and ~ 4 cm™! for Cu EP-2, Cu TA EP-2, and
Cu TA-2, respectively. The reason for wider peaks is not understood at this point

along with the location of peak at ~ 820 cm™!.
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Figure 4.4: ATR-FTIR of h-BN on Cu TA EP-2, Cu EP-2 and Cu TA (top to

bottom).

4.2 Surface morphology of h-BN on Cu surface

Tapping mode atomic force microscopy (TM-AFM) was performed on h-BN on the
samples to determine the thickness of the growth film and to identify the location
of h-BN crystal growth on Cu TA-2 and Cu TA EP-2. The latter is chosen as
the surface is measured to be very smooth and free of etch pits that occurs with
the standard non-additive electrolyte. Therefore, the AFM of h-BN on Cu surface

can be more easily studied and contrasted with Cu TA-2, the control sample. Phase
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images are also simultaneously obtained to identify the h-BN crystals on Cu surface.
Figure 4.5 shows a summary of AFM results. Step edges and hump-like oblique
protruding features (=~ 1 pum wide and ~ 3 pum long) are observed on the Cu TA-
2 and Cu TA EP-2, respectively (Figure 4.5a and Figure 4.5¢). Because of the
features on Cu surface that dominate the height, h-BN is nearly invisible from the
AFM height images. However, the phase image clearly shows a contrast between
Cu foil, h-BN and also the nucleation site (discussed later). h-BN is observed to
grow on prominent surface features, such as step edges on Cu TA-2 and hump-like
features on Cu TA EP-2, but not on flatter regions of Cu TA EP-2, indicated in
Figure 4.5¢ and Figure 4.5d. As the Cu TA-2 surface is dominated by step edges,
there are no flat regions, and the growth appears to be at the step edges. The h-BN
crystal sizes are observed to be much larger on Cu TA EP-2 than Cu TA-2 and there

are fewer nucleation sites and h-BN crystals on Cu TA EP-2 than on Cu TA-2.
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Figure 4.5: Tapping mode AFM of h-BN on Cu TA (top) and Cu TA EP-2 (bottom).
a) and c) are height images of Cu TA and Cu TA EP-2, respectively and b) and
d) are phase images of Cu TA and Cu TA EP-2, respectively. The AFM scan size
in 20 pm x 20 wm. The blue dashed squares are 5 um x 5 pm AFM scans shown
in Figure 4.6 and Figure 4.7. The dashed yellow oval indicated in c¢) shows the
hump-like oblique protruding feature on Cu TA EP-2 surface is ~ 1 um wide and

~ 3 um long.
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4.2.1 Morphology of h-BN on Cu TA-2

A smaller 5 um x 5 um AFM scan was obtained to get a clearer understanding
of h-BN crystals on Cu TA (shown in Figure 4.6). h-BN growth appears to be
initiating on a step edge and the growth spreads laterally across adjacent steps.
This conclusion can be made by observing and identifying a h-BN crystal on the
phase image and locating the same h-BN crystal in the corresponding region on
height image, where the step edges are prominently observed. The nucleation sites
are also visible both on height and phase images. As discussed earlier in chapter 3
on potential nucleation sites, AFM results after the growth of h-BN confirm that
these spike-like (or spot-like in 2D representation) are indeed nucleation sites. The
dimensions of the potential nucleation site which is also discussed in chapter 3, is
similar to the one shown in Figure 4.6¢c. The height of the nucleation site is ~ 58
nm while the diameter is around ~ 220 nm as measured from the AFM line scan
shown in Figure 4.6a. As discussed in section 3.2 on potential nucleation sites prior
to growth, the nucleation site which is at the center of the h-BN crystal appears to
have a different material composition. The phase image (Figure 4.6b) shows that
the phase contrast of the nucleation site is neither similar to h-BN nor Cu. The
nucleation sites vary in height and diameter but are tens of nanometers in height and
hundreds of nanometer in diameter. In general, the nucleation sites are much larger
in height than any of the Cu surface inhomogeneities as is evident in Figure 4.6
height and phase images of both Cu TA-2 and Cu TA EP-2 where the nucleation

sites can be identified from the oversaturated spots on the AFM images.

66



100 Deg

0.00 Deg

60 C) B
S0+ B

400 -

m)

£30- .
20 1

10~ B

07 Il Il Il Il 1 r
0 200 400 600 800 1000
X (nm)

Height of nucleation site

Figure 4.6: A 5um x 5 um AFM scan of h-BN on Cu TA. A) Height, b) Phase.

Line scan of the nucleation site in a) is shown in ¢).

4.2.2 Morphology of h-BN on Cu TA EP-2

A smaller 5um x 5 um AFM is also performed on Cu TA EP-2 which is shown
in Figure 4.7. A clear difference is that the h-BN crystal size is much larger on
Cu TA EP-2 surface than on Cu TA and there are fewer nucleation sites as well
as fewer crystals on Cu TA EP-2. The thickness of the h-BN crystal is measured
from line scan from the AFM height image as shown in Figure 4.7d as an example.

The average thickness, measured across three different h-BN crystals, is &~ 0.46 nm
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which confirms that the h-BN crystal is a single monolayer and is in good agreement
with reported value (0.42 nm) on Cu substrate [4]. This measurement could not be
made on Cu TA-2 foil because of the inhomogeneity of step edges affect the height
measurement. By comparing the height and the phase images, the shape of the
h-BN crystal appears to be influenced by the shape of Cu surface inhomogeneities.
This is more acutely evident from the height image of Cu TA EP-2 (Figure 4.7a),
where the h-BN crystal growth nucleates on the hump-like features on the surface
and gradually spreading over regions past the hump-like features.

Similar to Cu TA-2, nucleation sites are also observed from the AFM height
and phase image as shown in Figure 4.7 a and b. The dimensions of nucleation
site shown in Figure 4.7c is &~ 48 nm in height with a diameter of ~ 250 nm,
which is similar to the one shown in Figure 4.6¢. It appears that the dimensions
of the nucleation sites are not affected by the electropolishing process after thermal
annealing but the density is reduced i.e. electropolishing is dislodging the potential
nucleation sites from the Cu surface which are either created or enhanced by thermal
annealing.

As observed from the phase image (Figure 4.7b), the outline of the h-BN crystal
appears to be of a different contrast than h-BN or Cu but similar in contrast with
nucleation sites. It is unclear from the AFM height or phase image if the outline is
actually contaminant diffusing from the bulk during growth or debris agglomerating
at the edges after growth of h-BN on Cu. This is also observed from AFM of h-BN
crystals on Cu TA-2 (shown in Figure 4.6) but as the crystals are much smaller than

on Cu TA EP-2, the outline is not readily resolved.
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Figure 4.7: AFM surface morphology of h-BN on Cu TA EP-2. a) Height, b) Phase.
Line scan of nucleation site and thickness of h-BN crystal shown as an example in
c) and d), respectively. 1) and 2) on a) indicate the location from where the line
scan is obtained. The lines drawn in d show the approximate region where the h-BN

thickness is calculated. AFM scan size is 5 um x 5 um.
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CHAPTER 5

Summary and conclusions

This work demonstrates that electrochemical polishing has an effect on the surface
of copper foils which influences the growth of hexagonal boron nitride. The copper
foil supplied by the vendor is shown to have the highest roughness (~ 19.4 nm) of all
samples studied for this work, with macroscopic (> 1 um) and microscopic (< 1 pm)
surface inhomegenities and along with a native copper oxide. Thermal annealing in
reduced environment changes the surface. The macroscopic and microscopic features
are no longer observed and the native oxide is significantly reduced as shown using
XPS. Thermal annealing also promotes Cu grain growth. However, AFM shows
the existence of surface defects on the thermally annealed copper in the form of
step edges. The roughness measurement of thermally annealed Cu surface is ~ 6.67
nm. Electropolishing is utilized to reduce the surface defects arising during thermal
annealing and the roughness is measured to be ~ 4.8 nm. The standard non-additive
electropolishing is shown to contain etch pits arising from the oxygen bubbling. A

two-additive electrolyte was utilized to reduce oxygen evolution and consequently
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pitting. The two-additive electropolishing is shown to remove the surface defects
(step edges) observed after thermal annealing. The roughness for the two-additive
electropolishing process is measured to be ~ 1.1 nm. XPS of electropolished Cu
shows that the native oxide on copper is reduced significantly below the detection
limit (1 part per thousand) of XPS. AFM reveals the existence of spike-like features
that are suggested to be potential nucleation sites. The dimensions of these spike-
like features are measured to be tens of nanometers in height and hundreds of
nanometers in width.

h-BN is grown on thermally annealed copper and thermally annealed elec-
tropolished copper. The growth results indicate that the nucleation site density has
substantially reduced after electropolishing and the h-BN crystal size is enlarged
observed using SEM. FTIR spectroscopy confirms the existence of h-BN. AFM is
used to quantify the thickness (= 0.48 nm) of h-BN on Cu which is measured to be
a monolayer. The dimensions of the nucleation sites is also obtained from AFM and
are found to be similar to the spike-like features observed prior to growth. There-
fore, it is understood that these spike-like features in fact are nucleation sites. The
growth of h-BN is also observed to be located near other Cu surface defects (step
edges on Cu TA and ~ 1 um x 3 pm features on Cu TA EP-2).

In conclusion, electropolishing of Cu substrates has a positive effect on the
growth of h-BN by increasing the size of crystals and reducing the nucleation sites.
This work therefore establishes electropolishing as a technique that can be utilized
to modify a Cu substrate for more controllable growth of two-dimensional materials,

specifically hexagonal boron nitride.
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CHAPTER 6

Future work

Despite demonstrating the effect of electropolishing on Cu surface and h-BN growth
on Cu, there are several avenues for further experimentation. Three routes of studies
can be initiated: 1) Electropolishing of Cu with recipes that are optimized for
Cu foils using alternate additives which could lead to global planarization of Cu
surface. 2) Studies with a goal to understand the composition and structure of the
spike-like features using TEM to develop a relationship between the nucleation site
and the h-BN crystal. 3) STM and UHV AFM can be used to study the surface
morphology, including roughness, of the h-BN crystals which has implications for

growth of graphene/h-BN heterostructures.
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