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ABSTRACT

Hexagonal boron nitride (h-BN) is an ultra-wide band gap van der Waals semiconducting
material. It has been extensively studied for electronic applications such as tunnel and gate di-
electric, and as a substrate for two-dimensional (2D) materials. Large area (mm?) h-BN films are
typically grown using chemical vapor deposition (CVD) on various transition metal foils, includ-
ing copper (Cu) and nickel (Ni) foils. The growth on Cu is monolayer limited and controlled large
area n-layer h-BN remains a challenge. Alternatively, h-BN growth on Ni yields multilayer h-BN
films, but results in submicron domain sizes and substrate grain-dependent growth. h-BN films
with large crystal sizes and thicknesses are needed for electronic applications, to demonstrate
tunnel junction and field effect devices using 2D materials.

In this work, we demonstrate h-BN growth using atmospheric pressure chemical vapor de-
position (APCVD) on polycrystalline Cu and Cu-Ni binary alloys. The h-BN growth morphology
on Cu was studied using scanning probe microscopy, which revealed a ~1-2 um crystal size,
corrugated nature of h-BN growth, and poor coalescence of h-BN domains. A two-step thermal
annealing and electropolishing technique was used to improve the Cu foil surface, which in-
creased the h-BN crystal size from ~1 um to ~4 um and reduced secondary nucleation on h-BN
films. While these are incrementalimprovements, the need for n-layer h-BN growth still persists.
Thus, we utilized Cu-Ni binary alloys as substrates. The Cu-Ni binary alloys were prepared using
electroplating Cu on Ni and Ni on Cu to create Cu-rich and Ni-rich alloys, respectively, and sub-
sequent thermal annealing at 1030°C for >5 hours. This resulted in the growth of well-coalesced
monolayered h-BN on Cu-rich alloys with ~15 um crystal size and multilayered h-BN with ~20
um crystal size on Ni-rich alloys. Characterization techniques such as atomic force microscopy,
electron microscopy techniques, X-ray photoelectron spectroscopy and Fourier transform in-
frared reflection absorption spectroscopy were used to analyze the alloy substrate morphology,
h-BN crystal and film morphology. This work demonstrates the use of alloy composition along

with CVD growth parameters to achieve controlled large area n-layer h-BN.
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NOMENCLATURE

2D Two-dimensional

AFM Atomic Force Microscopy

ALD Atomic Layer Deposition

APCVD Atmospheric Pressure Chemical Vapor Deposition

BSE Backscattering Electrons

CM-AFM Contact Mode Atomic Force Microscopy

CuNi Cu-rich Cu-Ni alloy with 50-100% Cu

Cu-Ni Cu-Ni Binary alloy with all compositions of 0% Cu to 100%
Cu

CVD Chemical Vapor Deposition

EBSD Electron Backscattering Diffraction

EDS/EDX Energy Dispersive Spectroscopy

EP Electropolished/Electropolishing

FTIR Fourier Transform Infrared Spectroscopy

FT-IRRAS Fourier Transform Infrared Reflection Absorption Spec-
troscopy

h-BN Hexagonal Boron Nitride

HTHP High Temperature High Pressure

LFM Lateral Force Microscopy

LPCVD Low Pressure Chemical Vapor Deposition

MBE Molecular Beam Epitaxy

MIM Metal-Insulator-Metal

MIMIM Metal-Insulator-Metal-Insulator-Metal
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MP

NiCu

SE

SEM

SPM

STM

TA

TAEP

TM-AFM

TMDs

wt.%

XPS

Mechanically Polished

Ni-rich Cu-Ni alloy with 50-100% Ni
Secondary Electrons

Scanning Electron Microscopy
Scanning Probe Microscopy

Scanning Tunneling Microscopy
Thermal Annealing/Thermally Annealed
Thermally Annealed and Electropolished
Tapping Mode Atomic Force Microscopy
Transition Metal Dichalcogenides
Weight Percent

X-ray Photoelectron Spectroscopy

vii



TABLE OF CONTENTS

Page

AB S T R A T .o e ii
DEDIC ATION .ttt e e e e e e iii
ACKNOWLEDGMENTS ..o e e e nee s iv
CONTRIBUTORS AND FUNDING SOURCES ..o v
NOMENCLATURE ... e e vi
TABLE OF CONTENTS ..ot e nee e viii
LIST OF FIGURES ... e e Xi
LIST OF TABLES ...t e XiX
1. INTRODUGCTION Lttt e e 1
1.1 INtrOAUCTION . e e 1
1.2 Motivation for this WOrk ..........ooiiiiiii e 3
1.3 Objective of the WOrK ......ooii e 4
1.4 Impact Of the WOIK ... e 4
1.5 Dissertation outline ........ooiiii 5

2. LITERATURE REVIEW ... e 7
2.1 INtrodUCHiON ..o 7
2.2 Synthesis of bulk h-BN crystals .........cooviiiiiiii e 8
2.3 Fundamentals of chemical vapor deposition ...........c.cooviiiiiiiiiiiiiin. .. 9
2.4 Growth of graphene on Cuand Ni ........cooiiiiiiiiiiiiiii e 11
2.5 Synthesis of h-BN on transition metal substrates .....................ooointt. 12
251 Growth On CU ..o 20

252 Growth ON Ni ...eeiii 21

2.5.83 Growth On Pt .o 22

2.5.4 Growth ONn Fe . i 22

2.6 h-BN growthon metallic alloys .........cooooiiiiiii e 23

3. EXPERIMENTAL METHODS ... e 26
3.1 Preparation of Cusamples ...........ooiiiiiiiii 27



4.

5.

3.2 Electrochemical polishing of Cu ... 28
3.3 Introduction to electroplating .........cooeiiiiiiiiiii e 29
3.4 Preparation of binary Cu and Ni-based alloys .............cccoviiiiiiiiiiiiin. .. 29
3.5 Preparation of CUNi alloys .......ccoviiiiiiiiii e 30
3.6 Preparation of NiCu alloys ........couiiiiiiiiiii e 34
3.7 Mechanical polishing of @lloys..........ooiuiiiiii e 37
3.8 h-BN growth on metal substrates..........ccoooiiiiiiiiiiiii e 41
3.9 Characterization conditionS.........cocuiiiiiiiiii 43
APCVD GROWTH OF H-BN ON POLYCRYSTALLINE CU SUBSTRATES ......... 45
4.1 INrOAUCHION . ..o e e 45
4.2 Growth morphology of h-BN OnNCu .....cooiiiii e 46
4.2.1 FT-IRRAS characterization of h-BN ... 46
4.2.2 SEM characterization of h-BN ... 47
4.2.3 Characterization of h-BN morphology on Cu using scanning probe
Ao {017 o] o N 48
4.2.4 Coalescence of "-BN ONCU .....ooiiiiiiiiiiiiie 58
2 S T [0 o = LY/ 59
4.3 Influence of Cu surface preparation on h-BN and graphene growth ........... 60
4.3.1 The effects of Cu surface preparation on h-BN growth .................. 66
4.3.2 The effects of Cu surface preparation on graphene growth ............. 68
4.3.3  SUMIMAIY .ottt ettt e e e e e 74
4.4 Role of Cu grain orientation on h-BN growth ..., 75
4.4.1 Microstructure of Cu foil substrates ..............cooiiiiiiiiiiiiin, 75
4.4.2 Relating h-BN growth with Cu grain orientation ........................... 77
4.4.3 h-BN growth on Cutwin grains ..........ccocoviiiiiiiiiiiiiiiiiiinen, 81
4.4.4 Statistical categorization of h-BN grown on Cu grains ................... 82
TS T [0 o = Y/ N 84
4.5 Summary and ConClUSION ........oiiiiiiii e 84
APCVD GROWTH ON H-BN ON CU-NI BINARY ALLOY SUBSTRATES .......... 85
5.1 INIrOdUCTION o e 85
5.2 Characterization of Cu-Ni alloy substrates ............ccccoeiiiiiiiiiiiiiiin. .. 85
5.2.1 Surface morphology of alloy substrates ... 86
5.2.2 Compositional analysis of alloy substrates .......................ooel 93
5.2.3 Microstructural analysis of alloy substrates.................ccoooiiin. .. 97
5.2.4 Summary of Cu-Ni binary alloy substrate characterization .............. 99
5.3 Growth of h-BN on Cu-Ni alloys: General Trend ...........cccooiviiiiiiiiinnn... 100
5.4 Growth of N-BN 0N CU i, Niy coiiiiiiiii e 102
5.4.1 SEM of h-BN growth on CuNi alloys ...........ccooiiiiiiiiiiiiiin. .. 103
5.4.2 Characterization of CuNi alloy surfaces after h-BN growth ............. 108
5.4.3 Summary of h-BN growth on CuNi alloys............cc.oooiiiiiiiiiiia. 111
5.5 Growth of N-BN ON Nij_sCU, coiiiiiiiiiii s 112
5.5.1 Assessing the h-BN growth on NiCu alloys ...............cooiviiinnn... 112

iX



5.5.2 Characterization of NiCu alloy surfaces after h-BN growth ............. 119

5.5.3 Summary of h-BN growth on NiCu alloys ..........cccooviiiiiiiiiiin. .. 120

5.6 Discussion on h-BN growth on CusoNiso and Ni5oCusg alloys .................... 121
5.6.1 Growth morphology of h-BN on CujxoNis, and Nis,Cus, alloys .......... 121

5.6.2 Surface characterization after h-BN growth ..........................l. 122

5.6.3 Microstructural evaluation of CusoNiso and Ni5,Cus, alloys .............. 124

5.6.4 Summary of h-BN growth on CusoNi5, and Nis,Cusq alloys ............. 126

5.7 Summary and ConClUSION ........oiiiiiii i e 127

6. SUMMARY, CONCLUSIONS AND FUTURE WORK .....cccoviiiiiiiiiiiiie e 128
B.1  SUMMANY .o 128
B.2 CONCIUSIONS ..ttt e 130
B.3 FUIUIE WOIK ..ot e 130
REFEREN CES. ... oo e ettt 132



FIGURE

1.1

2.1

2.2

2.3

2.4

LIST OF FIGURES

The crystal structure of a) graphene, and b) hexagonal boron nitride. In (a), all
the atoms represent carbon. In (b), the larger atoms represent nitrogen and

smaller atoms are BoroN [48]. «.vuiiiiii i e

a) Pressure-Temperature reaction boundary of ¢cBN formation in Ba-BN solvent
[94]. Blue and yellow circles correspond to the recovery of hBN and cBN, respec-
tively. Yellow circle with shaded rectangle corresponds to co-existing of hBN
and cBN in the sample. Solid black line is reported as hBN-cBN phase bound-
ary [94]. Optical micrographs of recrystallized hBN obtained with a Ni-Mo sol-
vent. b) Typical hBN crystal on the solidified solvent (as grown) [49]. c) A frag-
ment of aggregate hBN crystals after acid treatment (the inset is an optical mi-
crograph of arecovered sample). The shiny white regions are reflected light [49].
(a) Reprinted with permission from [94]. Copyright 2007 Elsevier. (b-c) Image

obtained from [49]. Reprinted with permission from AAAS. .............cooiennee.

Reactions and mass transport in a chemical vapor deposition reactor. ............

a) C-Cu phase diagram and b) C-Ni phase diagram. Carbon shows no solubility
in Cu but is partially soluble in Ni [100]. Reprinted with permission from [100].

Copyright 2011 Royal Society of Chemistry. .......ccooviiiiiiiiiiiiiiiiii e,

Figure showing the h-BN growth furnace from [64]. a) The growth chamber com-
mmonly used for h-BN synthesis, b) Experimentally observed chemical pathways
in the pyrolytic decomposition of ammonia borane to h-BN: species found to
be involved in ammonia borane pyrolysis: [1] Ammonia Borane; [2] Molecular
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Aminoborane; [3] Polyaminoborane (PAB); [4] Borazine; [5] Polyiminoborane (PIB);

[6] Semi-Crystalline P63/mmc (hexagonal) boron nitride; [7] Hydrogen abstrac-
tion by the evolution of molecular hydrogen at high temperature [137], c) Shows
triangular shaped monolayer h-BN, d) A schematic showing nitrogen-terminated
triangular-shaped h-BN [64]. (a) Reprinted with permission from [64]. Copy-
right 2012 American Chemical Soceity. (b) Reprinted with permission from [137].
Copyright 2011 American Chemical Society. (c-d) Reprinted with permission from
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a) Schematic illustration showing the procedure of h-BN growth. b-e) Typical
SEM images of h-BN grains grown on Cu-Ni alloy foils with 15 atom % Ni at 1085
°C for 10, 30, 60 and 90 mins, respectively. The red arrows in (b) show the sites
of the h-BN grains, while the inset shows the enlarged image of one as-grown
h-BN grain. The scale bars in (b-e) are 20 um, and in the inset in (b) is 2 um [156].

Figure obtained with permission from [156]. Copyright 2015 Springer Nature. ..... 24
The general experimental methodology for thiswork. ..., 26
Schematic of the trapezoidal cut of Cu samples showing front and back side. ..... 27

a) Electrochemical cell used for electropolishing of Cu. The working electrode
(anode) is Cu and the counter electrode is Pt. The electrolyte composes of Phos-
phoric acid (H3PO,), ethylene glycol, and acetic acid in a 2:1:1 ratio. b) Shows
how the electrodes are mounted and inserted into the electrolyte. ................. 29

Setup for Ni electroplating. The two-electrode setup consists of Cu cathode and
Ni anode with a commercial Transene Watts bath used an electrolyte............... 31

Ni electroplated Cu foils of various weight percentages before thermal annealing. 33

Setup for Cu electroplating. The two-electrode setup consists of Cu anode and
Ni cathode. The electrolyte bath is composed of 1 M H,SO, and 0.3 M of CuSO,.... 35

Cu electroplated Ni foils of various weight percentages before thermal annealing. 36

Sample shapes of Cu and the alloys. The cuts indicate the specific composition
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CuNi and NiCu samples mounted on metal chucks for mechanical polishing. A

double-sided scotch tape is used to hold the samples to the metal chuck. ......... 39
Polished alloy samples mounted on polishing chuck before removal. .............. 40

Sample placed in a pyrolytic BN crucible. a) Cu samples in the crucible before
growth. b) Alloyed samples with control samples Ni and Cu in crucible before
BEOW . . s 42

Vertical APCVD reactor for growing h-BN. Reprinted with permission from [67].
Copyright 2015 Royal Society of Chemistry. ......cccovviiiiiiiiiiiiiiiiiiii e 43

a) Typical FT-IRRAS spectrum for a 2D h-BN film on Cu [67], b) Representative
spectra of different alternatives found within FT-IRRAS of 2D h-BN film on Cu
and Ni for Ay, (LO) vibration with two sub-bands: A,,(LO)1 and A,,(LO)2. (a-b)
Reprinted with permission from [67]. Copyright 2015 Royal Society of Chemistry.. 47
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SEM micrographs of various h-BN crystal shapes formed using CVD. a) Star-shaped
and triangular shaped are indicated, b) hexagonal shaped h-BN crystal [66], c)
and d) h-BN crystals grown in sub-optimal conditions. (b) Reprinted with per-
mission from [66]. Copyright 2014 American Chemical Society.......................

a and b) Tapping mode AFM images of h-BN film on polycrystalline Cu using to-
pography and phase imaging modes, respectively. ¢ and d) enlarged images of
the topography and phase imaging modes shown in images a and b, respectively.

Tapping mode AFM and height profiles of a smaller (2 um x 2 um) scan of Fig-
ure4.3c. a) Topography and b) Phase image, ¢) 3D image of topography, d) height
profile of 1, e) height profile of 2, f) height profileof 3. ...,

Contact mode AFM images of h-BN crystals on Cu, a) Height image and b) Fric-
tion image. The line profiles on Cu and h-BN for height are shown in c) and d),
respectively. The line profiles on Cu and h-BN for friction are shown in e) and f),
PO P CEIV LY. . vttt e

STM images of h-BN crystal on Cu taken at various tip potentials. ...................

STM images of h-BN crystals on Cu at a) 0-degree scan angle and b) 90°scan an-
gle, c) 3D image of 90°scan angle, d) Proposed schematic of h-BN independent
of Cu surface profile, e) Proposed schematic of h-BN following Cu surface profile..

Tableau of SEM micrographs of h-BN crystals growing on Cu at two different mag-
nifications: a) In-Lens detector at 2000X magnification, b) Secondary Electron
detector at 2000X magnification, c) In-Lens detector at 10KX, d) Secondary Elec-
tron detector at 10kX magnification. Images (a-d) are from the same Cu grain. e)
In-lens detector image at 5000X magnification, d) Secondary Electron detector
at 10kX magnification, g) In-lens detector image at 5000X magnification, h) Sec-
ondary Electron detector at 10kX magnification. Images (e-h) are across neigh-
boring Cu grains. The orientations of h-BN corrugations on each Cu grain is indi-
cated in (F) @and (). .uvuiiii i

STM images of two h-BN neightboring crystals. a) STM image witha 1 pm x 1um
scan size, b) STM image with a 2 um x 2 um scan size. The height profiles shown
in c) and d) are indicated in (a) and (b), respectively..........cccoiiiiiiiiiiiiiinnnn..

Cold rolling process of Cu. a) Cu ingot is fed into rolling pins and Cu foil comes
out, b) Morphological state of rolled Cu foil, c) Rolling pins imperfections im-
printed on Cu foils. Image obtained and modified from [48].............ccooeieen..
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Schematicillustration of surface improvement after thermal annealing and elec-
tropolishing process. a) Recrystallization of Cu grains leading to larger grains af-
terthermal annealing, b) Cu native oxide removal and c¢) Cu surface smoothening
during thermal annealing in reduction environment, d) Cross-sectional view of
the evolution of Cu surface with different processing conditions. Image obtained
aNd MOdified from [48]. ..ttt e e e i 62

SEM micrographs of Cu surface a) In-Lens at 500X magnification, b) secondary
electrons at 500X magnification, c) In-Lens at 2000X magnification, d) secondary
electrons at 2000X magnification. ..........cooiiiiiiiiiiiiii i 63

Optical micrographs of Cu surface after each processing step a) Vendor supplied
Cu, b) Cuthermally annealed, c) Cu thermally annealed and electropolished. No-
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electropolished. Image obtained from [48].......ccoviiiiiiiiiiiiiiiii e 65

SEM micrographs of Cu samples in secondary electron imaging mode. a) Vendor
supplied Cu, b) Cu thermally annealed, ¢) Cu thermally annealed and electropol-
1] =T PP 66

SEM micrographs of h-BN crystals grown a) unpolished Cu, b) thermally annealed
and electropolished Cu. The two-step annealing, electropolishing results in the
reduction of density of h-BN crystals and increase in crystal size. Reprinted with
permission from [69]. Copyright 2017 American Chemical Society. .................. 67

SEM micrographs of h-BN film on Cu and electropolished Cu at two different
magpnifications a) Cu at 2000X, b) Cu at 5000X, c) Electropolished Cu at 2000X,
d) Electropolished Cuat 5000X. .....uuiiiiiiiie i e e eiaeens 68

SEM micrographs of graphene grown on unpolished and polished Cu substrates.
a) Graphene on unpolished Cu front side, b) graphene on polished Cu front side,
c) graphene on unpolished Cu back side, d) graphene on polished Cu back side.
The scale baris T0 M. .ouuiii ittt ettt et ittt 69

Raman spectroscopy and dark field optical images of graphene on unpolished
and electropolished Cu (front facing) a) Raman spectra of graphene grown on
unpolished Cu, b-e) dark field optical images of spectra 1-4 shown in (a). f) Ra-
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Raman spectroscopy and dark field optical images of graphene on unpolished
and electropolished Cu (back facing) a) Raman spectra of graphene grown on
unpolished Cu, b-d) dark field optical images of spectra 1-3 shown in (a). e) Ra-
man spectra of graphene grown on polished Cu, f-i) dark field images of spectra
1-3 shown in (e). The crosshair on all the darkfield images indicate the location

where Raman spectrawas obtained. ..........ccooiiiiiiiiiiiiiiiiiiiii e

EBSD maps of Cu foils of 25 um thickness with a) low purity Cu: 99.99% b) high
purity Cu: 99.999%, c) high purity Cu annealed at 500 °C, d) high purity Cu an-
nealed at 1030°C. The Cu grain size increases with purity and hence, higher purity
Cu is desirable for growth. After annealing, the grain size increases through re-
crystallization. c) shows increase in grain in comparison with b). There is also
noticeable formation of twin grains. d) After annealing close to the melting tem-
perature of Cu, the crystal size increases even further and twin grains are dis-
tinctly formed with parent and daughter grains in twin crystals showing different

orientations. e) the inverse pole figure for the EBSD maps.......c.covvivivininnennnn

Summary of h-BN growth across a Cusample. a) Shows little or no nucleation on
(100)-like crystal (~45 crystals, 1.68 x 106 crystals/cm?) b) and c) EBSD map of the
(100)-Cu grain and the orientation location on IPF. d) Cu grain with h-BN crystal
growth (=527 crystals, 1.97x107 crystals/cm?) on a (111)-like oriented Cu grain
shown in e) and f) EBSD map of the grain and the orientation on IPF. g) Cu grain
with h-BN crystal growth (~158 crystals, 5.91x10° crystals/cm?) on a (110)-like
oriented Cu grain shown in h) and i) EBSD map of the grain and the orientation
on IPF. j) The high index (HI) region where a quasi-film growth is observed. k)
and l) EBSD map of the grain and the grain orientation on IPF. The approximate
region of where SEM micrograph was taken is indicated on the EBSD map of the

grain with a dashed rectangle. The scale bars for the EBSD maps are 25 um........

h-BN growth on electropolished Cu samples. a) Very little or no h-BN nucleation
(=1.01x10° crystals/cm?) on (100)-like orientation. b) and c) the EBSD map of
the grain and grain orientation on IPF. d) Shows moderate density of crystal nu-
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h-BN growth across Cu twin grains on an electropolished Cu sample. As twin
grains are a frequent occurrence, the daughter grain (indicated by A) has a dis-
tinctly different orientation than the parent grain (indicated by B). a) shows an
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of daughter and parent grain on an IPF of (a). d) shows an SEM micrograph of
another twin grain structure. e) and f) show the EBSD map and the grain orien-
tations of daughter and parent grain on an IPF of (d). The h-BN density on the B
grain is ~9.6x10° crystals or nucleates. In both (a) and (d), the daughter grains

(marked by A) have a complete h-BN film coverage..........ccoovvivviiiiiiiinnnnn.

Shows h-BN growth statistics across all orientations of grains and across all sam-
ples. All data was grouped into three categories: a) no growth or nucleation, b)
marginal growth or nucleation and c) growth and shown on the d) inverse pole
figure, which indicates the Cu grain orientation. The following are conditions for
categorization: In no growth or nucleation, there are smaller, low-density h-BN
nucleates are observed; In marginal growth or nucleation, there is clear forma-
tion of h-BN crystals, however, they are sub-micron in size; In growth, the h-BN

crystals are largest in the samples, and there is also a noticeable film formation...

SEM micrographs of CuNi alloys before and after mechanical polishing. a) Cu, b)
mechanically polished Cu, c) Unpolished CuNi10, d) Polished CuNi10, e) Unpol-

ished CuNi30, f) Polished CuNi30, g) Unpolished CuNi50, h) Polished CuNi50. .....

SEM micrographs of NiCu alloys before and after mechanical polishing. a) Ni, b)
mechanically polished Ni, d) Unpolished NiCu10, d) Polished NiCu10, e) Unpol-

ished NiCu30, f) Polished NiCu30, g) Unpolished NiCu50, h) Polished NiCu50. .....

AFM image of mechanically polished CuNi30 showing a) Height, b) Phase image.
d-g) shows the line profiles 1-4 from the height image in (a). The RMS (R,) and
average roughness (R,) is 3.19 nm and 1.83 nm, respectively fora 10 um x 10 um
AFM scan of height image shown in (a). The R, and R, values of the line profile

are shown intheinset of (d-g). «..c.uvviiiiiiiii e

AFM image of mechanically polished NiCu30 showing a) Height, b) Phase image.
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1. INTRODUCTION

1.1 Introduction

The demonstration of electric field effectin graphene [1] led to a new field of two-dimensional
(2D) van der Waals materials [2, 3] such as hexagonal boron nitride (h-BN) and transition metal
dichalcogenides (TMDs) [3]. These materials are unique because of the ability to isolate 2D
atomic layers from the three dimensional (3D) vertical stack. In 3D vertical stacks, each of the
2D atomic layers are held together by van der Waals forces [3]. Out of all the 2D van der Waals
materials, graphene has been extensively studied. New applications using graphene have been
demonstrated for example, in field effect transistors [4], frequency multiplier [5], photodetec-
tors [6, 7], transparent conducting electrodes [8, 9, 10], plasmonics [11, 12, 13, 14], water filtra-
tion [15], and permeation barriers [16] to name a few.

The use of graphene for electronics has been long sought after by researchers [17] due to its
exemplary electronic properties marked by experimental observation of massless Dirac fermions,
ambipolar behavior [18,19] and extremely high electron mobility [20]. For graphene to be used
as a material of choice in the fabrication of future electronic device applications, such as field
effect devices [4], radio frequency (RF) transistors [21], and resonant tunnel devices [22, 23], a
suitable structurally compatible insulating material is needed to act as a substrate, tunnel, and
gate dielectric.

Hexagonal boron nitride (h-BN), a structurally similar material to graphene, has been pro-
posed as an excellent substrate [24,25], tunnel [26,27], and gate dielectric [28,29,30] for graphene
and TMDs alike. Like graphene (Figure 1.1a), h-BN has a honeycomb hexagonal lattice structure
with alternating boron and nitrogen atoms in-plane (Figure 1.1b), with each layer held together
by van der Waals forces. The interlayer spacing of h-BN is ~ 3.3 A is similar to graphene, which
is = 3.35 A. The small lattice mismatch of ~ 1.7% between graphene and h-BN [24] coupled with

the lack of dangling bonds and surface charge trap states, and a low surface roughness of ~



0.9 nm, makes h-BN an ideal substrate for graphene-based electronic devices [31, 32]. Unlike
graphene which is a semi-metal, h-BN is an insulator with a very large electronic band gap (5.9
eV) [33] making h-BN an excellent tunnel and gate dielectric (¢, =4.9) for vertical heterostructure
devices [26,27,34]. Recent reports also suggest h-BN as a substrate with high heat dissipation
for graphene devices due to h-BN’s high thermal conductivity [35] with the coefficient of thermal
expansion being o,=-2.9x107°K~! and ¢,,= 40.5x107°% K~! at 297 K [36].

Besides the 2D material applications, h-BN has been gaining attention in its own right for
single photon emission [37,38,39,40] and quantum emitting applications [41,42,43, 44,45, 46,
47]. These excellent properties gives h-BN a pivotal role for the success of 2D electronic devices

and quantum computing applications.

@ Carbon @ Nitrogen @ Boron

Figure 1.1: The crystal structure of a) graphene, and b) hexagonal boron nitride. In (a), all the atoms
represent carbon. In (b), the larger atoms represent nitrogen and smaller atoms are boron [48].

Most of the reported results on the importance of h-BN for 2D electronics are obtained us-
ing mechanical exfoliation of h-BN flakes from bulk h-BN crystals. These bulk h-BN crystals

are produced using high-temperature high-pressure process (HTHP) [33, 49]. However, only



micrometer-sized crystals can be isolated by mechanical exfoliation using scotch tape tech-
nique, which is acceptable for proof-of-concept studies in a laboratory environment [50, 51].
Mechanical exfoliation of 2D monolayer structures typically leads to poor yield and is not indus-
trially scalable. Hence, there is a need for large area growth (>1 cm?) of h-BN (and graphene) for
commercial realization of 2D electronic devices.

The growth of h-BN was successfully demonstrated by different research groups using other
methods like molecular beam epitaxy (MBE) [52], atomic layer deposition (ALD) [53, 54, 55, 56]
and chemical vapor deposition (CVD) [57,58]. However, CVD is best suited for large area growth
of hBN because of its ability to deposit on a variety of substrates, thicknesses, and the growth
rates can be precisely controlled. Our group together with other researchers have previously
grown graphene and h-BN on transition metal substrates such as Cu, Ni, and Pt using CVD [57,

58,59, 60, 61,62,63,64,65,66,67,68,69].
1.2 Motivation for this work

The CVD growth of h-BN on Cu is known to be self-limiting [64,70, 71], i.e., typically yielding
no more than one to two monolayers of h-BN. On the other hand, CVD growth of h-BN on Ni is
not self-limiting, resulting in thicker uncontrolled h-BN films [57,64]. Therefore, there is a need
for a new substrate for the controlled growth of thin (1-2 monolayers) and thick (>3 monolayers)
h-BN using CVD.

Si/SiO, substrates are often used for the growth of TMDs, and device fabrication of TMD [72,
73,74,75,76,77,78,79,80] and graphene-based electronic devices [23,81,82,83,84,85,86]. How-
ever, Si/SiO, is reported to dope the 2D material and deteriorate its electronic properties [24].
Thick (>3 monolayers) mechanically exfoliated h-BN has been used as an intermediate substrate
to isolate 2D materials from Si/SiO, substrates [24,87], enabling complete isolation of 2D mate-
rials from Si/SiO, substrates [24]. As h-BN can be used as a tunnel dielectric, thinner (1-2 mono-
layers) and thicker (>3 monolayers) h-BN is needed to control the tunneling currents for vertical
heterostructure devices as was demonstrated by others using graphene [21,22,23,26,27]. Simi-

larly, when h-BN is used as a gate dielectric for field effect devices [28,30], the thickness can be



used to regulate the field-effect to control channel currents between the source and the drain of
the transistor. However, a precise layer control of h-BN crystals is not feasible with mechanical
exfoliation, CVD can be utilized to epitaxially grow monolayered and multilayered h-BN with a

large crystal size (>100 um in size) on Cu and Ni foil substrates.
1.3 Objective of the work

The research results that | report aims to accomplish the following: 1) to understand the
growth morphology of h-BN on polycrystalline Cu foil substrates using atmospheric pressure
chemical vapor deposition (APCVD) and, 2) to investigate h-BN growth on Cu-Ni binary alloy
compositions from 100 wt.% Cu to 100 wt.% Ni. Various surface characterization techniques are
used to determine the limitations of the Cu substrate for h-BN growth. To overcome these limi-
tations, novel Cu-Ni binary alloy substrates are developed to assess the feasibility to grow thin
and thick h-BN. The general trend of the h-BN growth on the alloys and the alloy composition

that results in well-coalesced h-BN film and large multilayered h-BN crystals is reported.
1.4 Impact of the work

Two fundamental outcomes of this work are anticipated, this includes, 1) The growth mor-
phology of h-BN on Cu is assessed, which provides a deeper insight into the limitations of the
Cu substrate for h-BN growth. 2) The development of Cu-Ni binary alloys for the h-BN growth
is novel and leads to the growth of high quality well-coalesced and multilayered h-BN crystals.
This constitutes a major development of a substrate for h-BN growth where the alloy compo-
sition, along with the CVD growth conditions, can be used to control the h-BN crystal size and
thickness. The isomorphous Cu-Ni binary alloy substrates will consequently complement the
current use of Cu substrates as a substrate of choice for h-BN growth. Therefore, the require-
ment for controlled layer-by-layer growth of h-BN for 2D materials electronic devices can be

realized from the results of this work.



1.5 Dissertation outline

The results of the study is presented in five sections. Section two reviews the chemical vapor
deposition (CVD) technique in the context of the h-BN growth on various transition metal foil
substrates. Section two also outlines the challenges faced in h-BN growth, and the emergence
of Cu-Ni alloys as a substrate for the growth of h-BN.

Section 3 discusses the experimental methods used for this dissertationi.e., the preparation
of Cu substrates; the development of a two-step thermal annealing and electropolishing pro-
cessing technique; the preparation of Cu and Ni-based alloys using Ni electroplating of Cu foils
and Cu electroplating of Ni foils and subsequent thermal annealing; and the development of
the mechanical polishing of Cu-Ni alloys. The experimental section finally examines the APCVD
reactor setup, the h-BN growth and characterization conditions.

Section 4 is divided into three subsections. The first subsection details the growth morphol-
ogy of h-BN on polycrystalline Cu as probed by Fourier transform infrared reflection absorption
spectroscopy (FT-IRRAS), scanning electron microscopy, and scanning probe microscopy (SPM)
techniques, which shows that the corrugations observed in h-BN film are a reflection of Cu sur-
face. The second subsection expands on the benefits of the two-step thermal annealing and
electropolishing processing technique of Cu for improving the growth of h-BN and graphene.
The usage of two-step processing technique increases the crystal size of h-BN and reduces the
secondary nucleation of h-BN. A similar effect is observed when graphene is grown on surface-
prepared Cu. The final subsection of the section analyzes the influence of Cu grain orientation
on h-BN growth evaluated using electron backscattering diffraction (EBSD) and SEM technique.
The results show that h-BN growth has strong dependency on Cu grain orientations.

Section 5 reports on the successful growth of h-BN on Cu-Ni binary alloy substrates, and is
presented in five subsections. The first subsection introduces the surface morphology of the Cu-
Ni binary alloys before and after mechanical polishing using SEM and AFM, along with chemical
composition and microstructure analysis. The second subsection discusses the general trend

of h-BN growth on Cu-Ni alloys, where the amount of h-BN decreases with increasing Cu con-



centration in the binary alloy. The third and fourth subsections focus on the specific behavior
of h-BN growth on Cu;_,Ni, and Ni;_,Cu, alloys. Monolayer well-coalesced h-BN crystals and
films are observed to grow on Cu-Ni alloys and large multilayered h-BN crystals are observed
to grow on Ni-Cu alloys. The fifth subsection of the section presents a brief discussion on the
differences in h-BN growth at the 50 wt.% alloy composition of CusoNiso and NisoCus, alloys.
The deviation in h-BN growth at this composition is due to difference in the alloy surfaces and
microstructures. The key finding of this section is that h-BN grown on Cu-Ni and Ni-Cu alloys
exhibit different growth behavior.

Section 6 of the dissertation ends with a summary and conclusions of the work, and how the

presented results lead to future work.



2. LITERATURE REVIEW

This section presents a literature review on growth of graphene and hexagonal boron ni-
tride. As the dissertation is focused on h-BN, more attention is given to the h-BN. The review is
presented in five subsections: i) A brief introduction on the h-BN growth techniques developed
over the years; ii) Synthesis of bulk h-BN crystals using high temperature and high-pressure pro-
cess; iii) Introduction to relevant aspects of the chemical vapor deposition; iv) Chemical vapor
deposition (CVD) growth of graphene on Cu and Ni; and v) Growth of h-BN synthesized using

CVD on various transition metal substrates.
2.1 Introduction

The importance of hexagonal boron nitride for 2D electronics and quantum emitters has
been briefed in the previous section (Section 1.1). For these applications, there are two primary
methods of obtaining h-BN crystals: 1) Top down ad 2) Bottom-up processing techniques [88,
89]. The top down approach involves mechanical exfoliation by repeated peeling and thinning
of bulk h-BN crystals using a scotch tape and depositing the thinned crystals from the scotch
tape onto Si/SiO; substrates [1,2]. While this method yields high quality h-BN crystals, marked
by low concentration of defects and high crystallinity, the domains of such crystals are limited
to ~100 um in size [88, 89]. An added limitation of this laborious process is the lack of control
of placing the h-BN crystals in desired location. Methods using poly(dimethylsiloxane) (PDMS)
stamp procedure [90, 91,92, 93] have been developed to increase the control of placement for
creating 2D heterostructures. However, the yield is very low and the thickness control (no. of.
monolayers) is very poor [88,89]. On the contrary, bottom-up synthesis involves using scalable
CMOS-ready CVD technique on various transition metals that doubles up as both a catalyst to

breakdown the precursor molecule and as a substrate for h-BN deposition.



2.2 Synthesis of bulk h-BN crystals

Bulk h-BN crystals are synthesized using a high temperature and high-pressure process (HTHP).
One of the seminal works on this synthesis route has been reported by Watanabe et al [33],
where the group prepared bulk h-BN crystals using HTHP and at ambient pressure [33, 49].
Figure 2.1 shows the pressure-temperature diagram of hexagonal and cubic boron nitride. The
sample was prepared using barium boron nitride (BasB,N,) solvent system, which was encapsu-
lated in a molybdenum capsule. The sample was then compressed to a pressure of >4 GPa while
being annealed to 1500-1750°C. This high temperature and high-pressure condition were sub-
jected on the sample for 20-80 hours, where samples up to 2-4 mm were prepared (Figure 2.1b).
These conditions promoted h-BN crystal growth instead of cubic boron nitride (cBN), which re-
quire higher pressure and temperature as per the phase diagram (Figure 2.1c). The ambient
pressure synthesis differs from the HTHP process where the h-BN powder is placed in a crucible
(BN or alumina) with a Ni solvent and heated to ~1350-1500°C. In this process, the h-BN powder
and solvent ratio was kept at 1:10. Figure 2.1b and 2.1c show the bulk h-BN crystals prepared

using ambient pressure process.
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Figure 2.1: a) Pressure-Temperature reaction boundary of ¢cBN formation in Ba-BN solvent [94]. Blue
and yellow circles correspond to the recovery of hBN and ¢BN, respectively. Yellow circle with shaded
rectangle corresponds to co-existing of hBN and cBN in the sample. Solid black line is reported as hBN-
¢BN phase boundary [94]. Optical micrographs of recrystallized hBN obtained with a Ni-Mo solvent. b)
Typical hBN crystal on the solidified solvent (as grown) [49]. c) A fragment of aggregate hBN crystals
after acid treatment (the inset is an optical micrograph of a recovered sample). The shiny white regions
are reflected light [49]. (a) Reprinted with permission from [94]. Copyright 2007 Elsevier. (b-c) Image
obtained from [49]. Reprinted with permission from AAAS.

2.3 Fundamentals of chemical vapor deposition

Chemical Vapor Deposition (CVD) is a materials processing technique that involves reaction
or decomposition of precursor gases in a furnace with controlled pressure and temperature en-
vironment [95]. The precursor gases are transported into the furnace using carrier gases (Ar or
N;), where the flow is regulated by a mass flow controller. As the precursor molecules are broken

down, often in the presence of a catalyst, at or near substrate surfaces at high temperature, and

9



athin filmis deposited on the surface [95]. The reactions and the mass transport processes that
take placein a CVD furnace is shownin Figure 2.2. Using CVD, both thin (tens of nanometers) and
thick films (hundreds of micrometers) of materials can be deposited [95]. A wide variety of ma-
terials from metals, ceramics, dielectrics and semiconductors can be deposited [95]. CVD can
also be used to deposit films of varying degree of crystallinity i.e. amorphous, polycrystalline
and single crystal films [95]. CVD also enables epitaxial (layer-by-layer) growth, which can be

used to deposit atomically thin films [95].
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Figure 2.2: Reactions and mass transport in a chemical vapor deposition reactor.

The primary advantage of CVD film growth is that the films are conformal and can be de-
posited on various structures with sidewalls and steps [95]. CVD also features variable growth
rates, where the growth rate can be controlled by a flow control of the precursor gas using a
mass flow controller. This enables the growth of films with various thickness. The primary dis-
advantage of CVD technique is the volatility of precursors and growth or deposition at high tem-
peratures (>500°C) [95]. Despite the disadvantages, CVD is used prominently in microelectronic
fabrication [95].

Two-dimensional materials such as graphene and hexagonal boron nitride can be grown us-

10



ing thermal chemical vapor deposition [59, 96]. In this technique, the precursors are sent into
the CVD growth chamber, and in the presence of a transition metal catalyst, precursor molecules
breakdown leaving being graphene or h-BN. The energy required for the precursor decomposi-
tion, catalytic activity, and promotion of lateral crystal and film growth is supplied by heat of
the thermal CVD reactor [89]. The primary advantage of using CVD for 2D material growth is
the ability to tailor the morphology, crystal sizes and layer thickness by adjusting the growth

temperature, pressure, precursors and substrate surface preparation [89].
2.4 Growth of graphene on Cu and Ni

After the mechanical isolation of graphene and the successive experiments [1, 2, 18], there
has been a lot of effort to grow graphene on large area substrates (~1cm?) [59]. Graphite has
been shown to form on transition metal surfaces such as Ni, as a precipitate, during annealing
and cooling processes from atmospheric carbon [97,98,99]. This once problematic method of
graphite growth is currently being reconsidered as a means to grow graphene [100]. Graphene
has been shown to grow on a variety of substrates by the thermal decomposition of a hydrocar-
bon source, such as methane and ethanol, on both single crystal and polycrystalline: Ir, Ru, Co,
Pt, Ni and Cu [59, 60, 61,100, 101]. The most common transition metal substrates used for CVD
graphene growth are polycrystalline Cu [59] and Ni [60], due to their abundance and low cost.

The mechanisms of graphene growth on transition metal substrates takes either one of two
forms: segregation-diffusion or catalytic breakdown of a hydrocarbon molecule. Growth of
graphene on Ni (polycrystalline Ni) involves segregation and diffusion of carbon in Ni, while
growth on Cu (polycrystalline Cu) involves catalytic breakdown (dehydrogenation) of hydrocar-
bon molecule [59, 59, 60,100, 101]. The two different mechanisms of graphene growth can be
traced to the solubility of C in metal, which can be ascertained from the phase diagram (Fig-
ure 2.3). Carbon is not soluble in Cu, as can be seen by lack of a distinct C-Cu phase formation
(Figure 2.3a). In C-Ni system (Figure 2.3b), carbon is soluble in Ni forming a metastable solid
solution with a solubility of ~0.6 at.% C in Ni at ~1000°C. At this temperature, C diffuses into

the bulk of Ni and on cooling, C atoms from the bulk diffuse onto the surface forming hexagonal

n



sp? structure leading to graphene (or graphite) [60,100].

While this method leads to large area graphene growth, the lack of control for uniform single
layer graphene and small graphene grain size is problematic. In recent years, there have been
reports of controlled bilayer graphene growth on polycrystalline Ni foils [60]. However, another
transition metal, Cu, has shown greater promise of large area uniform single layer graphene
growth [59,100]. Growth on Cu involves the catalytic breakdown of hydrocarbon molecule such
as methane (CH,4) at >900°C. The carbon atoms dissociated from the hydrocarbon precursor
nucleate on the Cu surface and form a hexagonal crystal structure leading to graphene growth
[59]. Unlike Ni, single layers of graphene can be grown on Cu foils leading to the commercial

viability of mass producing monolayer graphene using CVD [102].
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Figure 2.3: a) C-Cu phase diagram and b) C-Ni phase diagram. Carbon shows no solubility in Cu but
is partially soluble in Ni [100]. Reprinted with permission from [100]. Copyright 2011 Royal Society of
Chemistry.

2.5 Synthesis of h-BN on transition metal substrates

Like graphene, the growth of h-BN using CVD has been explored on various transition metal

substrates such as Pt, Ir, Ru, Co, Cu and Ni [62, 63,103,104, 105,106, 107,108]. The various sub-
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strates that were used for h-BN growth have been summarized in Table 2.1. A typical furnace
setup for growing h-BN is shown in Figure 2.4a. While graphene growth takes place in either
of the two mechanisms (segregation-diffusion or catalytic breakdown) depending on the sub-

strate, h-BN grows by means of catalytic decomposition of boron-nitrogen source [57,58, 64].

Table 2.1: Substrates for the CVD growth of h-BN nanosheets in the context of the periodic table [88].
Table obtained with permission from [88]. Copyright 2017 Elsevier.

Period Group
6 8 9 10 n
4 Cr[109] Fe [108, 110, | Co [113] Ni Cu[28,58,64,
11,112] [57, 114, 115, | 66,67,68,69,
16, 117, 118, | 115, 122, 123,
119,120,121] 124,125,126]
5 Rh [127, 128] | Ru [103, 129, | Pd [132] Ag [133]
[127] 130,131]
6 Ir [107] Pt Au [136]
[62,134,135]

The primary precursors used for h-BN growth are ammonia borane or borazane (HsNBHjs)
and borazine (B3HgN3) [57, 58, 64]. Unlike graphene growth where the hydrocarbon source,
methane (CH,4) decomposes to C and H,, the decomposition of ammonia borane and borazine
is more complicated. Ammonia borane decomposes below its melting temperature (106°C) pro-
ducing hydrogen, monomeric aminoborane (BH,NH;) and borazine (B3HgNs) (Figure 2.4b). Ad-
ditionally, both monomeric aminoborane and borazine breakdown further forming hydrogen
and h-BN on the substrate surface [64]. On the other hand, borazine undergoes dehydrogena-

tion forming polyborazylene (=70°C), which further dehydrogenates leading to elemental boron
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and nitrogen on the substrate surface, forming h-BN films [57]. While borazine has a slightly sim-
pler decomposition, ammonia borane is a more common precursor used to grow h-BN due to
its relative stability in a laboratory ambient, wider availability and reduced moisture sensitivity
than borazine [64]. Auwaerter et al and Mueller et al have used B-tricholoroborazine for h-BN
growth on Ni(111) and Pt(111), respectively [114,135]. The B-tricholoroborazine precursor is re-
ported to release HCl gas when exposed to humidity, which is corrosive to the metal piping and
valves of the CVD reactor furnace [88]. Besides the more common ammonia borane and bo-
razine, other precursors for h-BN growth were also demonstrated shown in Table 2.2 [88]. Be-
sides single compound precursors, multi-compound precursor with a 1:1 ratio of B and N were
also demonstrated as shown in Table 2.2 [88]. However, unlike single compound precursor, the
multi-compound precursor is more complicated as it requires precise control to maintain the
B and Ni stoichiometry [88]. Therefore, very few reports present demonstrating h-BN growth

using multi-compound precursors.

Table 2.2: Table of precursors used for h-BN growth [88]. Table obtained with permission from [88].
Copyright 2017 Elsevier.

Precursor Quality of h-BN Growth Conditions Ref

Ammonia Borane Single crystalline h-BN | Growth temperature varies | [58, 66,
with domain size up to cen- | from 700 to 1100°C. APCVD | 122, 123,
timetre size was obtained. | and LPCVD systems are of- | 134, 137,
Mono- to multilayers have | ten used 138, 139,
been grown on various 140, 141,
substrates 142,143]

Borazine Monolayer and few-layered | UHV-CVD, LPCVD, and con- | [28,109,
h-BN have been achieved. | ventional APCVD systems | 110, 111,
Monolayer withdomainsas | have been used Growth | 118, 135,
large as 0.3 mm has been | temperature varies from | 143, 144,
reported 700 to 1000°C 145]
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Table 2.2: Continued

Precursor Quality of h-BN Growth Conditions Ref
B- Monolayer on Ni (111) and | Growth was carried out us-
Tricholoroborazine | Pt (111) substrates was | inga UHV system at 723°C | [114,135]
achieved
Diborane and am- | h-BN film thickness (mono- | Growth was carried out in
monia layer to 100-layers) and | an LPCVD system at 600- | [116,146]
crystallinity are dependent | 1025°C
on the choice of substrates,
deposition time, and se-
quential exposures of the
precursors
Decaborane and | Thickness was about 2 nm | Growth was carried out at | [147]
ammonia on Niand 2-15nmon Cu 1000°C for 10 min in an
APCVD system
Dimeric diborazane | Thickness was about 2-5 | The precursors decom- | [148]
and trimeric tribo- | nm. Compared to ammo- | pose around 80-90°C. The
razane nia borane, these precur- | growth was carried out at
sors led to faster growth | 1040°Cin an APCVD system
rates and more polymeric
particles
BCls, NHs, N, and | The maximum thickness | Growth temperature was | [149]

H;

was about 10 nm

1000 °Cin an APCVD system
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Table 2.2: Continued

Precursor Quality of h-BN Growth Conditions Ref
BF;, N,, and H, 1-8 layer thick and a do- | Microwave plasma CVD
main size of up to 4 um | system was used for the | [150,151]
were obtained growth. The microwave
power, growth tempera-
ture, and time was 800
W, 800°C, and 1 hour,
respectively
Trimethylamine Monolayer h-BN and h- | Growth was carried out at | [152]
BCN films were grown on | 1050°C for 5-20 min using
Cu. With a sublimation | an APCVD system
temperature above 40°C,
2-5% carbon doping can
be achieved
Trimethylborate, h-BN monolayer Growth was carried out | [128]

0,, and ammonia

in a three step boration-
oxidation-nitration  pro-

cessin a LPCVD system

The growth of h-BN films remains sensitive to the growth pressure of the CVD reactor and the
choice of LPCVD or APCVD growth of h-BN is dependent on the availability of equipment in the
research group and final desired product (Table 2.3) [89]. Both monolayer and multilayered h-
BN films have been grown in a low-pressure CVD (LPCVD) system (2-200 Torr) on Cu and Ni with
varying degrees of uniformity [57, 58, 64, 66]. The operating pressure (low pressure or ambient

pressure) of the CVD reactor dictates if the growth mechanism is surface limited (as in LPCVD)

or mass-transport limited (APCVD) [89].
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Table 2.3: Table shows various h-BN growth routes taken by the community [89].
permission from [89]. Copyright 2018 Royal Society of Chemistry.

Table reprinted with

Substrate | CVD Growth | Precursor | Layer no. Single | E, Key pa- | Ref.
route | temp. do- (eV) rameter
(°C) main
(mm?)
Cufoil | APCVD | 1000 Ammonia | 2-5 layers - 556 | - [58]
borane
Cu foil APCVD | 1000 Ammonia | 6-8 layers - - Cu mor- | [123]
borane phology
Cu foil LPCVD | 1000 Ammonia | Monolayer | 0.5 6.07 | - [64]
borane
Cufoil | APCVD | 1050 Ammonia | Monolayer | 35 6.04 | Surface | [66]
borane smooth
Cu foil LPCVD | 1000 Ammonia | Monolayer | 170 - Cu pre- | [153]
borane treat-
ment
Cu foil LPCVD | 1000 Ammonia | Monolayer | 2200 | 5.9 Using [154]
borane Cu en-
closure
Cufoil | APCVD | 1065 Ammonia | Monolayer | 170 5.85 | Synthetic| [124]
borane control
Ni film APCVD | 1000 Borazine | 5-50 nm - 5.92 Precursor, [57]
dosage
Ni(111) | APCVD | 800- Ammonia | Few-layers | - - Repeated| [145]
1030 borane growth
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Table 2.3: Continued

Substrate | CVD Growth | Precursor | Layer no. Single | E, Key pa- | Ref.
route temp. do- (eV) rameter
(°C) main
(mm?)
Pt foil LPCVD | 1100 Ammonia | Monolayer | - 6.06 | Repeated| [134]
borane growth
Pt foil APCVD | 1000 Ammonia | 1-3 layers 0.5 6.07 | Repeated| [62]
borane (for (1L), | growth
mono-| 5.94 | with
layer) | (2L) layer
control-
lability
Fe foil LPCVD | 1100 Borazine | 5-15nm - - Furnace | [112]
cooling
rate
Fe foil LPCVD | 900 Borazine | Monolayer | 170 - NHs pre- | [111]
(cold- annealing
wall)
Fe-Ni LPCVD | 900- B,N-Solid | Monolayer, | - 5.8 Co- [155]
1100 source few-layers Segregation
Cu-Ni LPCVD | 1050- | Ammonia | Monolayer | 7500 | - Tuning [156]
1085 borane Ni
dosage

As h-BN is composed of alternating boron and nitrogen, the domain shape of h-BN can vary

with N or B termination. Preliminary investigations reveal that h-BN forms triangular and hexag-

18



onal shapes (Figure 2.4) [64,157]. The triangular crystal shapes are the most frequently occur-
ring as they are more thermodynamically favorable than the hexagonal shape due to nitrogen-
terminated edge [64]. Other crystal shapes such as truncated triangles can also exist, which
might indicate a faster growth edge [157]. The shape control is reported to be achieved by sub-
strate modification through the creation of oxygen-rich Cu surface [66,89]. It was reported that
the high-oxygen concentration reduced the energy barrier for the formation of both nitrogen-
and boron-terminated edges leading to the formation of hexagonal domains of h-BN [66, 89].
Zhang et al have theoretically shown that the h-BN domain shape can be manipulated by alter-
ing the B and N stoichiometry [157]. Stehle et al have experimentally shown that the stoichiom-
etry can be altered by placing the Cu substrate further down the horizontal CVD reactor, away
from the precursor inlet [124,125]. This led to the h-BN domains change from triangular shapes

to a more hexagonal domain structure [124].
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Figure 2.4: Figure showing the h-BN growth furnace from [64]. a) The growth chamber commmonly
used for h-BN synthesis, b) Experimentally observed chemical pathways in the pyrolytic decomposition
of ammonia borane to h-BN: species found to be involved in ammonia borane pyrolysis: [1] Ammo-
nia Borane; [2] Molecular Aminoborane; [3] Polyaminoborane (PAB); [4] Borazine; [5] Polyiminoborane
(PIB); [6] Semi-Crystalline P63/mmc (hexagonal) boron nitride; [7] Hydrogen abstraction by the evolu-
tion of molecular hydrogen at high temperature [137], ¢) Shows triangular shaped monolayer h-BN, d)
A schematic showing nitrogen-terminated triangular-shaped h-BN [64]. (a) Reprinted with permission
from [64]. Copyright 2012 American Chemical Soceity. (b) Reprinted with permission from [137]. Copy-
right 2011 American Chemical Society. (c-d) Reprinted with permission from [64]. Copyright 2010 Ameri-
can Chemical Society.

2.5.1 Growthon Cu

The growth of h-BN on Cu has been extensively investigated by our research group and oth-

ers[58,64,66,67,68,69,71,115,122,123,126,140,141,142,158,159,160,161,162,163,164,165,166,167]
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because of the ability to grow monolayer graphene enabling future epitaxial growth of graphene
and h-BN heterostructures [28,112,168,169]. The initial work was done by Song et al [58] demon-
strating the synthesis of few layer h-BN films using APCVD and ammonia borane precursor. Ex-
tensive optical and mechanical characterization revealed that the electronic and structural in-
tegrity of the h-BN films grown was of high quality. Monolayer h-BN growth on Cu was demon-
strated by Kim et al using LPCVD and ammonia borane as the precursor [64]. Extensive char-
acterization using AFM, TEM and electron energy loss spectroscopy (EELS) suggested that the
monolayer h-BN growth is surface mediated [64]. The subsequent work beyond these two re-
ports has been to reduce the impurity density from the precursor [140, 161], and improve the
surface morphology of Cu substrate [66,69]. Sridhara et al reported a surface preparation tech-
nique using thermal annealing and electropolishing that led to a roughness of ~1.1 nm [69].
There were also efforts to understand the role of Cu grain orientation on h-BN growth [68,163].
While these are major advancements, the controlled layer-by-layer epitaxial growth still eludes
the community. In recent years, Lin et al synthesized wafer-scale h-BN films with monolayer
thickness control [71]. They demonstrated this by having a variable pressure CVD growth cham-
ber. By altering the pressure, the CVD growth can be changed from LPCVD and APCVD, and thus

n-layer h-BN film growth was demonstrated on Cu.
2.5.2 Growth on Ni

Ni remains a popular substrate, after Cu, for the growth of h-BN [57, 63, 65,114,116, 121,143,
145,170]. The use of Ni for h-BN growth is justified by the observation of graphene growth on
Ni. Large area h-BN films (5-50 nm thickness) on polycrystalline Ni was demonstrated using
borazine as the precursor with an APCVD furnace [57]. From the optical micrographs and AFM
images, complete and uniform coverage of h-BN film was reported. However, the film was re-
ported to be thicker along the Ni substrate grain boundary than on the grain center [57]. In other
reports [65], h-BN grown using LPCVD on polycrystalline Ni showed a strong Ni grain orienta-
tion dependency as assessed using EBSD on polycrystalline Ni substrate with h-BN and Raman

spectra of h-BN. Ni(100) grains had thicker films indicating a faster growth orientation. However,
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Ni(111) had little or no detectable h-BN, indicating a slow growth orientation. As the surface mor-
phology and grain orientation of the Ni substrate are the two primary contributing parameters,
Cho et al also assessed the role of the Ni grain orientation on h-BN growth rate [63]. The group
used electrochemical polishing to suppress the role of the surface and thermal annealing to ex-
pose the pristine Ni surface. After performing EBSD and SEM post-growth on the surface finished
Ni substrate, the h-BN growth rate on {100} and {110} orientations had much higher growth rate
owing to higher surface energy [63]. Besides polycrystalline Ni substrates, h-BN was also grown
on single crystal Ni(111) to assess the stacking of h-BN [114] and to assess the dehydrogenation

reaction process of ammonia borane and borazine [143]
2.5.3 Growthon Pt

After the successful demonstration of graphene growth on Pt [61,171,172,173], h-BN was also
grown on Pt using CVD [62,134,144]. Similar to Cu, h-BN growth on Pt was strongly dependent
the chamber pressure and precursor amount. Lower pressure led to the growth of monolayer
h-BN due to self-limiting h-BN growth and ambient pressure led to the growth of few-layer h-
BN films. In this work, Gao et al [62] have reportedly been able to grow mono, bi and few-layer
h-BN films just by tuning the precursor concentration in ambient pressure. Additionally, after
transferring the h-BN films using electrochemical bubble method, they have reported that the
h-BN films can be repeatedly grown on the same substrate without having to sacrifice the ex-
pensive Pt substrate during the transfer process. This remains one of the major advantages of

h-BN growth on Pt, which has not yet been reported for Cu or Ni substrates.
2.5.4 GrowthonFe

As h-BN is an insulator with a band gap of ~5.9 eV, it makes for a good tunnel dielectric
for magnetostrictive devices such as magnetic resistive random-access memory (MRAM) [174,
175,176,177,178,179]. Unlike Cu, Ni and Pt, Fe and Co are ferromagnetic, and hence can be
used as a substrate and contact to demonstrate MRAM devices with h-BN as the dielectric. Fe

was the earliest substrate on which CVD h-BN films were demonstrated by Takahashi et al in
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1979 [96] and was revisited again by Kim et al in 2015 [112]. h-BN films of variable thickness
has been grown on Fe using CVD using borazine vapor and H, at ~1100°C [112]. The thickness
of the film was reportedly dependent on the cooling rate of the sample, where a fast cooling
rate (30°C/min) led to thinner films (=12 nm thickness) and slower cooling rate (5°C/min) led
to thicker films (=18 nm thickness). The h-BN film growth on Fe is understood to be via both
surface-mediated and precipitation from the experimental results [89, 112]. Besides few layer
h-BN growth, monolayer h-BN growth has also been demonstrated on Fe using CVD by Caneva
et al [111]. This was achieved by exposing the Fe substrate to NH; during the pre-anneal step
before growth [111]. This limited the intake of B and N species into the bulk of the Fe substrate,
enabling the growth of monolayer h-BN, leading to film layer number control and greater film
homogeneity [89,111].

To-date, most efforts to synthesize h-BN films on Cu are achieved using large-area contin-
uous monolayer films using CVD [180], which have been demonstrated successfully. However,
uniform growth and larger single crystal growth of h-BN have not been thoroughly investigated
in these efforts. This work therefore utilizes numerous surface preparation techniques such as
electropolishing to alter the Cu substrate to facilitate larger single crystal growth, along with
uniformity by controlling the nucleation sites, surface roughness and the grain size of the Cu
substrate [69, 126]. The electrochemical polishing approach has also led to an increase of h-
BN crystal size and reduction in density of h-BN crystals [69,126]. While each of the transition
metal substrate offers an advantage, using a combination of transition metals, namely alloys
might provide combinatorial advantages. The primary advantages of using an alloy is to con-
trol the catalytic rate (precursor breakdown rate) and nucleation site density. With this idea,

both graphene and h-BN growth on transition metal alloys have been demonstrated.
2.6 h-BN growth on metallic alloys

Some of the earlier works on the growth of 2D materials on binary Cu-Ni alloys have been
on graphene [115,181,182,183,184,185,186,187,188]. The Cu-Ni alloy substrates are promising

as large single crystal growth of h-BN on Cu-Ni alloys was reported. The work by Lu et al. [156],
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demonstrated single crystals of h-BN as large as 7500 um? on Cu-Ni alloy and with a composi-
tion of 20% Ni [156]. Figure 2.5a shows the Cu-Ni alloying process and Figure 2.5b shows h-BN
crystals (triangular-shaped) grown on the Cu-Ni alloys [156]. This approach was claimed to re-
duce the number of nucleation sites on the substrate to facilitate large single crystal growth as
shown in Figure 2.5d. With the introduction of Ni in Cu, the number of h-BN nuclei dropped
from 10 at.% Ni to 30 at.% Ni with 20 at.% Ni concentration showing the largest h-BN crystal.
However, upon further increasing to 30 at.% and 50 at.% Ni concentration, there was little or no
growth of the h-BN crystal, respectively. The growth rates were also reported to drop in 30 at.%

Ni concentration samples from 0.3 um-min—! to 1.2 pm-min—"! in 20 at.% Ni concentration.

a Electro h-BN grain

plating

Figure 2.5: a) Schematicillustration showing the procedure of h-BN growth. b-e) Typical SEM images of
h-BN grains grown on Cu-Ni alloy foils with 15 atom % Ni at 1085 °C for 10, 30, 60 and 90 mins, respectively.
The red arrows in (b) show the sites of the h-BN grains, while the inset shows the enlarged image of one
as-grown h-BN grain. Thescale barsin (b-e) are 20 um, and in theinsetin (b) is2 um [156]. Figure obtained
with permission from [156]. Copyright 2015 Springer Nature.

Despite showing promising results of large single layer h-BN crystal on Cu-Ni alloys [156],
there was no discussion presented on how the substrate surface morphology played a role in fa-
cilitating large single crystal growth. There have been recent reports of improved crystal growth
with better surface preparation [63, 69, 126], which remains unaddressed in this body of work.

The large drop in growth rate on Cu-Ni substrates with Ni concentration changing from 20 at.% to
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30 at.% was also not substantiated and requires further examination as the large h-BN crystal
size could be due to the surface morphology of the alloy surface. A brief discussion was pre-
sented on growth rates on 20 at.% Ni concentration and 30 at.% Ni concentration samples cal-
culated from h-BN crystal size/growth time relation. However, a comprehensive growth rate
study showing the change in h-BN crystal size at every growth time step, especially in compar-
ison with Cu (control sample), remains missing [156]. There have also been a graphene/h-BN
device fabricated showing an electron mobility of 10,000 cm?V—!s~! to attest the quality of h-
BN [156], which is on the lower end of the expected range from 20,000 to 80,000 cm?V—1s~1 [24].
Nevertheless, this remains the most promising report to date of large area single crystal h-BN
grown on Cu-Ni alloy.

There are several challenges unaddressed in this work by Lu et al [156] which present an op-
portunity for further in-depth inquiry on the growth of h-BN on Cu-Ni alloys. While this disserta-
tion overlaps with this report by Lu et al [156], it expands on the following. h-BN is grown on the
Cu-Ni binary alloys at every 10 wt.% using APCVD. The growth pattern of h-BN on the complete
set of Cu-Ni binary alloys is shown and discussed. The role of the alloy substrate preparation on
improving the h-BN morphology is presented. Finally, the contribution of alloy surface and the

microstructure in dictating h-BN growth is addressed in this dissertation (refer Section 5).
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The purpose of this section is to discuss the different experimental methods that were used
forthe study. Figure 3.1summarizes the general experimental methodology that were employed
for this study. The first two subsections of this section will be focused on the preparation of Cu
samples, and electrochemical polishing of Cu. The rest of the subsections will discuss the prepa-
ration of Cu-Ni alloys. This includes brief overview of electroplating, initial attempts to prepare
binary Cu-Ni alloy using electroless plating, preparation of Cu-rich and Ni-rich alloys using elec-

troplating, and mechanical polishing of Cu-Ni alloys. Finally, the h-BN growth conditions, the

3. EXPERIMENTAL METHODS

APCVD reactor setup and the subsequent characterization conditions are discussed.

sample
preparation

growth

characterization

Electroplate Cu on Ni
and Ni on Cu and
prepare alloys by
thermal annealing

Prepare 25 um
Ni(99.8%) & Cu ——
(99.98%) foils

—_—

Mechanically

polish Cu-Ni and

Ni-Cu alloys

Grow h-BN

EBSD to get SEM to measure FTIR to confirm
orientational M R e h
s ry: growt|
XPS

SEM to assess
surface
morphology

AFM to measure
surface roughness

Figure 3.1: The general experimental methodology for this work.
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3.1 Preparation of Cusamples

Cu foils of two purities were obtained from the vendor, Alfa Aesar with the following con-
centrations, Low purity Cu (99.98% pure) and high purity Cu (99.999% pure). Low purity Cu
was used for the preparation of Cu-Ni alloys, which is discussed subsequently. High purity Cu
was the primary substrate that was used to grow and study the h-BN growth morphology. The
preparation methods described in this subsection are for high purity Cu. The as received Cu
were cut into strips of ~7 mm x 30 mm. These strips were annealed in reduction environ-
ment with H,/N, gases flowing at 200 sccm to 500°C to soften the foils and enlarge the Cu grain
size [189,190,191,192]. After the foils were annealed, they were cut into smaller pieces of ~ 7
mm X 7 mm into right trapezoidal shape as shown in Figure 3.2. Such a shape creates a one-
fold symmetry, and the front (the growth face) and the back faces can be identified. The foils
were then pressed to ~0.35 GPa in between two stainless steel anvils using a hydraulic press
to induce plastic deformation. The plastic deformation promotes Cu grain enlargement dur-
ing following thermal annealing [189] detailed in the succeeding subsections. After the plastic
deformation pressing process, the samples were placed in a plastic container and stored in a

nitrogen-ambient cabinet.

Cu Front Cu Back

Figure 3.2: Schematic of the trapezoidal cut of Cu samples showing front and back side.
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3.2 Electrochemical polishing of Cu

Electrochemical polishing (EP) is used in this work for surface finishing of high purity Cu sam-
ples that have been plastically deformed using the hydraulic press, and a brief introduction to
EP is necessary. EP is an electrochemical technique that involves selective etching of metal sur-
faces in a chemical bath in a controlled manner [193,194,195,196,197,198,199]. The control is
achieved by selection of electrochemical baths (commonly acids) and electrode potentials that
actively take part in the controlled dissolution of metal atoms from the anode (positive elec-
trode). During the dissolution process, the anode undergoes surface smoothening and bright-
ening (removal of microscopic features) as part of the anodic reaction process [193,194,195,196,
197,198, 199].

Electropolishing takes place in an electrochemical cell, as shown in Figure 3.3a, consisting
of an anode (positive, working electrode), cathode (negative and counter electrode), and an
electrochemical bath. A reference electrode is used optionally. The pH of the bath and the po-
tential energy applied across the working electrode (anode) will dictate if the working electrode
undergoes electropolishing. It can be determined by a Pourbaix diagram. The anodic reaction
process is governed by the following half-cell reaction process: Cu — Cu®*" + 2e” and the
oxidation cell potential is E=-0.339 V [199,200]. The surface morphology of the Cu anode con-
sists of high regions (hills) and low regions (valleys), which create a concentration gradient of
Cu when a potential is applied. The concentration gradient (hills) creates high chemical resis-
tive regions, which are selectively etched away during the electropolishing process, leading to
a smooth or uniform surface finish of the Cu substrates [193,197]. For this work, a recipe was de-
veloped with phosphoric acid (50 ml), ethylene glycol (25 ml) and acetic acid (25 ml) ina100 mL
solution (2:1:1 ratio) [48,69]. The applied potential on the Cu anode varies from sample to sam-
plein 2.5-3.5 Vrange. The electropolishing setup is shown in Figure 3.3a and 3.3b. The details

of the electropolishing recipe for Cu has been reported in the following literature [48,69].
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Figure 3.3: a) Electrochemical cell used for electropolishing of Cu. The working electrode (anode) is Cu
and the counter electrode is Pt. The electrolyte composes of Phosphoric acid (H3PO4), ethylene glycol,
and aceticacidina2:1:1ratio. b) Shows how the electrodes are mounted and inserted into the electrolyte.

3.3 Introduction to electroplating

Electroplatingis an electrochemicaltechnique thatinvolves deposition of metal atoms, which
are transported via an electrolytic bath, from the anode to a cathode [201]. As the mass trans-
port involves electrochemical dissociation of molecules at the anode and deposition on a cath-
ode, the electroplating process is predominantly used to deposit metals on conductive sur-
faces. Electroplating is governed by both anodic and cathodic half-cell reactions: Me(s) —
Me" (ag) + e~ (Anodic reaction) and Me* (aq) + e© —— Mae(s) (Cathodic reaction), where Me
is the metal ion in solid (s) and aqueous (aq) form and e~ is the electron [199, 200, 201]. Elec-
troplating of metals such as Cu, Ni, Cr, and Al have been studied extensively for research and

industrial applications such as coatings [199,201,202,203, 204].
3.4 Preparation of binary Cu and Ni-based alloys

During the preliminary stages of this work, Cu-rich (Cu-Ni) alloys were prepared by electro-
less plating of Ni on Cufoils. The electroless plating was performed first by placing a Cu substrate
foil in Transene Ni Strike bath and heated to ~60-65°C on a hot plate, which deposits a thin Ni
seed layer across the foil surface. This step was followed by heating the samples in Nickelex to

~90-95°C on a hot plate. The temperature was measured using a mercury probe thermometer.
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Numerous samples with varying weight percentages (10-25 wt.%) of Ni on Cu were prepared
using this electroless method. The samples were annealed to 1030°C in H,/N, gas with a flow
of 200 sccm. However, after the annealing procedure the samples became very porous. Upon
further investigation using XPS, there was up to 10 wt.% of phosphorous deposited in the Ni
coating with the electroless method. The material safety data sheet of the electroless plating
solution revealed a presence of phosphorous in the solution. Phosphorous was also involved in
the alloying process creating a Cu-Ni-P complex alloy, and during the alloying process, phospho-
rous evaporated leading to porous samples. Therefore, this method was deemed unsuitable for
preparing CuNi alloys and was abandoned. Instead, electroplating of Ni on Cu was utilized for
preparing the CuNi alloys.

A surface preparation technique different from the method described above was developed
and resulted in controlled Ni electroplating of Cu foils. The new process involved using elec-
troplating and thermal annealing of the electroplated foils to prepare the Cu-Ni isomorphous
alloys. Specifically, the work involves preparation of Cu-rich (Cu;_.Ni,) and Ni-rich (Ni;_,Cu,)
alloys, two different electroplating techniques have been used to quicken the alloy preparation.
For Cu-rich (CuNi) alloys, Ni electroplating of Cu is used. For Ni-rich (NiCu) alloys, Cu electro-
plating of Ni was used. The details of the Cu-based (CuNi) and Ni-based (NiCu) alloy preparation

procedure is discussed in the subsequent subsections.
3.5 Preparation of CuNi alloys

Cu-rich (CuNi) alloys were prepared by electroplating Ni on Cu foils and then thermally an-
nealed at 1030°C in reduction environment (H,/N, flow at 200 sccm) to induce diffusion of Cu
and Ni atoms for >5 hours and to remove the native oxide on the metal surface. The low pu-
rity Cu foils (99.98% pure), which were purchased from Alfa Aesar, were cut into smaller pieces
~35 mm x 35 mm size. The mass of each of these pieces of Cu foil is recorded before Ni elec-
troplating. The Cu foils were cleaned with Acetone and Isopropyl Alcohol (IPA) and dipped in
50% diluted (by volume) hydrochloric acid (HCl) for 2 minutes to remove stray metallic contam-

inants. The Cu foils were then mounted on Teflon sheet similar to the electropolishing setup
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(Figure 3.3b). A two-electrode setup is used where a Ni foil (99.98% pure) acts as an anode and
the cleaned Cu foils act as a cathode. The Ni electroplating setup is schematically illustrated in
Figure 3.4. A Transene Watts bath (NiSO4-6 H,O + NiCl,-6H20 + H3BOs; 200 g/L + 100 g/L + 45
g/L, respectively) is used as an electrolyte [201,203,204]. A Gamry Reference 3000 potentiostat
is used for monitoring the voltage change during Ni electroplating and apply constant current
over a very specific time. A constant current density of 0.19 A/cm? is applied to the electrodes
using an electrochemical technique, chronopotentiometry, while recording applied potential
and time. The electroplating run varied for each, and the average electroplating time for each

weight percent is provided in the Table 3.1.

Cu
Cathode

Eotentiostat
*

Ni Anode

Transene
Watts Bath

Figure 3.4: Setup for Ni electroplating. The two-electrode setup consists of Cu cathode and Ni anode
with a commercial Transene Watts bath used an electrolyte.
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Table 3.1: Ni weight percent and average deposition time.

Ni weight percent (wt. %)

Average deposition time (in mins)

10 wt. %
20 wt. %
30 wt. %
40 wt. %

50 wt. %

18

27

57

80

130

Figure 3.5 shows the Ni electroplated Cu foils before thermal annealing process. The weight

of the Cu foils is measured before and after Ni electroplating. The Ni weight percent on Cu is

calculated using the relationship below:

Wtafter - Wtbefore

100

wt. % =

Total weight of plated foil

where W, ., is the weight of the foil after Ni electroplating, Wt s, is the weight of foil

before Ni electroplating and the total weight of the plated foil, which is the same as weight of

electroplated foil.
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CuNi alloys

Figure 3.5: Ni electroplated Cu foils of various weight percentages before thermal annealing.

Various weight percentages (Table 3.2), ranging from 10 wt.% to 50 wt.% of Ni were deposited
on Cu using this technique. After electroplating Ni on several Cu samples, only samples that
were within +1 wt.% of the desired wt.% were used for alloying. The alloying of these Ni elec-
troplated Cu foils takes place in a reduction environment with a 200 sccm flow of H,/N; gas
at 1030°C for >5 hours. The weight of the alloyed foils was measured before and after alloying
to ensure the weight has not changed. None of the samples showed a weight change after al-
loying. Table 3.2 shows the alloy compositions (wt.%) that were prepared using this method for

the study and the naming convention that was used throughout this study.
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Table 3.2: Table of all the Cu-rich alloys used for this work.

Alloy composition (Cu;_,Ni,) | Naming convention (CuNi,)
CugoNiyg CuNi10
CugoNiyg CuNi20
CuoNisg CuNi30
CugoNigo CuNi40
CusoNisg CuNi50

3.6 Preparation of NiCu alloys

Ni-rich (NiCu) alloys were prepared by electroplating Cu on Ni foils and then thermally an-
nealed in reduction environment similar to CuNi alloys. The Ni foils (99.8% purity), which were
purchased from Alfa Aesar, were cut into smaller pieces of 30 mm x 25 mm and rinsed off
with Acetone and IPA. The foils were then mounted on a Teflon sheet, which was then put into
the electroplating bath; the setup, which is similar to Ni electroplating, is shown in Figure 3.6.
Electroplating Cu on Ni takes place in a bath composed of 0.15 M of CuSO, and 1 M of H,S0O,.
In this two-electrode setup, Ni is the cathode (working electrode) and low purity Cu (99.98%)
is the anode (counter electrode). A reference electrode is not utilized throughout the course of
the work for Cu electroplating.

A Gamry Reference 3000 potentiostat is used to apply a constant current (chronopotentio-
metric mode) and monitor the voltage changes over time. The electroplating current density is
kept constant at 40 mA/cm?. After numerous trials with different current densities, a value of 40
mA/cm? was used, which gave a visually smoother electroplating finish. The optimum time var-
ied for each run, and therefore, average electroplating time for each weight percent is provided
in the Table 3.3. By varying the electroplating time, different weight percentages of Ni foils were

electroplated with Cu as listed in Table 3.4.
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Figure 3.6: Setup for Cu electroplating. The two-electrode setup consists of Cu anode and Ni cathode.
The electrolyte bath is composed of 1 M H,SO,4 and 0.3 M of CuSQ4.

Table 3.3: Cu weight percent and average deposition time.

Ni weight percent (wt.%)

Average deposition time (in mins)

10 wt.%
20 wt.%
30 wt.%
40 wt.%

50 wt.%

26

46

75

105

125

The weight of the Ni foils was measured before and after electroplating to determine the

weight of Cu deposited. The weight percentage of Cu on Niis then calculated using the relation-

ship:

wt.% =

Wtafter - Wtbefm"e

Total weight of plated foil

x 100 (3.2)
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where Wt ., is the weight of the foil after Cu electroplating, Wt s is the weight of foil
before Cu electroplating and the total weight of the plated foil is the same as W, .. Figure 3.7

shows the Cu electroplated Ni foils before alloying them during thermal annealing process.

NiCu alloys

Figure 3.7: Cu electroplated Ni foils of various weight percentages before thermal annealing.

Only the electroplated Ni foils with Cu weight percentages within +1 wt.% were used to pre-
pare NiCu alloys. After careful selection of these electroplated foils, they were thermally an-
nealed in reduction environment with H,/N, gas flowing at ~200 sccm at 1030°C for >5 hours.
The foil weight was measured before and after thermal annealing to ensure no weight change.
None of the samples showed a weight changed after alloying. Table 3.4 shows the various NiCu
alloy compositions that were prepared and the naming convention that was used throughout

this study.
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Table 3.4: Table of all the Ni-rich alloys used for this work.

Alloy composition (Ni;_,Cu,) | Naming convention (NiCu,)
NigoCuyg NiCu10
NigoCuyg NiCu20
NizoCuszg NiCu30
NigoCuyg NiCu40
Ni5oCusg NiCu50

3.7 Mechanical polishing of alloys

Electropolishing using the recipe created for Cu (as was described in Section 3.2) was used to
prepare the surface of alloys samples. However, electropolishing led to selective etching of Cuin
both the CuNi and NiCu foils. The technique was abandoned. Instead mechanical polishing was
chosen as it was shown that mechanical polishing does not preferentially etch Cu or Ni species
in the alloy samples like electropolishing [202,205] and allows to prepare smooth surface of the
alloyed foils. After the alloying process, both CuNi and NiCu foils were cut into smaller ~6 mm
X 6 mm in a trapezoidal shape, similar to Cu samples. The corners of the trapezoidal-shaped
samples were cut to be able to distinguish the alloy composition with a naked eye. The shapes

of the CuNi and NiCu alloyed foils are shown in Figure 3.8.
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Figure 3.8: Sample shapes of Cu and the alloys. The cuts indicate the specific composition of the alloy
sample.

The cut samples were pressed using a hydraulic press (~0.35 GPa) to flatten the samples and
to induce plastic deformation. The flattened samples were then mounted on a double-sided
scotch tape and attached on a metal chuck as shown in Figure 3.9. Numerous chucks were used
depending on the number of samples. Generally, 10 and 20 wt.% of CuNi and NiCu and 30-50
wt.% of CuNi and NiCu were placed on separate chucks. A Buehler Vibromat vibratory polisher
was used for mechanical polishing. Aslurry (details below) was prepared and dispersed into the
vibratory polisher after a fresh polishing pad (Allied High Tech) was placed. The metal chucks
with the CuNi and NiCu samples mounted were then inserted into the slurry and the polishing

procedure was started.
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Figure 3.9: CuNi and NiCu samples mounted on metal chucks for mechanical polishing. A double-sided
scotch tape is used to hold the samples to the metal chuck.

Three different slurries were used with varying results: a colloidal Silica slurry (0.05 um)
had a pH of ~8-9 and led to mild corrosion on the edges of the samples; Diamond nanoparticle
slurry (1 um and 0.05 um) was too hard and would embed itself into the alloy; an agglomerated
a-Al, O3 (1 um) was better of the three, but would occasionally embed itself as lumps into the
sample. To ensure both grinding and polishing of the sample surface took place, two different
polishing steps were used to qualitatively attain a very smooth surface finish.

For the grinding step, a 1 um deagglomerated a-Al,05; powder (Allied High-Tech Products)
of ~50 g was poured into the fresh clean polishing pad. DI water was then poured into the pol-
ishing pad and the polisher was set to 100% vibrating intensity until the alumina powder was
completely dispersed. Then, the metal chucks were placed onto the polishing pads at 30% vi-
brating intensity and polished for 10-16 hours. The quality of the grinding step was assessed
every two hours using a metallurgical optical microscope with Nomarski. When the samples
appeared smooth, the final polishing step was used to further polish the surface. For the final
polishing step, a 0.050 um deagglomerated a-Al,03 powder (Allied High-Tech Products) with DI
water was used as a slurry and prepared similar to the grinding slurry. After the grinding step,

the samples were transferred into the polishing slurry and were set to be polished for 2-3 days
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at 30% vibrating intensity. The samples were examined every 3-4 hours to assess the polishing

quality. Figure 3.10 shows samples while still mounted on the polishing chuck before removal.

Figure 3.10: Polished alloy samples mounted on polishing chuck before removal.

After the samples were polished, IPA was sprayed onto the samples while they were on the
polishing chuck and soaked for about 30 secs. A blade was used to gently dislodge the samples
from the double-sided scotch tapein a slicing action, while IPA was still on the tape. After all the
samples were dislodged, they were ultrasonicated with Acetone and IPA for 10 minutes in each
solvent. The cleaning procedure was repeated twice to ensure complete removal of residual
scotch tape glue. DI water was not used in the rinsing step as some of the samples corroded in
several days after water rinsing. The samples were then dried by blowing nitrogen to remove
the residual IPA. The samples were placed in a plastic container and stored in a nitrogen storage

cabinet.
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3.8 h-BN growth on metal substrates

Following the surface preparation of the Cu and alloys, the samples were placed in a py-
rolitic boron nitride (PBN) crucible for h-BN growth on Cu (Figure 3.11a) and alloyed samples
(Figure 3.11b). The crucible with multiple samples is loaded into the home-built vertical APCVD
reactor and pumped down to a pressure of 1072 Torr (Figure 3.12). The vertical reactor enables
h-BN growth on several samples in the same growth run.

The samples were thermally annealed in a reducing environment at 1030°C under a flow of
180 standard cm?® min—! (sccm) of N, and 20 sccm of H,, for ~5 hours to remove native oxide from
the surface and to cause the Cu grain recrystallization. h-BN is then grown in atmospheric pres-
sure (1.1 PSIG) usingammonia borane (H;NBH3, BoroScience International, Inc. 99.9% purity) as
a precursor. The precursor is sublimated upstream at temperatures of 60-90°C and transported
by 1.1 PSIG (816 Torr) of a carrier gas (mixture of 840 sccm of N, and 20 sccm of H,) to the reac-
tor. Different growth times were used for the following studies: 1) For h-BN morphology studies,
h-BN was grown for 30 mins with a carrier gas flow rate of 850 sccm. 2) For electropolishing stud-
ies, h-BN was grown for 20 mins with a flow rate of 850 sccm. 3) For h-BN growth dependency
on Cu microstructure studies, a growth time of 20 mins with a flow rate of 960 sccm was used.
4) For h-BN growth on alloys, a growth time of 60 mins with a flow rate of 740 sccm was used.
After CVD growth, the samples were cooled down at ~100°C/hr and removed from the furnace

for further characterization.
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10 mm

Figure 3.11: Sample placed in a pyrolytic BN crucible. a) Cu samples in the crucible before growth. b)
Alloyed samples with control samples Ni and Cu in crucible before growth.
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Figure 3.12: Vertical APCVD reactor for growing h-BN. Reprinted with permission from [67]. Copyright
2015 Royal Society of Chemistry.

3.9 Characterization conditions

The characterization conditions and methods employed to study the h-BN growth, Cu and
Cu-Nialloy substratesis as follows. Fourier transform infrared reflection absorption spectroscopy
(FT-IRRAS) was used to confirm the growth of h-BN on Cu surface. A Thermo Scientific Nicolet
8700 spectrometer with a grazing-angle accessory from Harrick Scientific Products was used to

perform FT-IRRAS. The incidence angle was 75°, and the spectra were obtained in p-polarization.
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Aliquid nitrogen cooled HgCdTe (MCT-B) detector was used and the data obtained was averaged
over 1000 scans at 4 cm~! resolution.

SEM was used to assess the lateral growth and nucleation density of h-BN on Cu. SEM was
performed using a JEOL SEM with 5 keV accelerating voltage and 83 pA of probe current. All the
SEM images were obtained in both in-lens and secondary electron modes.

Tapping mode AFM (Veeco D5000) with phase imaging was also performed directly on Cu
foils after growth to confirm the thickness of h-BN and to assess the lateral sizes of h-BN crystals.
An AFM tip (Budget Sensors Tap150-G) with a tip radius of <10 nm was used, and the AFM images
were obtained with a scan rate of 1 Hz. Contact mode AFM (CM-AFM) was performed on Veeco
D5000 with lateral force microscopy (LFM) enabled. The tips were obtained from Bruker (MSNL-
10), which has several rectangular and triangular cantilevers. The ‘F’ triangular cantilever tip
with a spring constant of 0.6 N/m was used for contact mode imaging.

STM was performed using a freshly cut tungsten (W) tip, which was etched in diluted nitric
acid and hydrochloric acid to remove metal contaminants. The tip was finally rinsed off with
acetone, isopropyl alcohol (IPA) and deionized (DI) water. STM was performed in room temper-
ature on an Omicron Nanotechnology UHV-VT-STM with Nanonis SPM Controller. All the STM
images were performed in constant voltage mode to ensure that the tip does not crash into the
sample. To find the optimum potential that gives the best STM image, images were obtained at
various voltages ranging from -4 Vto 4 V at every 1V step. A tip potential of -1V was used, which

had the least amount of noise in the image.
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4. APCVD GROWTH OF H-BN ON POLYCRYSTALLINE CU SUBSTRATES

This section is divided into three subsections, which will discuss the growth morphology of
h-BN on Cu, the effect of Cu surface preparation and the Cu grain orientation. The first sub-
section (Section 4.2) will discuss the growth morphology of h-BN on an unprepared polycrys-
talline Cu substrate and its assessment using scanning probe microscopy (SPM). The next sub-
section (section 4.3) explains the effect of Cu surface preparation technique, where the h-BN
domain size increases, and the secondary nucleation on continuous h-BN films are minimized.
Graphene is also grown on surface-prepared Cu as a testbed to demonstrate the benefits of Cu
surface preparation. The last subsection (Section 4.4) explores the explores the dependency of

Cu grain orientation on h-BN crystal nucleation density.
4.1 Introduction

Large-scale commercialization of 2D material devices relies on understanding the nature
and growth morphology of CVD grown h-BN on polycrystalline Cu using various spectroscopic
and electron microscopic techniques. The growth morphology encompasses crystal size, shape,
and texture of h-BN on Cu. At the time of publication, there is limited literature on the morphol-
ogy of CVD-grown h-BN on Cu [206, 207,208, 209]. This work utilizes ultra-high vacuum STM,
ambient AFM and SEM to assess the morphology of the CVD grown h-BN films to provide a pre-
liminary insight into the growth mechanism and the influence of Cu substrate on h-BN growth.
Since CVD growth of h-BN is self-limiting on Cu, the Cu surface features are expected to influ-
ence and potentially dominate the h-BN growth mechanisms. Hence, there is a need for ultra-
smooth and morphologically homogenous starting Cu surface to allow for deliberate control of
h-BN crystal quality. Additionally, as the growth of h-BN takes place on polycrystalline Cu, the

impacts of polycrystalline Cu grain orientation on h-BN is also studied.
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4.2 Growth morphology of h-BN on Cu
4.2.1 FT-IRRAS characterization of h-BN

FT-IRRAS is used to confirm the growth of h-BN on Cu [67,68,69] by using the characteristic
vibrational modes of h-BN. Figure 4.1a shows a typical FT-IRRAS spectrum of h-BN on a Cu foil
substrate, which shows the position of primary vibrational modes [67]. Only the out-of-plane
A, (LO) IR-active vibrational modes can be observed using FT-IRRAS (Figure 4.1a). The in-plane
vibrational modes, E;,, (TO) at 1368 cm~! and E;,, (LO) at 1610 cm~! are IR-active modes, which
measure extremely weakly on FT-IRRAS. The Raman peak of h-BN E, (TO) at 1368 cm ™! is also
weak, Raman spectroscopy is not a technique of choice used for rapid confirmation of h-BN films
(1-2 monolayers) grown on metal substrates [67,210].

As the Ay, peak (823 cm™1) is the most active peak of h-BN, higher resolution scans were
collected to differentiate h-BN growth on various samples (Figure 4.1b). The Ay, peak can shift
depending on the interaction with the substrate (Figure 4.1b) for both polycrystalline Cu and Ni
samples, shown from the same growth run [67]. Both the Cu and Ni samples exhibit the Ay, (LO)1
(819 cm~! for Cu and 815 cm~! for Ni) and A5, (LO)2 (823 cm~!) bands, where A,,(LO)1 indicates
regions in the sample with stronger h-BN-substrate interaction (Figure 4.1b). The results (Fig-
ure 4.1b) also show that Ni substrate induces stronger h-BN coupling to the substrate than Cu,
which can be inferred from the lower wavenumber (815 cm~!) on Ni substrate in comparison
to Cu (818.3 cm™!) [67,158, 211]. The A,,(LO)2 peak indicates presence of the h-BN regions with

weaker substrate interaction and appear at a similar wavenumber for both Cu and Ni.

46



0.035 v - v T T
a) E,, (TO) Ey, (LO) b) I I h-BN on Cu and Ni after growth
g
1368 cm™? 1610 cm 1
Ay (LO)

823 cm

0.030

- \//\4\/\

0.020

Intensity (a.u.)
Intensity (a.u.)

T T T T T T T T T Y T T T T T T T T T T T T
700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 760 780 800 820 840 860 880 900

Wavenumber (cm™) Wavenumber (cm™)

Figure 4.1: a) Typical FT-IRRAS spectrum for a 2D h-BN film on Cu [67], b) Representative spectra of dif-
ferent alternatives found within FT-IRRAS of 2D h-BN film on Cu and Ni for Ay, (LO) vibration with two
sub-bands: A, (LO)1 and Ay, (LO)2. (a-b) Reprinted with permission from [67]. Copyright 2015 Royal So-
ciety of Chemistry.

4.2.2 SEM characterization of h-BN

SEM shows any structural abnormalities in h-BN crystal or film that indicate suboptimal
growth conditions, thus lending itself as a reliable technique to assess the h-BN nucleation den-
sity, distribution and film morphology. There are two primary crystal shapes of h-BN: triangular
and hexagonal (Figure 4.2). The triangular crystal shape is an indication of N-termination at the
h-BN crystal edge, while the hexagonal shape indicates B-termination at the edges [57, 157].
The N-termination is thermodynamically more favorable and stable h-BN crystal shape, and
B-termination indicates a metastable h-BN shape. Other, less defined, crystal shapes such as
“star-shaped” (Figure 4.2a) and poorly defined rhombohedrals are also present, and is consid-
ered as an extension of the triangular shape [57,157]. Any crystal shape other than triangular
indicates non-uniform growth rates on the edges of h-BN crystal, leading to anomalous crys-
tal shapes (Figure 4.2c and 4.2d) [57,157] that are sub-optimal for monolayer growth. The SEM
micrographs also show that h-BN nucleation occurrs frequently from a site at the center of the

h-BN crystal similar to graphene [212]. The potential nucleation site (Figure 4.2a) can also be
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observed in Figure 4.2d.

Star-shaped

Nucleation Eiide
site Triangular

Polycrystalline
Cu substrate

Figure 4.2: SEM micrographs of various h-BN crystal shapes formed using CVD. a) Star-shaped and tri-
angular shaped are indicated, b) hexagonal shaped h-BN crystal [66], c) and d) h-BN crystals grown in
sub-optimal conditions. (b) Reprinted with permission from [66]. Copyright 2014 American Chemical
Society.

4.2.3 Characterization of h-BN morphology on Cu using scanning probe microscopy

Scanning probe microscopy (SPM) techniques, AFM (Tapping and Contact mode), and STM
is used to further assess the h-BN crystal and film morphology on Cu. Tapping Mode AFM (TM-
AFM), with phase imaging enabled, probe the surface topography of h-BN films grown on Cu
at two different scan sizes: 10 um x 10 um and 5 um x 5 um (Figure 4.3). One of the key ex-
pectations of h-BN is to have a smooth topography with low surface roughness that will act as

an excellent substrate to grow other 2D materials such as graphene and h-BN. However, from

48



the topographic AFM scans (Figures 4.3a and 4.3c), the surface is observed to be extremely cor-
rugated with ridge-like features. Phase imaging provides information on the surface adhesion
due to changes in material composition [213], and it confirms that the topography is not an arti-
fact (Figures 4.3b and 4.3d). Although the figures do not explicitly distinguish between material
composition, they reveal the variation in phase arising from ridges (Figure 4.3d) as ascribed to

the ridged nature of the h-BN on Cu.
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Figure 4.3: a and b) Tapping mode AFM images of h-BN film on polycrystalline Cu using topography
and phase imaging modes, respectively. c and d) enlarged images of the topography and phase imaging
modes shown in images a and b, respectively.
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A TM-AFM scan of higher magnification quantified the variation in the ridges on the surface
to better resolve these features. A 2 um x 2 um AFM scan with the same tip velocity on the
same region as Figure 4.3c shows much better resolution of the ridged features (Figure 4.4a).
The ubiquitous bright white spots in Figure 4.4a are confirmed to be the nucleation sites. Al-
though not much additional information is deduced from the phase image (Figure 4.4b), it still
illustrates inhomogeneities on the sample that a phase change indicates. Figure 4.4c provides
a three-dimensional representation of topography image from Figure 4.4a. The topographical
scan provides three height profiles: vertical, horizontal and diagonal (Figure 4.4d, 4.4e, and 4.4f,
respectively). The height profiles show variations of ~12 nm on nearly all the samples. While,
there is convincing evidence that the ridges or corrugations are real, the source of corrugations

remain unclear.
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Figure 4.4: Tapping mode AFM and height profiles of a smaller (2 um x 2 um) scan of Figure 4.3c. a)
Topography and b) Phase image, c) 3D image of topography, d) height profile of 1, e) height profile of 2,
f) height profile of 3.

As these corrugations appear in both topography and phase image on a complete h-BN film,
contact mode AFM (CM-AFM) of h-BN crystals on Cu is performed to assess the topography of
h-BN and Cu after growth. A soft AFM cantilever probe in CM-AFM is brought into the repulsive
regime of the surface to increase the resolution of the topographical features [213] and to ensure
the tip does not damage or distort the topography of h-BN on Cu. CM-AFM also has a secondary

imaging mode known as lateral force microscopy (LFM) or frictional force AFM, which provides

51



the variation in friction of h-BN and Cu surfaces.

Figure 4.5 shows a summary of CM-AFM results of h-BN crystals on Cu. Triangular-shaped
h-BN crystals are clearly found in both topography and friction images (Figure 4.5a and 4.5b,
respectively). The topographical features, mainly the height and the presence of corrugations,
are consistent with those observed for the same sample using tapping mode AFM (Figures 4.3
and 4.4). However, LFM resolved the corrugations in much greater detail, appearing to be uni-
directional irrespective of the h-BN crystal orientation. The height profiles are consistent with
values obtained using tapping mode AFM for both the horizontal and vertical profiles on Cu and
h-BN.

The line profiles of h-BN on Cu (Figure 4.5a) are much more well resolved on contact mode
AFM than on tapping mode AFM (Figure 4.4a). There is a noticeable difference in the variations
of height on h-BN on Cu and Cu substrate; Cu appears to have lower peak-to-peak variations in
the line profile than h-BN indicating that Cu has greater smoothness. The frictional force signal
showed a greater than 2 x difference in friction between h-BN and Cu, 20 mV and 8 mV, respec-
tively. The AFM results, both TM-AFM and CM-AFM, raise an important question whether h-BN
is exhibiting corrugation because it is reflecting the Cu surface, or it forms ripples on a smooth

Cu surface?
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Figure 4.5: Contact mode AFM images of h-BN crystals on Cu, a) Height image and b) Friction image. The
line profiles on Cu and h-BN for height are shown in c) and d), respectively. The line profiles on Cu and
h-BN for friction are shown in e) and f), respectively.

Both TM-AFM and CM-AFM imaging are performed at room temperature in ambient pressure
conditions. These conditions lead to water meniscus forming at the tip [214], which reduces the
resolution of AFM images, and the subtleties of the corrugations cannot be well understood. To
mitigate ambient effects and confirm the findings from CM-AFM, ultrahigh vacuum (UHV) scan-
ning tunneling microscopy (STM) is performed. Figure 4.6 shows a summary of STM images of
the same h-BN crystal on Cu at various probe potentials. Since the h-BN crystal appears well
resolved and with -1V probe potential showing low susceptibility to noise, a tip potential of -1V

is used for subsequent STM.
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Figure 4.6: STM images of h-BN crystal on Cu taken at various tip potentials.

STM images are obtained at -1V across various regions until an isolated h-BN crystal can
be found. Smaller 500 nm x 500 nm STM scans at both 0°and 90°scan angles (Figure 4.7a
and 4.7b, respectively) confirm that the corrugations on h-BN are real and not artifacts. These
results are also in congruence with the TM-AFM and CM-AFM results. However, the Cu surface

appeared comparatively smoother than h-BN (Figure 4.7¢) in the 3D representation of STM im-
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age at 90°scan angle. As discussed previously, this raises two possible scenarios for the cor-
rugations of h-BN: i) folds in the h-BN crystal due to reflections of Cu surface (Figure 4.7d), or
ii) due to difference in thermal expansion of h-BN and Cu (Figure 4.7¢e). As the corrugations on
both the scan angles are identical, this effectively ruled out the case where h-BN is free-floating
(Figure 4.7d), as free-floating h-BN will be perturbed when an STM tip is scanned in very close

quarters.

Scan Angle: 0° Scan Angle: 90°

2.5nm

2.0

1.5

1.0

0.5

0.0

Figure 4.7: STM images of h-BN crystals on Cu at a) 0-degree scan angle and b) 90°scan angle, c) 3D
image of 90°scan angle, d) Proposed schematic of h-BN independent of Cu surface profile, e) Proposed
schematic of h-BN following Cu surface profile.

SEM, both in-lens and secondary electron mode, is used to assess the morphology of h-BN
crystals on Cu. In-lens imaging is more sensitive to surfaces and therefore can resolve h-BN and
Cu regions, which have different work functions. The secondary electron mode can provide to-

pographical information of the same region. These two SEM imaging modes are used to corre-
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late regions where h-BN crystals and Cu regions are present. Figure 4.8 shows SEM micrographs
of h-BN crystals on Cu at various magnifications on a single Cu grain (Figure 4.8a-d) and across
neighboring Cu grains (Figure 4.8e-f). The corrugations appeared only in the regions where h-
BN crystalis located (Figure 4.8b and d). Corrugations in varying directions can be seen on h-BN
crystals grown across neighboring Cu grains (Figure 4.8e-h). This indicates that the corrugations
are a reflection of the Cu surface and corrugations appear only where h-BN crystal forms on the
Cu surface.

In agreement with AFM and STM results, SEM micrographs reveal a smooth Cu surface wher-
ever h-BN crystals are not present. The corrugations appeared only in the regions where h-BN
crystal was located (Figure 4.8b and 4.8d). Leon et al also discussed the extremely low rough-
ness of native oxide of Cu, where they reported a roughness of <1 nm using an AFM on a 700
nm x 700 nm scan [215]. Roos and Rauh reported a low surface roughness of Cu native ox-
ide [216, 217], which was assessed using profilometric and ellipsometric methods. In compar-
ison, the Cu roughness is ~ 2-3 nm as obtained from AFM image on a 5 pm x 5 pum size from
the AFM and STM characterization in this study. Additionally, Ibrahim et al also reported the
observation of corrugated regions for graphene on Cu [218]. They also reported that graphene
promotes reconstruction of Cu surface leading to step bunching, by preventing the evaporation
and diffusion of Cu atoms. Hayashi et al also discussed corrugated nature or observance of step
bunching on Cu surface after graphene growth [219].

As the h-BN growth mechanism is similar to graphene on Cu foil substrates, h-BN also pro-
motes surface reconstruction of Cu surface. This means that h-BN is preserving the Cu surface
morphology from native oxide formation on Cu surface thereby reflecting the corrugated Cu
surface. The oxidation prevention property of h-BN was also reported for CVD-grown h-BN films
in the literature [220, 221, 222]. The regions where no h-BN crystals are present on the Cu sur-
face, the exposed Cu surface forms a native Cu oxide. This results in a smooth appearance of Cu

surface and corrugations on h-BN when observed under STM and SEM.
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Figure 4.8: Tableau of SEM micrographs of h-BN crystals growing on Cu at two different magnifications:
a) In-Lens detector at 2000X magnification, b) Secondary Electron detector at 2000X magnification, c) In-
Lens detector at 10KX, d) Secondary Electron detector at 10kX magnification. Images (a-d) are from the
same Cu grain. e) In-lens detector image at 5000X magnification, d) Secondary Electron detector at 10kX
magnification, g) In-lens detector image at 5000X magnification, h) Secondary Electron detector at 10kX
magnification. Images (e-h) are across neighboring Cu grains. The orientations of h-BN corrugations on
each Cu grain is indicated in (f) and (h).
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4.2.4 Coalescence of h-BN on Cu

A closer observation of the quasi-film of h-BN (Figure 4.8) reveals the polycrystalline grain
boundary of the h-BN film, indicated by the bright white outline at the edges of the h-BN grain.
STM is performed on neighboring h-BN crystals to assess the coalescence of h-BN. STM offers a
much higher resolution than TM-AFM and CM-AFM because the resolution of these modes are
limited by the tip radius [213] and the resolution can deteriorate further because of water menis-
cus on the tip [214]. STM images reveals the variations in crystal merging at the nanoscale (1-10
nm) level (Figure 4.9). Two different neightboring h-BN crystals are imaged with a scan size of
1um and 2 um (Figure 4.9a and 4.9b) and their topographical profiles are shown in Figure 4.9c
and 4.9d, respectively. The line scan reveals a gap of x50 nm between the neighboring crystals,
which is characterized by the presence of a void or trench-like structure obtained from the line
scan (Figure 4.9¢). The void between the crystals can be observed horizontally (Figure 4.9¢) and
vertically (Figure 4.9d). The height profiles showed a similar gap in-between h-BN crystal, indi-
cating that the voids are real features. Thus, STM imaging demonstrated that h-BN films grown

on Cu do not fully coalesce, which is essential for h-BN film continuity.
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Figure 4.9: STM images of two h-BN neightboring crystals. a) STM image with a1 um x 1 um scan size, b)
STM image with a2 um x 2 pm scan size. The height profiles shown in c) and d) are indicated in (a) and
(b), respectively.

4.2.5 Summary

FT-IRRAS offers a method to quickly confirm the growth and to assess the h-BN-substrate
coupling from the peak shifts of the Ay;; (823 cm™1) vibrational mode. The AFM, STM and SEM
characterization results (Figures 4.4-4.8) establish that h-BN is following the surface profile of
the Cu substrate, while simultaneously protecting the Cu surface from oxidation. This also re-
veals that the Cu surface is extremely rough and not ideal for the growth of a 2D material like
h-BN. In addition, h-BN film appeared to have poor coalescence as there is a noticeable gap of
about 50 nm measured between h-BN neighboring crystals using STM. To mitigate these prob-
lems, there is a need for a surface preparation technique to smoothen the Cu substrate before

h-BN growth [206, 207,208, 212,218,223, 224].
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4.3 Influence of Cu surface preparation on h-BN and graphene growth

To better understand the role of Cu surface on h-BN growth, it is important to assess the Cu
foils as supplied by the vendors such as Alfa Aesar and Sigma Aldrich. The first step of the pro-
cess is to cold roll the Cu ingots into two metal rollers (Figure 4.10) at room temperature and
ambient pressure [225, 226]. Multiple studies have demonstrated that this method leads to a
smaller Cu grain size, as well as transfer of imperfections and impurities from the metal rollers
to the imprinted Cu foil (Figure 4.10b and 4.10c) [212,227,228]. The smaller grains also contribute
to an overall increase in the amount of grain boundary perimeter, which act as a potential nu-
cleation site that limit the areal growth of h-BN. Additionally, it is shown the impurities that
embed themselves during the cold rolling process also act as potential nucleation site, disrupt-
ing the continuity of 2D film growth [212]. The surface also has a high amount of oxide (CuO,),
which reduces the overall catalytic properties of Cu [100]. This makes the Cu surface extremely

unsuitable for the growth of atomically thin 2D materials.
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Figure 4.10: Cold rolling process of Cu. a) Cu ingot is fed into rolling pins and Cu foil comes out, b) Mor-
phological state of rolled Cu foil, c) Rolling pins imperfections imprinted on Cu foils. Image obtained and
modified from [48].

Various methods were reported [100] to mitigate these issues such as etching in diluted Ni
and acetic acid [229, 230, 231], thermal annealing in H,/N, environment [191,230, 232,233,234,
235, 236], and mechanical polishing [237]. While these methods offer improvements over na-
tive substrates, there remain secondary issues such as etch pits and acid residue on the surface.
Thermalannealingin areduction environment was reported to enlarge grains through recrystal-
lization [192,232,233], while also removing the native oxide [234,235,236] on Cu surface. How-
ever, thermal annealing also introduces surface defects such as step edges that became more
prominent [238]. Based on extensive literature review, there appears to be no comprehensive
solution reported to facilitate large Cu grains, with no native Cu oxide and atomically smooth
surface roughness. This work employs a two-step process to address these issues: thermal an-

nealing and electropolishing. Thermal annealing increases the Cu grain size, removes the Cu
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oxide and smoothens the Cu foil (Figure 4.11). Atwo-additive electropolishing was developed to
further smoothen and brighten the Cu surface, leaving a Cu surface that was ideal for 2D material

growth [48].
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Figure 4.11: Schematicillustration of surface improvement after thermal annealing and electropolishing
process. a) Recrystallization of Cu grains leading to larger grains after thermal annealing, b) Cu native
oxide removal and c) Cu surface smoothening during thermal annealing in reduction environment, d)
Cross-sectional view of the evolution of Cu surface with different processing conditions. Image obtained
and modified from [48].

SEM reveals that the Cu surface is riddled with features such as rolling lines, step edges, grain
boundaries, and impurities, necessitating a discussion on the state of the vendor supplied Cu

foil. Figure 4.12 shows the SEM micrographs using both in-lens and SE mode and with two dif-
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ferent magnifications (500X and 2000X) of the Cu surface. The result of cold rolling process is
evident in the micrographs in the presence of the smaller grains that are clearly visible from dif-
ferent contrasting region in the SE mode micrograph (Figure 4.12b). The metal rolling pins that
imprint rolling lines on the Cu foil are visible at both the magnifications (Figures 4.12b and 4.12d)
but are more evident under the SE mode (Figure 4.12d). The surface morphological analysis us-

ing SEM conveys the poor state of Cu surface that makes it unsuitable for 2D material growth

Figure 4.12: SEM micrographs of Cu surface a) In-Lens at 500X magnification, b) secondary electrons at
500X magnification, c) In-Lens at 2000X magnification, d) secondary electrons at 2000X magnification.

The aforementioned two-step thermal annealing and two-additive electropolishing step over-
comes the imperfections of the Cu foil. The details of the two-step method are discussed in
Section 3.2 and the development of the method is reported in [48, 69]. The thermal annealing

step reduces the native Cu oxide, leading to Cu grain enlargement and surface smoothening.
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This involves annealing the Cu sample at 1030°C for >5 hours in H,/N, (20/180 sccm) environ-
ment under atmospheric pressure. The electropolishing step further removes the native ox-
ide, surface defects, and planarizes the Cu sample. As described in the experimental section
(Section 3.2), the electropolishing setup has a Cu anode, Pt cathode, and an electrochemical
bath solution. Utilizing pure phosphoric acid to electropolish the Cu foil causes the formation
of etch pits caused by oxygen bubbles [239, 240, 241,242,243,244]. This is overcome by making
an etchant composed of phosphoric acid, acetic acid, and ethylene glycol in a 2:1:1 ratio by vol-
ume. This decreases the current density and slows down the release of oxygen bubbles at the
Cu anode [239, 240, 241,242,243, 244].

Figure 4.13 shows optical micrographs as well as Nomarski images of the Cu surface after
each processing step. Following the cold rolling process described above, the Cu surface is
filled with rolling lines as seen in the optical micrograph (Figure 4.13a). After thermal annealing,
the optical micrograph shows the Cu surface smoothens as expected (Figure 4.13b). The No-
marski image (Figure 4.13e) reveals variations such as step edges on the Cu surface. After elec-
tropolishing, the Cu surface is free of these surface defects and appears extremely planarized
(Figure 4.13c). The Nomarski image shows a wavy nature of the Cu sample, which could have
formed during sample handling as the Cusample is measured to be only ~18 um thick after elec-
tropolishing. The surface smoothness of the Cu foil substrate after the two-step process makes

it suitable for 2D material growth.
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Figure 4.13: Optical micrographs of Cu surface after each processing step a) Vendor supplied Cu, b) Cu
thermally annealed, c) Cu thermally annealed and electropolished. Nomarski image of d) Cu, e) Cu ther-
mally annealed, f) Cu thermally annealed and electropolished. Image obtained from [48].

Figure 4.14 shows topographicalinformation from the SEM micrographs for the Cu substrates
after various stages of the surface treatment process. Consistent with the optical images from
Figure 4.13, the vendor-supplied Cu ingot is rough with rolling lines and small Cu grains (Fig-
ure 4.14a). Thermal annealing increases the grain size of Cu from ~5-10 um to >100 pum and the
rolling lines are noticeably absent after this process (Figure 4.14b). Further electropolishing of
the thermally annealed sample smoothens and planarizes the Cusample allowing the Cu grains

to become clearly visible (Figure 4.14c).
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Figure 4.14: SEM micrographs of Cu samples in secondary electron imaging mode. a) Vendor supplied
Cu, b) Cu thermally annealed, c) Cu thermally annealed and electropolished.

4.3.1 The effects of Cu surface preparation on h-BN growth

To assess the influence of surface preparation on h-BN crystal growth, h-BN is grown on two
sets of Cu samples: vendor supplied Cu, and thermally annealed and electropolished Cu. h-BN
is grown on all Cu substrates under identical conditions, as described in Section 3.2. Figure 4.15
shows the SEM micrographs of h-BN crystals on unpolished Cu (Figure 4.15a) and polished Cu
(Figure 4.15b) . The unpolished Cu substrate features a high density of h-BN crystals with a size
of ~1 um. The density is calculated to be ~38 x10°/cm? from counting the number of h-BN nu-
cleates (=178 crystals) in the SEM image and dividing the value by the area of the SEM image.
On the polished Cu substrate, there is significant decrease in the density of h-BN crystals but
with an increase in crystal to ~4 pm. The h-BN crystal density is calculated to be ~38x10%/cm?
from the number h-BN nucleates (=15 crystals). The decrease in density of h-BN crystals and
increase in crystal size demonstrates the impact of thermal annealing and electropolishing pro-

cessing technique in the reduction of nucleation site density of h-BN.
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Figure 4.15: SEM micrographs of h-BN crystals grown a) unpolished Cu, b) thermally annealed and elec-
tropolished Cu. The two-step annealing, electropolishing results in the reduction of density of h-BN crys-
tals and increase in crystal size. Reprinted with permission from [69]. Copyright 2017 American Chemical
Society.

h-BN film is grown on vendor supplied Cu and Cu prepared with the two-step surface prepa-
ration technique to assess the influence of surface preparation of the film quality. Figure 4.16
shows the SEM micrographs of h-BN films grown on Cu and surface prepared Cu substrates un-
deridentical growth conditions. The SEM micrographs taken at 2000X and 5000X magnification
(Figures 4.16a and 4.16b) show that the h-BN film on Cu is frequently riddled with secondary
nucleation, which is an agglomeration of more than one layer of h-BN with lateral sizes in hun-
dreds of nanometers. It is commonly observed at or near the spike-like nucleation sites, h-BN
films close to Cu grain boundaries and at the polycrystalline h-BN film grain boundaries. The ex-
istence of secondary nucleation is undesirable as it reduces the overall film uniformity. As h-BN
filmis also grown on electropolished Cu, the role of impurities is expected to be minimized lead-
ing to better film uniformity. The absence of observable secondary nucleation on the h-BN film
grown on electropolished Cu (Figure 4.16c and 4.16d) demonstrates that the Cu foil substrates
prepared using the two-step thermal annealing and electropolishing process yields a uniform

monolayer of h-BN film.
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Figure 4.16: SEM micrographs of h-BN film on Cu and electropolished Cu at two different magnifications
a) Cu at 2000X, b) Cu at 5000X, c) Electropolished Cu at 2000X, d) Electropolished Cu at 5000X.

4.3.2 The effects of Cu surface preparation on graphene growth

To test the versatility of the Cu samples prepared using this two-step process, graphene is
also grown on the treated Cu substrates using optimized CVD growth conditions for graphene.
Grapheneis grown on both Cu and surface-treated Cu to understand the effect of surface prepa-
ration of Cu, graphene nucleation and quality. As a vertical CVD furnace is used, the top side of
the sampleis directly exposed to the precursor flow. The back side typically has a slower growth
as it is not directly exposed to the incoming precursor flow and therefore, the front face is ex-
pected to have film growth and the back side is expected to grow graphene crystals. The benefit
of probing the front and back side of Cu substrates is that the graphene film and crystal growth
can be observed. Figure 4.17 shows the SEM micrographs of both the front (the growth face)

and the back side of the graphene grown on unpolished and electropolished Cu samples. As

68



demonstrated (Figures 4.17a and 4.17c), the graphene growth on unpolished Cu is non-uniform,
riddled with gaps, and contain a noticeable amount of secondary nucleation. On the contrary,
the electropolished Cu showed a well-coalesced graphene film forming on the front side of the
Cu sample (Figure 4.17b). The graphene crystals observed on the back side are measured to
be >50 pum in size (Figure 4.17d). This highlights the role of electropolished Cu sample for the

growth of well-coalesced graphene films and large graphene crystals.
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Figure 4.17: SEM micrographs of graphene grown on unpolished and polished Cu substrates. a)
Graphene on unpolished Cu front side, b) graphene on polished Cu front side, c) graphene on unpolished
Cu back side, d) graphene on polished Cu back side. The scale baris 10 um.

Raman spectroscopy is used to assess the structural quality of graphene films, from the shifts
in the characteristic peaks, grown on both unpolished and electropolished Cu. The thickness
and the growth quality were evaluated with the characteristic peaks: D (~1350 cm™!), G (~1582

cm™1) and 2D (~2685 cm~!) bands [245, 246, 247, 248]. The D band, also known as defect or
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disorder band, is an indication of atomic defects (point defect) present in the hexagonal lattice.
The band is typically very weak and is a result of one phonon vibrational process [245,246, 247,
248]. The D bandis dispersive and consequently the position and the shape of the band will vary
with different laser frequencies. The G band is the primary vibrational mode of 2D graphene and
3D graphite indicative of sp? hybridized carbon in hexagonal configuration [210, 245, 246, 247,
248,249,250]. The 2D or G’ band is the result of two phonon lattice vibration process. However,
unlike the D-band, the 2D band does not arise due to defects and can be observed even when
there is no D-band present in the spectra. The D, G, and 2D bands are useful to determine the
layer thickness and the growth quality with reference to the lack of defects [210, 245, 246, 247,
248,249, 250].

The layer thickness of graphene can be determined by the shiftin the G-band, which shifts to
lower energy indicating softening of the bonds as the layer countincreases. Simultaneously, the
2D band, mainly its shape and intensity, can also be used to determine the layer count [210, 245,
246, 247,248,249, 250]. Unlike the G-band, the 2D band is dispersive, which makes it sensitive
to defects and functionalization [210, 245, 246, 247, 248, 249, 250]. Additionally, the 2D band
shape for single layer graphene can be fitted with a single Lorentzian peak with a full width half
maximum (FWHM) of ~30 cm~! and widens with successive layers of graphene. A defect-free
monolayer graphene has an accepted 2D to Gband (I ) intensity of two [210,245,246,247,248,
249,250]. The degree of defects within a graphene sample can also be similarly characterized.
The presence of a strong D-band is a direct indicator of presence of atomic defects, where the
intensity is proportional to the quantity of defects in the graphene sample. The atomic defects
could amount to point defects such as vacancies, and substitutional impurities [210, 245, 246,
247,248,249,250].

Figures 4.18 and 4.19 show the Raman spectra and dark field images of the region from which
spectra are obtained for both unpolished and electropolished, front and back sides of samples,
respectively. In Figure 4.18a, the front side of the graphene on unpolished Cu, there is a clear

presence of the D-peak indicating defects. There is also a notable shift in the G-band, which
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can either indicate defects or doping of graphene by the Cu substrate. Additionally, the lsp,¢
changes at different positions on the unpolished samples, which indicates inconsistent thick-
ness and excessive secondary nucleation. However, the Raman spectra of graphene on elec-
tropolished Cu are clearly different. The D-peak is present only on Point 3 of graphene grown
on electropolished Cu sample (Figure 4.18f), with no observable shift in the G and 2D bands. A
list of the D, G and 2D peak positions from the Raman spectra for the front side of the sample

are listed in Table 1.
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Figure 4.18: Raman spectroscopy and dark field optical images of graphene on unpolished and elec-
tropolished Cu (front facing) a) Raman spectra of graphene grown on unpolished Cu, b-e) dark field opti-
calimages of spectra 1-4 shown in (a). f) Raman spectra of graphene grown on polished Cu, g-i) dark field
images of spectra 1-3 shown in (f). The crosshair on all the darkfield images indicate the location where
Raman spectra was obtained.
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Table 4.1: D, G and 2D peak positions from Raman spectra of various points of graphene on unpolished
and polished Cu substrate, front side.

Point D-Peak Position | G-Peak Position | 2D-Peak  Posi-
(cm™1) (cm™1) tion (cm~1)

Point 1 0 1586 2720

Point 2 1347 1598 2697
Unpolished Front

Point 3 1363 1602 2720

Point 4 1365 1600 2712

Point 1 0 1594 2696
Polished Front Point 2 0 1588 2697

Point 3 1361 1586 2703

Raman spectra of graphene grown on the back side of the unpolished and electropolished
Cu sample is shown in Figure 4.19. Similar to the front side, graphene on the unpolished side
has a small D-peak indicating defects. While there is no noticeable shift in the G-peak, the l,p /¢
is around 2 suggesting monolayer graphene growth. The graphene growth on the unpolished
back side appeared to be of a higher quality than the front (growth) side, which is based on the
absence of D-peak. In contrast, there is no visible D peak on the electropolished Cu sample in-
dicating a lack of defects (refer Figure 4.19¢). A list of the D, G and 2D peak positions from the
Raman spectra for the back side of the sample are listed in Table 2. Additionally, the graphene
crystals, which are approximately 100 um in size, are visible using the dark field optical micro-

scope and complement the findings from the SEM micrographs (Figure 4.17).
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Figure 4.19: Raman spectroscopy and dark field optical images of graphene on unpolished and elec-
tropolished Cu (back facing) a) Raman spectra of graphene grown on unpolished Cu, b-d) dark field opti-
calimages of spectra 1-3 shown in (a). €) Raman spectra of graphene grown on polished Cu, f-i) dark field
images of spectra 1-3 shown in (e). The crosshair on all the darkfield images indicate the location where
Raman spectra was obtained.
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Table 4.2: D, G and 2D peak positions from Raman spectra of various points of graphene on unpolished
and polished Cu substrate, back side.

Point D-Peak Position | G-Peak Position | 2D-Peak  Posi-
(cm™1) (cm™1) tion (cm~1)

Point 1 1363 1598 2712
Unpolished Back| Point 2 1365 1596 2715

Point 3 0 1592 2693

Point 1 0 0 0

Point 2 0 1598 2722
Polished Back

Point 3 0 1598 2728

Point 4 0 1598 2722

4.3.3 Summary

Upon assessing the morphology of Cu, it can be concluded that the surface is composed of
impurities and structural defects, making the material non-ideal for 2D material growth. To ad-
dress this, a two-step thermal annealing and electropolishing technique is developed to create
a surface that is extremely smooth and well suited for both h-BN and graphene growth. This
resulted in enlargement of h-BN and graphene crystal size, fewer nucleation sites for h-BN, and
uniformity in h-BN and graphene growth as the secondary nucleation is eliminated.

The growth of h-BN is so far discussed from a surface-oriented perspective, focusing on the
reduction of nucleation sites and increasing the h-BN crystal size by using a novel surface prepa-
ration technique. While the h-BN crystal and film growth relationship with the Cu surface is es-
tablished in this work and in the literature [66, 69], the growth dependence on the various Cu

grain orientations of a polycrystalline sample has not been thoroughly studied in the literature.
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4.4 Role of Cu grain orientation on h-BN growth

Electron backscattering diffraction (EBSD) mapping and scanning electron microscopy (SEM)
are used to address the effect of Cu grain orientation on h-BN crystal growth on both unpolished
and electropolished polycrystalline Cu samples using APCVD. The advantage of studying h-BN
growth on polycrystalline Cu is that there are multitude of grain orientations in existence adja-
centto each other, along with the low index orientations: (100), (111), and (110). This ensures that

the entire sample has identical growth conditions: precursor flow, pressure, and temperature.
4.4.1 Microstructure of Cu foil substrates

The microstructure of Cu samples are analyzed using EBSD (as shown in Figure 4.20) to get
grain statistics such as grain size, grain orientation distribution, for two different Cu purities: low
purity Cu (99.99%) and high purity Cu (99.999%), and two different annealing temperatures for
high purity Cu. The vendor supplied low purity Cu (Figure 4.20) has a small average grain size of
~5 um, making it less desirable for h-BN growth. In contrast, the vendor supplied high purity Cu
has a larger average grain size of ~20 um (Figure 4.20b). This increases the prospects of having
a larger Cu grain after annealing, on the order of hundreds of microns, making it suitable for
h-BN growth [69]. The average grain size increases further with thermal annealing at 500°C and
1030°C (Figures 4.20c and 4.20d). As the annealing temperature increases, the smaller grains
are consumed by the adjacent larger grains during the recrystallization process, leading to larger
grains [251] (Figure 4.20d). After thermal annealing, the Cu crystal twins [252,253] form at 500°C
and are well resolved when Cu is annealed to 1030°C. Simultaneously, there is an overall domi-
nance of (100)-like orientation of Cu grains observed [254]. There is also a noticeable existence
of high index grains, where the grain orientations are neither (100), (111) or (110)-like. As grain
boundaries act as potential nucleation sites for h-BN growth, larger grains reduce the overall

boundary perimeter/area ratio limiting the role of grain boundaries as h-BN nucleation sites.

75



{100} {110}

Figure 4.20: EBSD maps of Cu foils of 25 um thickness with a) low purity Cu: 99.99% b) high purity Cu:
99.999%, c) high purity Cu annealed at 500 °C, d) high purity Cu annealed at 1030°C. The Cu grain size
increases with purity and hence, higher purity Cu is desirable for growth. After annealing, the grain size
increases through recrystallization. c) shows increase in grain in comparison with b). There is also no-
ticeable formation of twin grains. d) After annealing close to the melting temperature of Cu, the crystal
size increases even further and twin grains are distinctly formed with parent and daughter grains in twin
crystals showing different orientations. e) the inverse pole figure for the EBSD maps.

A total of five high purity Cu samples are characterized by EBSD after h-BN growth: two un-



polished Cu samples with h-BN crystals, one Cu electropolished with h-BN crystals and two Cu
samples with h-BN film. As discussed in the methods section, SEM micrographs of all the grains
in the EBSD map are obtained at various magnifications. Figure 4.21 shows a summary of SEM
and EBSD correlated micrographs of h-BN grown on Cu across grains at all the three orienta-

tions: (100), (111), (110) and high index orientations.
4.4.2 Relating h-BN growth with Cu grain orientation

Figure 4.21 illustrates differences in h-BN crystal nucleating on different Cu grain orienta-
tions on an unpolished Cu foil substrate. The dark grey triangular features are h-BN nucleates or
crystals growing on the Cu substrates. By counting the number of h-BN nucleates on the SEM mi-
crograph, the nucleation density can be obtained. On (100)-like oriented Cu grain (Figure 4.21a),
there is little, or no nucleation of h-BN observed. There are ~45 crystals on the (100)-like ori-
entation, which amounts to a density of 1.68x10° crystals/cm?. Both (111)-like (Figure 4.21d)
and (110)-like (Figure 4.21g) orientations have a higher density of h-BN crystals at ~527 and
~158 crystals, respectively. This amounts to a density of 1.97x107 crystals/cm? for (111)-like and
5.91x10° crystals/cm? for (110)-like orientations. This trend of less-preferred growth on (100)
orientations is also reported by Hite et al [68], where the surface energy of each of these crystal
orientations is assumed to dictate growth rate. In contrast to low-index Cu grains, the high in-
dex Cu grain (Figure 4.21j), has a quasi-film of h-BN forming, suggesting a much faster growth or

nucleation rate than on low indexed Cu grain orientations.
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Figure 4.21: Summary of h-BN growth across a Cu sample. a) Shows little or no nucleation on (100)-like
crystal (=45 crystals, 1.68 x10° crystals/cm?) b) and c) EBSD map of the (100)-Cu grain and the orientation
location on IPF. d) Cu grain with h-BN crystal growth (=527 crystals, 1.97 107 crystals/cm?) on a (111)-like
oriented Cu grain shown in e) and f) EBSD map of the grain and the orientation on IPF. g) Cu grain with h-
BN crystal growth (=158 crystals, 5.91x10° crystals/cm?) on a (110)-like oriented Cu grain shown in h) and
i) EBSD map of the grain and the orientation on IPF. j) The high index (HI) region where a quasi-film growth
is observed. k) and ) EBSD map of the grain and the grain orientation on IPF. The approximate region of
where SEM micrograph was taken is indicated on the EBSD map of the grain with a dashed rectangle. The
scale bars for the EBSD maps are 25 um.
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Despite thermal annealing, which leads to an increase in Cu grain size and lower surface
roughness, there is presence of microfaceting (microscopic variations in surface facets) on the
Cusurface. The microfacets on the Cu surface were reported to influence the growth of h-BN and
graphene on Cu [163, 255]. The microfaceting cannot be observed using EBSD as the probing
depth is >20 nm [213]. Hence, an additional processing step such as electropolishing can be
used to mitigate the role of microfacets on h-BN growth and to have a planarized Cu surface.

The Cu grain dependent growth of h-BN is much more evident on the electropolished sample
(Figure 4.22). There is little or no nucleation of h-BN observed on (100)-like Cu grain orientation
(Figure 4.22a), which agrees with the h-BN growth on (100)-like unpolished Cu sample discussed
above. The density of h-BN nucleation is ~1.01x10° crystals/cm? on the (100)-like orientation.
The dark spots on the sample are possibly aminoborane nanoparticles [140], which may de-
compose upon subjecting the sample high accelerating electron voltages during EBSD map-
ping. The h-BN crystal growth is much more well defined on (111)-like orientation (Figure 4.22d)
than on (100)-like grain, with a nucleation density of ~8.45x10° crystals/cm?. This also agrees
with the above results on (111)-like orientation. However, the growth on (110)-like orientation is
in contrast with the unpolished Cu, where there is a quasi-film growth of h-BN (Figure 4.22g).
This can be attributed to the high surface energy of (110)-like orientation as reported by Hite et
al [68]. In addition, there is a complete h-BN film formation on a high index-oriented Cu grain
(Figure 4.22j), which indicates that the high-index oriented Cu grain has faster relative growth
rate than low-index oriented Cu grains. This is also observed on unpolished high index Cu grain.
Therefore, the relative Cu grain orientation dependent h-BN growth rates based on the nucle-
ation density are as follows: (100) < (111) <= (110) < (hkl), where hkl is the orientation of the high

index Cu grain.
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Figure 4.22: h-BN growth on electropolished Cu samples. a) Very little or no h-BN nucleation (x1.01x105
crystals/cm?) on (100)-like orientation. b) and c) the EBSD map of the grain and grain orientation on IPF.
d) Shows moderate density of crystal nucleation (~8.45x10° crystals/cm?) on a (111)-like orientation. )
and f) have the EBSD map of the (111)-like grain and the grain orientation on IPF. g) Shows a quasi-film
growth on a (110)-like crystal. h) and i) show the EBSD map of the (110)-like grain and the grain orientation.
j) Complete film growth on a high index grain. k) and ) show the EBSD map of the high index grain and
grain orientation on IPF. The approximate region of where SEM micrograph was taken is indicated on the
EBSD map of the grain with a dashed rectangle. The scale bars for the EBSD maps are 25 um.
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4.4.3 h-BN growth on Cu twin grains

Another phenomenon is the existence of twin grains, which was prominently observed in
the Cu microstructure at >500°C (Figure 4.20) and reported elsewhere for graphene growth on
Cu [163,255]. Twin grains exist as sandwich structures of smaller, rectangular high-index grain
(daughter grains) in between larger low-index grains (parent grains) or vice versa. This coupling
provides adjacent comparison of h-BN growth on low index and high index Cu grains.

Figures 4.23a and 4.23d show h-BN film growth on the daughter grain with crystals forming
on the parent grain. The film growth on the daughter grain is noticeably very uniform, which is
attributable to the fast-growing high index orientation of the daughter grain. The parent grains,
which are marked by B in both figures (Figure 4.23a and d), have a density of ~4.4x10° and
~9.6 x10° h-BN nucleates, respectively. The parent grain, which is of low index orientation, has
micron-sized h-BN nucleates growing due to the comparatively moderate growth rate. How-
ever, in a Cu grain with low-index daughter grain and high-index parent grain, the opposite is
persistent. The contrasting high-index, high-growth and low-index, low-growth agrees with the

observations from h-BN growth on non-twin distant Cu grains.
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Figure 4.23: h-BN growth across Cu twin grains on an electropolished Cu sample. As twin grains are
a frequent occurrence, the daughter grain (indicated by A) has a distinctly different orientation than the
parent grain (indicated by B). a) shows an SEM micrograph of a twin grain. The h-BN density on the B grain
is ~4.4x100 crystals or nucleates. b) and c) show the EBSD map and the grain orientations of daughter
and parent grain on an IPF of (a). d) shows an SEM micrograph of another twin grain structure. e) and f)
show the EBSD map and the grain orientations of daughter and parent grain on an IPF of (d). The h-BN
density on the B grain is ~9.6 x 109 crystals or nucleates. In both (a) and (d), the daughter grains (marked
by A) have a complete h-BN film coverage.

4.4.4 Statistical categorization of h-BN grown on Cu grains

To understand the context of h-BN growth dependency on Cu grain orientation, a categoriza-
tion method is employed. The EBSD grain is first correlated with SEM micrographs of h-BN for
all the samples and then categorized into three different groups: no growth or nucleation (NG),
marginal growth or nucleation (MG) and complete growth (G). All three categories are popu-
lated on an inverse pole figure with their respective grain orientations (Figure 4.24). No growth
or nucleation is where there are no observable h-BN nucleates or low-density of sub-micron
sized h-BN crystals (Figure 4.24a). Marginal growth or nucleation is where there is a high-density

of sub-micron size h-BN crystals or nucleates (Figure 4.24b). A complete growth (or growth) is
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considered when the h-BN crystals or nucleates are greater than micron size, a quasi-film or a
complete film formation (Figure 4.24c).

Figure 4.24d shows that h-BN growth occurs across a wide spectrum of Cu grain orienta-
tions. Certain Cu grain orientations have faster, or slower growth as assessed by the size of h-BN
crystal formed. As an example, there is a noticeable agglomeration of no-growth and marginal-
growth data points on (100)-like grain orientations leading to the understanding that (100)-like
orientation is a slower growth face. However, the growth is more widely dispersed for (111)-like
grain orientations, i.e. all three categories have nearly equal representations, indicating a faster

growth orientation than (100)-like grain.
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Figure 4.24: Shows h-BN growth statistics across all orientations of grains and across all samples. All
data was grouped into three categories: a) no growth or nucleation, b) marginal growth or nucleation
and ¢) growth and shown on the d) inverse pole figure, which indicates the Cu grain orientation. The
following are conditions for categorization: In no growth or nucleation, there are smaller, low-density
h-BN nucleates are observed; In marginal growth or nucleation, there is clear formation of h-BN crystals,
however, they are sub-micron in size; In growth, the h-BN crystals are largest in the samples, and there is
also a noticeable film formation.
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In contrast to low-index orientations, the majority of good BN growth, crystals or film, oc-
curs on Cu grains with high index orientation. The wide array of data points in the high index
region of the IPF supports this statement. Upon closer examination, it is evident that the ma-
jority of growth surfaces that yield faster growth lie in-between (100) and (111) orientations, and
orientations in the center of IPF. From this categorization method, high-index orientations have
a faster growth rate, while the low index orientation (100) has the slowest growth rate. Both (111)

and (110) have moderately faster growth rate relative to (100)-like Cu grain orientation.
4.4.5 Summary

In summary, the results indicate that the Cu grain orientation has a strong influence on h-
BN growth as studied using EBSD and SEM. This influence is more evident on electropolished
Cu than on unpolished Cu as the microfacets on the Cu surface is removed. The statistical cat-
egorization of the EBSD and SEM of all the grains show a strong correlation where (100)-like Cu
grain orientation has the slowest h-BN growth and high index Cu grain orientation has the fastest

h-BN growth.
4.5 Summary and Conclusion

This work demonstrates the understanding of the growth morphology of h-BN on Cu, where
the h-BN crystals reflect the underlying Cu substrate. The poor coalescence of h-BN crystals,
smaller grain size and extensive secondary nucleation of h-BN are the primary limitations of
Cu substrate. By utilizing the two-step thermal annealing and electropolishing technique, a
smooth and highly planarized Cu substrate can be created to facilitate the uniform growth of
h-BN and graphene.

The influence of polycrystalline Cu grain orientation on h-BN growth is also demonstrated
in this work. h-BN growth is the slowest on (100)-like orientation for both unpolished and elec-
tropolished samples. While on (111) and (110)-like grain orientations, there is proper h-BN crys-
tal forming in the case of both unpolished and electropolished Cu samples. The categorization

method provides a general trend of Cu grain orientation influence on h-BN growth.
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5. APCVD GROWTH ON H-BN ON CU-NI BINARY ALLOY SUBSTRATES

This section discusses the results of h-BN growth on Cu-Ni binary alloys in five subsections.
The first subsection explores the surface morphology and microstructure of CuNi and NiCu al-
loys using SEM and EBSD. The second subsection presents the general trend of h-BN growth on
alloys. The third and the fourth subsections discuss the specific growth behavior of h-BN on
CuNi and NiCu alloys, respectively. The final subsection presents perspectives of h-BN growth

differences in CuNi50 and NiCu50 alloys.
5.1 Introduction

The growth and characterization of h-BN on Cu foil substrates has limitations as assessed
in the previous section (Section 4). The h-BN growth on Cu is self-limited leading to monolayer
crystal and film formation. Additionally, the h-BN film on Cu has poor coalescence leading to
discontinuous film growth. Furthermore, the h-BN growth on Ni is observed to be uncontrolled
leading to nonuniform multilayered h-BN films. This necessitates examination of alternate sub-
strates to overcome the inadequacies of Cu and Ni substrates. Cu-Ni binary alloys are suggested
in this work, where Cu and Ni compositions in the alloy are used to overcome the limitations
of Cu and Ni substrates. An additional advantage of using Cu-Ni alloys is that Cu and Ni have
complete miscibility in each other, thereby creating a uniform isomorphous Cu-Ni alloy sub-

strate [256].
5.2 Characterization of Cu-Ni alloy substrates

The CVD growth of h-BN on alloys has two contributing parameters: the surface and the
microstructure. This requires an inspection of alloy substrates using SEM in both in-lens and
secondary electron mode, EDX, and EBSD to glean insights into the alloy surface morphology,

composition and distribution of Ni and Cu species, and the microstructure, respectively.
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5.2.1 Surface morphology of alloy substrates

The surface morphology of the alloy substrates are characterized qualitatively and quantita-
tively using SEM and AFM. Figure 5.1 shows the SEM micrographs of unpolished (left column) and
mechanically polished (right column) CuNi alloy samples and evolution of the surface morphol-
ogy with increasing Ni concentration. A Cu sample thatis unpolished and mechanically polished
(Figures 5.1a and 5.1b) is used for reference. As observed in the left column (Figures 5.1c, 5.1e,
and 5.1g), with increasing Ni wt.% in Cu, the surface morphology changes as follows. With 10
wt.% of Ni, the surface has a very pseudo-porous structure, attributable to the difference in Cu
and Ni diffusion rates [256]. However, the nature and size of the voids on the alloy surface de-
creases upon increasing Ni concentration (Figure 5.1e and 5.1g), with CuNi50 showing the least
void features on the surface. The grain sizes of the unpolished alloys are not clearly distinguish-
able due to the presence of pseudo-porous surface morphology.

The SEM micrographs on the polished samples (right column, Figures 5.1d, 5.1f, and 5.1h)
show that it loses its pseudo-porous or void-like morphology to reveal the alloy microstructure.
With increasing Ni wt.%, the grain size decreases. During the preparation of CuNi alloys for me-
chanical polishing, increasing Niwt.% in the CuNi alloy increases the overall stiffness of the sam-
ple. Furthermore, lower Ni wt.% CuNi alloys are more susceptible to pitting as can be seen in
Figure 5.1d as depressions into the surface. As Ni strengthens during cold working, the Ni-rich
CuNi alloys become more resistant to pitting and the depressions or scratches are less evident
(Figure 5.1f and 5.1h). Additionally, the polishing slurry (1 um) is too abrasive at higher vibration
intensities (>50%) on the Buehler Vibromat vibratory polisher. Therefore, in the subsequent
polishing runs, the vibration intensity is limited to 30% to ensure a smoother finish on all the

samples.
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Figure 5.1: SEM micrographs of CuNi alloys before and after mechanical polishing. a) Cu, b) mechani-
cally polished Cu, ¢) Unpolished CuNi10, d) Polished CuNi10, e) Unpolished CuNi30, f) Polished CuNi30,
g) Unpolished CuNi50, h) Polished CuNi50.

Figure 5.2 shows the SEM micrographs of unpolished (left column) and polished (right col-
umn) NiCu alloy samples and the evolution of surface morphology of NiCu alloys. Similar to

Cu, the unpolished Ni surface is extremely rough, and the rolling lines are clearly visible (Fig-
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ure 5.2a). Additionally, the Ni grains are not visible due to the surface features and roughness
on the Ni sample. When 10 wt.% Cu is added, the NiCul0 grain sizes become visible and the
magnitude of the rolling lines dissipate (Figure 5.2¢). In NiCu30 and NiCu50 samples, the sur-
face has a pseudo-porous morphology (Figures 5.2e and 5.2f, respectively) making the native
surface of the NiCu alloy unsuitable for h-BN growth. As described in the experimental methods
section, the NiCu alloy samples undergo mechanical polishing identical to CuNi alloys. After
polishing, the surface of Ni and NiCu samples appears very smooth revealing the microstruc-
ture (Figure 5.2a). As the Cu wt.% increases in the NiCu alloy, the grain size appears to increase
in NiCu10, NiCu30, and NiCu50 (Figure 5.2d, 5.2f, and 5.2h, respectively). Unlike in CuNi alloys
where the samples are susceptible to pitting from the slurry, no such behavior is observable for
NiCu samples. However, NiCu50 shows a slightly abrasive surface (Figure 5.2h) after polishing.
Additionally, there was no change in the stiffness of the sample with increasing Cu wt.% in the

NiCu alloy.
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Figure 5.2: SEM micrographs of NiCu alloys before and after mechanical polishing. a) Ni, b) mechani-
cally polished Ni, d) Unpolished NiCu10, d) Polished NiCu10, e) Unpolished NiCu30, f) Polished NiCu30, g)
Unpolished NiCu50, h) Polished NiCu50.

To quantify the surface roughness after polishing, AFM was performed on CuNi30 and NiCu30
samples. Figure 5.3 shows the 10 um x 10 pm AFM scan tapping mode AFM images of CuNi30

with phase imaging enabled. The height or the topographical image (Figure 5.3a) reveals a pla-
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narized surface in agreement with the SEM assessment of CuNi alloys (Figure 5.1). The phase
image (Figure 5.3b) does not reveal major variations in phase except in the presence of polish-
ing and scotch tape residue. This indicates a very homogenous surface finish. The residue from
mechanical polishing is clearly visible as debris on both the height and the phase image. The
finelinesinrandom directions on the height AFM image are scratch lines or comet tailing formed
during mechanical polishing. The root mean square (RMS) roughness (R,) is ~3.19 nm and the
average roughness (R,) is ~1.83 nm on the whole 10 um x 10 um AFM scan. Line profiles are
also obtained at different regions from the topographical AFM image to assess the surface vari-
ations (Figure 5.3d-f). The line profiles on four different regions show low variations indicating a
planarized surface. The spikes in the line profiles are the cross-sections of the polishing or tape
residue. The RMS and average roughness of the line profiles are indicated in the inset of Fig-
ure 5.3d-f, which show consistency in values. The roughness of line profile 2 (Figure 5.3e) shows

higher RMS roughness due to the presence of a scratch lines and residue on the surface.
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Figure 5.3: AFM image of mechanically polished CuNi30 showing a) Height, b) Phase image. d-g) shows
the line profiles 1-4 from the heightimage in (a). The RMS (R,) and average roughness (R,) is 3.19 nm and
1.83 nm, respectively for a 10 um x 10 um AFM scan of height image shown in (a). The R, and R, values
of the line profile are shown in the inset of (d-g).

The topography of NiCu30 is also evaluated after mechanical polishing using TM-AFM. A 10
um x 10 um scan is obtained with phase imaging mode enabled (Figure 5.4). The height reveals
a planarized, smooth surface in agreement with SEM micrographs of NiCu alloys (Figure 5.2).
The phase image (Figure 5.4b) does not show major variations in phase indicating a very homo-

geneous surface. Despite the uniformity in the height and phase image scans, there are bright

91



white spots that are visible. These particles are debris from the residue during the polishing and
cleaning procedures, which are also observed for CuNi30 polished samples from above (Fig-
ure 5.3). The RMS and average roughness of the whole AFM image is ~3.89 nm and ~1.64 nm.
Line profiles in four different regions on the height AFM image (Figure 5.4d-f) show low amount
of variations. The larger spikes in the line scans are the cross-sections of the polishing slurry
particles and tape residue. The RMS and average roughness of the line profiles are shown in the
inset of Figure 5.4d-f, which are in agreement with each other. Unlike in the polished CuNi30
sample (Figure 5.3a), the polished NiCu30 sample does not have large number of comet tails or
scratches on the surface. This is due to hardness of surface caused by greater concentration of
nickelinthe alloy composition. The qualitative and quantitate assessment of the alloy substrate
using SEM and AFM, respectively, after polishing shows a very smooth and planarized surface

that is suitable for the growth of h-BN.
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Figure 5.4: AFM image of mechanically polished NiCu30 showing a) Height, b) Phase image. d-g) shows
the line profiles 1-4 from the heightimage in (a). The RMS (R,) and average roughness (R,) is 3.89 nm and
1.64 nm, respectively for a 10 um x 10 pm AFM scan of height image shown in (a). The R, and R, values
of the line profile are shown in the inset of (d-g).

5.2.2 Compositional analysis of alloy substrates

EDX maps are obtained before and after polishing to ensure that mechanical polishing did
not alter the composition of the alloys (Figure 5.5). EDX confirms complete miscibility of Cu and
Ni species in the alloy, indicating an absence of Ni-rich and Cu-rich regions. Figure 5.5a shows

the SEM micrograph of unpolished CuNi30 alloy; the morphological features on the CuNi30 alloy
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surface are clearly seen as the surface is not smooth. EDX maps of Ni and Cu species (Figure 5.5b
and 5.5¢) show that Ni and Cu species are equally distributed areally on the sample without any
noticeable Ni and Cu-rich regions. The SEM micrograph of a polished CuNi30 alloy (Figure 5.5d)
shows a smoother surface than unpolished CuNi30 alloy (Figure 5.5a). The Niand Cu species are
also equally dispersed in the polished CuNi30 sample and there are no Ni-rich or Cu-rich regions
visible. This confirms that mechanical polishing is not selectively etching Ni or Cu species and is
a purely physical process, where the rougher features on the surface are removed. According to
the EDX point spectra, the unpolished CuNi30 alloy (Figures 5.5g) has a composition of 77 wt.%
of Cu and 23 wt.% of Ni. However, the polished CuNi30 alloy (Figures 5.5h) shows a much more

balanced stoichiometry of 72 wt.% of Cu and 28 wt.% of Ni.
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Figure 5.5: a) SEM micrograph of EDX region of unpolished CuNi30 map, b) EDX map of Ni distribution
from (a), ¢) EDX map of Cu distribution from (a), d) SEM micrograph of polished CuNi30 alloy, e) EDX map
of Ni distribution from (d), f) EDX map of Cu distribution from (d), g) EDX point spectra of unpolished
CuNi30 sample, h) EDX point spectra of polished CuNi30 sample. The scale bar is 50 um.

Figure 5.6 shows the EDX maps of NiCu30 alloy before and after mechanical polishing, along
with SEM micrographs of the mapped regions. Figure 5.6a shows the SEM micrograph of NiCu30
alloy sample, which reveals surface features that are also reflected in the compositional maps
of Ni and Cu (Figures 5.6b and 5.6¢). In both the Ni and Cu compositional maps, there were no
Ni or Cu-rich regions observed. The SEM micrograph of the polished NiCu30 alloy (Figure 5.6d)
is extremely planarized without any surface abnormalities. The Ni EDX map (Figure 5.6e) shows

an even distribution of Niin the alloy sample. However, the Cu compositional map (Figure 5.6f)
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reveals brighter and darker green regions indicating a presence of Cu-rich regions. The Cu-rich
regions, which are observed at the alloy grain boundaries, can be ascribed to the diffusion of Cu
along the Nickel grain boundaries as reported by Barnes [257]. EDX point spectra of the compo-
sition of the NiCu30 alloy sample before and after polishing (Figures 5.6g and 5.6f, respectively)
show a slightly Cu-rich region in unpolished NiCu30 samples, where the composition of Ni is 61
wt.% and Cu is 39 wt.%. As also observed with EDX of CuNi alloy, the stoichiometry of polished

NiCu30 alloy sample is more balanced, where Ni is 70 wt.% and Cu is 30 wt.% in composition.
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Figure 5.6: a) SEM micrograph of EDX region of unpolished NiCu30 map, b) EDX map of Ni distribution
from (a), c) EDX map of Cu distribution from (a), d) SEM micrograph of polished NiCu30 alloy, €) EDX map
of Ni distribution from (d), f) EDX map of Cu distribution from (d), g) EDX point spectra of unpolished
NiCu30 sample, h) EDX point spectra of polished NiCu30 sample. The scale bar is 50 um.
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5.2.3 Microstructural analysis of alloy substrates

The microstructure of the Cu-Ni alloy system is probed using EBSD to understand the dom-
inant grain orientation of the alloy and to assess the grain statistics, mainly the grain size evo-
lution with respect to alloy composition. EBSD maps are obtained for both CuNi and NiCu alloy
samples, along with the control samples: Cu and Ni. Figure 5.7 shows the EBSD maps of Cu and
CuNi alloys, along with the inverse pole figure reference for the grain orientations. EBSD maps
were obtained only on mechanically polished samples to avoid artefacts and poorindexing that
may arise from a rougher surface. Figure 5.7a shows the EBSD map of the vendor supplied Cu
(99.999% pure) with grains in the order of 20-50 um in size and non-preferential grain orienta-
tions. After thermal annealing, the grain size increases to >200 um (Figure 5.7b) and are pre-
dominantly (100)-like orientation, which is also reported in the literature [254]. There is also a
noticeable amount of twin grains present in the thermally annealed Cu. The CuNi10 alloy (Fig-
ure 5.7¢) consistently showed poor indexing during EBSD, limiting the ability to obtain the grain
size statistics; the grain sizes from the SEM micrographs are approximately 50-70 pm. CuNi30
alloy (Figure 5.7d) has a dominant (100)-like crystal structure with grain sizes in the order of
30-50 um for the CuNi30 alloy (Figure 5.7b). The grain size decreases to 20-30 um for CuNi50
alloy (Figure 5.7e). Unlike CuNi10 and CuNi30 alloy, CuNi50 does not have a dominant (100)-
like grain orientation (Figure 5.7e). Both the EBSD maps and SEM micrographs show decreasing

grain sizes of the CuNi alloys with increasing Ni.
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Figure 5.7: EBSD maps of Cu and CuNi alloys. a) Vendor supplied Cu, b) Cu thermally annealed and
electropolished, c) CuNi10, d) CuNi30, e) CuNi50, f) IPF reference. The scale bar is 75 um for all. Scale bar
for (b) is 100 pm.

Figure 5.8a shows the EBSD map of Ni control sample, which reveals grains of untextured
(random orientation) with a grain size of ~10-20 um. After thermal annealing of Ni, the grain size
increased to ~30-50 um while retaining the untextured grain orientation (Figure 5.8b). Similar
to Cu, twin grains are formed in Ni after thermal annealing. The grain size appears to increase
marginally with increasing Cu concentration as observed in NiCu10, NiCu30, and NiCu50 alloys
(Figures 5.8c, 5.8d and 5.8e, respectively). The grain sizes of NiCu10, NiCu30, and NiCu50 alloys
are revealed to be ~30 um, 33 um, and 34 um, respectively, which are obtained from the EBSD
analysis performed using Mtex software library [258]. Similar to the thermally annealed Ni sam-
ple, twin grains are observable in the NiCu alloys (Figures 5.8c, 5.8d, and 5.8e). There were no

dominant grain orientations observed on all the NiCu alloy samples.

98



Figure 5.8: EBSD maps of Ni and NiCu alloys. a) Vendor supplied Ni, b) Ni thermally annealed and me-
chanically polished, c) NiCu10, d) NiCu30, e) NiCu50, f) IPF reference. The scale bar for all the samples is
75 pum.

5.2.4 Summary of Cu-Ni binary alloy substrate characterization

The Cu-Ni alloys are characterized using SEM, EDS and EBSD to understand the surface mor-
phology, chemical composition, and microstructure of the alloy, respectively. The surface mor-
phology of the alloys is riddled with features such as voids and porous-like structure. However,
after mechanical polishing, the surface features disappear, and the alloy grains are revealed on
the surface. The EDS analysis shows that there are no strong Cu-rich and Ni-rich regions in the
alloys. Additionally, the stoichiometry of the alloys is much more balanced after polishing. The
EBSD data reveals the grain size and orientations of the alloys. The Cu-rich alloys have a (100)-
like orientation and the grain size decreases with increasing Ni concentration. The Ni-rich alloys
are untextured (random orientation) and the grain size increases with increasing Cu concentra-

tion.
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5.3 Growth of h-BN on Cu-Ni alloys: General Trend

During the initial trial runs, CVD growth of h-BN is performed on unpolished CuNi and NiCu
alloy to assess whether h-BN can be grown on the complete alloy and to identify the general
trend in h-BN growth using FT-IRRAS. Figure 5.9 shows a complete summary of FT-IRRAS spec-
tra of h-BN grown on CuNi and NiCu (Figures 5.9a and 5.9b, respectively) alloy along with the
Cu and Ni control samples. The peak intensity of Ay;; (LO) vibrational mode at 823 cm~1 is used
for comparative analysis. On CuNi alloys, there is an h-BN peak at 823 cm~! across all the sam-
ples. CuNi10-30 alloys have a similar peak intensity as Cu indicating comparable amount of h-BN
growth. However, there is a significant drop in the peak intensity on CuNi40 and CuNi50 sam-
ples indicating slower growth on CuNi40 and CuNi50. There is no visible pattern of h-BN peak
intensity on the CuNi alloy samples as there is no gradual increase or decrease of h-BN intensity
observable with increasing Ni concentration.

Asimilar analysis is also performed for NiCu alloy samples (Figure 5.9b). Niand Cu were used
as control samples for NiCu alloys, primarily to confirm multilayer h-BN growth, which can be
approximated from FT-IRRAS peak intensities of Cu and Ni. Figure 5.9b shows that Ni has a much
higher peakintensity than Cu, indicating multilayer h-BN growth. However, after adding 10 wt.%
of Cuin Ni (NiCu10), there is an increase in the peak intensity of h-BN at 823 cm~! (Figure 5.9b).
Upon increasing the Cu concentration (from 10 wt.% to 50 wt.%), the peak intensity of h-BN

gradually decreases indicating lower amount of h-BN growth on the alloy surface.

100



. . ~—F1042Cu
——F1042Cu
CuNi Alloy . NiCu Alloy F1042 NiCuSOpc
F1042 CuNil0pc! b 0.350

a) 0.060 ———— F1042 CUNi20pc ) ¥ P e T T T F1042 NiCud0pc
D05 | s N[ roeowe ST ea reauaR:
. F1042 CuNid0pc 0.300 |- F1042 NiCu20pc

0.050 F y 82445 ——— F1042 NiCul0pe

| s21s /\H F1042 CuNisOpc 0215 |
045 32134 — - f ——F1042N
0.045 _1 FT71 . 0250 '\/R oagiag

0040 82346 7/ 1 0225

Vi
0.035 } 0.200 |- 824.43
0.030 0.175

0.025 + 0.150

82395

Absorbance (a. u.)
Absorbance (a. u.)

0.020 k- 82395 __ = 0.125
0.015F 82395 0.100
0.010 , 0.075
0005} 82441 7/ \\ N 0.050
0000k e 0.025 g S e S
-0.005 X , , , \ 0.000 E— L f
' 840 820 800 780 760 B0 820 a0 70 150

1
Wavenumber (cm™) Wavenumber (cm”)

Figure 5.9: FT-IRRAS spectra of a) h-BN grown on CuNi and b) h-BN grown on NiCu alloys.

To assess the growth pattern of h-BN on the Cu-Ni alloys, the integrated peak area of h-BN at
823 cm~!is calculated and plotted against Cu wt.% for both CuNi and NiCu (Figure 5.10a). The
peak area of FT-IRRAS is proportional to the total amount of h-BN on the surface. A growth pat-
tern of h-BN is clear when plotted against Cu wt.% from 0 wt.% to 100 wt.% (Figure 5.10a). There
is an increase in peak area from 0 wt.% to 10 wt.% Cu. With subsequent increases in Cu wt.%
(10-50 wt.%), a gradual decrease in the integrate peak intensity of h-BN on NiCu alloy samples
is observable. There is a sudden drop at the 50 wt.% of Cu (NiCu50 alloy) and 50 wt.% Ni (in
CuNi50 alloy); further discussion of this phenomenon is presented in the last subsection (Sec-
tion 5.6). Both CuNi50 and CuNi40 show a similar growth pattern, where there is a low amount
of h-BN in comparison with Cu implying a slower growth rate of h-BN. On CuNi30 alloy sample,
there is an increase in the amount of h-BN and in the subsequent alloys, CuNi20 and CuNi10,
there is a lower amount of h-BN than CuNi30 and Cu, the control sample.

To crosscheck the growth pattern from FT-IRRAS peak area analysis, XPS is performed and
B 1s peak area is used for comparative analysis (Figure 5.10b). B 1s peak is used to assess the
amount of h-BN as N 1s peak area can be distorted by nitrogen in the ambient atmosphere. The
growth trend of h-BN appear to be very similar between FT-IRRAS peak area and XPS B 1s data.

On NiCu alloys, there is an inverse relationship between increasing Cu wt.% and decreasing in
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B 1s peak implying a decreasing amount of h-BN. The sudden dip in the amount of h-BN at the
50 wt.% intersection for NiCu50 and CuNi50 is also observable in the FT-IRRAS spectra. Addi-
tionally, CuNi30 alloy shows the highest amount of h-BN amongst all the CuNi alloys. To better
understand the growth behavior of h-BN on the alloys, CuNi and NiCu alloys are analyzed sepa-

rately using SEM to understand and relate to the FT-IRRAS and XPS spectroscopy results.
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Figure 5.10: a) FT-IRRAS peak area, b) XPS B 1s peak area of h-BN on Cu-Ni alloys from 0-100 wt.% of Cu.

5.4 Growth of h-BN on Cu;_,Ni,

To correlate the alloy composition to h-BN growth morphology, both spectroscopic (FT-IRRAS
and XPS) and microscopic (SEM) techniques are utilized. From the FT-IRRAS and XPS data (Fig-
ure 5.11a and 5.11b, respectively), the growth pattern is classified into two categories: lighter al-
loy and heavier alloy. The lighter alloy has a composition of <20 wt.% of Ni (CuNi10 and CuNi20)
and heavier alloy has acomposition of >20 wt.% (CuNi30, CuNi40 and CuNi50). The lighter alloys
have a lower amount of h-BN than Cu. However, the heavier alloy (CuNi30) shows much higher
amount of h-BN. Additionally, CuNi40 and CuNi50 alloys have the lowest amounts of h-BN of all

the CuNi alloys.
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Figure 5.11: a) FT-IRRAS peak area, b) XPS B 1s peak area of CuNi alloys from 50 to 100 wt.% of Cu.

5.4.1 SEM of h-BN growth on CuNi alloys

SEM is performed to understand and correlate h-BN growth with the spectroscopic results.
Firstly, SEM is used to highlight the impact of surface preparation (mechanical polishing) on h-
BN growth on CuNi alloys. Secondly, SEM is used to assess the growth behavior of h-BN across
various alloy compositions and growth conditions. Figure 5.12a and 5.12b show h-BN growth
on unpolished and mechanically polished Cu samples, respectively. The secondary nucleation
on both unpolished and polished samples appears as bright white regions on the h-BN film.
There is also a marginal increase in the h-BN film grain size in the mechanically polished Cu
from &1 um to ~2 um. There is also an increase in the film grain size on unpolished CuNi10
alloy (=2 um) in comparison with unpolished Cu. Although the unpolished alloy (Figure 5.12¢)
shows a marginal increase in the h-BN grain size, the polished CuNi10 alloy (Figure 5.12d) shows
substantial increase in the grain size of the h-BN film from ~2-3 um to nearly ~10 um. On the
unpolished CuNi30 alloy (Figure 5.12e), there is a complete film of h-BN with substantial amount
of secondary nucleation. However, on the polished CuNi30 alloy (Figure 5.12f), there are h-BN
crystals present and there is a low amount of secondary nucleation. The isolated h-BN crystals

observed on polished CuNi30 alloys were also larger (10 um) than on Cu film grains size (1-2 um).

103



There is an h-BN film with small amounts of secondary nucleation observable on unpolished
CuNi50 alloy (Figure 5.12g) and isolated h-BN crystals with little or no secondary nucleation on
polished CuNi50 alloy (Figure 5.12h).

The growth trend from the SEM micrographs of the CuNi alloy samples show that with in-
creasing Ni wt.% in the CuNi alloy, the amount of h-BN decreases. The transition of completely
covered h-BN film on CuNi10 alloy to a quasi-film on CuNi30 alloy and finally to isolated h-BN
crystals on CuNi50 alloy validates the statement. The h-BN crystal and film coalescence also
improves with increasing Ni wt.% in the CuNi alloy. This is substantiated by the lack of a well-
defined h-BN grain boundaries, which is evident on the lighter CuNi10 alloy. The grain bound-
aries of h-BN film are almost nonexistent on the quasi-film growing on heavier CuNi30 alloy.
Therefore, using heavier CuNi alloys can mitigate poor coalescence of h-BN film on Cu sub-
strates. Additionally, the presence of secondary nucleation of h-BN on both unpolished and
polished CuNi30 samples (Figures 5.12e and 5.12f) causes an increasing in the amount of h-BN
in FT-IRRAS and XPS analysis on CuNi30 alloy. The formation of isolated h-BN crystals on CuNi50
alloy without any secondary nucleation causes a subsequent decrease in the amount of h-BN
in the FT-IRRAS and XPS peak area for CuNi50 alloy. The heavier CuNi alloys also appear to
be less susceptible to agglomeration of monomeric aminoborane particles, which impede film
continuity and are commonly observable on Cu substrates [140]. By combining and correlating
the FT-IRRAS, XPS and SEM characterization, the h-BN growth behavior on lighter (<20 wt.%)
and heavier (>20 wt.%) CuNi alloy are distinct. However, closer inspection of h-BN growth on

CuNi20 alloy reveals a transitionary nature of both lighter and heavier alloys.
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Unpolished Polishe

Figure 5.12: SEM micrographs of h-BN growth on Cu before (a) and after polishing (b). h-BN growth on
CuNi10 before (c) and after polishing (d). h-BN growth on CuNi30 before (e) and after polishing (f). h-BN
growth on CuNi50 before (g) and after polishing (h).

Figure 5.13 shows the SEM micrographs of CuNi10, 20, and 30 alloys for two different growth
conditions: growth A with a precursor flow rate of 40 sccm (left column) and growth B with a

precursor flow rate of 60 sccm (right column). Growth trends in growth A indicate a complete
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h-BN film growing on CuNi10 alloy (Figure 5.13a). However, on CuNi20 (Figure 5.13c) and CuNi30
(Figure 5.13e) alloys show growth of a quasi-film of h-BN. Growth B shows a complete h-BN film
growing on CuNi10 alloy sample (Figure 5.13b) with considerable amount of secondary nucle-
ation. CuNi20 alloy sample (Figure 5.13d) also shows a similar growth behavior as CuNi10 alloy
sample with complete h-BN film and secondary nucleation. This is distinct from CuNi30 alloy
sample (Figure 5.13f), where isolated h-BN crystals are observable. The SEM characterization re-
veals that the CuNi20 alloy substrate is transitionary in nature exhibiting the h-BN growth pat-
tern of both lighter and heavier alloys. This also suggests that the by fine tuning the growth
conditions CuNi20 alloy can be used to growth isolated h-BN crystals, quasi-films or complete

films with significantly larger h-BN crystal size than on Cu.
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Figure 5.13: Growth of h-BN on CuNi20 alloy showing tendencies of both heavier alloy in growth A con-
ditions and lighter alloy in growth B conditions. a) and b) h-BN on CuNi10 from growth A and B, c) and d)
h-BN on CuNi20 on growth A and B, e) and f) h-BN on CuNi30 from growth A and B. The scale baris 10 pm.

The SEM micrographs of h-BN growth on two different alloy compositions from two differ-
ent growth conditions are obtained (Figure 5.14) to show the impact of alloy composition and
flow rate on h-BN growth. A precursor flow of 50 sccm and 40 sccm is used for the alloy samples
(Figures 5.14a and 5.14b, and Figures 5.14c and 5.14d, respectively). CuNi40 alloy (Figure 5.14a)
has a complete h-BN film growing whereas CuNi20 alloy has a quasi-film growth (Figure 5.14b).

Reducing the flow rate from 60 to 40 sccm on CuNi40 and CuNi20 alloys show a quasi-film and
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isolated h-BN crystals growing, respectively (Figures 5.14c and 5.14d). The SEM results demon-
strate the versatility of CuNi alloy substrates, where the alloy composition along with the growth

parameters can be tuned to grow desirable h-BN: monolayer crystals or films.

Same flow rate (60 sccm) across alloy compositions

Changed
flow rate
(60 to 40
sccm) same
alloy
composition

Figure 5.14: SEM micrographs of h-BN growth on two different CuNi alloy compositions and two different
flow rates. a) h-BN on CuNi40 and b) CuNi20 grown with a precursor flow rate of 60 sccm. ¢) h-BN on
CuNi40 and d) CuNi20 alloy grown with a precursor flow rate of 40 sccm.

5.4.2 Characterization of CuNi alloy surfaces after h-BN growth

XPS is performed on CuNi alloys after h-BN growth to provide a preliminary insight into the

role of Cu and Ni in controlling h-BN growth. The Cu and Ni catalytic activity can be assessed by

108



the oxidation state of these elements from the Cu and Ni peaks. Figures 5.15a and 5.15b show
the Ni 2p and Cu 2p regions of all the CuNi alloy samples along with the Cu control sample.
Figures 5.15c and 5.15d show the truncated and magnified plot of the Ni 2p and Cu 2p regions.
The truncated plots identify the oxidation states from the variation in the satellite peaks of both
Ni and Cu for all the Cu and CuNi alloy samples.

The dashed vertical lines indicate the primary peaks of Ni 2p, Ni 2p®/? and Ni 2p'/? (Fig-
ures 5.15a and 5.15¢c). The presence of Ni 2p®/2 and Ni 2p'/? peaks at 852.7 eV and 870 eV, re-
spectively, indicate a pure Ni surface [259]. However, on CuNi10 and CuNi20 alloys, there is a
small Ni (Ni 2p®/?) metal peak at ~852.7 eV and a secondary peak at ~856.5 eV, indicating the
presence of Ni(OH), (Figure 5.15¢) [260, 261,262]. The Ni(OH), peak is also much larger in inten-
sity than Ni 2p?/2 peak implying the presence of oxidized Ni species on CuNi10 and CuNi20 alloy

3/2 metal

surfaces. This phenomenon is not as pronounced in CuNi30-50 alloys, where the Ni 2p
peak is much greater in intensity than the Ni(OH), peak [260, 261,262]. This indicates that the
Ni atoms in CuNi10 and 20 alloys have a different chemical environment (bonding). They exist
more prominently on the surface and hence, are more oxidized than CuNi30-50 alloys. This also
demonstrates that Ni is playing a more active role in CuNi10 and CuNi20 alloys, contributing to
a faster lateral growth of h-BN than in CuNi30-50 alloys as observed using SEM.

The Cu2p®/? and 2p'/? peak are indicated at ~933 eV and 953 eV, respectively using dashed
lines (Figure 5.15b). The satellite peaks for the Cu control substrate and CuNi10 alloy (blue) show
that they are slightly higher in binding energy than CuNi20 alloy (yellow). This indicates that the
surface of Cu and CuNi10 is Cu,0 has a +1 oxidation state [263,264,265,266,267,268]. However,
the CuNi20-50 alloys have satellite peaks lower than Cu along with the presence of a shoulder
peak on Cu 2p?/? (Figures 5.15b and 5.15d). The satellite peaks and the shoulder peak, which are
more prominently observable in CuNi20 alloy, indicate that the surface of CuNi20-50 alloys is
a Cu(OH), and CuO complex oxide, having a +2 oxidation state [215]. The CuNi30 alloy (green)
does not show the Cu satellite peaks indicating either the formation of Cu(l)O or Cu(l)O species,

and the Cu 2p spectra is more metal-like [263,264,265,266,267,268]. The XPS analysis of Ni and

109



Cu indicate that Ni plays an active role in precursor breakdown in CuNi10 and CuNi20 alloys as
it is observed to readily oxidize. However, in CuNi30-50 alloys, Ni plays a passive role as the
amount of Ni oxide species reduces relative to the Ni species.

From the FT-IRRAS, SEM, and XPS analyses, the following is theorized on the differences in
h-BN growth on the CuNi alloys. h-BN growth on CuNi10 alloy is similar to Cu as both of them
have a very similar Cu oxidation state. Ni takes an active role, facilitating an increase in the h-BN
film grain size. h-BN growth on CuNi20 alloy has a more transitional behavior as observed under
SEM because of the prominence of Cu(ll) oxide and Ni taking an active role. FT-IRRAS and XPS
on CuNi30 alloy reveals an increase in the amount of h-BN. This can be explained using the Cu
2p XPS peak, which reveals that the Cu species are not oxidized but the Ni species are oxidized,
indicating a prominence of Ni on the alloy surface. CuNi40 and CuNi50 alloys show a similar h-
BN growth pattern, whereisolated h-BN crystals or quasi-film are observed, as both these alloys

have similar Ni and Cu XPS peaks.
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Figure 5.15: XPS analysis of CuNi alloys. a) Ni 2p, b) Cu 2p, c) Ni 2p region limited to 850-890 eV, d) Cu 2p
region limited to 930-970 eV. The legend for a and c, b and d are the same.

5.4.3 Summary of h-BN growth on CuNi alloys

This work demonstrates the growth of h-BN on CuNi alloy substrates which produce well- co-
alesced monolayer h-BN crystals and quasi-films with large film grain size (5-10 um). The growth
pattern of h-BN on CuNi alloys are divided into two categories based on the CuNi alloy composi-
tion. The lighter alloys (CuNi10 and CuNi20) after polishing lead to complete monolayer of h-BN
growing with a larger h-BN film grain size (10 um) than Cu (1-2 pum). The heavier alloys (CuNi30-

50) are best suited to grow well coalesced isolated h-BN crystals and quasi-films.
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5.5 Growth of h-BN on Ni;_,Cu,

A closer look at FT-IRRAS and XPS results is necessary to understand h-BN growth behav-
ior on NiCu alloys (Figure 5.16). Figure 5.16a shows the FT-IRRAS integrate peak area versus Cu
wt.%., where the amount of h-BN decreases as the Cu wt.% increases. The XPS B 1s peak area,
which is proportional to the amount of h-BN, also shows a decreasing trend with increasing Cu
wt.% (Figure 5.16b). However, in contrast to Ni, there is a substantial increase in the amount
of h-BN on NiCu10 alloy, which is present in both FT-IRRAS and XPS results. Additionally, XPS
data reveals that the amount of h-BN is similar on heavier NiCu alloys (NiCu30-50). Unlike h-BN
growth on CuNi alloys, the growth trend of h-BN on NiCu alloys is very clear: increasing Cu wt.%,

decreasing amount of h-BN.
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Figure 5.16: a) FT-IRRAS peak area analysis, b) XPS B 1s peak area analysis of NiCu alloys from 10 wt.% to
50 wt.% of Cu.

5.5.1 Assessing the h-BN growth on NiCu alloys

Figure 5.17 shows the SEM micrographs of h-BN grown on unpolished NiCu alloys (left col-
umn) and mechanically polished (right column). This highlights the importance and the role

of surface preparation in promoting larger h-BN crystal formation on NiCu alloys. On both the
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unpolished and polished Ni reference samples (Figure 5.17a and 5.17b), there is uncontrolled
growth of h-BN.

The h-BN growth on polished Ni has a higher affinity to the Ni substrate grain orientation,
where only certain grains orientations result in h-BN film growth [65]. As evidenced using SEM
characterization, the growth of h-BN on Ni is undesirable due to uncontrolled h-BN nucleation.
On NiCu10 alloy, there are micron-sized nucleates randomly dispersed (Figures 5.17c and 5.17d)
on both unpolished and polished NiCu10 samples without substrate grain-dependent h-BN nu-
cleation as evidenced on Ni substrates. This result suggests that NiCu10 alloy is still not an op-
timal substrate for h-BN growth. On unpolished NiCu30 alloys, there are smaller (=1 um size)
h-BN crystals growing on the surface (Figure 5.17e). However, on polished NiCu30 alloy, both
monolayer h-BN crystals and multilayer h-BN crystals are observed to grow (Figure 5.17f). The
monolayer h-BN grain size is as large as 6-15 um in size, while the multilayer h-BN is ~5 um in
size. The formation of larger monolayer and multilayer h-BN highlights the effect of surface fin-
ishing of alloy sample on h-BN growth. On the unpolished NiCu50 alloy (Figure 5.17g), the h-BN
nucleates grow randomly on the surface. h-BN on polished NiCu50 alloy sample (Figure 5.17h)
shows similar growth behavior as polished NiCu30 alloy (Figure 5.17f), with a 10 um sized mono-
layer of h-BN under ~3 um sized multilayered h-BN crystals.

SEM micrographs are used to assess the growth morphology and understand how the h-BN
crystal morphology correlates to the respective FT-IRRAS and XPS spectra. In comparison with
Ni, the FT-IRRAS and XPS data show that there is an increase in the amount of h-BN on NiCu10 al-
loy, which can be attributed to the randomly dispersed thick (n-layer) h-BN nucleates on NiCu10
alloy. There is a gradual decrease in the amount of h-BN in FT-IRRAS and XPS in NiCu30-50 al-
loys, which can be attributed to the formation of multilayered h-BN crystals. The SEM analysis
suggests that the polished heavier alloys (NiCu30-50) are suitable for the growth of multilayered
h-BN crystals as there is clear evidence of well-formed crystals. Additionally, NiCu10 and NiCu30
alloy samples show different h-BN crystals morphologies. Therefore, SEM is used to assess h-BN

growth on NiCu20 alloy to understand the possible transitionary nature of the substrate.
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Unpoli’shed Polished

Figure 5.17: SEM micrographs of h-BN grown on NiCu alloys before and after polishing. a) and b) h-BN
on unpolished and polished Ni control sample, c) and d) h-BN on unpolished and polished NiCu10 alloy
sample, e) and f) h-BN on unpolished and polished NiCu30 alloy sample, g) and h) h-BN on unpolished
and polished NiCu50 alloy sample.

Figure 5.18 shows SEM micrographs of polished NiCu10, 20, and 30 alloy samples for two
different growth conditions: growth A has a precursor flow rate of 50 sccm (left column) and

growth B has a precursor flow rate of 40 sccm (right column), with identical growth time (60
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mins). In growth A, the NiCu10 alloy (Figure 5.18a) shows a complete film of h-BN with a notice-
able amount of secondary nucleation. NiCu20 alloy in growth A (Figure 5.18c) also displays a
similar behavior as NiCu10 alloy, where there is a quasi-film of h-BN with extensive secondary
nucleation. However, in NiCu30, the multilayered h-BN crystals form on top of a quasi-film of
h-BN (Figure 5.18¢). In growth B, there is no observable amount of secondary nucleation in
NiCu10 alloy (Figure 5.18b). NiCu20 alloy in growth B has multilayered h-BN crystals forming
(Figure 5.18d), deviating from NiCu10 alloy in growth B and NiCu20 alloy in growth A. h-BN on
NiCu30 alloy (Figure 5.18f) in growth B shows similar multilayered h-BN crystal growth behav-
ioras NiCu20 alloy. This discussion presents the transitionary nature of NiCu20 alloy substrates,
where the h-BN growth tendencies of either lighter or heavier alloys can be observed depending

on the growth condition.
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Figure 5.18: Growth of h-BN on NiCu20 alloy showing tendencies of both lighter alloy in growth A condi-
tions and heavier alloy in growth B conditions. a) h-BN on NiCu10 alloy from growth A, b) h-BN on NiCu10
alloy from growth B, c) h-BN on NiCu20 alloy from growth A, d) h-BN on NiCu20 alloy from growth B, e)
h-BN on NiCu30 from growth A, f) h-BN on NiCu20 alloy from growth B. The scale bar is 10 um.

From the above discussion, both Ni and NiCu alloys result in the formation of multilayered
h-BN. As SEM micrographs are obtained in both in-lens and secondary electrons (SE) modes,
the h-BN morphology on Ni and NiCu30 alloy substrates can be differentiated (Figure 5.19). The
in-lens mode is used to distinguish h-BN from the Ni and alloy substrate, and SE mode is used to
assess the topography of the h-BN film or crystal. From the in-lensimage (Figure 5.19a), h-BN on

Ni appears to have a quasi-film structure. However, the SE image (Figure 5.19b) reveals several
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triangular features on the h-BN quasi-film indicating a high degree of mosaicity and polycrys-
tallinity. Mosaicity is defined as the spread of crystal plane orientations in the film [269]. How-
ever, h-BN on NiCu30 alloy has a multilayered triangular-shaped crystal with no visible mosaic-
ity, demonstrating single crystalline multilayered h-BN crystal growth (Figures 5.19c and 5.19d).
The SEM analysis suggests that h-BN growth on NiCu alloys leads to higher quality h-BN multi-

layered single crystals derived from the lack of mosaicity in the crystal.

In lens Secondary Electrons

R of mosaicity

_.}?)_' &

Figure 5.19: SEM micrographs of Ni (a) and (b) and NiCu30 alloys (c) and (d) assessing the h-BN crystal
morphology. The difference in the degree of mosaicity is clear between the samples.

Figure 5.20 shows a tableau using SEM micrographs of h-BN growth on two different al-

loys and two different growth conditions. The alloy samples in Figures 5.20a and 5.20b have a
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growth time of ~260 mins with a precursor flow rate of 40 sccm and the samplesin Figures 5.20c
and 5.20d have a growth time of 60 mins and precursor flow rate of 40 sccm. Asingle layer h-BN
crystal ~20 um grows on NiCu30 sample (Figure 5.20a). However, during the same growth run,
a multilayer single crystal (=15 um in size) grows on NiCu20 alloy sample (Figure 5.20b). Simi-
larly, by varying the growth condition, a quasi-film of h-BN grows on NiCu30 alloy sample (Fig-
ure 5.20c) and a single layer continuous film is observed on NiCu20 alloy sample (Figure 5.20d).
This indicates that by modulating the growth conditions, a variety of h-BN structures can be

grown on NiCu alloys establishing the versatility of NiCu alloy substrates.

Same growth time (260 mins) across alloy compositions

Changed
growth time
'|(260 to 60
|mins) same
alloy
composition

“ .“_ Single laye:( >

Quasi-film growth continuous fi m

Figure 5.20: SEM micrographs of h-BN growth across alloy compositions and growth conditions. a)
Monolayered h-BN film on NiCu30 alloy, b) multilayered h-BN film on NiCu20 alloy, c) monolayered quasi-
film on NiCu30 alloy, d) single layered continuous film on NiCu20 alloy.
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5.5.2 Characterization of NiCu alloy surfaces after h-BN growth

XPS is performed on NiCu alloys after h-BN growth to understand the evolution of Ni 2p
and Cu 2p peaks at different alloy concentrations, which informs the changes in the oxidation
state (Figure 5.21). The oxidation states of Ni and Cu can be identified with the respective satel-
lite peaks (Figure 5.21a and 5.21b, respectively) and Figures 5.21c and 5.21d are magnified and
truncated versions of Figure 5.21a and 5.21b. Figure 5.21a shows the existence of a Ni 2p?/2
satellite peak next to the Ni 2p®/? peak at ~852 eV indicating a native oxide on the alloy sur-
face [260, 261, 262]. The satellite peak intensity is lower than Ni metal peak and the intensity
does not change with increasing Cu concentration (Figure 5.21¢c). Additionally, there is no no-
ticeable shift in Ni 2p®/? peak (Figure 5.21a and 5.21c) informing that the amount of native oxide
of Ni, Ni(OH),, is proportionally similar on all Ni and NiCu alloy samples [260, 261, 262].

The role of Cu in NiCu alloys is also analyzed using the Cu 2p peak (Figure 5.21b and 5.21d).
The Cu 2p peak in NiCu10 alloy does not show any formation of Cu native oxide as there are no
observable satellite peaks indicating a metal-like surface [236,263,264,265,266,267,268]. This
shows that Cu does not play an active role in the dissociation of the ammonia borane precursor
in NiCu10 alloy. In NiCu20 alloy, the signal is too weak to extract meaningful information. How-
ever, in NiCu30 (brown line), a Cu satellite peakis observed (Figure 5.21b and 5.21d), along with a
shoulder peak on Cu 2p®/2, which suggests a Cu(ll) oxide formation [263,264,265,266,267,268].
While this phenomenon is clear in NiCu30 alloy, the satellite peaks of Cu are much more sub-
dued in NiCu40 and NiCu50 alloys.

The h-BN growth mechanism on Ni is not fully established. However, the solid-gas reactions
between Ni and B, and Ni and N, dictate the growth, yielding thicker uncontrolled h-BN films.
This is different in Cu where h-BN growth is surface limited producing monolayer films. The XPS
results show that adding Cu to Ni slows the solid-gas reactions leading to a more controlled h-
BN growth on NiCu alloy. This is clearly observed using SEM characterization as multilayered

h-BN crystal are grown on heavier NiCu alloy (NiCu30-50).
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Figure 5.21: XPS analysis of NiCu alloys. a) Ni 2p, b) Cu 2p, c) Ni 2p region limited to 850-890 eV, d) Cu 2p
region limited to 930-970 eV.

5.5.3 Summary of h-BN growth on NiCu alloys

The FT-IRRAS, XPS, and SEM characterization show that the heavier alloys (NiCu30-50) are
well suited for the growth of both monolayered and multilayered h-BN single crystals as large
as 20 um in size. The lack of mosaicity is also a desirable trait as single crystalline multilay-
ered growth of h-BN is evident on NiCu alloys. Additionally, the role of mechanical polishing
is extremely critical as h-BN growth on polished alloys yield larger multilayered h-BN crystals.

These results indicate that NiCu alloy holds promise as a substrate for the controlled growth of
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multilayered h-BN crystals.
5.6 Discussion on h-BN growth on Cu;;Nis, and Ni5 Cu;, alloys
5.6.1 Growth morphology of h-BN on Cu;,Nis5, and Ni5;Cus, alloys

Thecritical juncture where the stoichiometry of Cu-rich and Ni-rich alloys are balanced (CuNi50
and NiCu50), the h-BN growth pattern deviates as observed using FT-IRRAS and XPS (Figure 5.10a
andb). Theamountof h-BN on CuNi50 alloy is lower than on NiCu50 alloy from the FT-IRRAS and
XPS peak area analysis. From the SEM characterization, there are large monolayer h-BN crystals
observed to grow on CuNi50 alloy samples, while on NiCu50 alloy samples, there are multilay-
ered h-BN crystals growing. To investigate this behavior further, h-BN growth on CuNi50 and
NiCu50 alloys is examined for two different growth conditions A and B (Figure 5.22). In growth
A, the precursor flow rate is 50 sccm and in growth B, the precursor flow rate is 40 sccm with
identical growth times. Individual h-BN crystals of ~5 um and 1 um sizes grow on CuNi50 alloy
in growth A and B conditions, respectively (Figures 5.22a and 5.22b). In contrast, multilayered
crystals grow on top of monolayer films of h-BN on NiCu50 alloy substrate in growth A. How-
ever, in growth B, large single crystals (=25 um in size) grow on NiCu50 indicating different h-
BN growth behavior despite having an identical same alloy composition (50 wt.% Cu and 50
wt.% Ni). The differences in h-BN growth on CuNi50 and NiCu50 alloys can be studied from the

surface and microstructure perspective of both these alloys using XPS and EBSD, respectively.
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Figure 5.22: SEM micrographs of h-BN grown on CuNi50 and NiCu50 in two different growth conditions,
growth A and growth B. a) CuNi50 in growth A, b) CuNi50 in growth B, c) NiCu50 in growth A, d) NiCu50 in
growth B.

5.6.2 Surface characterization after h-BN growth

The XPS results for both CuNi50 and NiCu50 alloy substrates, along with the Cu and Ni control
samples, after h-BN growth are shown (Figure 5.23). The primary peaks of Ni and Cu, Ni 2p and
Cu 2p are used to analyze the nature of the surface. Figure 5.23a shows the Ni 2p peak and
Figure 5.23b shows the Cu2p peak. The Ni 2p'/? and Cu 2p'/? are truncated at 853 eV and 933
eV, respectively, and magnified to identify subtle changes in the peak shapes and the changesin
the oxidation states. From Figure 5.23a, the Ni sample has the most intense Ni 2p®/? peak with an

adjacent satellite peak indicating the presence of surface oxide. In contrast with Ni control, the
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Ni 2p decreases in intensity for NiCu50 and CuNi50 alloy samples. Additionally, the Ni 2p peak
in CuNi50 alloy is much lower in intensity than NiCu50 alloy denoting a Ni deficiency on the top
surface of the sample. The intensity of the Ni oxide peak is similar for all the three samples: Ni,
NiCu50 and CuNi50 (Figure 5.23c), implying that all the three samples have a similar relative
amount of surface native oxide.

The satellite peaks of Cu (Figures 5.23b and 5.23d), observable only on the Cu control sam-
ple and CuNi50 alloy, reveal surface oxidation. The satellite peaks on Cu indicate that the Cu
has a native Cu(l)O (Cu,0) oxide. The satellite peaks for CuNi50 alloy are shifted and there is a
shoulder peak on Cu 2p®/? peak indicating the presence of Cu(OH), (+2 oxidation state). There

are no satellite peaks or shoulder peaks on Cu 2p?/?

in NiCu50 alloy sample, revealing that the
Cu surface is not oxidized and is metal-like. This also implies that the Cu in NiCu50 alloy is on
the alloy surface and is playing a passive role in dictating h-BN growth. Additionally, the Cu 2p
intensity in CuNi50 and NiCu50 alloy are similar, contrary to Ni 2p, confirming that CuNi50 alloy

is Ni deficient on the surface.
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Figure 5.23: XPS analysis of CuNi50 and NiCu50. a) Ni 2p, b) Cu 2p, c) Ni 2p region limited to 850-890 eV,
d) Cu 2p region limited to 930-970 eV.

5.6.3 Microstructural evaluation of Cu;,Ni5, and Ni;,Cus, alloys

The microstructural information and the grain size statistics of CuNi50 and NiCu50 alloys
after h-BN are obtained using EBSD (Figure 5.24). Figures 5.24c and 5.24d show the grain size
distribution of CuNi50 and NiCu50 alloys, respectively, and neither alloy shows any preferential

orientation. Additionally, there is a prominence of twin grains in both CuNi50 and NiCu50 alloys.
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From the grain statistics analysis, the CuNi50 alloy has smaller grain sizes (15-25 um) than the
NiCu50 alloy (20-30 um). The average grain size is calculated to be around 18 um (=324 um?)
for the CuNi50 alloy and 22 um (~484 um?) for the NiCu50 alloy. The histogram of grain sizes for
the CuNi50 and NiCu50 alloys (Figure 5.24c and 5.24d) reveals that the NiCu50 alloy has several
grains much larger than 22 um (~484 um?). Microstructural analysis indicates that the h-BN

growth might be less dependent on the alloy orientation and more on the surface composition.
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Figure 5.24: EBSD analysis of the microstructure of h-BN on CuNi50 and NiCu50 from growth A. a) Mi-
crostructure of CuNi50 alloy, b) Microstructure of CuNi50 alloy, c) Histogram of grain sizes in CuNi50 alloy,
d) Histogram of grain sizes in NiCu50 alloy, e) IPF reference for EBSD maps.

The surface and microstructural characterization of CuNi50 and NiCu50 alloys after h-BN

growth reveals that the deviation in h-BN growth is largely due to the differences in the alloy sur-
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face composition. As highlighted in the XPS analysis from above, the topmost surface composi-
tion of CuNi50 and NiCu50 is different, suggesting a Cu-dominated and Ni-dominated catalytic
breakdown of ammonia borane precursor. The SEM micrographs (Figure 5.22) further strength-
ened this statement, where these is only monolayer h-BN growth on CuNi50 and multilayer h-BN
growth on NiCu50 alloys. This monolayer-only behavior is very specific to Cu substrate due to it
self-limiting nature.

As the microstructure of both the alloys is not very different: similar average grain size and
no strong preferred grain orientation, the contribution of microstructure on the h-BN growth
is hypothesized to be very limited. Additionally, as discussed in the experimental section, the
CuNi alloys and NiCu alloy are prepared differently, where Ni is electrodeposited on Cu and Cu
is electrodeposited on Ni to create CuNi and NiCu alloys, respectively. During the thermal an-
nealing process to prepare the CuNi alloy, it is possible that Ni is substituting Cu atoms in the Cu
foil preserving the Cu atomic structure (lattice parameter) [256]. This could also be similar with
the case of NiCu alloy, where Cu is substituting into Ni atomic position preserving the Ni atomic
structure [256]. It is likely that the difference in the lattice constants may also be contributing
factor for the deviation of h-BN growth at this critical juncture. The lattice structure of Cu and
Ni is face centered cubic (FCC) with a lattice constant of 3.597 A and 3.499 A, respectively [270].
To validate the hypothesis, X-ray diffraction (XRD) on both the alloys have to be performed to

assess the difference in the lattice parameter.
5.6.4 Summary of h-BN growth on Cu;;Ni;, and Ni;,Cus;, alloys

From the XPS and EBSD analysis, the deviation in h-BN growth on CuNi50 and NiCu50 alloy
is more likely to be surface-driven than microstructure-driven. In CuNi50 alloy, both Ni and Cu
oxidize, demonstrating the presence of Ni and Cu species on the alloy surface. There is also a re-
duction in the intensity of Ni 2p peak compared with NiCu50 indicating a deficiency of Ni on the
surface. This suggests that Cu is driving the h-BN growth behavior in CuNi50 alloy. However, in
NiCu50 alloy, only Ni species oxidize, and the Cu species remain unoxidized. This suggests that

the h-BN growth on NiCu50 alloy is Ni dominated as the Cu species is not among the topmost
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layer leading to a deviation in h-BN growth. XRD characterization needs to be performed to de-
termine the lattice constants of CuNi50 and NiCu50 alloys, which could also be contributing to

the difference in h-BN growth patterns in both the alloys.
5.7 Summary and Conclusion

This work demonstrates the growth of h-BN on a Cu-Ni binary alloys, which are prepared us-
ing electrodeposition and thermal annealing. The morphological assessment of alloys suggests
a planarized surface after mechanical polishing making it more suitable for h-BN growth. Cu-
rich (CuNi) alloys, that are prepared using Ni electroplating of Cu, show monolayer h-BN growth
akin to Cu. However, the grain size of the monolayer h-BN films is larger on lighter CuNi alloys
than Cu. The monolayer h-BN crystals and films that grow on heavier CuNi alloys (30-50 wt.% Ni)
are extremely well-coalesced as the grain boundaries of h-BN films are weakly visible. This over-
comes the limitation of poor crystal coalescence observed with Cu. On the other hand, Ni-rich
(NiCu) alloys facilitate the growth of both monolayer and multilayer h-BN growth. The crystal
sizes of h-BN on NiCu alloys are =20 pm in size, which are much larger than ~2 um on Cu foils.
This shows that the growth behavior of h-BN on the Cu-Ni binary alloys is different from Cu and
strongly dependent on the alloy composition. In conclusion, this study affirms that the Cu-Ni
binary alloy substrates overcome the limitations posed by Cu substrates to enable the growth

of monolayer and multilayer h-BN using APCVD.
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6. SUMMARY, CONCLUSIONS AND FUTURE WORK

6.1 Summary

This body of work is an effort: 1) to understand the growth of h-BN on Cu, and 2) to develop
a binary alloy substrate based on Cu and Ni to overcome the limitations of Cu and use the al-
loy composition to grow monolayered and multilayered h-BN crystals. Various characterization
techniques (FT-IRRAS, SEM, STM, and AFM) are used to assess the morphology of h-BN crystals
and films on Cu. The key observation is that h-BN follows the surface features (atomic steps and
step edges) of Cu. STM characterization also reveals a gap of 50 nm in-between twin crystals of
h-BN, which shows poor coalescence of h-BN domains growing on Cu substrates.

The growth of h-BN is studied both from Cu substrate surface and microstructural perspec-
tive. The state of Cu foil substrates supplied by vendors such as Alfa Aesar and Sigma Aldrich
is assessed using AFM and SEM. The Cu foils supplied by the vendors are prepared using a cold
rolling process, which leads to an extremely rough surface with rolling lines and metal impuri-
ties on the surface. This makes the Cu foils unsuitable for the growth of 2D materials. There-
fore, a two-step thermal annealing and electropolishing technique is used for the Cu foil sub-
strates to make it more suitable to grow 2D materials. The thermal annealing step is performed
at 1030°C in H,/N; environment, which reduces the rolling lines and the native Cu oxide. The
electropolishing step further planarizes the thermally annealed Cu foil, while also removing
any stray native oxide on the Cu surface. This two-step technique yields a Cu surface that is
extremely smooth and well-suited for the growth of 2D materials. When h-BN is grown on Cu
substrates prepared using the two-step processing technique, there is a decrease in the num-
ber of nucleation sites of h-BN and an increase in h-BN crystal size. The h-BN films grown on
electropolished Cu foils also have very little or no secondary nucleation. Similarly, graphene is
also grown on the Cu foils prepared using the two-step method to assess the versatility of this

processing technique. Graphene crystals as large as 100 um are also shown to grow on these Cu
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foils, with much better coalescence than unpolished Cu.

This work also shows that the growth of h-BN is dependent on the grain orientation of poly-
crystalline Cu. The relationship between Cu grain orientation is assessed from inverse pole fig-
ure of EBSD maps, and the h-BN on the specific Cu grain, imaged using SEM. The h-BN nucleation
is observed to be slowest on (100)-like orientation, where there is no noticeable nucleation of
h-BN on the surface for both unpolished and electropolished samples. While on (111) and (110)-
like grain orientations, well-formed h-BN crystals grow on both unpolished and electropolished
Cu samples. Statistical categorization is also performed on all the samples with various grain
orientations to understand a general growth trend of h-BN on different Cu orientation. The fast
growth takes place on high index grain orientations, where high density of well-formed h-BN
crystals or film is observed to grow. The low-index grains, mainly (111)-like and (110)-like, ap-
pear to be moderate growth orientations as there is a wide dispersion of no nucleation to film
growth regions. (100)-like shows the slowest growth as there is a prominence of no nucleation
or marginal nucleation density regions. Therefore, the polycrystalline Cu grain orientation has
a strong impact on h-BN growth.

Despite the improvement of the Cu surface with the two-step processing technique, the self-
limiting nature of Cu leads to only a monolayer h-BN film growth. In parallel, h-BN growth on
Ni yields multilayered h-BN films, as there is a lack of control of h-BN nucleation. By creating
a binary alloy of Cu and Ni, the properties of Cu and Ni are combined to enable the controlled
growth of thin (monolayer) and thick (>2 layers) films of h-BN. Cu-Ni binary alloys are prepared
to understand the growth pattern of h-BN and to find the most suitable alloy combination that
will lead to thin and thick films of h-BN. h-BN is grown on the Cu-Ni binary alloys at 10 wt.% steps
at the same time, with Cu and Ni acting as control samples.

CuNialloys (10-50 wt.% Ni), are prepared by electroplating Ni on Cu foils and thermal anneal-
ing. h-BN is grown on these alloys after mechanical polishing as the CuNi foils are too rough with
surface features such asvoids. The lighter CuNi alloys (10-20 wt.% Ni), show improved growth by

means of enlarging the h-BN grain size in the polycrystalline h-BN film. The heavier CuNi alloys
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(30-50 wt.% Ni) show a slower growth rate but the h-BN crystals and quasi-films are extremely
well-coalesced, demonstrating an improvement over Cu foil substrates.

NiCu alloys (10-50 wt.% Cu), are prepared by electroplating Cu on Ni foils and thermal an-
nealing. The NiCu foils are mechanically polished before h-BN growth, as the alloy surface is
not very suitable due to the existence of voids on the surface. The growth pattern of h-BN is
different on lighter NiCu alloys (10-20 wt.% Cu) and heavier NiCu alloys (30-50 wt.% Cu). NiCu10
alloy shows a growth pattern similar to Ni control sample, where thick and dense uncontrolled
h-BN nucleation occurs. However, monolayer and multilayered h-BN crystals grow on heavier
NiCu alloys (30-50 wt.% Cu). Therefore, by modulating the growth conditions, along with the
alloy composition, both monolayer h-BN films with complete coverage and multilayered h-BN

crystals as large as 20 pm in size can be grown.
6.2 Conclusions

In conclusion, the limitations of Cu substrate are assessed by studying the growth morphol-
ogy of h-BN on Cu, which follows the Cu surface features. The two-step thermal annealing and
electropolishing technique is an excellent processing technique well-suited for the growth of 2D
materials like graphene and h-BN. The Cu-Ni binary alloys are outstanding substrates to over-
come the limitations of Cu substrates, facilitating the growth of thin and thick h-BN. CuNi alloys
are extremely well suited to grow large well-coalesced h-BN crystals and films. Similarly, NiCu
alloys provide an opportunity for controlled epitaxial growth of monolayer and multilayered h-
BN crystals suitable to be used as a substrate for 2D materials and a tunnel dielectric for tunnel

diodes.
6.3 Future Work

The long-term goal of this project is to epitaxially grow graphene and h-BN vertical het-
erostructures to demonstrate metal-insulator-metal (MIM) and metal-insulator-metal-insulator-
metal (MIMIM) tunnel diodes for THz applications. The ability to control the thickness of h-BN

is of great importance as it acts as a tunnel barrier to control the tunneling currents, along
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with the h-BN crystal size (>100 um in size). This requires the development of thin and thick
h-BN growth using CMOS-compatible techniques such as CVD. The growth of h-BN on Cu using
APCVD has been demonstrated. Despite the shortcomings of Cu as a substrate for h-BN due to
poor coalescence, polycrystalline Cu remains the substrate of choice for the growth of h-BN and
graphene. The Cu substrate grain dependent growth of h-BN and graphene can be more exten-
sively investigated by performing EBSD and SEM on electropolished Cu, which is not affected
by microfaceting. While the statistical categorization approach can be rudimentary, a more so-
phisticated quantitative approach can be utilized by obtaining the percent coverage of h-BN on
Cu using image processing techniques. Such a method will confirm the role that the Cu sub-
strate plays in h-BN and graphene nucleation and provide Cu grain-dependent growth rate of
h-BN and graphene.

Even though h-BN is successfully grown on the complete Cu-Ni binary alloy system in this
work, there is still scope for future studies in this system. The growth mechanism on both CuNi
and NiCu alloy system must be investigated, especially using computational techniques. This is
of great scientific interest because the growth pattern and behavior of h-BN is very different for
CuNi and NiCu alloys. While well-coalesced monolayer h-BN polycrystalline films are observed
to grow on CuNi alloys, SPM and AFM techniques can be used to measure the polycrystalline
h-BN film grain boundary width. In contrast, multilayered h-BN crystals are observed to grow
on NiCu alloys. The thickness of these multilayered h-BN crystals can be determined using AFM
and cross-sectional TEM. The ability to control the thickness of h-BN by varying the alloy com-
position and growth conditions has to be further investigated. More importantly, the growth
conditions that will yield multilayered h-BN films with a grain size in excess of 50 um in size on
NiCu alloys have to be studied. The role of the Cu-Ni binary alloy grain orientation and its rela-
tionship with h-BN can also be studied using EBSD and SEM techniques. Finally, the electronic
quality of the h-BN crystals can be assessed using current-voltage measurements by fabricating

metal-insulator-metal (MIM) devices.
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