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ABSTRACT

This thesis explores the intricate details of the plasma-enhanced chemical vapor deposition
(PECVD) technique for growing graphene on various substrates at low temperatures. The
research begins by finely optimizing the PECVD growth conditions to produce high-quality
graphene on copper ink, which can potentially be used in a wide range of flexible electronics
and Internet of Things (l0T) devices. The study also showcases that PECVD is an effective
technique for growing graphene directly on electroplated copper over polyimide substrates,

which greatly improves the resilience and environmental stability of copper circuits.

Furthermore, the research investigates the possibility of using PECVD to grow graphene on
gold, which can be a game-changer in anti-corrosion applications and increase the longevity
of gold electrode-based biosensors. The study also makes a significant breakthrough by
growing nanocrystalline multilayer graphene on silver in a single step, which demonstrates
exceptional oxidation resistance and opens new opportunities for hybrid graphene-silver

plasmonic technologies.

Lastly, the thesis examines the potential and complexities of using electrodeposited (ED)
copper foil as a graphene growth substrate, showing significant transformations in the
properties of the ED copper foil post PECVD process. Towards the latter part of this work,
attention is briefly shifted to explore the unique dipole ordering properties of monolayer
molybdenum disulfide (MoS»2) single crystals, which are synthesized using high-
temperature chemical vapor deposition (CVD) and are van der Waals materials like
graphene. Although not the main focus, this inclusion offers valuable insights into
contrasting attributes and functionalities of graphene and MoS;, especially in areas like
high-density data storage and non-volatile memories, and also compares the status of

synthesis methods of these two types of van der Waals materials.

Alongside these investigations, the thesis also touches upon the prospects of both large-

area PECVD graphene growth and interfacial graphene growth, identifying future paths for
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research and innovation. This comprehensive study highlights the versatility of low-

temperature PECVD for graphene synthesis and provides insights that may reshape
research and applications in flexible electronics, biosensing, and beyond. The findings of
this research therefore pave ways for researchers, technology developers, and businesses
to explore realistic technological applications of graphene and two-dimensional materials

in various industries.
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Chapter 1

INTRODUCTION

Partially adapted from: Chen-Hsuan Lu; Duxing Hao; Nai-Chang Yeh. A Perspective of
Recent Advances in PECVD-Grown Graphene Thin Films for Scientific Research and
Technological Applications. Submitted.

1. An overview of graphene and other Van der Waals materials
1.1 Interactions and Applications of Graphene with Various Materials

Graphene, a two-dimensional layer of carbon atoms forming a honeycomb lattice structure
(Figure 1.1), has emerged as a transformative material in the landscape of modern
technology. With its diverse range of properties, it has shown potential in a multitude of
applications, from enhancing the stability of metal electrodes to serving as a solid lubricant.
When paired with other functioning materials, graphene bolsters their resistance to
environmental effects such as oxidation*? and moisture, thus broadens their potential
applications®®. However, employing graphene effectively presents its own set of challenges,

including the convoluted and demanding processes required for its optimal utilization®?®.

Some of the materials that can greatly benefit significantly from the unique properties of
graphene include gold, silver, and the organic-inorganic hybrid perovskites. Revered for its
biocompatibility and malleability, gold finds widespread use in biosensors and flexible
electronics'®*2, while silver, is a favored choice for components in organic light emitting
diodes (OLEDs)* and biosensors with its pronounced surface plasmon resonance (SPR)?.
Organic-inorganic hybrid perovskites, such as CHsNH3sPbXs (X = I, Br), have gained much
research attention due to their improved photovoltaic power conversion efficiency*2.
However, these materials present significant hurdles due to their environmental
susceptibility> 21 making the integration with graphene a promising strategy for

overcoming such obstacles.
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Simultaneously, there is an urgent need for novel techniques that allow the direct growth of

graphene on commonly used substrates, such as silicon. This requirement is particularly
critical for the development of fully CMOS-compatible optoelectronic devices, capitalizing
on the remarkable properties of graphene, including its high electron mobility, large Kerr
coefficient, and ultrafast photodetection capabilities®®®. Yet, the currently available
techniques for graphene synthesis on silicon are limited and necessitate high-temperature
processing®’, often leading to the generation of small graphene islands or flakes, which are

far from ideal for many applications®-°,
1.2 Technological and Economic Implications

Specifically, the domain of Flexible Hybrid Electronics (FHE) is rapidly evolving and has
emerged as a game-changer in the semiconductor industry. FHE technology combines rigid
and flexible electronic components to offer innovative applications transforming various
industries. Organizations like NextFlex and SEMI FlexTech in the United States have been
at the forefront of driving advancements in FHE. Their relentless efforts to advance research
and development in FHE have led to significant progress in the domestic manufacturing
capabilities of this transformative technology. The Department of Defense (DoD) has
recognized the strategic importance of FHE in maintaining and advancing U.S. leadership in
cutting-edge defense technologies. In partnership with NextFlex, the DoD invested a
whopping $154 million in 2020 to expedite the commercialization of prototype technologies
developed by the Army using FHE*L. This investment underscores the DoD's commitment

to FHE and highlights its potential to revolutionize the defense industry.

Further, the world is grappling with the urgent need to reduce carbon emissions globally, and
the United States has launched the Net-Zero Government Initiative to achieve net-zero
emissions from national government operations by 2050*. This initiative is vital to achieving
a more environmentally friendly and sustainable future. The low-temperature plasma-
enhanced chemical vapor deposition (PECVD) technique employed in this thesis for
graphene growth aligns well with this initiative, because it significantly reduces the energy

consumption typically associated with active heating and thus contributes to a greener future.
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Additionally, the PECVD method for graphene growth demonstrates its compatibility with

the processing of FHE, which further helps driving sustainable practices. For example, the
healthcare industry is one of the primary beneficiaries of FHE, with its potential to develop
flexible or smart wearable electronics with metallic electrodes. Wearable medical devices
can monitor health, track fitness, and provide personal assistance, leading to a staggering
growth rate of the wearable medical devices market, reaching a value of USD $26.8 billion
in 2022. With a projected growth rate of 25.7% from 2023 to 2030*, the impact of FHE on
the healthcare industry will be significant and is expected to further drive the growth in this

sector.

Meanwhile, the global printed electronics market, projected to reach USD $30 billion by
2030*, provides a compelling avenue for the adoption of FHE technology. Given that this
market is growing at a compound annual growth rate (CAGR) of 14.5% from 2022 to 2030%,
the integration of graphene—due to its diverse properties—could substantially augment the
capabilities and durability of printed electronics. It is worth noting that the FHE market alone
is expected to reach USD $264.39 million by 2026, growing at a CAGR of 16.2% over the
2021-2026 period. Therefore, the fusion of graphene with FHE technology has not only
scientific implications but also substantial economic potential, making it a critical area of
focus for this thesis.

1.3 Research Goals and Future Directions

On the other hand, the future of wireless communication lies beyond 5G/6G technology,
offering higher bandwidth and lower latency, crucial for real-time machine responses and
autonomous vehicles*. Graphene, with its diverse properties such as thermal, optical,
electrical, and electronic functionalities, has the potential to play a crucial role in these next-

generation technologies.

This thesis aims to explore the application of the PECVD graphene growth technique to a
wide range of transition metals, such as copper, gold, and silver, unlocking new technological

pathways based on graphene-protected surfaces and electrodes. These projections
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demonstrate the incredible potential of this research and the vital role that graphene could

play in the future of flexible electronics.

In addition to in-depth studies of the synthesis and properties of graphene on a variety of
substrates, this thesis also investigates another van der Waals material, molybdenum
disulfide (M0S»). Like all van der Waals materials such as graphene, hexagonal boron nitride,
and transition metal dichalcogenides, bulk MoS: exhibits strong in-plane covalent bonds and
weak inter-layer van der Waals attraction, which can be reduced to a monolayer that consists
of three atomic sheets of sulfur, molybdenum and sulfur, each forming triangular lattice
structures, as shown in Figure 1.2. We have discovered that distorted monolayer MoS>
synthesized by high-temperature chemical vapor deposition (CVD) techniques demonstrated
unique ferroelectric properties: Unlike conventional ferroelectric materials, distorted MoS;
preserves its ferroelectric characteristics even in the ultrathin limit, making it particularly
appealing for high-density data storage and energy-efficient photovoltaics. Through a
comparative overview, this research aims to dissect the challenges and opportunities
associated with employing graphene and MoS; in advanced technological applications,
thereby extending the frontier of our understanding in the realm of two-dimensional

materials.

1.4 Graphene lattice structure

Graphene, a single layer of graphite, consists of a monolayer of carbons forming a

honeycomb lattice structure, as shown in Figure 1.1



Figure 1.1. Graphite structure (left). The interspacing between graphene layers is 3.35A.

(right) the hexagonal lattice of graphene.

The lattice vectors (in Cartesian coordinates) can be expressed as

— 3 V3 — 3 43
a=a(3)m=a(}-3) (1.1)
where a = 1.42 A is the C-C sp? bond length.

Due to the small lattice constant of the sp?-bonded two-dimensional honeycomb structure of
graphene, only protons and electrons could cross a perfect graphene layer, making it an ideal
passivation or anti-corrosion layer. Moreover, since it is only one atom thick, it is optically
transparent under visible light, making graphene usable for transparent electrode

applications.

For comparison, the lattice structure for a monolayer MoS: is shown in Figure 1.2. The 2H
phase is characterized by its mirror symmetry, where the top and bottom sulfur (S) layers are
arranged in a mirrored configuration. On the other hand, the 1T phase is distinguished by its
inversion symmetry, offering a different structural arrangement. Lastly, the 1T' phase
represents a unique distorted structure, in which neither mirror nor inversion symmetry is
present. This figure illustrates these distinct lattice configurations, highlighting the subtle yet

significant differences in their structural symmetries.



Figure 1.2. Three common structural polymorphs of monolayer MXz. M represents (Mo, W)

and X represents (S, Se, Te). Reproduced from Ref*’. Copyright © 2021, Springer Nature.

2. Overview of graphene growth method

When it comes to producing graphene, traditional methods include mechanical exfoliation
and CVD “® | along with several other alternatives. Notably, the CVD technique operates
under high-temperature conditions, generally close to or exceeding the melting point of the
metal catalysts used*®53, which poses challenges such as high temperatures can result in an
aged quartz furnace, potentially leading to contamination issues>*. While there have been
efforts to decrease the CVD growth temperatures®™’, these approaches typically involve
complex preprocessing steps that are not well-suited to industrial-scale production.
Moreover, transferring the graphene from the metal foils to the target substrates is an added
challenge. This transfer step is not only expensive and time-consuming, but it also often
results in weak adhesion between the graphene and the substrates®, thus restricting its
practical applications.
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PECVD provides an alternative solution. This technique leverages plasma to establish a

highly reactive environment, which facilitates growth at lower temperatures®. However, the
typically reported growth temperatures for PECVD, ranging from 450 — 700 °C%%72 are still
too elevated for common polymer substrates. Therefore, there is a need for a PECVD process
that can operate at lower temperatures compatible with these organic substrates, enabling

direct graphene growth.

Considering the growing demand for flexible electronics, it is critical to develop a method
that allows for low-temperature graphene growth. This need emphasizes the importance of
creating scalable, low-temperature graphene synthesis techniques compatible with a broad

spectrum of substrates and seamlessly integrated into industrial processes.
3. The scope of this thesis

This thesis is organized into eight chapters, each tackling a distinct aspect of materials
science with a focus on graphene and ferroelectric materials. Chapter 2 centers on the single-
step direct growth of graphene on Cu ink using PECVD, with applications aimed at FHE and
the 10T. Chapter 3 continues to explore polymer-compatible low-temperature PECVD of
graphene on electroplated Cu, concentrating on its roles in FHE and fan-out redistribution
layers (RDL). Subsequent chapters delve into different substrates and conditions for PECVD
graphene growth, such as on silver and electrodeposited copper foils. Chapter 7 takes a
departure from graphene to discuss the ferroelectric properties of monolayer MoS,
addressing its potential in data storage and neuromorphic computing among other
applications. The thesis concludes with Chapter 8, which outlines future work, particularly
in scaling up PECVD graphene growth for more impactful results and provides a summary
of the thesis.



Chapter 11

SINGLE-STEP DIRECT GROWTH OF GRAPHENE ON CU INK
TOWARD FLEXIBLE HYBRID ELECTRONIC APPLICATIONS BY
PLASMA-ENHANCED CHEMICAL VAPOR DEPOSITION

Adapted from:

Lu, C. H.; Leu, C. M,; Yeh, N. C. Single-Step Direct Growth of Graphene on Cu Ink toward
Flexible Hybrid Electronic Applications by Plasma-Enhanced Chemical Vapor Deposition.
ACS Applied Materials & Interfaces 2021, 13 (5), 6951-6959, DOI:
10.1021/acsami.0c22207.

Personal contribution: T participated in the conception of the project, grew the PECVD
graphene, performed AFM and Raman measurements, interpreted the data, and | wrote the
draft manuscript.

Highly customized and free-formed products in flexible hybrid electronics (FHE) require
direct pattern creation such as inkjet printing (1JP) to accelerate the product development. In
this work, we demonstrate direct growth of graphene on Cu ink deposited on polyimide (PI)
by means of plasma enhanced chemical vapor deposition (PECVD), which provides
simultaneous reduction, sintering and passivation of the Cu ink and further reduces its
resistivity. We investigate the PECVD growth conditions for optimizing the graphene quality
on Cu ink and find that the defect characteristics of graphene are sensitive to the Ho/CHj ratio
at higher total gas pressure during the growth. The morphology of Cu ink after the PECVD
process and the dependence of graphene quality on the H2/CHj4 ratio may be attributed to the
difference in the corresponding electron temperature. This study therefore paves a new
pathway towards efficient growth of high-quality graphene on Cu ink for applications to
flexible electronics and Internet of Things (10T).

1. Introduction

Interconnects are an essential component to all electronic devices. Typically, the desired
circuits are defined by lithography and then followed by sputter Cu deposition. Such a

subtractive process generally leads to low material utilization efficiency and substantial
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chemical waste”. In addition, it is well recognized that the high cost and time-consuming

development of lithographic masks or fine metal masks (FMM) at the panel-level scale
cannot easily adapt to the need of wearable devices, flexible hybrid electronics (FHE) and
Internet of Things (1oT) applications that involve highly customized and free-formed
products’. In this context, pattern creation without the need of lithographic masks, such as
digital lithography technology (DLT) and inkjet printing (1JP), is a promising paradigm
worth pursuing to expedite the product development to meet the demand of highly diversified

applications.

Specifically, additive manufacturing such as inkjet printing is promising to greatly lower
production costs due to its superior material utilization efficiency by direct patterning and its
scalability” "8, Inkjet printing has been successfully demonstrated in devices such as printed
sensors’’ ", antennas®-8!, interconnects’™® and displays®2#3, However, the high surface-to-
volume ratio of the metallic nanoparticles in ink material is susceptible to rapid oxidation.
Therefore, substantial emphasis has been made on silver ink due to its resistance to oxidation
and the conductive nature of its oxidized surface layer®. On the other hand, the drawbacks
of silver ink include its high cost and tendency of electromigration®. In contrast, copper has
a lower material cost and is more resistant to electromigration®, although copper surfaces
are prone to oxidation and the resulting copper oxide is not conductive, which degrades the
reliability of electric circuits made of Cu ink. To address this issue, a common practice to
remove the oxide shell of Cu nanoparticles is through sintering, which is also a required
process to transform the printed layer into continuous and conductive layers®’. Nonetheless,
in the absence of proper protection, copper oxides would inevitably form at a later time.
Therefore, it would be ideal to cover the sintered copper ink with a passivation layer without

compromising the conductivity.

Graphene is known for its superior properties in electronics, mechanics, and optics at an
atomic scale thickness®°. In particular, only protons and electrons could cross a perfect
graphene layer due to the small lattice constant of the sp?-bonded two-dimensional

honeycomb structure. Additionally, graphene is electrically conductive, and few-layer
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graphene is optically transparent. As a result, graphene has found its position in various

applications such as antennas®, sensors®, electromagnetic interference (EMI1)%, and for
surface protection of air-sensitive materials such as the hybrid perovskites® and Cu ink.
Indeed, graphene has been demonstrated to be a diffusion barrier for interconnects®*¢, a
passivation layer for surface plasmon resonance nanostructures® , a surface protection layer

for Cu nanowires®, and as transparent conductive films®-10,

Over the years, various graphene synthesis methods have been developed, with mechanical
exfoliation and high-temperature chemical vapor deposition (CVD) being the most common
approaches*®. However, these methods are either not scalable or incompatible with industrial
processes®’. For example, standard graphene grown by CVD involves temperatures near or
above the melting point of metal catalyst and the growth on metal foils**%, The evaporated
metal and aged quartz furnace under such high temperature could cause contamination®.
Although some modifications have been proposed to lower the growth temperature to near
room temperature >>°7, those approaches involve specific processes that limit the feasibility
of their integration to industrial production. In addition, graphene grown on metal foils would
require an additional process to transfer graphene to targeted substrates, which is time-
consuming, costly, and often leads to poor adhesion between the transferred graphene and
the substrates®, thus limiting the potential applications.

A feasible approach for low-temperature two-dimensional material synthesis is plasma-
enhanced chemical vapor deposition (PECVD), which has the advantage of both scalability
and compatibility with industrial processes®®"? 19213 |n particular, instead of relying on
pyrolysis of precursors to generate reacting species as in thermal CVD, PECVD takes
advantage of a rich stock of radicals and energetic species induced by plasma, providing a
highly reactive environment and thus lowering the growth temperatures®. Despite numerous
reports of PECVD graphene synthesis with the growth temperatures lowered to ~ 450 — 700
°C 6072 however, these temperatures are still much higher than the melting point of common

polymers for growth of graphene on Cu ink. Therefore, a PECVD process conducted at
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sufficiently low temperatures for organic substrates to withstand will be necessary to

achieve direct growth of graphene on Cu ink.

In this study, we demonstrate a single-step PECVD-growth method that can both sinter and
passivate the Cu ink without the need of active heating. We also investigate the effect of
hydrogen-to-methane ratio and total pressure on the resulting graphene quality. Raman
spectroscopic studies were employed to confirm the growth of graphene on Cu ink and to
reveal different types of graphene defects under different hydrogen concentrations in the
PECVD growth. The surface morphology characterization of graphene on Cu ink by the
PeakForce tapping mode of the atomic force microscopy (PFT-AFM) and by scanning
electron microscopy (SEM) along with cross-sectional high angle annular dark field scanning
transmission electron microscopy (HAADF-STEM), revealed that the extent of sintering was
also affected by the hydrogen concentration in the PECVD growth. X-ray photoelectron
spectroscopy (XPS) indicated apparent reduction of surface CuO in the Cu ink after the
PECVD process, and 4-point electrical transport measurements further demonstrated the
reduction of electrical resistivity by more than 75% after PECVD growth of graphene on Cu
ink. These findings therefore suggest a promising pathway via direct PECVD growth of
graphene on Cu ink for scalable and industrially compatible 1JP towards the applications of
FHE and IoT.

2. Experimental method

2.1 Preparation of Cu ink on polyimide substrate

Polyimide on glass substrates were prepared by coating liquid polyimide (polyamic acid) on
glass substrates by doctor blade and was baked through a series of temperatures at 80°C,
150°C, 220°C , and 300°C each for 30 minutes followed by 400°C for 1 hr. The thickness of
the polyimide film after baking was about 24 um. Subsequently, Cu ink, which consisted of
a mixture of Cu nanoparticles of mean diameters 300 nm and 20 nm with 7:3 ratio by weight,

was coated on the polyimide layer by doctor blade. To solidify the Cu ink layer, the substrates
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were then annealed under forming gas (5% H: in N2) atmosphere for 30 minutes at 250°C.

The thickness of Cu ink layer after annealing was about 15 pum.
2.2 PECVD graphene growth

The PECVD system consists of a Sairem microwave solid state generator at 2.45 GHz, an
Evenson cavity, a quartz tube of »2” OD and a quartz sample holder. The base pressure of
the system is 24 mtorr. Before inserting the samples into the reaction tube, both the interior
of the tube and the quartz holder were cleaned first by Ar/O plasma and then followed by
Ar/Hz plasma to remove potential organic residues on the tube wall. Prior to plasma
excitation, H> and CH4 gases were introduced simultaneously into the tube and controlled by
mass flow controllers with the total gas flow set to 9 sccm. The total pressure was held at
either 500 mtorr or 750 mtorr using the throttle valve. After the gas flow stabilized, the power
of plasma was set at 10 W and the plasma was ignited with a tesla coil to start the growth. A
schematic diagram of the PECVD system is shown in Figure 2.1. An image of how a sample
was placed directly inside the plasma is shown in the inset of Figure 2.1. The temperature
under this 10 W plasma power was about 160°C®’. After 5 min, the power was set to zero

while the same gas flow was kept to cool the sample.
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Figure 2.1: A schematic diagram of the PECVD system for direct graphene growth on Cu
ink. The inset shows an image of PECVD graphene growth in process, where the sample was

placed inside the plasma.
2.3 Characterization

Raman spectra were taken directly on the Cu ink after graphene growth by a Raman
spectrometer (Renishaw, In-Via, and Renishaw M1000) with 514.3 nm laser, and the
background signal of the Raman spectra was subtracted before peak fitting. The peaks of
graphene Raman modes (D, G, D’, 2D) were fitted using the Lorentzian line shape with the
peak height denoted as I(D), I(G), I(D’) and 1(2D), respectively. The morphology was
characterized by the PeakForce tapping mode of an atomic force microscope (PFT-AFM,
Bruker Dimension Icon) using the ScanAsyst tip and also by a field emission scanning
electron microscope (FESEM, ZEISS 1550VP). Additionally, cross-sectional Cs-corrected
high angle annular dark field scanning transmission electron microscopy (HAADF-STEM)
images were obtained by JEOL ARM-200F operating at 200kV. Here we note that during
the STEM sample preparation, a layer of Os was coated on graphene to create an elemental
contrast between graphene and the amorphous carbon. X-ray photoelectron spectroscopy
(XPS, VG Scientific ESCALAB 250, monochromatic Al Ka) was used for elemental
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analyses of samples. Resistivity of the samples was measured with a 4-point probe

(Mitsubishi, MCP-T610) and the distance between electrodes was 1 mm.
3. Results and discussion

Representative sample appearance before and after the PECVD process was shown in Figure
S2.1. The brighter appearance of Cu after the PECVD process suggested that surface oxide

had been reduced.

Figures 2.2(a) and 2.2(c) are collections of Raman spectra on samples after PECVD under
different Ho/CHa ratios and for a total pressure of 500 mtorr and 750 mtorr, respectively. We
note that the Ho/CHjs ratio defined here is the flow rate ratio. The presence of G and 2D peaks
confirmed that graphene had been grown on Cu ink. Our results therefore indicated that
plasma enhanced processes could largely reduce the growth temperature compared to

thermal activation.

To make more quantitative analysis, we plotted in Figures 2.2(b) and 2.2(d) the peak intensity
ratios of 1(D)/1(G) versus the H2/CHj4 gas ratio. Here we remark that the 1(2D)/1(G) ratio was
included in supplementary information (Figure. S2.2) for reference only because it was
primarily associated with the interlayer coupling of graphene!®. Instead, we were primarily
interested in the analysis of 1(D)/1(G), which provided information about the crystalline size
and defect/edge density in graphene and so was indicative of the quality of graphene. We
found that at a lower total pressure (500 mtorr), the I(D)/I(G) ratio was much less sensitive
to the Ho/CHa gas ratio (Figs. 2.2(b) and 2.2(d)). This weaker dependence may be attributed
to the higher rates of ion bombardment under a lower total pressure because of the longer
ionic mean free paths that were less sensitive to the Ho/CHa gas ratio.
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Figure 2.2: Raman spectral characteristics of graphene grown on Cu ink under different
PECVD growth conditions: (a) Raman spectra of samples grown under a total gas pressure
of 500 mtorr. (b) The intensity ratios of 1(D)/I(G) for the spectra shown in (a) vs the Ho/CH4
gas ratio. (c) Raman spectra of samples grown under a total gas pressure of 750 mtorr. (d)

The intensity ratios of 1(D)/I(G) for the spectra shown in (c) vs the Ho/CH4 gas ratio.

On the other hand, the 1(D)/I(G) ratio under a higher total pressure (750 mtorr) exhibited
more dependence on the Hx/CHs gas ratio. Noting that the ion bombardment was more
suppressed under a higher total gas pressure due to reduced ionic mean free paths, the main
factor that contributed to the varying graphene quality may be related to the variation of the
electron temperature with the Ho/CHa ratio. Specifically, it has been shown theoretically%-
196 and verified experimentally® that the electron temperature of the plasma containing CHa

would be lower than that containing H> for a given plasma condition because of a larger
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ionization energy of H> than that of CHs. As the CH4 concentration decreased, the electron

temperature would increase, thus enhancing the reaction tendency and leading to reduced
I(D)/1(G). It is worth noting that the electron temperature is not a strong function of the total
gas pressure under high frequency excitation, as discussed in Supplementary section 2.2.
Thus, we may attribute the variations of electron temperature in the plasma to the varying

H2/CHjs gas ratio.

The I(D)/I(G) ratio of graphene is known to be representative of the defect concentration in
the sample. While the I1(D)/1(G) ratio typically increases with increasing defect concentration,
it could exhibit an opposite trend in the limit of high defect concentrations!11°, Therefore,
to reveal whether the decaying trend of I(D)/I(G) with H2/CH4 implied an increase or a
decrease of defect concentration, we further considered the 1(D")/1(G) ratio as a function of
the Ho/CH4 gas ratio (see Figure 2.3(a)) and the relationship between I(D)/I(G) and
I(D")/1(G), as shown in Figure 2.3(b). We found that similar to the behavior of I(D)/I(G), the
I(D")/1(G) ratio also exhibited a decreasing trend with H2/CHj4, and that the ratios of I(D)/1(G)
and I(D)/I(G) showed clear proportionality as expected in the limit of low defect
concentration,*** Our experimental findings therefore suggested that a higher H2/CHs ratio
led to a lower defect density because of the resulting increase of electron temperature that

enhanced the reaction tendency®”.
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Figure 2.3: Comparison of the I1(D")/1(G) and 1(D)/I(D’) ratios of samples of graphene on Cu
ink taken under a total pressure of 750mtorr: (a) 1(D")/1(G) vs. H2/CH4 (b) I(D)/I(D’) vs.
H2/CHa,

As Eckmann et al*'! had shown previously, the ratio of I(D)/I(D’) plot could also reveal the
nature of the defects, which was a method already employed by several works!®® 112,
Following the similar procedure, we note that in Figure 2.3(b), the ratio of I(D)/1(D’) across
the entire range of Ho/CHs ratios was about 7.2, which may be associated with primary defect

structures of vacancies.>®
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Figure 2.4: Raman spectral maps of graphene grown on Cu ink with three different Ho/CHs
ratios of 8, 5 and 0.125 at 750 mtorr. The top row are the optical images with the red box
indicating the mapped region of (15x15) um?2. The second row correspond to maps of the
1(D)/1(G) ratios taken over areas indicated above, and the third row are the histograms of the
1(D)/1(G) maps.

To confirm the validity of aforementioned findings over extended sample areas, we show in
Figure 2.4 the Raman spectral maps and histograms taken on (15x15) pm? areas of graphene
grown on Cu ink with three different H2/CHjs ratios under a total pressure of 750 mtorr. The
average values of the I(D)/I(G) ratio for Ho/CH4 = 8, 5 and 0.125 were 2.69, 2.82 and 3.25,
respectively, which were in agreement with the trend shown in Figure 2.2.
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To understand the effect of PECVD on the surface morphology of Cu ink, we studied the

sample images by scanning electron microscopy (SEM) and cross-sectional HAADF-STEM.
Figure 2.5 shows the SEM and cross-sectional HAADF-STEM images of Cu ink taken
before and after PECVD with a total pressure of 750 mtorr for Ho/CH4 = 0.125 and 8,
respectively. We found that before PECVD, the morphology of Cu ink was consistent with
dispersed particles, as shown in Figures 2.5(a) and 2.5(b) for the images taken by SEM and
HAADF-STEM, respectively. After PECVD, the Cu ink particles were sintered and became
connected, as exemplified in Figures 2.5(c) and 2.5(d) for the SEM and HAADF-STEM
images taken on Cu ink with Ho/CH4 = 0.125, and similarly in Figures 2.5(e) and 2.5(f) for
images of Cu ink with Ho/CH4 = 8. In particular, we note that the connectivity among Cu ink
particles was much more complete for PECVD growth with a larger H2/CHjs ratio (= 8).
Additionally, the HAADF-STEM images revealed that the effective heating depth of the
PECVD process was about 1 um, and that a larger H2/CHa ratio resulted in a slightly deeper
heating depth, as exemplified in Figures 2.5(d) and 2.5(f). In contrast to the sub-nanometer
heating depth found in the remote plasma process of plasma enhanced atomic layer
deposition (PEALD)3, our PECVD process involving direct plasma apparently facilitated
a more energy-efficient thermal process. Thus, for a Cu layer thickness less than 1 um, we

anticipate that the entire Cu layer could undergo the sintering process from PECVD.
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Figure 2.5: SEM and STEM images (a) SEM image of Cu ink before PECVD. (b) HAADF-
STEM image of Cu ink before PECVD. (c) SEM and (d) HAADF-STEM images of Cu ink
after PECVD with H2/CH4 = 0.125 and total pressure = 750 mtorr. (€) SEM and (f) HAADF-
STEM images of Cu ink after PECVD with H2/CH4 = 8 and total pressure = 750 mtorr. The
red lines in (d) and (f) indicate the approximate heating depths of the PECVD process under
H2/CH4 = 0.125 and 8, respectively. The STEM images were acquired by ITRI.



21
Under a higher magnification, the Z contrast of HAADF-STEM imaging revealed the

thickness of the graphene. As shown in Figure 2.6, the thickness of graphene corresponded
to bilayer and monolayer for Ho/CH4 = 0.125 and H2/CH4 = 8 at 750 mtorr, respectively. For
comparison, the high-mag HAADF-STEM image of the sample before PECVD was shown
in Figure S2.3. In contrast to Figure 2.6, the absence of a clear Z-contrast between Cu and
Os in Figure S2.3 indicated that no graphene was present on the Cu surface and that the clear
interface Z-contrast in Figure 2.6 was due to the PECVD grown graphene instead of adsorbed
carbon from air exposure. The main mechanism of forming monolayer graphene on Cu was
dominantly from surface adsorption due to the low carbon solubility of Cu*®. For PECVD,
the active species such as C, formed in the plasma environment could deposit on the first

layer of graphene, forming bilayer graphene!!.

Figure 2.6: Magnified HAADF-STEM images of graphene Cu ink after PECVD with a total
pressure of 750 mtorr and H2/CH4 (a) = 0.125, (b) = 8. Here “a-C” refers to amorphous
carbon and “Gr” represents graphene. The intensity slices (green rectangle region) for both

(@) and (b) were included in Figure S2.3. The STEM images were acquired by ITRI.

The aforementioned observation may be understood by the fact that the higher electron

temperature associated with a larger H2/CHa ratio in the PECVD process helped enhance the
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surface diffusion of the Cu ink®”. In addition, noting that the energy of ions impinging a

surface in contact with the plasma is given by e¢, where e is the electron charge, ¢ represents

the floating potential:*9>1%

2e

p=—-%1+In (o)), 2.1)

and kg, T,, m;, m, denote the Boltzmann constant, electron temperature, ion mass and
electron mass, respectively, a larger Ho/CHj4 ratio would increase the ion energy according

to Eq. (2.1) and facilitate the surface reaction.

Further studies of the surface morphology of Cu ink after PECVD were carried out by atomic
force microscopy (AFM). Representative AFM images of samples grown at H2/CH4 = 8 and
H2/CH4=0.125 are shown in Figures 2.7(a) and 2.7 (b), respectively. We examined the highly
connected regions for both cases as indicated by the red boxes and found that the
corresponding RMS roughness was 15.1 nm and 45.2 nm, respectively, indicating smoother
surfaces of the connected region after PECVD with a larger Ho/CHj ratio, which were more
beneficial to better quality graphene growth. A schematic of the observed roughness
differences due to different Ho/CHa ratios is shown in Figure 2.7(c). It is noted, however, that
these measurements are based on single points per sample, which may introduce location-

specific bias.
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Figure 2.7: AFM images of the samples (a) after PECVD with Ho/CH4 = 8, 750 mtorr; and
(b) after Ho/CH4 = 0.125, 750 mtorr. Here the values of the surface roughness obtained in the
areas indicated by the red boxes in (a) and (b) were obtained by calculating the RMS
roughness of the selected regions. (c) A schematic showing the observed roughness

differences due to different Ho/CHg ratios.

The changes in the chemical state of Cu ink after the PECVD process were examined by X-
ray photoelectron spectroscopy (XPS) as shown in Figure 2.8. The absence of the shake-up
satellite peaks associated with Cu?* indicated that the graphene covered samples after
PECVD were free of CuO. We further note that all samples were stored under ambient
condition prior to the XPS studies so that the absence of CuO in graphene-covered samples
also demonstrated that graphene was suitable to serve as a passivation layer for Cu ink.
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Figure 2.8: XPS Cu-2p spectra taken on Cu-ink samples: (a) before PECVD; (b) after
PECVD with growth conditions of Ho/CH4 = 0.125 and total pressure = 750 mtorr; and (c)

after PECVD with H2/CH4 = 8 and total pressure = 750 mtorr. The XPS spectra were acquired

by ITRI.
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Given that Cu* and Cu® were indistinguishable in the XPS Cu-2p spectrum!®® Cu

L3MasMas region were scanned via X-ray excited Auger spectroscopy (XAES) as shown in
Figure 2.9 to distinguish between Cu.O and Cu. The peak-to-peak ratio from Figures 2.9(b)
and 2.9(d) suggested that both Ho/CH4 = 8 and H2/CHa4 = 0.125 have similar ratios of Cu,0
: Cu. The absence of a peak at ~ 917.7 eV indicated that there was no Cu?*, which was in
line with the absence of Cu?* satellites in the XPS Cu-2p spectra as shown in Figures 2.8(b)
and 2.8(c). The reduction of Cu ink from CuO to Cu0 instead of pure Cu is due to the two-
step reduction path of CuO nanoparticles where metallic Cu would not form without long
reduction time (> 45 min)*. It was also reported that whether the reduction of CuO to Cu
underwent a single-step or a two-step process depended on the size of the nanoparticle!?®.
Therefore, we expect that further optimization of the particle size of Cu ink and the PECVD

process could lead to less surface Cu oxide species.
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Figure 2.9: XAES Cu LMM spectra of samples after PECVD: (a) with H2/CH4 = 8, total
pressure = 750 mtorr; (b) differential spectrum of (a); (c) with Ho/CH4 = 0.125, total pressure
= 750 mtorr; and (d) differential spectrum of (c). The XAES spectra were acquired by ITRI.

Finally, we examined the electrical properties of the Cu ink samples before and after the
PECVD process, and the resistivity data were tabulated in Table 2.1. The much-reduced
resistivity after PECVD may be attributed to both the sintering of Cu ink and the coverage
of graphene. The difference in resistivity between the conditions of Ho/CH4 = 8 and H2/CHg4

= 0.125 may be attributed to the extent of sintering as shown in Figures 2.5(c) — (f), where
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the Cu ink was more connected under the H2/CH4 = 8 condition and additional conduction

paths through graphene were formed so that the resistivity became smaller.

Table 2.1. Resistivity of the Cu ink before and after PECVD. The resistivity were acquired
by ITRI.

Cu ink Hz/CH4 = Hz/CH4 = Hz/CH4 = Hz/CH4 = Hz/CH4 = Hz/CH4 =
S0mtorr | - ¢ 8 5 35 1.25 05 0.125
(erlzs“;’r'ntg 0.154(1) | 0.0376(2) | 0.0523(4) | 0.0552(2) | 0.0605(2) | 0.0646(7) | 0.0817(1)

4. Conclusion

In this work we have demonstrated single-step direct growth of graphene on Cu
ink/polyimide by means of PECVD without the need of active heating. The low-temperature
process was shown to be compatible with polymer substrates commonly used in flexible
electronics. The PECVD process on Cu ink not only reduced and sintered the Cu ink but also
created a graphene passivation layer on the ink, which led to prevention of oxidation and
significant reduction in the resistivity of the Cu ink. Further investigation of several growth
conditions revealed that graphene growth was more sensitive to the H2/CHa ratio under a
higher total gas pressure. Additionally, the defect structures in the PECVD-grown graphene
were independent on the Ho/CHjs ratio, showing predominantly vacancy-type defects for the
inspected H2/CHjs ratio. The morphology of the Cu ink after PECVD and the dependence of
graphene quality on the H2/CHs4 ratio were attributed to the differences in the electron
temperature of the plasma under different H2/CHs ratios. Our low-temperature PECVD
process for direct graphene growth on Cu ink/polyimide and our understanding of how to
control the resulting graphene quality therefore paves a new pathway towards incorporating

graphene/Cu ink/polyimide into hybrid flexible electronics.
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Supporting Information

Figure S2.1: Images of the Cu ink sample (a) before PECVD and (b) after PECVD.
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Figure S2.2. 1(2D)/1(G) vs H2/CHjs at (a) 500 mtorr and (b) 750 mtorr.
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Figure S2.3: HAADF-STEM image of the Cu ink before and after PECVD of 750mtorr with
the corresponding intensity slices. The STEM images were acquired by ITRI.
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Section 2. Derivation of the dependence of electron temperature on total pressure

The equation of motion of electrons under the applied oscillating electric field E(t) =
Eoexp(iwt) may be written as:

dve

e E = _eEO exp(i(‘)t) —MgVV,, (1)

where Eo: electric field amplitude, w: the frequency of the applied electric field, v: the
collision frequency between electron and the neutral, which is proportional to pressure, v,:

the velocity of the electron and m,: the mass of the electron. Solving for v, yields:

eE(t)

Ve = —————
e me (VZ+w?)

(v —iw). @

The time-averaged power absorbed by an electron is:

0o = Re (22) = Re (- £%) = =2 @3)

2 T 2me v24w?
and the time-averaged kinetic energy of the electron is:

"
VeVe 3

2 ) =3

1
Ek :EmeRe( kaE' (4)

Therefore comparing eq(3) and eq(4), we have:

e?E¢ 1

Ga = ZVEk or Te = 6kbmem . (5)
Under microwave excitation, where % > 1 we can approximate eq(5) as:
2E¢ 1
e (6)

6kpme w? )

Therefore, the electron temperature is independent of the collision frequency or pressure.
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Chapter 111

POLYMER-COMPATIBLE LOW-TEMPERATURE PLASMA-
ENHANCED CHEMICAL VAPOR DEPOSITION OF GRAPHENE ON
ELECTROPLATED CU FOR FLEXIBLE HYBRID ELECTRONICS

Adapted from:

Lu, C.-H.; Leu, C.-M.; Yeh, N.-C. Polymer-Compatible Low-Temperature Plasma-
Enhanced Chemical VVapor Deposition of Graphene on Electroplated Cu for Flexible Hybrid
Electronics. ACS Applied Materials & Interfaces 2021, 13 (34), 41323-41329, DOI:
10.1021/acsami.1c11510.

Personal contribution: | participated in the conception of the project, grew the PECVD
graphene, performed AFM and Raman measurements, interpreted the data, and | wrote the
draft manuscript.

Flexible hybrid electronics (FHE) and fan-out redistribution layers (RDL) rely on
electroplating Cu on polymer. In this work, direct low-temperature plasma enhanced
chemical vapor deposition (PECVD) of graphene on electroplated Cu over polyimide
substrates is demonstrated, and the deposition of graphene is found to passivate and
strengthen the electroplated Cu circuit. The effect of the H./CH4 ratio on the PECVD
graphene growth is also investigated, which is shown to affect not only the quality of
graphene but also the durability of Cu. A 100,000 cycles of folding with a bending radius of
2.5 mm and the corresponding resistance tests are carried out, revealing that Cu circuits
covered by graphene grown with a higher H2/CHj4 ratio can sustain many more bending
cycles. Additionally, graphene coverage is shown to suppress the formation of copper oxides

under ambient environment for at least 8 weeks after the PECVD process.
1. Introduction

Flexible hybrid electronics (FHE) have been under increasing demands because their light
weight and flexible characteristics are favorable for a wide range of applications in such areas
as automotive sensors,’* wearable sensors,*’ flexible display,**® and smart packaging radio-

frequency identification (RFID).}*® These applications typically involve heterogeneous
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integration of a large number of chips with different functionalities, and therefore require

the fan-out wafer/panel-level packaging (FOWLP/FOPLP) where a high-density
redistribution layer (RDL) plays an essential role for electrical connections between chips.
A typical choice for the metal wiring on the RDL is Cu by electrochemical deposition (ECD).
Nevertheless, as the density of Cu wires on the RDL increases, electromigration of Cu due
to high current densities becomes a serious issue that must be addressed, and a solution to
strengthen the Cu wires on the RDL while maintaining high conductivity is also required.

Meanwhile, two-dimensional (2D) materials have been under the spotlight for applications
in flexible electronics because of their atomic-scale thicknesses. In particular, the unique
physical properties of graphene have found a variety of applications such as surface
passivation,*?® antennas,'?* sensors'?? and transparent conductive films.}?®> Additionally,
graphene has been shown to effectively improve the reliability and conductivity of Cu wires
when deposited on them.?#1% Therefore, graphene coverage of Cu wires on the RDL is
expected to be a viable solution to the aforementioned issues facing the development of FHE.

Among the methods for graphene synthesis, mechanical exfoliation and chemical vapor
deposition (CVD) at high temperatures are the most common approaches. Typical thermal
CVD graphene synthesis requires a growth temperature near or above the melting point of
the metal foils used as the substrates.*® 5 Under such high temperatures, evaporated metal
and the aged quartz furnace could cause contamination® in addition to the incompatibility
with most device processing. Over the years, progress has been made to lower the CVD
growth temperature to 300°C ?® or even close to room temperature.>>¢ Nevertheless, these
methods are either incompatible with targeted substrate materials, or involves specific
processes that are not scalable for industrial production. For instance, the reported CVD
graphene growth temperature reduction involved benzene as the precursor,*?® which could
dissolve polymer substrates. Other approaches involve graphene nuclei preparation at
1050°C *° or the application of high pressure,®® which are also harsh conditions incompatible
with polymer substrates. Although graphene may be synthesized with the aforementioned
approaches on metallic substrates and then transferred to polymer substrates, the transfer
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process is not only time-consuming but also potentially damaging to graphene quality.

Moreover, the transferred graphene typically exhibits poor adhesion to the targeted
substrates.®

An alternative approach for low-temperature graphene synthesis that is both scalable for
industrial processes and compatible with polymer substrates is plasma-enhanced chemical
vapor deposition (PECVD). Unlike thermal CVD where reacting species are generated
through pyrolysis, PECVD utilizes plasma to generate radicals and energetic species, which
creates a reactive environment to lower the growth temperature. However, typical graphene
growth temperatures by PECVD are still in the range of around 400-700 °C, which is still
higher than the melting point of typical polymers. Thus, it is necessary to develop a PECVD
process for graphene synthesis that could be operated at a temperature where organic

substrates could withstand.

In this study, we report a polymer-compatible PECVD graphene growth method on
electroplated Cu thin films by means of direct plasma without the need of active heating, and
demonstrate that the graphene deposition leads to Cu passivation and durability enhancement
for folding. The effect of hydrogen-to-methane ratio on the graphene quality is also
investigated. To characterize the quality of graphene grown on electroplated Cu, Raman
spectroscopic studies and X-ray photoelectron spectroscopy (XPS) were employed. The
surface morphology of graphene on electroplated Cu was investigated by the PeakForce
tapping atomic force microscopy (PFT-AFM), which revealed that the Cu surface was
smoothened after PECVD growth and that the morphology was not strongly dependent on
the hydrogen concentration. Studies of the PECVD-grown samples by cross-sectional high-
angle annular dark field scanning transmission electron microscopy (HAADF-STEM)
further showed that the deposited graphene was bilayer when synthesized under high
hydrogen concentrations, which also resulted in better graphene quality. XPS studies
confirmed the graphene coverage over electroplated Cu and further indicated that native
oxides on the Cu surface were removed during the PECVD process. Moreover, graphene

coverage was shown to suppress the formation of copper oxides under ambient environment
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for at least 8 weeks after the PECVD process. Measurements of the electrical resistance of

graphene on Cu/polymer samples after folding inward for 100,000 times with a bending
radius of 2.5 mm uncovered that PECVD graphene not only lowered the resistance but also
increased the durability of the Cu circuit significantly. Additionally, the durability
enhancement by the deposition of PECVD-grown graphene was found to be dependent on
the hydrogen-to-methane ratio. Our work therefore presents the process of direct low-
temperature PECVD graphene growth as a scalable and industrially compatible approach to
achieving passivation and durability enhancement of electroplated Cu on polymer for FHE

applications.
2. Experimental method
2.1 Structure of electroplated Cu substrates

The substrates provided by the Industrial Technology Research Institute (ITRI) consist of the
following layered structures from bottom up: polyimide (15 um), silicon nitride (200 nm),
sputtered Ti (100 nm) as an adhesion layer, sputtered Cu (200 nm) as a seed layer, and

electroplated Cu (2 um).
2.2 PECVD graphene synthesis

The PECVD graphene growth chamber consists of a quartz tube of %4” outer diameter and
quartz sample holders, which operates with a base pressure of 24 mtorr. The plasma was
generated by an Evenson cavity connected to Sairem solid-state microwave generator fixed
at 2.45 GHz, which led to direct plasma within the volume of the growth chamber enclosed
by the cavity. Before placing the sample into the sample holders, the holders were cleaned
with both Piranha solution (H2SO4 : H202 = 3:1 in volume, mixed at room temperature) and
Ar/O; gas flow, followed by Ar/H, plasma cleaning to remove potential organic residues.
Note that Piranha solution is highly corrosive and so care must be taken when handling.
Before plasma excitation, both H, and CH4 gases were introduced into the growth chamber

by mass flow controllers, and the total pressure of the system was fixed at 750 mtorr. The
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plasma power was set at 8 W for the PECVD growth, which was started after the gas flow

stabilized. The temperature change during the growth was recorded via a thermocouple
attached on the quartz tube as shown in Figure S3.1. The maximum temperature reached
during the PECVD growth was about 100 °C. After 10 minutes, the plasma was turned off

with the gas flow maintained until the sample completely cooled down to room temperature.
2.3 Characterization

Raman spectra were taken on the graphene covered Cu by a Raman spectrometer (Renishaw,
In-Via) with a 514.3 nm laser and a spatial resolution of 0.5 um. The peaks of graphene
Raman modes (D, G, 2D) were fitted by the Lorentzian lineshape. The corresponding peak
intensities were denoted as (D), I(G) and 1(2D), respectively. The surface topography and
morphology were characterized by the PeakForce tapping atomic force microscopy with a
ScanAsyst probe (PTF-AFM, Bruker Dimension Icon). X-ray photoelectron spectroscopy
(XPS) was collected via the Surface Science Instruments M-Probe ESCA with Al K, of
1486.6 eV X-ray source and a hemispherical energy analyzer using a pass energy of 25 eV.
The X-ray spot size was (500 x 1200) um?, and the instrument work function was calibrated
with respect to Au 4f72. Cross-sectional transmission electron microscopy (TEM) images
were acquired by Cs-corrected JEOL ARM-200F with 200 kV acceleration voltage under
the high-angle annular dark field scanning transmission electron microscopy (HAADF-
STEM) mode. A layer of metal oxide was coated during the TEM sample preparation as a
protecting layer. The folding test was conducted by using a piece of custom-built equipment
at ITRI with a bending radius of 2.5 mm. Electrical resistance of samples was measured using

a Keithley 2400 source meter.
3. Results and discussion

In Figure 3.1(a) we show the Raman spectra of PECVD graphene grown at different ratios
of Ho/CH4 flow rates. The distinct signatures of graphene Raman modes (D, G, D’, 2D)
indicated successful graphene growth for all Ho/CHy ratios. Our results confirmed that
PECVD processes could substantially reduce the required growth temperatures when
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compared to thermal CVD processes. To evaluate the effect of the H2/CHa ratio on the

quality of graphene, the intensity ratio 1(D)/I(G) and the estimated graphene grain size L vs.
H2/CH4 were plotted in Figure 1(b). Specifically, the graphene grain size L or distance

between defects could be estimated by the 1(D)/1(G) ratio as follows:'?’

L(nm) = 22 (2) ®

Efaser Ig
where E; ;¢ = 2.41 €V in our case.

As shown in Figure 3.1(b), higher H2/CHjy ratios lead to larger grain sizes of graphene. As
we shall discuss later, the grain size is an important factor that affects the durability of the
Cu circuit pattern. Additional Raman spectroscopic characterizations of samples grown
under different Ho/CHa ratios are shown in Figure S3.2 and Figure S3.3 for the I(D)/I(G) and
1(2D)/1(G) spatial maps across (30x30) um?, respectively, along with the corresponding

histograms where each histogram consists of 225 point spectra.
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Figure 3.1. Raman spectra measurement (a) Representative Raman spectra of PECVD
graphene grown at different H2/CHjs ratios. (b) The I1(D)/I(G) intensity ratio and graphene
grain size L vs. Ho/CHj4 ratio. Here the error bar associated with each H2/CHa ratio was

calculated from analyzing 225 Raman spectra.
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The decreasing trend of I1(D)/1(G) vs. H2/CHa4 could be the result of both defective graphene

etched by hydrogen®? and the increased electron temperature in the plasma for higher H,
concentration.?® Since the samples were directly in contact with plasma without external

bias, the magnitude of the ion bombardment energy due to the floating potential ¢ is given

by the difference between the floating potential and plasma potential ¢,,:*°

kp

|y — ¢yl =2 (1 +1In (25)), v

2mme

where e is the electron charge, kg the Boltzmann constant, T, the electron temperature, m;
the ion mass, and m, the electron mass. While we had found previously that the ion
bombardment energy could affect the surface roughness of Cu nanoparticle films,'?° the
morphology of the electroplated Cu did not vary as much across for different Ho/CHa ratios,
as shown by the spatial maps of Peak Force Error images in Figure 3.2. These results
indicated that under the PECVD process, the morphology of the electroplated Cu was not as
sensitive to ion bombardment as that of Cu nanoparticles, which may be attributed to the
much better connectivity of the former prior to the PECVD process. Therefore, the observed
reduction in roughness with increasing H2/CHj4 ratio may be mainly attributed to Cu etching
by hydrogen plasma.'?® Moreover, the optical appearance of the electroplated Cu was more
reflective after the PECVD process (Figure S3.4), which agreed with the AFM images that
the roughness decreased and that the morphology appeared sharper and polished after
PECVD (Figure 3.2 and Figure S3.5) as the result of Cu etching by plasma and graphene
growth.

Here we remark that our choice of the Peak Force Error images for morphology studies in
the place of typical scanning electron microscopy (SEM) is because typical surface cleaning
procedure such as O, plasma is not suitable for graphene covered samples. For SEM imaging,
the graphene covered sample surface would be subject to electron beam induced amorphous
carbon deposition due to adsorbed organic molecules from air exposure. An alternative way
to obtain detailed morphology for delicate samples is through atomic force microscopy
(AFM). Within available AFM modes, the Peak Force tapping mode allows a controllable
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force set point to minimize sample damages. Comparing the Peak Force Error images

(Figure 3.2) to the height images (Figure S3.5), we find that the former can provide better
resolution for the detailed surface morphology. In fact, the Peak Force Error images have

been applied to image detailed structures of fragile cells in biology.!30-13
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Figure 3.2. Peak Force Error image of electroplated Cu substrates after the PECVD process
with (a) H2/CHs = 1, (b) H2/CHas = 2, (c) H2/CH4 = 6, and (d) H2/CH4 = 12.

To investigate the thickness of graphene grown on electroplated Cu substrates, a typical
approach is to consider the 1(2D)/I(G) ratio from Raman spectroscopy, and a value of
1(2D)/I(G) > 1 is commonly considered as a signature for monolayer graphene.'8 On the other
hand, it is also well known that the 1(2D)/I(G) ratio is sensitive to interlayer coupling*® so
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that it is not always an accurate indicator for the number of graphene layers. To verify the

exact thickness of graphene deposited on the electroplated Cu substrates, cross-sectional
image of the sample grown with H2/CH4 = 12 was taken by HAADF-STEM and shown in
Figure 3.3. The image confirmed that the thickness of the graphene to be bilayer, implying
that the ratio of 1(2D)/1(G) > 1 was associated with turbostratic stacking of the graphene
layers.®*2133 For comparison, the HAADF-STEM image of a reference sample was shown in
Figure S3.6, which clearly showed that no graphene layer was present, therefore precluding
the possibility that the observed layered structure in Figure 3.3 could be from adsorbed

molecules due to air exposure.

XPS was employed to investigate the chemical change of the samples. The C-1s spectra of
samples after the PECVD process were shown in Figure 3.4. The clear contribution from the
sp? carbon bond (~ 284.3 eV) further confirmed graphene coverage on Cu, while the presence
of C=0 bond (~ 288 eV) could be due to exposure to ambient environment.'3* Comparing to
the as-received Cu substrate (Figure S3.7 (a)), Cu-2p region scans indicated that PECVD
graphene growth process also removed Cu oxides as shown in Figure 3.5, similar to the Cu
substrate etched with dilute H.SO4 (Figure S3.7 (b)). We further note a blue shift in the C=C
component of Figure 3.4(a) for graphene grown under the condition of Ho/CH4 = 1, which
may be attributed to the highest defect density of this sample (according to Raman
spectroscopic studies) that led to less ideal sp? bonding and the formation of sp2 bonds around
defects. Therefore, the averaged C=C component shifted towards a higher binding energy
and became closer to the C-C bond. In the same context, the revelation of the lowest intensity
of the C-C component in Figure 3.4(d) was consistent with the fact that the sample was grown
with the highest Ho/CHjs ratio and had the lowest defect density.
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Protection
“layer

Figure 3.3. HAADF-STEM image of PECVD graphene grown on electroplated Cu with the
ratio of Ho/CH4 = 12. Here “Gr” represents graphene. The inset shows the intensity slice of

the indicated region from Cu through graphene to the proprietary protection layer. The STEM

image was acquired by ITRI.
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Figure 3.4. XPS C1s spectra collected on PECVD graphene covered samples: (a) after
PECVD with Ho/CH4 = 1, (b) after PECVD with H2/CH4 = 2, (c) after PECVD with Ho/CHa4

=6, (d) after PECVD with Ho/CH4 = 12.

Furthermore, we found that for samples stored under a normal ambient condition up to 8

weeks, electroplated Cu covered with PECVD-grown graphene showed strongly suppressed
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Cu oxide satellite formation (Figures 3.5 (b)—(e), (g)—(j) and (1)-(0)), which was in stark

contrast to the significant oxidation with time of an etched electroplated Cu substrate without
graphene coverage (Figures 3.5(a), (f) and (k)). This finding therefore demonstrated excellent

passivation of Cu by the low-temperature PECVD-grown graphene.
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Figure 3.5. XPS Cu 2p spectra. Top panels: XPS Cu 2p peaks of (a) etched Cu substrate and
(b-e) samples right after PECVD growth of graphene under different Ho/CHj ratios. Middle
panels, XPS Cu 2p peaks of samples after stored under normal ambient condition for 4
weeks: (f) etched Cu substrate and (g-j) samples after PECVD growth of graphene under
different Ho/CHa ratios. Bottom panels: XPS Cu 2p peaks of samples after stored under
normal ambient condition for 8 weeks: (k) etched Cu substrate and (I-0) samples after
PECVD growth of graphene under different Ho/CHs ratios.

The electroplated Cu circuit pattern on the substrates and the folding equipment used for the
folding test and resistance measurements of the substrates are shown in Figure S3.8, and the
effect of the PECVD-grown graphene coverage on the Cu circuit compared with that without
graphene coverage is shown in Figure 3.6. We found that the resistance of the Cu circuit with
PECVD-grown graphene coverage was reduced relative to the reference Cu circuit without
graphene coverage. Moreover, the durability of the Cu circuit with PECVD-grown graphene
was increased significantly: while the reference sample broke down after fewer than 60,000
cycles, the graphene covered samples could maintain electrical conduction (as indicated by
measurable resistance values) up to 100,000 cycles of folding. (The measurement up to
200,000 cycles was included in Table S3.2). Here, “broke-down” was defined as the state of
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exceedingly high resistance where the resistance was not measurable. In addition, we

found that samples covered with graphene grown under higher Ho/CHj ratios exhibited better
durability enhancement, as tabulated in Table S3.1. Our results also indicated that the
underlying polyimide substrate maintained its flexibility after the PECVD process. We
further note that the folding test was conducted under ambient condition and that the
resistance of the circuit was measured directly on the sample without a typical dielectric
passivation layer for FHE. This finding suggests that the graphene coverage can also decrease
the passivation thickness in addition to enhancing the reliability of the Cu circuit, which may
be attributed to the extra stability provided by graphene to the underlying Cu *** and is
consistent with our XPS studies shown in Figure 3.5.
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Figure 3.6. Resistance of the Cu circuit vs. the number of folding cycles. Note that the
reference sample failed after about 60,000 folding cycles. The folding test was performed by
ITRI.

4. Conclusion



44
We have demonstrated direct low-temperature PECVD graphene growth on flexible

substrates consisting of electroplated Cu on polymer. An investigation of the PECVD growth
conditions revealed that the graphene quality improved with increasing H2/CHs ratio. In
addition to the removal of surface oxide from the electroplated Cu substrate and the reduction
of surface roughness of Cu by the PECVD process, graphene coverage on the substrate
further suppressed the formation of Cu oxide after the samples were stored in ambient
environment for 8 weeks and also significantly enhanced the durability of the Cu circuit. For
folding tests up to about 100,000 cycles with a bending radius of 2.5 mm, samples covered
by graphene grown at higher H2/CHj ratios exhibited significantly better durability. Our
successful low-temperature PECVD process for direct growth of graphene on flexible
substrates of electroplated Cu on polymer thus opens up new opportunities for strengthening
the durability and stability of Cu circuits while reducing the electrical resistance, which are

crucial criteria for reliable FHE applications.
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Figure S3.1. Appearance of the PECVD and the temperature measurement. (Top panel)

Photograph of the PECVD process in progress. (Bottom panel) The growth chamber
temperature change as a function of time during the PECVD process was recorded via

thermocouple attached on the quartz tube.

H,/CH,=1 H,/CH,=2 H,/CH,=6 H,/CH,=12
(a) (b) () (d)

D/G D/G D/G 0/G
(e) 35 (f) [ 35 (8) 22 (h)

2.2

0.85

. .y 100 100 0 )
(I) A 4:336 (J) ’r\ 102,99 (k) i - w192 (I) ,"\ 1:1.08

5
3 \ /
© ! \ © a0 ! © a0 \ o 1 \
\
LA 20 4 \ \

- = z > Y S - !

PIoI o i, i v s s o | [ S .. s e N | T 0, i s s 0

30 32 34 36 38 20 22 24 26 28 30 32 34 36 38 12 14 16 18 20 22 24 26 06 08 10 12 14 16
DIG DIG DIG DIG

Figure S3.2. Optical images, 1(D)/I(G) spatial maps and histograms of the 1(D)/I(G) spatial
maps of PECVD-grown graphene on electroplated Cu under different ratios of Ho/CHa: (a,e,i)
H2/CH4 = 12 (b,f,j) H2/CH4 = 6 (c,9,K) H2/CH4 = 2, and (d,h,i) H2/CHas = 1. The size of the
mapping area in (e-h), which corresponds to the red squares in (a-d), is (30x30) um?. Each
histogram from (i) to (I) consists of 225 point spectra, and each point spectrum is taken over

a spot size with a radius of 0.5 um.
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Figure S3.3. 1(2D)/I(G) spatial maps and histograms of the 1(2D)/1(G) spatial maps of
PECVD-grown graphene on electroplated Cu under different ratios of Ho/CH4 flow rates:
(a,e) Ho/CHs =1, (b,f) H2/CH4 =2, (c,g) H2/CH4 = 6, and (d,h) H2/CH4 = 12. The size of the
mapping area in (a-d) is (30x30) um?. Each histogram from (e) to (h) consists of 225 point

spectra, and each point spectrum is taken over a spot size with a radius of 0.5 um.
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Figure S3.4. Optical image comparing the appearances of the electroplated Cu substrate on

polyimide before and after the PECVD process.
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Figure S3.5. Surface morphology of electroplated Cu substrates: (a) AFM image (top panel)
and Peak Force channel (bottom panel) of an electroplated Cu substrate before PECVD. (b)
AFM image of an electroplated Cu substrate after PECVD with H2/CH4 = 1. (c) AFM image
of an electroplated Cu substrate after PECVD with H2/CH4 = 2. (d) AFM image of an
electroplated Cu substrate after PECVD with H2/CH4 = 6. (¢) AFM image of an electroplated
Cu substrate after PECVD with H2/CHs = 12. The RMS roughness of the images were
indicated.
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-« ... Protection

Figure S3.6. HAADF-STEM image of the reference sample. Here a-C between Cu and the

protection layer refers to amorphous carbon. The STEM image was acquired by ITRI.
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Figure S3.7. Cu2p XPS spectra of (a) as-received electroplated Cu substrate, and (b) the same
electroplated Cu substrate after dilute HoSO4 etch.
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Figure S3.8. The circuit pattern used for the folding test and resistance measurements (Left).
The size for each electrical pad is (1x1) mm?, and the expanded image of the area indicated
by the red box is shown on the right, and the scale bar (white) is 20 um. (Right) Photograph
of the equipment for the folding test. The circuit pattern was attached to the center of the

equipment.



Table S3.1. Electrical resistance (measured in Q) of different samples after the indicated
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number (N) of folding cycles and comparison among samples grown under different Ho/CHa

ratios. The folding test was performed by ITRI.

Record
Sample number 1 2 3 4 5
Folding cycle (N)
Resistance (Q)
N 0 10,250
reference ! failed | — —
Q| 18.8 | 92.43
N 0 10,250 .
H,/CH,=1 failed | — —
Q| 18.3 | 33.66
N 0 10,250|60,505
H,/CH,=2 ’ : failed —
Q 116.20| 16.71 | 149M
H,/CH,=6 N 0 |50,255|65,750|89,750/110,140
A Q| 19.9 | 2.46k | 2.39k | 3.12k | 3.66k
N 0 10,250|60,505|76,000| 100,000
H,/CH,=12 ! ’ ’ !
Q| 15,5 | 33.87 | 2.91k | 2.66k | 3.60k

Table S3.2. Electrical resistance (measured in Q) of different samples after the indicated

number (N) of folding cycles up to 200,000 cycles. The folding test was performed by ITRI.

Record
S | number
ample 1 2 3 4 5 6 7
Folding cycle (N)
Resistance (Q)
N 0 10,250 .
reference failed — — — —
Q | 18.82 | 92.43
0
H,/CH,=1 N 10,250 | ¢ iled _ _ _ _
Q | 18.33 33.66
0
H,/CH,=2 N 10,250 | 60,505 failed . . .
Q| 16.20 | 16.71 149M
H,/CH,=6 N 0 50,255 | 65,750 | 89,750 @ 110,140 |189,750| 200,000
A 0 | 19.92 | 246k | 2.39k | 3.12k = 3.66k | 6.88k | 5.41k
N 0 10,250 | 60,505 | 76,000 | 100,000 | 185,360 |200,000
H,/CH,=12
Q | 15.46 | 33.87 2.91k 2.66k 3.60k 93M 93M
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Chapter 1V

GRAPHENE ON GOLD FOR ANTICORROSION IN SMART WEARABLE
ELECTRONICS

Adapted from:

Lu, C.-H.; Shang, K.-M.; Lee, S.-R.; Tai, Y.-C.; Yeh, N.-C. Graphene on Nanoscale-Thick
Au Films: Implications for Anticorrosion in Smart Wearable Electronics. ACS Applied Nano
Materials 2022, 5 (3), 4343-4349, DOI: 10.1021/acsanm.2¢00401.

Personal contribution: C.-H. L. participated in the conception of the project, grew the
PECVD graphene, performed AFM, XPS and Raman measurements, interpreted the data ,
and wrote the draft manuscript.

Gold is normally considered inert to chemical reaction. Nevertheless, as a common
electrode material, it would suffer from corrosion when exposed to certain solutions such
as sweat and body fluids. Here we report low temperature plasma-enhanced chemical
vapour deposition (PECVD) of graphene on gold and demonstrate its feasibility for anti-
corrosion application. The effects of hydrogen-to-methane ratio and the underlying gold
substrate on the graphene growth are investigated, and the growth mechanism of PECVD
graphene on gold is proposed. When immersed in an oxygenated saline solution, the
PECVD-grown graphene-covered gold surface is found to remain intact after an
acceleration soaking test at 90 °C for 24 hours, which is in contrast to the degradation of
bare gold surface subject to the same test. Our findings suggest that consumer/medical
wearables and implantable devices with exposed gold can benefit from the protection of a
direct, low-temperature PECVD-grown graphene layer for anti-corrosion, thereby

prolonging the efficacy and reliability of gold electrode-based biosensors.

1. Introduction

Since the first successful isolation of monolayer graphene, its unique electronic, optical

and mechanical properties have stimulated a wide range of research activities and



52
applications. Early works of graphene production rely on mechanical exfoliation,*®

which is not scalable for real-world applications. To date, chemical vapor deposition
(CVD) is one of the common approaches for large scale graphene synthesis. Typically, it
involves both metallic substrates, such as Ni and Cu, and high growth temperatures to
facilitate the dissociation of hydrocarbon precursors for graphene formation.'3® Besides Ni
and Cu, other transition metal substrates such as Co,*3’ Pt, 138 Au!39140 and Ru'*! have been
demonstrated for CVD graphene growth.

Gold has been widely adopted in biosensors for its biocompatibility and in flexible
electronics for its ductility.1%12 Despite the common perception that gold is chemically
inert for use as electrochemical electrodes, it is still prone to surface oxidation or
corrosion.?®2” Graphene on gold has been demonstrated to stabilize the Au electrodes for
electrochemical application.® In addition, graphene coverage on gold could enhance the
detection sensitivity of DNA molecules compared to bare gold electrodes.* Therefore,
graphene could enable versatile applications of gold.

In terms of the growth temperature, CVD graphene growth commonly operates at a
temperature near the melting points of the metal foils, which is prone to induce
contamination due to evaporated metal and aged quartz furnace.> In addition, high
temperature processes would damage substrates that involve polymeric or temperature
sensitive materials, thus limiting their suitability to applications requiring flexible
materials.}*? Several approaches have been proposed to lower the graphene growth
temperature for thermal CVD. For instance, Jang et al.'?® reported the use of benzene
precursor to reduce the graphene growth temperature to 100 °C while Fujita et al.®
demonstrated a near room temperature graphene growth through liquid metal nucleation.
However these approaches generally involve complicated preprocessing steps that are not

compatible with industrial processes for large-area scalable production.>65°126

On the other hand, plasma-enhanced chemical vapor deposition (PECVD) is a scalable
process that could enable low-temperature graphene growth. PECVD relies on plasma to

create reactive species to lower the required growth temperature. Growth temperature
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ranging from 160 °C to 700 °C have been reported for PECVD graphene synthesis on

various substrates.b” 1426861 Considering the aforementioned advantages of Au and
graphene, as well as the increasing interest in flexible or smart wearable electronics with
gold electrodes, 143144145146 jt js highly desirable to find a method for graphene growth on

gold under low temperature.

In this work, we demonstrate the feasibility of direct growth of graphene on gold thin films
by PECVD at low temperature. Raman spectroscopy and direct transfer of graphene onto
SiO; confirm the successful growth of graphene. X-ray diffraction (XRD) studies further
reveal that the crystallinity of gold thin films improves after the PECVD graphene growth
process. A growth mechanism of PECVD graphene on Au is proposed based on studies of
the X-ray photoelectron spectroscopy (XPS) and cross-sectional annular dark-field
scanning transmission electron microscopy (ADF-STEM) of the PECVD-grown samples.
Finally, with accelerated soak testing (AST), we demonstrate excellent anti-corrosion
performance of graphene on Au. Therefore, our work demonstrates the feasibility of low-
temperature direct growth of graphene on gold by PECVD for anti-corrosion, paving ways

to scalable smart medical applications based on PECVD-grown graphene on gold.
2. Experimental method
2.1 Substrate preparation

The Au substrate in this work consists of a Au thin film of 30 nm thickness above a Ti
layer of 10 nm thick, both deposited on a SiO2/Si substrate with a SiO> thickness of 285
nm via an electron-beam (e-beam) evaporator. Prior to metal deposition, the SiO/Si wafer
was cleaned with the piranha solution, which was a mixture of H2SO4:H20. with a 3:1

volume ratio.
2.2 PECVD graphene growth

Prior to the PECVD graphene growth, the quartz tube and sample holders were cleaned

with Oz plasma and H> plasma. The plasma system consisted of a microwave generator
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fixed at 2.45 GHz and an Evenson cavity. Before plasma ignition by a high frequency

coil, CH4 and Hz gas were introduced into the quartz tube by mass flow controllers (MFC),
and the total pressure was set at 750 mtorr, which was controlled by a throttle valve. Here
we define H2/CHjs as the ratio of the Hz gas flow to the CH4 gas flow. The plasma power
was set at 10 W for 5 minutes and the samples were left cooled down with the gas flow
continued after the plasma was turned off. Through plasma heating, the temperature during
graphene growth was about 120 °C. To transfer the graphene grown on Au/Ti/SiO2/Si to a
SiO»/Si substrate, polymethyl methacrylate (PMMA) was spin coated on the graphene-
covered AuU/Ti/SiO2/Si substrates followed by gold etching via a gold etchant (TFA,
Transene). Subsequently, the transferred graphene on SiO2/Si was soaked in acetone for
PMMA removal.

2.3 Characterization

After growth, Raman spectroscopy was conducted to confirm the graphene growth and
graphene quality. The spectra were collected with a Raman spectrometer (InVia,
Renishaw) with 514 nm laser. Surface morphology was characterized by atomic force
microscopy (AFM, Bruker Dimension Icon) under PeakForce tapping mode and scanning
electron microscopy (SEM). XPS (Surface Science Instruments MProbe ESCA) with Al
K. X-ray source and a hemispherical energy analyzer using a pass energy of 25 eV was
used to characterize the chemical change after PECVD. The instrument work function was
calibrated with respect to Au 4f;,. ADF-STEM images were acquired by aberration-
corrected JEOL ARM-200F under 200 kV accelerating voltage. XRD were performed with
PANalytical X'Pert PRO with Cu K, radiation. Accelerated soak testing (AST) was
conducted by immersing the samples of graphene grown on Au/Ti/SiO2/Si as well as
controlled samples of Au/Ti/SiO./Si without graphene into a saline solution (with 0.9%
NaCl) for 24 hours at 90 °C. The sample edges were sealed with epoxy to prevent from

potential reaction of the saline solution with the underlying Ti layer from the edges.
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3. Results and Discussion

Figure 4.1(a) shows the optical micrograph image of a graphene sample transferred onto a
SiO2/Si substrate, indicating that graphene had fully covered the Au/Ti/SiO./Si substrate
of 1x0.5cm? despite a short growth time. The Raman spectra of PECVD-grown graphene
on Au under different H2/CHs ratios in Figure 4.1(b) further confirm the finding of
successful graphene growth: The existence of the characteristic Raman modes of graphene
(i.e., the D, G, D" and 2D peaks) clearly indicated successful low-temperature growth of
graphene on Au. Specifically, the distinct 2D peak suggested that our PECVD growth
process provided significantly better graphene crystallinity than the thermal CVVD method,
the latter led to a barely visible 2D peak for a growth temperature of 850 °C.*° Ani et al
147 have pointed out that the carbon solubility in metal is related to the catalytic activity for
hydrocarbon dissociation. The carbon solubility of Au is 0.01%, which is significantly
smaller than that of Cu (0.04%) so that CVVD growth of graphene on Au is expected to be

more difficult than on Cu, consistent with experimental observation.

To further characterize the PECVD-grown graphene on Au, we note that the quality of
graphene and its defect types can be inferred from Raman spectroscopic studies through
analysing the intensity ratio of D to G peaks (I(D)/1(G)) as well as that of D to D" peaks
(1(D)/1(D")), respectively.'**27 As shown in Figure 1(c), the I(D)/I(G) ratio decreased with
increasing H2/CH4, which could be attributed to increasing hydrogen radicals that
facilitated efficient etching of defective graphene.}*® The quality of the synthesized

graphene can be estimated by the D/G ratio through the relation'?’

_ 560 (Ip\~*
L(nm) B El‘}aser (IG) (41)
where L represents the inter-defect distance or the graphene grain size, and E; g0r =
2.41eV. Using this formula, the graphene grain size was estimated to be ~ 6 nm. Although
the grain size was not ideal, we found that bilayer graphene with a full coverage over the

underlying gold surface could still provide excellent passivation for gold, to be elaborated
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later in this section. This finding may be attributed to the small interlayer spacing of

bilayer graphene (< 0.35 nm), which effectively prevented most ions from diffusing
through the graphene layers to reach the gold surface.

In contrast, the I(D)/I(D") ratio was consistently between 6 and 7 for all Ho/CH4 values
investigated, which implied primarily vacancy defects in the PECVD-grown graphene on

Au 111

Quantitatively, the amount of biaxial strain of graphene grown on Au could be derived
through the use of the following formula:14

g=-22 (4.2)

2wov2p '

where Aw denotes the difference between the Raman shift of the 2D band measured
directly on the Au/Ti/SiO2/Si growth substrate and that measured on the same sample after
transferred to a SiO2/Si substrate, w, is the unstrained (i.e., after transferred to a SiO>/Si
substrate) Raman shift of the 2D band, and y,, = 3.15 is the Grineisen parameter of the
2D band.'*® The strain values thus derived from using Eq. (4.2) for different Ho/CHa ratios
are summarized in Figure 4.1(d), which reveal that graphene was compressively strained
after direct growth on Au, and that the compressive strain became relieved after transferred
to a SiO2/Si substrate. This finding is in agreement with the previous observation reported

by Oznuluer et al.**

The decreasing magnitude of compressive strain with increasing H2/CH4 as shown in
Figure 4.1(d) may be attributed to the morphology change illustrated in Figure 4.2 for
images taken by an atomic force microscope. Here both the height images (Figure 4.2(a-
¢)) and the PeakForce error images (Figure 4.2(d-f)) were included because the PeakForce

error images could provide more detailed surface morphology than height channel.*>°
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Figure 4.1. Raman spectra measurement (a) Graphene (lighter blue) transferred onto a
SiO2/Si substrate (darker blue) after its growth on Au/Ti/ SiO2/Si. The scale bar is 1 cm.
(b) Raman spectra of PECVD-grown graphene on Au/Ti/ SiO2/Si under different H2/CHa
growth conditions. (c) The intensity ratios I(D)/I(G) and I(D)/1(D") extracted from (b). (d)
The calculated strain of graphene on Au from Eq. (4.2).
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Figure 4.2. The AFM height images and peakforce error images of the sample surface (a,d)
before PECVD, (b,e) after PECVD graphene growth at H,/CH4 = 0.2, and (c,f) after
PECVD graphene growth at Ho/CH4 = 2. Here the scale bar represents 200 nm.

Before PECVD, the Au surface revealed apparent granular structures (Figure 4.2(a,d)),
whereas after PECVD graphene growth, the morphology became dependent on the H2/CH4
ratio. Comparing the surface morphology for graphene grown under the growth conditions
of H2/CH4 = 0.2 and H2/CH4 = 2, the Au surface under a higher H2/CHa ratio showed
smoother surface structures, leading to reduced compressive strain on graphene. The
observation of the smoother surface morphology under a higher H2/CH4 ratio may be

associated with better etching of Au by H. plasma.®®!

To elucidate the growth mechanism of graphene on gold by PECVD, measurements of
XPS and ADF-STEM were performed. Figure 4.3 showed the XPS C-1s spectra of the
samples after PECVD growth, which further confirmed the formation of graphene on Au
from the dominant sp? carbon contribution. In addition, the absence of any discernible peak
around the binding energy of 283 eV implied that there was no metal carbide formation.*

The presence of graphene layers under different PECVD growth conditions was further
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verified by the ADF-STEM images in Figure 4.4. For H2/CH4 = 0.2, we observed mainly

monolayer graphene, while for H2/CHs > 1 we found primarily bilayer graphene.
Interestingly, for Ho/CH4 = 0.2 a clear amorphous carbon layer was also observed while
little amorphous carbon was found for H2/CH4 > 1. Based on these experimental findings,
we conjecture the PECVD growth mechanism of graphene on Au as schematically
illustrated in Figure 4.5 and further described below.

I (a) HZ/CH4:0.2 I (b) H,/CH,=1

metal
carbide

metal
carbide

intensity (a.u.)
intensity (a.u.)

290 288 286 284 282 280 290 288 286 284 282 280
Binding Energy (eV) Binding Energy (eV)

(©) H,/CH,=1.5 (d) H,/CH,=2
- sz

metal
carbide

metal
carbide

intensity (a.u.)
intensity (a.u.)

290 288 286 284 282 280 290 288 286 284 282 280
Binding Energy (eV) Binding Energy (eV)

Figure 4.3. XPS C-1s spectra of the graphene samples after the PECVD process under the
growth condition with (a) H2/CH4 = 0.2, (b) H2/CH4 = 1, (c) H2/CH4 = 1.5, and (d) H2/CHg4
=2.
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Figure 4.4. ADF-STEM images at a lower magnification (top row) and higher
magnification (bottom row) of (a,f) a reference sample without the PECVD process, and
samples after the PECVD process with the growth condition of (b,g) H2/CHs = 0.2, (c,h)
H2/CHs =1, (d,i) Ho/CH4 = 1.5, and (e,j) H2/CHs = 2. Here “PL”, “Gr” and “a-C” represent
protection layer, graphene, and amorphous carbon, respectively. The STEM images were

acquired by ITRI.

First, microwave excitation creates a plasma environment with energetic radicals and
reacting species that are dissociated/excited from methane and hydrogen. Plasma also
contributes to the heating of the substrates, and the degree of heating depends on the plasma
power. Some of the radicals as well as the hydrocarbon species become adsorbed onto the
Au surface, and dehydrogenation process of the adsorbed hydrocarbon species takes place
before carbon radicals migrate and nucleate into graphene. The low carbon solubility in Au
limits the number of graphene layers that can be nucleated on the Au surface, and the
dehydrogenation and migration processes for graphene formation are dependent on the
temperature and the catalytic activity of the substrate. For small H2/CH4 ratios (e.g.,
H2/CH4 = 0.2), monolayer graphene formed through the adsorption of carbon species
mentioned above. However, further adsorption of carbon species after the nucleation of
monolayer graphene led to the formation of an amorphous carbon layer rather than a second

layer of graphene. This finding associated with low H2/CH4 ratios may be attributed to
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insufficient hydrogen radicals for etching amorphous carbon*® and the lower electron

temperature of the plasma®” 142 that led to reduced reactivity from the substrate. On the
other hand, bilayer graphene without an amorphous carbon layer formed on Au surface
with higher H2/CH4 ratios (e.g., H2/CH4 = 1), which may be attributed to the higher
substrate reactivity from a higher electron temperature in the plasma®” 42 as well as
sufficient hydrogen radicals for etching amorphous carbon. However, layers beyond
bilayer graphene could not be developed due to limited carbon solubility in Au and the
hinderance of carbon species to penetrate graphene layers to form third layer or more!“,
Although plasma significantly reduced the required growth temperature compared to
thermal CVD, we note that no graphene growth on Au could take place when the plasma
power was lowered from 10 W to 8 W, while graphene could still grow on Cu at 8 W.1*
This finding may be attributed to the lower catalytic activity of Au than that of Cu so that
a higher substrate temperature or plasma power is required for graphene formation. On the
other hand, we note that a high plasma power does not necessarily guarantee successful
graphene growth, because energetic ion bombardment dominates under a high plasma
power, which could lead to significant sample surface damages and removal of adsorbed

hydrocarbon species, thus preventing graphene formation.
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Figure. 4.5 Schematic of the growth mechanism of graphene on gold by PECVD
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Figure 4.6. XRD measurement (a) XRD of Au (111) region (b) the extracted Au (111) peak
intensity plotted versus Ho/CHj ratio. Note that the dashed line is for guidance only. The

XRD measurements were acquired by ITRI.

XRD were conducted to characterize the changes in Au crystallography after the PECVD
process, as shown in Figure 4.6 (a). The Au (111) intensity counts increased with the
H2/CHjs ratio and were all much larger than that without the PECVD process. The extracted
Au (111) peak intensity vs. H2/CH4 ratio was plotted in Figure 4.6(b). Given that our
PECVD process was conducted without any active heating source, the increased
crystallinity compared to the reference sample could be attributed to plasma activation that
provided sufficient thermal energy, and that the increased crystallinity with the Ho/CHa
ratio could be due to the increasing electron temperature of the plasma.'*? In addition,
similar background counts across the different samples were observed, reinforcing the idea
that the variations in Au (111) intensity are indeed indicative of changes in crystallinity.
This similarity in background counts helps to rule out influences from instrumental
variables, sample preparation differences, and environmental conditions during
measurement, thereby supporting the interpretation that the increased crystallinity

correlates with the Ho/CHys ratio.
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Figure 4.7. SEM images (a) Reference sample without graphene coverage. The red arrow
indicates the damaged surface with bubbles. (b) Sample with PECVD graphene coverage
grown under the condition H2/CH4 = 0.2. (c) Sample with PECVD graphene coverage
grown under the condition H2/CHa4 = 2. The top row shows the optical images before and
after AST. The bottom row shows the SEM images taken after AST. The scale bar is 100
pUm. The AST tests and SEM images were performed and acquired by K.-M. Shang.

To evaluate if the directly grown graphene on gold could passivate the gold surface, we
performed AST by soaking both a bare Au/Ti/SiO2/Si substrate and a sample of PECVD-
grown graphene on Au/Ti/SiO2/Si into oxygenated saline solution of 0.9% NaCl for 24
hours at 90°C. It is known that body fluids, which may be approximated by the oxygenated

saline solution, are highly corrosive to metals.?”153-154

Figure 4.7 shows the SEM images of the indicated samples after AST and the insets show
the optical images before and after AST. Clearly the sample without graphene coverage
exhibited a damaged surface, while the surface for graphene-covered sample remained
intact. In addition, the accelerated soaking test (under 90 °C for 24 hrs) adapted in our work
was equivalent to the condition of approximately one month under normal human body
temperature?” 15°, Therefore, our demonstration of graphene-provided protection of gold
films in an oxygenated saline solution at 90 °C for 24 hrs is sufficient for such medical
applications disposable wearable sensors. On the other hand, although samples synthesized

with the ratio of Ho/CH4 = 0.2 were monolayer graphene, the amorphous carbon above the
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graphene layer contributed to enhancing the efficiency of these samples for passivation.

On the other hand, for samples synthesized with higher Ho/CHjy ratios, the resulting bilayer
graphene structure made it difficult for ions to diffuse through the layers of a very small
interlayer spacing to reach the gold surface. Therefore, excellent passivation could be
achieved for samples synthesized with a range of different Ho/CHj ratios, as exemplified
in Figure 4.7(b) for a sample synthesized under the condition of Ho/CH4 = 0.2, and in Figure
4.7(c) for a sample synthesized under the condition of Ho/CHs = 2.

4. Conclusion

In conclusion, we reported a low-temperature graphene growth directly on gold by
PECVD. Raman spectroscopic studies showed that PECVD-grown graphene underwent a
compressive strain on Au and that the defects in the graphene were mainly vacancies. The
surface morphology and crystallinity of Au was investigated using AFM and XRD,
respectively, was found to be dependent on the H./CHj4 ratio used during the PECVD
process. ADF-STEM images also verified that the number of graphene layers grown on Au
was related to the growth condition of the H2/CHj ratio. A growth mechanism of graphene
on Au is proposed based on XPS and ADF-STEM studies of the PECVD-grown samples.
Finally, excellent anti-corrosion performance of graphene on Au was demonstrated by AST
in oxygenated saline solution. Therefore, our work of low-temperature direct growth of
graphene on gold by PECVD appears promising for anti-corrosion in smart wearable,
implantable and flexible hybrid electronics.
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Chapter V

GRAPHENE ON SILVER WITH LONG-TERM SURFACE PASSIVATION

Adapted from:

Lu, C.-H.; Shang, K.-M.; Lee, S.-R.; Leu, C.-M.; Tai, Y.-C.; Yeh, N.-C. Low-Temperature
Direct Growth of Nanocrystalline Multilayer Graphene on Silver with Long-Term Surface
Passivation. ACS Appl. Mater. Interfaces 2023, 15, 7, 9883-9891

Personal contribution: C.-H. L. participated in the conception of the project, grew the
PECVD graphene, performed AFM, XPS, XRD, and Raman measurements, interpreted
the data, and wrote the draft manuscript.

A wide variety of transition metals, including copper and gold, have been successfully used
as the substrates for graphene growth. On the other hand, it has been challenging to grow
graphene on silver so that realistic applications by combining graphene and silver for
improved electrode stability and enhanced surface plasmon resonance (SPR) in organic light
emitting diodes (OLEDs) and biosensing have not been realized to date. Here we
demonstrate surface passivation of silver through single-step rapid growth of nanocrystalline
multilayer graphene on silver via low-temperature plasma-enhanced chemical vapor
deposition (PECVD). The effect of the growth time on the graphene quality and the
underlying silver characteristics is investigated by Raman spectroscopy, X-ray diffraction
(XRD), atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS), and
cross-sectional annular dark-field scanning transmission electron microscopy (ADF-STEM).
These results reveal nanocrystalline graphene structures with turbostratic layer stacking.
Based on the XPS and ADF-STEM results, a PECVD growth mechanism of graphene on
silver is proposed. The multilayer graphene also provides excellent long-term protection of
the underlying silver surface from oxidation after 5 months of air exposure. This
development thus paves the way towards realizing technological applications based on
graphene-protected silver surfaces and electrodes as well as hybrid graphene-silver

plasmonics.
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1. Introduction

The unique electronic and optical properties of graphene have stimulated an extensive range
of scientific research and technological applications. Additionally, multilayer graphene may
be regarded as an alternative to graphite in many graphite-related applications with the

156 and the much smaller

benefits of much better scalability in the lateral dimensions
thicknesses. For instance, it has been challenging to produce highly oriented pyrolytic
graphite (HOPG) to an areal dimension larger than ~ (0.1 x 0.1) m. In the case of graphene
growth, chemical vapor deposition (CVD) is a common scalable approach to achieve large-
scale high-quality graphene synthesis. Common transition metal substrates such as Ni **” and
Cu %8 are used along with high processing temperatures to pyrolyze hydrocarbon molecules
to activate CVD graphene growth. 3¢ Other transition metal substrates such as Ag, **° Au,

139,140 pt 138 Ry, 41 and Co 3" have been reported for CVD graphene synthesis.

One of the drawbacks of CVD graphene growth is that it is a high-temperature process,
typically close to the melting points of the metal foils. Under such conditions, aged quartz
furnaces and evaporated metal could lead to contamination.>* In addition, substrates
involving temperature-sensitive materials such as polymers would be damaged under high-
temperature processes, preventing their applications for flexible materials.**? Moreover, the
current industrial trend of net zero carbon emission by 2050 makes the high-temperature
process unfavorable due to large energy consumption. Research progress has been made to
reduce the growth temperature for CVD graphene. For instance, a growth temperature of 100
°C has been reported through the use of benzene precursor.'® Moreover, near room
temperature growth has been demonstrated by utilizing liquid metal nucleation.>® Despite the
fact that these novel approaches have greatly reduced the growth temperature, they require
sophisticated processing steps that are incompatible with industrial processes and large-area

production,126:55%
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On the other hand, a scalable and industrially compatible process for low-temperature

graphene growth is the plasma-enhanced chemical vapor deposition (PECVD) method. The
key factor that allows PECVD to reduce growth temperature lies in the plasma, which
contains reactive species to promote growth. Recently, Kim et al.®° have further lowered the
required temperatures for PECVD growth of graphene by forced convection to increase the
reaction probability of excited species or radicals on the substrate surface before their
recombination. To date, the reported growth temperatures for various PECVD graphene

synthesis methods are found to range from 160 °C to 700 °C on various substrates.5% 6768 142
161-163

Silver is commonly used as the electrode for organic light emitting diodes (OLEDs) and in
biosensing due to its strong surface plasmon resonance (SPR). However, silver is prone to
oxidation, which would degrade the device performances.? This problem may be mitigated
by the combination of graphene with silver, which has been reported to increase the stability
of the silver nanowire electrodes ° and theoretically predicted to enhance the SPR sensitivity
while preventing oxidation.? On the other hand, the inert nature of silver has made it difficult
to be used as a substrate for graphene growth with the standard CVD techniques. Among the
limited reports of graphene growth on silver, one approach involves evaporating atomic
carbon onto the surface of a single-crystalline Ag(111) substrate at elevated temperatures
under ultra-high vacuum (UHV) conditions for in-situ scanning tunnelling microscopy
(STM) studies.*®* The other approach utilizes a high-temperature, atmospheric-pressure (AP)
CVD process with solid camphor as the carbon precursor and silver foil as the substrate in a
gas mixture of Ar and H..1>® Despite these progresses, direct graphene growth on silver at

low temperatures remain a challenging task.®®

In this work, we show the viability of direct growth of nanocrystalline multilayer graphene
on a silver thin film via low-temperature PECVD, where the growth configuration involves
flipping the substrate downwards so that the silver thin film is facing away from the direct
plasma. The successful growth of nanocrystalline multilayer graphene is confirmed by

Raman spectroscopy. X-ray diffraction (XRD) studies of the silver thin films after the
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PECVD process further reveal the improvement of the silver crystallinity. Studies by

transmission electron microscopy (TEM) reveal that the resulting multilayer graphene is of
turbostratic stacking. We further propose a growth mechanism of graphene on silver from
studies of the X-ray photoelectron spectroscopy (XPS) and cross-sectional annular dark-field
scanning transmission electron microscopy (ADF-STEM) and demonstrate that XPS data
may be used as a non-destructive means to infer the average graphene thickness in agreement
with the ADF-STEM results. Confirmed through XPS, the surface of silver fully covered by
the directly grown multilayer graphene exhibit no traces of oxidation after 5 months of
ambient air exposure, which is in stark contrast to the XPS data of a controlled silver surface
without graphene coverage, implying perfect passivation of silver by the PECVD-grown
multilayer graphene. The excellent protection of silver from oxidation provided by the
PECVD-grown graphene and the improvement of the underlying silver crystallinity after the
PECVD process suggests that our approach paves ways towards realistic technological
applications of graphene-protected silver electrodes and surfaces as well as hybrid graphene-

silver plasmonics.

2. Material and methods

2.1 Substrate preparation

The Ag substrate in this work included a Si substrate covered with a 100 nm thick Ti adhesion
layer and a 500 nm thick Ag thin film on top, both deposited via an electron-beam (e-beam)

evaporator.
2.2 PECVD graphene growth

Before the PECVD process, the interior of the quartz tube was rinsed with nitric acid to
remove potential silver residue, while sample holders were cleaned with piranha solution
(H2SO4:H20, = 3:1 in volume) at room temperature. Afterward, O> and Hz plasma were
separately used to clean both the quartz tube and the sample holders. The plasma system

involved a microwave power source (Sairem) and an Evenson cavity. Prior to plasma
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ignition, CH4 of 1 sccm and Hz of 4 sccm were added into the quartz tube with a total

pressure of 100 mtorr. The Ag side was flipped downward as shown in Figure 5.1.
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Figure 5.1. Schematic of flipping over the Ag/Ti/Si substrate and placing it onto the sample
holder for direct PECVD-graphene growth on Ag.

10 W of plasma power was used along with various growth times. During the PECVD
process, the sample was heated only by direct plasma. During the PECVD process, the
temperature on the sample was between 232-260 °C, as measured by a temperature label
(Wahl TEMP-RECORDER 101-4V). After the PECVD process, polymethyl methacrylate
(PMMA) was spin-coated on the silver samples covered with PECVD-grown graphene,
which was followed by silver etching with a gold etchant (TFA, Transene) in order to transfer
the graphene grown on silver to a SiO2 substrate to evaluate the graphene coverage.
Subsequently, acetone was used to remove the PMMA on the transferred graphene sample.
For TEM planar view imaging, the PECVD-grown graphene was transferred onto a Cu grid

with a Lacey Formvar film.
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2.3 Characterization

Raman spectroscopic characterizations for graphene growth and quality confirmation were
made by using a Raman spectrometer (InVia, Renishaw) equipped with a 514 nm laser.
Atomic force microscopy (AFM, Bruker Dimension Icon) with PeakForce tapping mode was
used for surface morphology characterization. XPS (Kratos Axis Ultra) with monochromated
Al K, X-ray source and a hemispherical energy analyzer under a pass energy of 10 eV was
used for the high-resolution scan, whereas a pass energy of 80 eV was used for X-ray induced
Auger spectroscopy (XAES) of the C KLL Auger region. In addition, XPS signal was used
for estimating the graphene thickness, as elaborated in a later section. The instrument work
function was calibrated with respect to the Ag 3ds2 signal. Cross-sectional ADF-STEM and
TEM plane view images were acquired by aberration-corrected JEOL ARM-200F operated
at 200 kV. Selected area diffraction (SAD) was taken with JEOL JEM2100F at 200kV. XRD
(Rigaku Smartlab) was performed using Cu K, radiation and Ge (220) double bounce

monochromator for K elimination.
3. Results and Discussion

Figure 5.2(a) shows the Raman spectra of PECVD-grown graphene on silver under different
growth times. The observed characteristic Raman modes of graphene (i.e., the D, G, D', 2D
and 2D’ peaks) confirms the successful low-temperature growth of graphene on silver. The
optical micrograph image of a SiO> substrate with the transferred graphene as shown in
Figure 5.2(b) indicates a full coverage of graphene on the silver substrate of (1.0 x 0.7) cm?.
Interestingly, despite very high I1(D)/1(G) ratios for all samples, the distinct 2D and 2D’ peaks
indicated a good graphene crystallinity of our PECVD-grown graphene. The 2D and 2D'
peaks of graphene result from intervalley and intravalley phonon scattering, respectively;
neither has needs for defect activation. 161" Therefore, one may expect that as the defect
concentration increased, 2D and 2D' peaks would have become worse defined due to
imperfect electron dispersion, as demonstrated by Eckmann et al.. %8 In this context, had the
high 1(D)/I(G) ratios found in our graphene samples been related to high defect
concentrations, distinct 2D and 2D’ peaks would not have existed.
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On the other hand, it is known that the grain size of graphene and its defect types may be

extracted by analysing the D-to-G Raman mode intensity ratio (I(D)/1(G)) and the D-to-D'
Raman mode intensity ratio (I(D)/1(D")), respectively.!'12" As shown in Figure 5.2(c), the
I(D)/1(G) ratio decreased slightly with increasing growth time, which implied changes in the
grain size with growth time. The grain size of graphene L can be estimated by the I(D)/1(G)
ratio through Eq (5.1):*%

560 (I(D)\ !
L(nm) = (E) (51)

laser

where E ¢ = 2.41eV. From Eq (1), the graphene grain size was estimated to be ~ 3-4 nm,
as plotted in Figure 5.2(d). Therefore, the combined observation of clear and distinct 2D and
2D' peaks and the extracted grain sizes of graphene from the I(D)/1(G) ratios suggest that the
graphene grown on silver thin films via our PECVD method was nanocrystalline. Meanwhile,
as shown in Figure 5.2(e), the I1(D)/I(D") ratio for different growth times was between 8 and
9, suggesting that the defect types were a mixture of sp® bonds for I(D)/I(D') = 13 and
vacancy defects for 1(D)/1(D") = 7, although primarily the vacancy type.!'! 168
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Figure 5.2. Ramen spectra measurements (a) Representative Raman spectrum of the PECVD
graphene on silver of different growth times of 5, 10 and 15 minutes. (b) Graphene
transferred onto a SiO- target substrate after its growth. The growth substrate after the
removal of graphene was also included side-by-side with the SiO. target substrate to
demonstrate the full coverage of graphene on it before graphene removal. The scale bar is 1
cm. (c) The Raman intensity ratios I(D)/I(G) and 1(2D)/I(G) for samples of different growth
times. (d) The graphene grain sizes of different samples extracted from the I(D)/1(G) ratios
and Eq (2). (e) The I(D)/I(D") ratios for samples of different growth times and (f) the FWHM
of the 2D peaks for samples of different growth times.

A common perception in the Raman spectral analysis of graphene is that the 2D to G peak
intensity ratio 1(2D)/1(G) may be used for determining the graphene thickness, with
1(2D)/1(G) > 1 implying monolayer graphene. In addition, the full width at half maximum
(FWHM) of the 2D peak may provide further information about the number of graphene
layers, with an FWHM of ~ 24 cm* for single-layer graphene ¢° and of ~ 50 cm™ for bilayer
graphene.'32 169170 However, turbostratic stacking of graphene could also give rise to Raman
spectral characteristics similar to those of single-layer graphene. In this context, the
1(2D)/1(G) ratio and the FWHM of the 2D peak for our PECVD-grown graphene on silver
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shown in Figure 5.2(c) and Figure 5.2(f) would imply either single-layer graphene or

turbostratic graphene. Therefore, Raman spectral analysis alone appeared insufficient to
determine the thickness of graphene conclusively. Additional characterization tools such as
TEM and XPS would be necessary to provide more accurate determination of the graphene

thickness, as discussed in the following section.

Besides the number of graphene layers and the grain size, Raman spectroscopy could also
shed light on the doping and strain of graphene. The spectral shift of either the 2D or G peak,
along with the corresponding Griineisen parameter, could be used to extract the strain effect
of graphene.!*® On the other hand, different doping levels of graphene could also lead to a
spectral shift of the peak position. As discussed by Lee et al.,*"* the doping level and strain
effect in graphene may be separated by plotting the 2D peak position versus the G peak
position. Following similar analysis, the 2D peak position versus the G peak position of the
PECVD-grown graphene on silver showed slightly hole doped and slightly compressively
strained, as demonstrated in Figure 5.3, where the relevant numbers used for generating the

plot coordinates were summarized in Supporting Information Section S5.1.

2710 ————— 2710 ‘
(a) & o _,_c_a;'._c?: . (C)
2700 S /compression 2700 ¢
¥ T e
£2690 of S e <2690 Ry
8 QQ'L L :}' - - doping a " ‘ . < /'
226801 an S 22680 /¢ iy i
8 . bl g S B
2670 . 2670 Al S -
1580 1590 1600 1610 1580 1590 1600 1610 1580 1590 1600 1610
pos(G) (cm™) pos(G) (em™) pos(G) (em™)

Figure 5.3. 2D peak position “pos(2D)” versus G peak position “pos(G)” of the PECVD
graphene on silver samples under growth times of (a) 15 min, (b) 10 min, and (c) 5 min,
showing slight hole doping and compressional strain in all samples according to the analysis
developed by Lee et al.1™* Here the light green solid dot in each panel denotes the strain-free
and undoped graphene peak position, and the positive value of the strain corresponds to

tensile strain.
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To understand the effect of the flipped substrate configuration on the gas flow during the

PECVD graphene growth, a computational fluid dynamics (CFD) simulation was carried
out. As shown in Figure 5.4, the gas velocity at the top surface (Si side) of the substrate is
significantly higher than that of the bottom side (silver side). Therefore, the benefit for using
the flipped substrate configuration is two-fold. One is to prevent the energetic plasma from
directly damaging the graphene surface. The other is to reduce the gas velocity at the bottom

side, which is beneficial to the graphene growth by extending the reaction time between the
172

gas species and the substrate.
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Figure 5.4. A sideview of the gas velocity distribution around the flipped substrate for

graphene growth, as obtained by CFD simulations.

Figure S5.2 shows the AFM characterization of the surface morphologies of a sample before
and after the PECVD process. After PECVD graphene growth, the AFM image of the surface
morphologies was still dominated by the underlying silver layer and revealed a large coalesce
of grains and facets, as shown in Figure S2(a-c). In contrast, the silver surface before the
PECVD process exhibited apparent granular structures, as shown in Figure S5.2(d). The facet
formation after the PECVD process may be attributed to the stabilization of graphene on the
metal surface.!” The increased roughness after PECVD may be attributed to the coalescence

of smaller grains, leading to a much larger grain boundary.

Meanwhile, the changes in crystallinity of silver after the PECVD process, as characterized

through XRD measurements, were shown in Figure S5.3. The increased Ag (111) intensity
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counts after PECVD for different growth times were all much greater than that before the

PECVD graphene growth process. Similar peak intensity for all growth times was observed.
Given that no active heating source was involved in our PECVD and that the sample
temperature was about 232-260 °C through plasma heating, which was much lower than the
melting point of silver (961.8 °C), the improved crystallinity of Ag (111) after the PECVD
process when compared to the reference sample may be attributed to the sufficient thermal
energy 12 provided by plasma activation. The improved Ag crystallinity could provide added

benefits for silver plasmonic applications!417,

The chemical changes in the silver thin film quickly after the PECVD process were
characterized via XPS as shown in Figure 5.5. Within the Ag-3d spectrum, the silver oxide
component was much reduced after the PECVD process (Figure 5.5(a-c)) when compared
with the reference sample (Figure 5.5(d)). The O-1s spectrum (Figure 5.5(e-h)) also
supported the observation of reduced metal oxide component. Nevertheless, in the O-1s
spectrum, peaks associated to SiO> were also present. The Si-2p region scans were carried
out as shown in Figure S5.4, which confirmed the existence of SiO, on the surface. The

origin of the SiO. will be discussed in a later paragraph.
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Figure 5.5. XPS Ag-3d and O-1s spectra taken quickly after the PECVD process for growth
times of (a,e) 15 min, (b,f) 10 min, (c,g) 5 min, and those of the reference sample (d,h),

showing a much reduced silver oxide component for all samples after the PECVD process.
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The graphene formation on silver after PECVD was further verified through XPS C-1s

spectra as shown in Figure S5.5, which also confirmed the dominant contribution of sp?
carbon. Moreover, neither metal carbide formation **2 nor bonding between the observed Si
and graphene could be inferred from the absence of any apparent peak around the binding
energy of 282-283 eV. The extent of hybridization of carbon may be revealed by comparing
the “D-parameter” in the C KLL Auger region, where the D-parameter is defined by the peak
separation in the first derivative of the Auger spectrum;'’® a larger D parameter would
indicate a higher sp? hybridization percentage. Using the results from the XAES studies
(Figure S5.6), we obtained the first derivative of the spectra for different growth times shown
in Figure S6(e-g). In addition to the spectra of different samples before differentiation, the
XAES of a graphitic reference has been included in Figure S5.6(d,h) to validate the data
processing. As shown in Figure S5.6, the graphene sample with 15 min growth time exhibited
the largest D value, suggesting a higher sp? percentage than those samples with either 10 min
or 5 min growth time. This finding also corroborated the lower 1(D)/1(D’) ratio shown in
Figure 5.1, which implied smaller concentrations of sp*-like defects.

ADF-STEM images as shown in Figure 5.6 provided direct measure of the number of
graphene layers under different PECVD growth times. For the samples with 15 min growth
time, we found 3-4 layers of graphene, whereas 2-3 layers for samples with both 10 min and
5min growth times were obtained. To verify the graphene stacking orientation, TEM imaging
was performed as shown in Figure 5.7(a). Although the atomic structure was not easily seen,
the associated FFT image (Figure 5.7(b)) revealed a six-fold symmetry arc pattern instead of
discrete spots, suggesting that the angular orientation of graphene layers was random. Using
the TEM electron diffraction imaging as shown in Figure 5.7(c), ring patterns and up to
second order diffraction spots were observed. These results further confirmed the turbostratic
nature of the multilayer graphene on silver and indicated that our PECVD-grown graphene
had good graphene crystallinity despite small grain sizes (or, equivalently, relatively large
I(D)/1(G) ratios in the Raman spectrum).



Figure 5.6. Cross-sectional ADF-STEM images for graphene samples with growth times of
(a,d) 15 min, (b,e) 10 min, and (c,f) 5 min. The insets showed the averaged intensity profile
within the boxed region. The orange dash lines were for guidance to better reveal the number

of graphene layers. The STEM images were acquired by ITRI.
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Figure 5.7. TEM studies of the graphene stacking order: (a) TEM image of the planar view
of graphene; (b) FFT of (a); (c) electron diffraction image of graphene. The TEM images
were acquired by ITRI.
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Comparing the direct imaging of graphene layers by ADF-STEM with XPS

characterizations, we investigate whether XPS studies may provide useful information about
the average number of graphene layers, similar to previous studies by Hill et al. that proposed
to determine the oxide thin film thickness through XPS *’” and by Cumpson et al. that
suggested a “thickogram” graphical approach.'’® Specifically, the governing equation for the

thickogram is given by

Io
In (E}) - [(E—Z)m —0.5] Aoctose —In2 = In [sinh (ZAOZOS )] (5.2)
where I, and I are the integrated spectral area under the peaks from the overlayer and the
substrate, respectively; S, and S are the corresponding relative sensitivity factors; E, and
E are the kinetic energies of the overlayer element (carbon) and substrate element (silver),
respectively; A, is the photoelectron inelastic mean free path, t is the overlayer thickness,
and 0 is the emission angle. In this work, A, for graphene was 1.06 nm,*’® and @ for the XPS
system was 0°. Additionally, we note that the XPS spectra used for the thickogram analysis

must be recorded with the same number of scans and pass energy.

The advancement of computational power since the graphical approach initially proposed by
Cumpson et al. has enabled numerical computation of sample thicknesses based on given
XPS data. Using the XPS data taken on our PECVD-grown graphene on silver samples with
different growth times, we find that the extracted overlayer (i.e., graphene) thicknesses for
15 min, 10 min, and 5 min growth times are 1.22, 0.55, and 0.63 nm, respectively, which are
in reasonable agreement with the ADF-STEM imaging. Therefore, we have confirmed that
XPS data may be used to infer the graphene thickness in addition to Raman spectroscopic

analysis and ADF-STEM imaging.

Based on the XPS and ADF-STEM data, we hypothesize the PECVD graphene growth
mechanism on silver, which is schematically shown in Figure 5.8. Like all other plasma-
enhanced deposition processes, our PECVD growth of graphene on silver begins with the
creation of energetic radicals and reacting species through the dissociation or excitation of
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methane and hydrogen by microwave excitation. Additionally, the substrates are heated

through direct contact with the plasma. While the plasma is on, some reactive species such
as radicals and hydrocarbon species diffuse into the silver side and become adsorbed onto
the silver surface and then nucleate into graphene. Meanwhile, the top surface of the substrate
that directly faces the plasma (i.e., the Si side) undergoes direct bombardment of energetic
ions and radicals in the plasma so that some Si atoms/ions are ejected from the substrate into
the plasma, leading to incorporation of some Si species during the graphene growth. Given
the fact that Ag and Au have the same carbon solubility and therefore the same catalytic
activity,'’ the growth mechanism of graphene on silver is expected to be similar to the
surface adsorption mechanism on Au. In this context and noting a previous work by Lu et al.
on PECVD graphene growth on Au that demonstrated bilayer graphene growth for Ho/CHs >
1 after 5 min,*® our finding of bilayer graphene growth on silver for the same growth time

(5 min) with H2/CH4 = 4 appeared to be consistent with the previous report.

On the other hand, when the growth time was extended to 10 min and 15 min, 3 or 4 graphene
layers were observed. As shown from the ADF-STEM images in Figure 5.6, additional
graphene layers could grow either from the top or beneath the existing graphene layers. This
finding suggests that for PECVD graphene growth on silver, multilayer graphene growth
could occur not only through the diffusion of the carbon species from graphene edges but
also through the adsorption and nucleation of activated carbon and hydrogen species on the

existing graphene layer.

It is worth noting that a penetration graphene growth mechanism has been previously
proposed by Wu et al.}”®. However, the penetration growth mechanism could not support
graphene growth for more than bilayer due to the restricted penetration of carbon atoms,'’

which contradicts our observation.
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Figure 5.8. A proposed PECVD graphene growth mechanism on silver.

Since the graphene growth temperature is dependent on the plasma power, where higher
power results in higher temperatures, it is conceivable to apply plasma power greater than 10
W to achieve larger graphene grain sizes with smaller 1(D)/I(G) ratios. However, higher
plasma power would lead to more ejected Si species into the plasma and therefore the
undesirable result of more Si incorporation into the graphene layers during the growth. This
consideration therefore constrains the choice of plasma power during the PECVD growth of

graphene on silver.

An important issue to address for the usefulness of our nanocrystalline multilayer graphene
is to evaluate its ability for surface passivation, because the small grain sizes are accompanied
by many grain boundaries, which may lead to compromised surface passivation because gas
molecules could pass through the grain boundaries and reacted with the underlying silver.
Fortunately, we found that the multilayer nature and turbostratic stacking of our PECVD-
grown graphene could compensate the drawback of many grain boundaries. Figure 5.9 shows
the XPS spectra of Ag 3d region after 5 months of exposure to ambient condition. There
were negligible changes in the peak shape of the silver covered by directly PECVD-grown
multilayer graphene. In contrast, the XPS spectra of the silver sample without graphene
protection exhibited significant peak broadening and shoulder formation due to oxidation
after 5 months. These findings clearly demonstrate that the silver surface was well protected

by the multilayer graphene despite of its nanocrystalline size. The excellent passivation may
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be attributed to the fact that multiple graphene layers with turbostratic stacking could

significantly hinder the diffusion pathways of moisture or oxygen molecules from reaching

the silver surface!® 180,
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Figure 5.9. Comparison of the XPS Ag 3d spectra of silver after 5 months of exposure to
ambient condition for (a) a sample fully covered by PECVD-grown graphene and (b) a
sample without graphene. Note that the intensity was normalized for better comparison.

4. Conclusion

In conclusion, we report a low-temperature single-step method for direct graphene growth
on silver by PECVD for long-term surface passivation. Raman spectroscopic studies of the
graphene-on-silver samples suggested that they consisted of nanocrystals with overall good
crystalline quality, underwent a slight compressive strain and exhibited slight hole doping,
with vacancies being the primary defects in the samples. Using CFD simulations, the benefit
for using the flipped substrate configuration was revealed. From AFM and XRD
characterizations, the silver surface morphology and crystallinity after the PECVD process
were found to differ from those before the PECVD process, with improved crystallinity after
PECVD. The number of graphene layers grown on silver was verified by cross-sectional
ADF-STEM images, which varied from 2-4 layers depending on the growth time. The

stacking order of the multilayer was confirmed through TEM electron diffraction to be
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turbostratic. We further proposed a mechanism for the PECVD-growth of graphene on

silver based on findings from the XPS and ADF-STEM studies and demonstrated that XPS
data may be used for non-destructive thickness determination of graphene. Moreover, the
multilayer graphene was found to protect the underlying silver against oxidation for at least
5 months of ambient air exposure. The combined benefits of passivation and improved
crystallinity of silver by PECVD-grown graphene imply that our approach paves the way
towards scalable technological applications based on graphene-protected silver surfaces and

electrodes as well as hybrid graphene-silver plasmonics.
Supporting Information

Section S5.1. Relevant parameters used to establish the coordinate of strain and doping plots

in Figure 5.3

The peak position (G, 2D) for unstrained and undoped graphene is (1581.6, 2676.9) *'%. To
generate the strain coordinate, a slope (AAZ—GD) = 0.7 was used, whereas a different slope
n

A2D

(E) = 2.2 was used to generate the doping coordinate . Additionally, information about
&

the dependence of either the G or 2D peak on different doping levels was necessary to

generate the parallel lines shown in Figure 5.3 for different strain and doping levels. We used

A2D

—— = 0.87 (an average of 0.7 and 1.04 according to Lee, J. E. et al 171) to generate the 2D

peak positions for different hole doping levels. The G and 2D peak positions under no strain
and with various hole doping levels have been generated using the aforementioned method,

as tabulated below in Table S1.

Table S5.1. G and 2D peak positions with various hole doping levels under no strain

hole doping n x 102 (cm?) posG (cm™) pos2D (cm™)

n=0 1581.600 2676.90

—_—

1582.843 2677.77
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2 1584.086 2678.64
3 1585.329 2679.51
4 1586.571 2680.38
5 1587.814 2681.25
6 1589.057 2682.12
10 1594.029 2685.60
15 1600.243 2689.95
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Figure S5.2. The AFM height images of the sample surface after (a) 15 min, (b) 10 min, and
(c) 5 min of PECVD graphene growth, showing significantly increased surface roughness in
comparison with (d) for the surface of silver before the PECVD process.
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Figure S5.3. Comparison of the XRD spectra of the Ag (111) peak taken on samples before
the PECVD process and after the PECVD process for graphene growth over different times

of 5 min, 10 min and 15 min.
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Figure S5.4. Si-2p spectra of PECVD-grown graphene on Ag after growth times of (a) 15
min, (b) 10 min, and (c) 5 min.
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Figure S5.5. XPS C-1s spectra and the first derivative XAES C KLL spectrum after the
PECVD with the growth times of (a,d) 15 min, (b,e) 10 min, and (c,f) 5 min.
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Figure S5.6. XAES C KLL spectra of PECVD-grown graphene on Ag after growth times of
(@ 15 min, (b) 10 min, and (c) 5 min, and (d) the C KLL spectrum of xGnP Graphene
Nanoplatelets R10, where R10 was used as the reference graphene material to validate the
data processing. (e-h) The first derivative of C KLL spectra of (a-d), respectively. The D
value for the graphitic reference sample is in agreement with that in a previous report 6.

Before differentiation, the data were smooth by moving average method with a width of 11



86
data points. The spectra differentiation was executed with the Savitzky—Golay(SG)

quadratic method and a smoothing width of 11 data points using CasaXPS software.



87
Chapter VI

FEASIBILITY AND STRUCTURAL TRANSFORMATION OF
ELECTRODEPOSITED COPPER FOILS IN PECVD GRAPHENE
GROWTH

Adapted from:

Lu, C.-H.; Shang, K.-M.; Lee, S.-R.; Leu, C.-M.; Tai, Y.-C.; Yeh, N.-C. Feasibility
and Structural Transformation of Electrodeposited Copper Foils for Graphene Synthesis by
Plasma-Enhanced Chemical VVapor Deposition. Submitted.

Personal contribution: C.-H. L. initiated the idea, grew the PECVD graphene, performed
SEM, EBSD, XPS, Raman measurements, interpreted the data, and wrote the draft
manuscript.

Large-area graphene has often been synthesized on rolled-annealed copper foils, which
requires subsequent transfer to targeted substrates for desirable applications. Here we
investigate the quality of large-area graphene directly grown by plasma-enhanced chemical
vapor deposition (PECVD) on electrodeposited copper foils that are widely used in lithium-
ion batteries and printed circuit boards. Through a series of spectroscopic and microscopic
studies, we uncover intricate correlations between the graphene growth dynamics and the
growth time and plasma power: For a given plasma power, a minimum growth time is
required for comprehensive graphene coverage, which is followed by the formation of
complete monolayer graphene and t hen the emergence of multilayer graphene with
increasing time, indicating that the PECVD growth of graphene on electrodeposited copper
foils is not self-limited. A pivotal finding is the adverse impact of reduced plasma power on
the resultant graphene quality because of the effectively lower substrate temperatures.
Additionally, the PECVD process initiates significant chemical and structural beneficial
alterations to the electrodeposited copper substrate, including efficient removal of the surface
Zn layer, increased Cu grain size, reduced surface roughness, and reoriented out-of-plane Cu
orientations, which foster optimal graphene growth conditions on these industrially
compatible substrates for a wide range of applications.
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1. Introduction

Since the initial discovery of isolating graphene as a single atomic layer using the exfoliation
method*®, much progress has been made towards the synthesis of graphene, including using
the controllable chemical vapor deposition (CVD) method to allow for scalable growth of
graphene on copper *8. While advances in research have indicated that other metal substrates
like Co'®, Ru, 1 pt, 138 Ay, 139140, 163, Ag 159,181 can pe used for graphene growth, copper
foil remains the most popular choice due to their ease of preparation and availability. The
growth of graphene on copper has shown promising results, including enhanced mechanical
strength®°, superior electromigration resistance!?, and improved cycle life for anode-free

lithium batteries'®2.

Most graphene growth on copper to date employs rolled-annealed (RA) copper foils, which
are produced through a continuous mechanical rolling process of a copper billet, leading to
inherently limited lateral dimensions and minimum thicknesses as well as rolling lines on the
foil surface. In contrast, electrodeposited (ED) copper foils, which are typically used in
copper-clad laminates (CCL) for printed circuit boards (PCB) and as the current collector for
lithium-ion batteries, have their advantages. For instance, in rigid PCBs, ED copper foils are
often preferred over RA copper foils due to their cost-effectiveness and improved thickness

control.

The production of ED copper foil involves submerging a negatively charged metal drum in
a copper sulfate solution. The rotation of the drum facilitates the deposition of copper onto
its surface, gradually creating the foil. This process results in a columnar crystallite structure
in the ED copper. The ED copper then undergoes surface treatments, such as passivation
with Zn or Ni. Despite occasional reports of graphene growth on electroplated copper film**
and the co-electrodeposition of copper and graphene oxide!®, there have been no reported
direct graphene growth on ED copper foil, which may imply challenges associated with the

inherent surface roughness and the surface passivation of ED copper foils.
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Among various graphene growth methods, plasma-enhanced chemical vapor deposition

(PECVD) is a low-temperature process with scalability and industrial compatibility. The
reduced growth temperature for PECVD is due to reactive species generated in the plasma
that help facilitate the growth. Various studies have reported PECVD graphene synthesis at
temperatures varying between 160 °C and 700 °C across different substrate materials.5*: 67-8:
142,161-163 Compared to thermal CVD, where a growth temperature approaching the melting
temperature of the metallic substrate is used, the PECVD method complies with
contemporary industrial shifts towards achieving net zero carbon emission by 2050 through

reducing the large thermal budget.

In this work, we demonstrate the feasibility of using PECVD to grow graphene on ED copper
foil, an alternative to the commonly used RA copper foil in the realm of graphene growth.
The successful graphene growth is substantiated by Raman spectroscopic studies. In
addition, accompanying scanning electron microscopy (SEM) analyses reveal significant
time dependent transformations in the morphology of the ED copper foil during the PECVD
process. High-resolution transmission electron microscopy (HRTEM) and electron
diffraction also confirm that the graphene sheet grown on the ED copper foil is monolayer
with high crystallinity. Complementing the SEM and HRTEM findings, electron backscatter
diffraction (EBSD) studies offer deeper insights into the remarkable crystallographic changes
occurring in the ED copper foil, even with a brief exposure to the PECVD process. Further,
X-ray photoelectron spectroscopy (XPS) taken on graphene samples synthesized on ED
copper foils by PECVD provide evidence for the effective removal of the protective zinc cap
layer on the ED copper foil during the initial graphene growth stages and the subsequent
development of the graphene signature. This comprehensive study broadens our
understanding of the underlying dynamics of graphene growth on ED copper foils, which

presents the potential for their more extensive utilization in graphene-based applications.
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2. Experimental method

2.1 Sample Preparation

The ED copper foils with a thickness of 18 um were developed by the Industrial Technology
Research Institute. The top surface of these foils was coated by a thin layer (~ 5 nm in
thickness) of Zn, while the back surface was covered by silane derivatives as an adhesion
promoter. Both treatments are standard industrial practices for the ED copper foils used in

PCB applications.

2.2 PECVD Graphene Growth

The PECVD system comprises a 1/2” quartz tube, quartz sample holder, and Evenson cavity
equipped with a microwave source. To eliminate copper residue, the quartz tube and sample
holders were cleaned with nitric acid. Ar/O. and Ar/H. plasma were separately utilized to
further remove potential carbon residue from the quartz tube and sample holders. A methane
(CHg) flow of 0.005 sccm and a hydrogen (H.) flow of 5 sccm were introduced into the tube,
with a stabilization time of at least 10 minutes provided for the low CH4 flow. The total

pressure was set at 500 mtorr.

The PECVD process utilized a maximum plasma power of 40 W while adjusting the growth
time. Heating of the sample during PECVD was exclusively accomplished through direct
plasma. It should be noted that higher plasma power often resulted in almost complete Cu
etching. More information regarding the temperature estimation inside the plasma is detailed
in the supporting information section S1. After the PECVD process, graphene grown on
copper was transferred to a SiO> substrate for graphene coverage evaluation. The sample
transfer and copper etching processes involved the use of polymethyl methacrylate (PMMA)

and the treatment with 0.25M ammonium persulfate (APS).



91
2.3 Characterization

Raman spectroscopic analysis was performed using a Renishaw InVia Raman spectrometer
equipped with a 514 nm laser. Field emission scanning electron microscopy (FESEM) with
an EBSD detector (ZEISS 1550VP) was utilized to examine the morphology and
crystallography of the copper surface. The FESEM was operated at 20 kV for EBSD, while
a setting of 5 kV was used for SEM imaging of transferred graphene. The surface roughness
of the copper foil was determined using Wytec white light interferometry. High-resolution
and survey scans for XPS were conducted using a Kratos Axis Ultra instrument, employing
monochromated Al Ka X-ray source with pass energies of 10 eV and 40 eV, respectively.
The instrument's work function was calibrated based on the Cu 2ps/2 signal at 932.6 eV. For
HRTEM and electron diffraction, the graphene samples were transferred onto Cu grids
coated with a Lacey Formvar film and imaged with JEOL JEM2100F at 80kV.

3. Results and discussion

Figure 6.1(a) shows the Raman spectra of graphene, grown via PECVD on ED copper foil
under varying growth times and utilizing a 40W plasma. The spectra show the characteristic
G and 2D peaks, confirming successful graphene growth on ED copper when growth periods
exceeded five minutes. In contrast, we note that when the growth duration was shorter than

five minutes, no characteristic graphene signals could be observed.

Figure 6.1(b) depicts an optical micrograph for a SiO- substrate with a transferred PECVD-
grown graphene sample on top. This image suggests complete graphene coverage on the ED
copper growth substrate, encompassing an area of about (1.5x0.8) cmz2. We further adjusted
plasma power levels while maintaining a consistent growth time of 20 minutes. The results,
presented in Figure 6.1(c), demonstrate a significant correlation between the quality of the
resultant graphene and the plasma power. Interestingly, a distinct D peak appeared at lower
powers of 30 W and 20 W, while the 2D peak vanished at 20 W. The 2D peak, known to
indicate graphene's crystallinity, stems from intervalley phonon scattering. Decreasing the
plasma power limits the available energy needed to dissociate or excite the methane and
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hydrogen required for growth. As our system employs direct plasma without active

heating, the substrate temperature corresponds directly to the plasma power. Thus, lower
plasma power implies a lower substrate temperature—a condition less favorable for graphene
growth. Consequently, a decrease in plasma power leads to a decline in the quality of the
resultant graphene. On the other hand, excess plasma power could lead to damages incurred
by the bombardment of energetic ions and radicals in the plasma. Thus, proper balance
between supplying sufficient dissociation energy for methane in graphene growth and
preventing damages to graphene by energetic particles in the plasma is necessary to achieve

high quality graphene growth on the ED copper substrate.

Raman spectroscopy is a common tool for identifying strain and doping levels in graphene
by analyzing the positions of the 2D and G peaks!’*: 8!, As shown in Figure 6.1(d), graphene
samples grown on ED copper foil appeared to be electron-doped and under compressive
strain. The electron doping level was approximately 7x10'? cm™. Using the formula Eg =
h|vg|vVmn'®, where vg is the Fermi velocity in graphene (1.1x10° m/s), # is the reduced
Planck constant (6.58x107'° e¢V's), and n is the two-dimensional charge density, we
calculated the Fermi level shift to be around 0.34eV. This value aligns with the reported
value for graphene on a Cu crystal'®-18, The observed compressive strain can be attributed
to the difference in thermal expansion coefficients between Cu and graphene®®-187, After
transferring the graphene onto SiO», the strain considerably relaxed, and the doping level

slightly shifted to hole-doping.
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Figure 6.1 Ramen spectra measurements (a) Raman spectrum of PECVD-grown graphene
on ED copper foil with varied growth times at 40W. (b) Optical micrograph showing a
graphene sample of an area ~ (1.5x0.8) cm? that was transferred onto a SiO. substrate after
the PECVD growth on an ED copper foil. (c) Raman spectra of graphene samples grown on
ED copper foils under different plasma powers for the same 20-minute growth time. (d)
Correlation between the positions of the 2D peak (pos(2D)) and the G peak (pos(G)) of
PECVD-grown graphene, pre- and post-transfer. The pink solid dot at the cross point of the
red and blue lines represents the position of strain-free and undoped graphene for reference.

To inspect the graphene boundaries and the number of layers, Figure 6.2(a,b) presents the

SEM image taken with a standard Everhart-Thornley (ET) detector, showcasing transferred
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graphene with growth times of 10 and 20 minutes at 40W, respectively. The images do not

exhibit noticeable signs of multilayer graphene formation. However, when using in-lens
detector (Figure 6.2(c,d)), the existence of graphene boundaries and multilayer domains
becomes clear. The image corresponding to the 10-minute growth duration (Figure 6.2(c))
does not show signs of multilayer domains while the image from the 20-minute growth
duration (Figure 6.2(d)), on the other hand, exhibits several multilayer graphene domains of
approximately 1pum. This observation suggests that, unlike thermal CVD graphene growth®8,
the growth of graphene by PECVD is not self-limiting. This is largely attributed to the
abundant supply of C. radicals generated by microwave plasma,®” which play a crucial role

in the formation of sp? bonds, 8

Here we note that the increased visibility of grain boundaries and multilayer domains when
utilizing an in-lens detector can be attributed to reduced signals from the Type 111 secondary
electrons (SE3), the latter originate from backscattered electron scattering within the SEM
chamber. Although a standard ET detector in principle could also image the
boundary/multilayer domain contrast, it requires optimization of accelerating voltage and
working distance to reduce the SE3 signal'®®, which makes direct imaging of the
boundary/multilayer domain contrast using the ET detector more difficult. In contrast, using
an in-lens detector is more straightforward and provides a simpler approach to achieve the

same result, making it highly sensitive to variations in the graphene structure.



Figure 6.2. SEM images of transferred graphene grown at 40W. The growth time for images
(a,c) is 10 minutes, while images (b,d) correspond to a growth time of 20 minutes. Images

(a,b) were taken under ET detector, and images (c,d) were taken under in-lens mode.

To further verify the quality and the numbers of layers of graphene, HRTEM imaging and
electron diffraction were performed as shown in Figure 6.3. The clear honeycomb lattice and
six-fold diffraction spots indicate that the graphene is of monolayer and highly crystalline,
which also corroborates with the negligible D/G ratio from the Raman spectrum.
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Figure 6.3. TEM and diffraction images (a) HRTEM image of transferred graphene grown
at 40W with a growth time of 10min. (b) Electron diffraction of transferred graphene grown
at 40W with a growth time of 10min. The TEM images were acquired by ITRI.

An examination of the evolution of the ED copper foil following the PECVD graphene
process offers intriguing insights. Figure 6.4 features an optical micrograph of the ED copper
foil after different durations of graphene growth. As the growth time increases, the grain
boundaries of the Cu foil become better defined and deepen, while the ragged surface is
gradually eliminated. This observation is further substantiated by the SEM images in Figure
S6.4.
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Figure 6.4. Optical micrographs of the ED copper foil (a) before PECVD and after PECVD
at 40W for a growth time of (b)10sec (c) 1min (d)5min (e)10min and (f) 20min, respectively.

On the contrary, optical micrographs shown in Figure S6.5 and SEM images in Figures S6.6
suggest that a reduced plasma power (20W and 30W) has minimal impact on the surface
morphology, which largely maintains its ragged appearance. While the surface appears
smoother under SEM after graphene growth at 40W, measurements using a white light
interferometer (Figures S6.7 and S6.8) reveal an increase in roughness as the growth time
extends (Figure 6.5(a)). In contrast, the roughness stays relatively constant for smaller plasma
power of 20 W and 30 W, and then increases at 40 W (Figure 6.5(b)). Under elevated plasma
power, grain boundaries are etched at a faster rate, resulting in their significant deepening.
While this process may smooth individual grains, the increased depth of the grain boundaries

contributes to an overall increase in surface roughness.
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Figure 6.5. Roughness of ED copper foil after PECVD graphene growth. (a) Variation in

roughness with different growth times at 40W. (b) Comparison of roughness with different

plasma power at a fixed growth time of 20 minutes.

The EBSD mapping of an ED copper foil, both before and after PECVD graphene growth

for different growth times at 40W, is exhibited in Figure 6.6. The average grain size is

calculated and plotted in Figure 6.7(a). The activation energy of Cu grain growth in this

context is calculated by analyzing the grain size dependence at different temperatures. Given

the direct dependence between temperature and plasma power in our study, we also measured

the Cu grain size under varying plasma power conditions (Figure S6.9), as summarized in

Figure 6.7(b). The conversion of plasma power to substrate temperature is explained in the

supplementary information section S6.1.



Figure 6.6. EBSD map of an ED copper foil (a) before PECVD and after PECVD at 40W
with different growth times of (b)10sec (c) 1min (d)5min (e)10min and (f) 20min,

respectively. The scale bar in (a) is 2um and 100um for (b) — (). Grains were defined with
a grain detection angle of 10° and the twin boundaries (X 3) are indicated with white lines.

The color scales for grain orientation is shown in the lower right corner of (a).
A general model of grain growth kinetics can be described by the equation!®
D" = K¢t (Eq6.1.)

where n represents the growth exponent, K is the growth coefficient, D is the grain size, and
tis the growth time. The growth exponent n can be determined by examining the slope when
plotting In (t) vs. In (D), as shown in Figure 6.7(c). Here, the value of n is determined to be
14.88. To deduce the activation energy, we note that the growth coefficient can be expressed
as
_ Kye~ @D

K = Kye (Eq 6.2.)
where Q is the activation energy and R is the gas constant. Integrating this with Equation 1,

we obtain
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100
(Eq 6.3)

as demonstrated in Figure 6.7(d). The slope magnitude % is determined to be 50906,

corresponding to an activation energy of 423.2kJ/mol.

The comparison of both the growth exponent and activation energy with the ideal case—

where n = 2 and the grain boundary diffusion of Cu is 91.67kJ/mol***—indicates that the Cu

grain growth during PECVD graphene growth is substantially impeded.
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Figure 6.7. Grain size and activation energy analysis (a) Average grain size as a function of

growth time at 40W (b) Cu grain size measured under different plasma power conditions.
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Growth time is 20 min (c) Plot of In (t) vs. In (D), the fitted growth exponent n is 14.88.

(d) In(D"/t) versus 1/T plot, with n=14.88.

Figure 6.8 displays the crystallographic orientation information obtained through EBSD
analysis. The inverse pole figures reveal that the primary out-of-plane orientation of the ED
copper is (001). Remarkably, within a brief duration of merely 10 seconds, a significant
transformation in the crystallographic orientation occurs, even though the substrate
temperature remains well below ~0.3 Tm (melting point) of Cu. This suggests an additional
driving force, potentially chemical etching, facilitating the rapid evolution of crystal
orientation at relatively low temperatures'®. Following this initial shift, the dominant
orientations observed are (001) and (111), with no significant variations for the growth time
afterwards. Interestingly, even under lower plasma power conditions during PECVD

graphene growth (Figure S10), the dominant orientations remain (001) and (111).
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Figure 6.8. Inverse pole figures of the ED copper foil (a) before PECVD and after

PECVD at 40W with growth times of (b)10sec (c) 1min (d)5min (e)10min and (f) 20min,

respectively.

Turning to the chemical evolution of the ED copper foil during PECVD graphene growth,
Figure 6.9 presents the XPS survey spectra of the ED copper foil before and after PECVD at
40W for varying growth durations. A mere 10 seconds into the process, the surface Zn layer
is removed, exposing the underlying Cu surface. Figure S6.11 displays the XPS survey
spectra for different plasma powers, demonstrating that the Zn layer is also removed at

reduced plasma power.

As the growth continues, the increasing C1s signal suggests the onset of graphene growth on
the surface. Figure 6.10 illustrates the C1s XPS spectra before graphene growth and after
varying growth durations. The sp? carbon signal becomes visible after 5 minutes of growth,
corroborating the Raman spectra in Figure 6.1(a), where graphene signature peaks emerged
after 5 minutes of growth. However, the presence of functional groups (i.e., O-C=0 and C-
0) in the 5-minute growth period also implies that the graphene growth was not complete

within this time.
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Figure 6.9. XPS survey scan of the ED copper foil before PECVD (labeled as ref) and after
PECVD at 40W of different growth time.
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Figure 6.10. XPS Cl1s spectra of the ED copper foil (a) before PECVD and after PECVD at
40W with growth times of (b)10sec (c) 1min (d)5min (e)10min and (f) 20min, respectively.
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Drawing on the SEM, EBSD, and XPS data, we can hypothesize the growth mechanism

of PECVD graphene on ED copper foil as follows: Initially, the rough surface and Zn coating
hinder graphene formation. The initial plasma phase removes the top Zn layer, exposing the
Cu surface. As plasma heating continues, the microscopic roughness begins to smooth out,
coinciding with the reorientation of out-of-plane Cu orientations, specifically (001) and
(111), which are common for graphene growth®219, When heated for an adequate duration
(>5min), the substrate temperature becomes high enough to work in conjunction with the
plasma activation of methane and hydrogen, thus inducing graphene growth. When the
growth period extends (>10min), several multilayer domains begin to form on the existing
graphene, as observed in Figure 6.2(d). Concurrently, during graphene growth, the copper
grain size also gradually increases, further facilitating graphene growth.

4. Conclusion

In summarizing, this research provides an in-depth understanding of the mechanisms and
conditions governing the growth of graphene through PECVD on ED copper foil. By
utilizing Raman spectroscopy, SEM imaging, HRTEM, EBSD, and XPS, we unravel the
detailed relationship between growth time, plasma power, and the resultant quality of

graphene.

Our analyses indicate that a minimum of five minutes of growth time is necessary for
complete graphene coverage on the ED copper substrate. More interestingly, at the 10-
minute mark, HRTEM confirmed the presence of monolayer graphene. Furthermore, SEM
images reveal the development of multilayer graphene for growth times exceeding 20
minutes, suggesting that PECVD graphene growth on ED copper is not inherently self-

terminating.

A critical observation from our research is that decreasing plasma power directly adversely
impacts the quality of the resultant graphene. This effect can be attributed to the strong
correlation between plasma power and substrate temperature in our experimental setup,

which provides less conducive conditions for graphene growth with decreasing plasma
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power. Notably, the Cu crystal orientation rapidly transforms into predominantly (001)

and (111) upon merely 10 sec of PECVD process, and then remains essentially the same with
increasing growth time, as revealed through the EBSD studies.

Our research also highlights notable chemical and structural modifications to the ED copper
substrate during the PECVD process. Within just a few seconds of commencing the process,
the surface Zn layer is efficiently removed, exposing the underlying Cu surface. As the
process progresses, we observe an increase in Cu grain size, a reduction in surface roughness,
and a reorientation of out-of-plane Cu orientations — all these changes collectively create a
more suitable environment for graphene growth.

The knowledge gained from this study significantly enhances our comprehension of the
interplay between the process parameters, substrate preparation, and the quality of the
resulting graphene growth on ED copper foils using PECVD. These insights are expected to
contribute towards optimizing the direct graphene growth on these substrates that are widely

used in industrial applications.
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Supporting Information

S1. Substrate temperature estimation:
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Figure S6.1. Temperature measurement of the PECVD system. The temperature on the tube

wall recorded by thermocouple (Left). Tw indicates the fitted temperature plateau. Showing
the attached thermocouple on the PECVD system. (Right)

The measured temperature at the tube wall at different time is summarized in Table S6.1.

Table S6.1. Measured temperature at the tube wall at different time with 40W.

Time (at 40W) T (°C)
10s 33
1min 184
5min 293
10min =TH
20min =TH
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With the temperature plateau under different plasma power, a linear correspondence of Tn

versus plasma power is observed as shown in Figure S6.2.
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Figure S6.2. Plotting Tw versus the corresponding plasma power.

Next, assuming that the interior temperature also follows the same plasma power dependence
((i.e., slope=6.211 (°C/W) ) and using the substrate temperature measured through
temperature label at 10W, which suggested the temperature range between 232 and 260°C.
For estimation, we take the midpoint temperature (246°C) as the representative substrate
temperature at 10W. With these, the substrate temperature at higher plasma power is
extrapolated and plotted in Figure S6.3. The substrate temperature at different plasma power

is summarized in Table S6.2.
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Figure S6.3. The extrapolated substrate temperature under different plasma power using the
fitted slope in Figure S6.2. and the midpoint temperature measured using the temperature
label at 10W (i.e., the temperature is in the range of 232 °C - 260 °C at 10 W).

Table S6.2. Substrate temperature at different plasma power

Power (W) Tsubstrate (°C)
40 432.2 (extrapolated)
30 370.2 (extrapolated)
20 308.1 (extrapolated)
10 246.0 (temperature label)




Figure S6.4. SEM images of the ED copper foil (a) before PECVD and after PECVD at 40W
with growth times of (b)10sec (c) 1min (d)Smin (e)10min and (f) 20min. The scale bar is
10pum.

Figure S6.5. Optical micrographs of the ED copper foil after 20 minutes of PECVD graphene
growth with plasma power sof (a) 20W (b) 30W (c) 40W, respectively.

Figure S6.6. SEM images of the ED copper foil after 20 minutes of PECVD graphene growth
with plasma powers of (a) 20W (b) 30W, and (c) 40W, respectively. The scale bar is 20um.
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Figure S6.7. White light interferometry images of the ED copper foil (a) before PECVD and
after PECVD at 40W with growth times of (b)10sec (c) 1min, (d)5min, (¢)10min, and (f)
20min, respectively. The scale bar is 100 um. The interferometry images were acquired by
K. -M. Shang.

Figure S6.8. White light interferometry images of the ED copper foil after 20 minutes of
PECVD graphene growth with plasma powers of (a) 20w, (b) 30W, and (c) 40W,
respectively. The scale bar is 100 um. The interferometry images were acquired by K. -M.
Shang.



Figure S6.9. EBSD map of the ED copper foil after 20 minutes of PECVD graphene growth
with different plasma power of (a) 20W, (b) 30W, and (c) 40W. The scale bar is 100um.

(a) 001 (c) 001

»
Exp. densities (mud) Exp. densities (mud)
N\
1
1
2
2
3
3
4
11 11

101 101

Figure S6.10. Inverse pole figures of the ED copper foil after 20 minutes of PECVD graphene
growth with different plasma powers of (a) 20w, (b) 30W, and (c) 40W.
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Figure S6.11. XPS survey scan of the ED copper foil after 20 minutes of PECVD graphene
growth with different plasma power. Here we note that the detected N and Si elements at

20W originates from the silane derivative coating on the backside of the ED Cu foil.
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Chapter VII

DIPOLE ORDERING IN MONOLAYER MoS;

Partially adapted from:

Duxing Hao, Wen-Hao Chang, Yu-Chen Chang, Wei-Tung Liu, Chen-Hsuan Lu, Tilo H.
Yang, Naoya Kawakami, Ming-Hao Liu, Chun-Liang Lin, Ting-Hua Lu, Yann-Wen Lan
and Nai-Chang Yeh. Magnetic Field-Induced Ferroelectric Responses in Monolayer MoS;
Transistors. In preparation

Personal contribution: C.-H.L. carried out the PF-KPFM measurements and estimated the
carrier concentrations and sulfur vacancies.

Introduction

Ferroelectric materials are distinguished by their spontaneous electric polarization, a property
that can be manipulated through an external electric field. This unique characteristic has led
to significant technological advancements, finding applications in high-density data
storage'®, non-volatile memories, ferroelectric random-access memory (FERAM),
negative capacitance field-effect transistors (NCFETs)!*1% and neuromorphic
computing®®®. However, conventional ferroelectric materials, such as those with perovskite
structures like lead zirconate titanate (PZT), face substantial challenges when miniaturized
to nanoscale dimensions. These challenges mainly arise from the depolarization effect, which
compromises their ferroelectric properties?®?%, Moreover, the incompatibility of

perovskites with CMOS processes further restricts their application.

A key criterion for ferroelectricity is the existence of a non-centrosymmetric space group in
the material's structure?®?. Notably, progress in fluorite-structured oxide thin films—such as
HfO2% and ZrO,**or their solid solutions®®—has demonstrated the crucial role of
stabilizing the high-pressure orthorhombic phase (o-phase) through confinement to achieve
ferroelectricity. Impressively, the minimum thickness for ferroelectricity in
Hf«Zr1xO2 films has been reported to be as low as 1 nm?%, highlighting the necessity of

further research to explore the lower thickness limit for ultrathin ferroelectric films®’.
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On the other hand, the advent of 2D materials presents new opportunities for overcoming

these challenges. Materials like monolayer molybdenum disulfide (MoSz) have been shown
to preserve their ferroelectric properties even when reduced to atomic scales?®®2%°, A
distorted-1T structure in monolayer MoS; disrupts centrosymmetry, thereby enabling a net
electric polarization and the onset of ferroelectricity?%2%°, However, the practical application
of ferroelectric MoS; in field effect transistor (FET) devices is still an open area of research,
necessitating further investigation. Our latest findings delve deeper into this area, showing a
compelling differentiation between heavily doped and regular MoS; in terms of their

ferroelectric or dipole ordering responses.
Growth methods of MoS:

Before diving into our results, it is essential to compare the prevailing growth methods for
MoS: and graphene. The four predominant techniques—CVD, metal-organic chemical vapor
deposition (MOCVD), PECVD, and plasma-enhanced atomic layer deposition (PEALD)—
each have their merits and limitations, especially concerning operational temperatures and

film quality.

CVD is celebrated for its ability to produce MoS: flakes but operates at elevated temperatures
ranging from 600°C to 800°C?%° . Such high thermal requirements often exclude its use in
temperature-sensitive applications?'-?12, Additionally, the scalability of CVD is hampered
by its sensitivity to various parameters, including partial pressure?t®, temperature?*, and

substrate orientation?® .

Metal-organic chemical vapor deposition (MOCVD), a variant of CVD, uses organic metal
precursors and offers scalability with excellent film coverage?'®. It operates at more moderate
temperatures between 320°C and 550°C?'4. However, the reliance of MOCVD on toxic

precursors and hazardous byproducts poses environmental and safety risks?*.

As a more versatile alternative, PECVD allows for quicker film deposition at significantly

lower temperatures of 150°C to 300°C?Y. It also utilizes safer precursors like molybdenum
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pentachloride (MoCls) and elemental sulfur (Sg), reducing the need for hazardous

chemicals such as H2S?. Despite these advantages, PECVD generally results in MoS; films

with multiple layers®:8,

For precise control over film thickness, ALD is the method of choice. Its self-limiting nature
ensures accurate control at an Angstrom scale while maintaining uniformity and
conformality?*®. While thermal ALD allows MoS; growth at temperatures as low as 60°C, it
necessitates post-annealing for crystallization?”. PEALD, in contrast, operates between
300°C and 450°C and also shows self-limiting behavior??. However, it often yields films
that are either amorphous or polycrystalline, which are not ideal for electronic

applications?!,

In summary, CVD stands out for flake production, but its elevated operating temperatures
are limiting. PECVD and MOCVD present more thermally lenient options, each with its own

trade-offs. PEALD provides the most temperature flexibility but compromises film quality.
Dipole ordering responses in monolayer MoS:

Our experiments indicate contrasting behavior between heavily n-doped MoS; and regular
MoS: back-gate field-effect transistor (FET) devices. As shown in Figure 7.1(a)-(b), while
the former exhibits a ferroelectric response without the need for an external magnetic field,
the latter requires one to manifest similar hysteresis curve. The inset in Figure 7.1(b) shows
the absence of hysteresis response for the regular MoS; device at zero magnetic field. This
difference is central to understanding the underlying mechanisms that facilitate dipole

ordering in MoS; devices.
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Figure 7.1. The magnitude of source-drain current (|Ips|) vs. source-gate voltage (Ves), |Ips|-
vs.-Vgs, hysteresis curves for (a) heavily n-doped monolayer MoS; with a constant source-
drain voltage Vps = 0.1 V and (b) regular monolayer MoS; with Vps =—1.0 V under different
applied magnetic fields (B) perpendicular to the MoS; layer. Here LRS (HRS) denotes the
low (high) resistance states, respectively. The source-drain voltage Vps is applied parallel to
the MoS; layer whereas the source-gate voltage Vs is applied perpendicular to the MoS>

layer. These measurements were on MoSz FET devices carried out by Duxing Hao.

Work function measurements and estimating the sulfur vacancies

The work function of the monolayer MoS; was measured by Peak Force Kelvin Probe Force
Microscopy (PF-KPFM) calibrated with respect to the work function of gold at 4.82 eV??2,
The contact potential difference (CPD) between the tip and the sample is given by AVpp =

Dsample — Prip » Where ¢ represents work function. Therefore, the work function of the

MoS; sample is given by @uos, = Prip + AVipn? = Pay + AVipy? — AVAR.
For the heavily doped MoS,, AV%‘;SZ was measured to be (1.89 +0.21) V, while AVAY, was
measured to be (2.43 + 0.23) V. The Fermi level Er was then determined from ¢, ~ 4.3

eV, which was 0.1 eV above the conduction band minimum.
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Figure 7.2. Schematic of the band alignment of Si/SiO./MoS; based on the KPFM
measurements for (a) regular and (b) heavily doped monolayer MoS; FET devices. The units
for the numbers indicated in the figure are in eV.

On the other hand, for the regular MoS;, AV o> was measured to be (0.52 + 0.23) V, while
AVEY, was measured to be (0.39 + 0.22) V. The Fermi level Er was therefore determined to
be Puos,~4.98V, which was located at ~ 0.5 eV below the conduction band minimum. The

schematics of band alignments for both cases were shown in Figure 7.2.

Assuming sulfur vacancies contribute to the doping of MoS;, the sulfur vacancy

concentration for both cases could be estimated. The majority carrier concentration of MoS;
EF—E;

could be calculated with the following approximating formula n = n;e *»T  where k;, is

Boltmann constant, T is the temperature, n;, Eg, E; are the intrinsic electron concentration,

Fermi level, and the intrinsic Fermi level of MoS,, respectively. Here we note that we

Ec.+E kpT my Ec+E
v 4 %ln (m—”) ~=——*, where m;, and m,
n

are the effective mass of holes and electrons of MoS,, respectively. With nj ~ 106 cm™ at
223

approximated E; as the mid gap since E; =

room temperature==* and measured Er - Ei = 0.4 eV, the corresponding electron concentration
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of the regular MoS; sample was estimated as n = 4.8x10'2 cm™ . Assuming those

electrons were induced by sulfur vacancies, the order of magnitude of sulfur vacancy
population density can be estimated as na®V3/4 ~ 0.2%, where a = 0.318 nm is the lattice

constant of MoS..

On the other hand, for heavily doped MoS,, the above approximation no longer holds when
the Fermi level is above the conduction band minimum. In this case we have to use the Fermi-

Dirac distribution of electrons to calculate the carrier concentration:

* * EF_EC
© gsgvMn 1 9sgymnkpT KaT _ _ i
= — frd B - =
n fEC 2nnz | ETF dE === —>—In (e + 1) ,where, gs = gv = 2 are spin and

valley degeneracy, respectively, my* = 0.5 mo is the effective mass averaged over DFT

calculations??422%, Therefore, the carrier density was estimated to be 5.1x10'® cm? and the
sulfur vacancy density was about 2.2%. The estimation of sulfur vacancy for heavily doped
MoS: is in agreement with the XPS measurements, where an average of (5.0% + 3.7%) sulfur
vacancy density was obtained. These vacancies are instrumental in inducing the structural
distortions that result in a non-centrosymmetric lattice arrangement, thereby facilitating the

observed ferroelectricity.

Mechanisms underlying dipole ordering response

For both types of MoS,, our data indicate that a non-centrosymmetric structure is essential
for ferroelectric/dipole ordering behavior. In the case of heavily doped MoSy, it appears that
an excess of sulfur vacancies triggers dipole ordering response through lattice symmetry
breaking.

However, for regular MoS, the situation is more complex. While it initially exhibits no
ferroelectric response at zero magnetic field, we observed a change in hysteresis behavior
under the influence of an external magnetic field. In addition, lattice expansion was detected
in regular MoS; when subjected to a magnetic field (Figure 7.3), implying a structural
modification that enables its dipole ordering properties, although the microscopic mechanism

for this magnetic field-induced effect is still unknown.
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Figure 7.3. Magnetic field induced lattice expansion of regular MoS;. The measurement of
Moiré lattice constants using STM were carried out by the research group of Professor Chun-
Liang Lin at NYJU in Taiwan.

Conclusion

Our findings reveal the appearance of dipole ordering properties in monolayer MoS,
underlining the critical role of doping levels and sulfur vacancies. While the heavily doped
MoS:; can display these properties without an external magnetic field, regular MoS; remains
dependent on external magnetic fields. These observations emphasize the need for further
investigation into the underlying physics.
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Chapter VIII

FUTURE WORK AND SUMMARY

Future Work
1. Large-area PECVD graphene growth

The sample dimensions in our PECVD system have been limited by the size of the Evenson
cavity, leading to a maximum sample size of approximately (1x2) cm?. The results presented
in this thesis would be more impactful if the PECVD graphene synthesis could be scaled up.
In collaboration with the Industrial Technology Research Institute (ITRI) and Mastek in
Taiwan, we have demonstrated the feasibility of scaling up the direct-plasma PECVD

graphene growth to a sample dimension larger than (3x3) cm? in size.

The initial trial of the scaled up PECVD system consists of a cylindrical chamber with the
substrate holder inserted within, as depicted in Figure 8.1.1. By adjusting the growth
condition to the following parameters: Hz = 250 sccm, CH4 = 125 sccm, P = 2.3torr, plasma
power = 200 W, and growth time = 30 min, we were able to detect the characteristic Raman
modes of 2D, G and D peaks in the graphene synthesized in this scaled-up PECVD system,

as shown in Figure 8.1.2.

Figure 8.1.1. The initial trial of scaled-up MW-PECVD chamber at Mastek.
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Our criterion for successful graphene growth is the formation of the 2D peak. This peak

originates from scattering off the well-defined in-plane transverse optical (iTO) phonon
mode around the K-point of the graphene Brillouin zone (Figure 8.1.3). Specifically, the
emergence of the 2D peak (also known as G’ in some publications) involves the double or
triple resonances of iTO phonon scattering between two valleys, which is a feature unique to

the graphitic in-plane honeycomb crystalline structures.

Intensity (a.u.)

2000
Raman shift (cm™)

Figure 8.1.2. Raman spectrum of graphene after the PECVD process using the scaled-up

chamber.

band phonon ‘

...........................................................................

Figure 8.1.3. Raman modes in graphene. Here the iTO (iLO) phonon refers to in-plane

(longitudinal) transverse optical phonon. Adapted from Ref®°.
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Despite these promising results, the chamber conditions proved unstable. Therefore, we

opted to use the existing PECVD system at Mastek, which was previously used for diamond
growth (Figure 8.1.4). As depicted in Figure 8.1.5, the plasma is much closer to the sample
than in Figure 8.1.1. Additionally, we observed a substantial variation in plasma position
relative to total pressure. Thus, we adjusted the growth pressure accordingly to ensure that
the plasma was as close to the sample as possible, mimicking the direct plasma condition in
the lab.

Figure 8.1.4. The PECVD system previously used for diamond growth at Mastek.
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Figure 8.1.5. Side views through the chamber viewing port, showing the change of plasma

position with respect to the sample (Cu foil) under different power and pressure.

By implementing the following parameters for the growth: H, = 120 sccm, CH4 = 5sccm, P
=12 torr, plasma power = 1200 W, and growth time = 10 min, a clear 2D peak could be
observed, as demonstrated in Figure 8.6. The relatively high D/G ratio (D/G = 5.97) suggests
that growth conditions could be further improved. When we extend the growth time to 20

min, the D/G ratio is lowered to 3.99 as shown in Figure 8.1.7.
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Figure 8.1.6. Raman spectrum of graphene after the PECVD process using the diamond
PECVD chamber. Growth time = 10 min.
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Figure 8.1.7. Raman spectrum after the PECVD process using the diamond PECVD chamber.
Growth time = 20 min.

In addition to the growth time, our prior research indicates that a higher Ho/CHa ratio can
also enhance the graphene quality. Increasing the H gas flow to 240 sccm while keeping
CHa at 5 sccm and a growth time of 10 min, the D/G ratio dramatically decreased to 1.85, as

shown in Figure 8.1.8.
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Figure 8.1.8. Raman spectrum after PECVD using the diamond PECVD chamber. Growth
time = 10 min, H2 flow = 240 sccm, power = 1200 W.

Conversely, given our direct plasma configuration, the plasma power directly influences the
sample temperature. As demonstrated in Figure 8.1.9, when the plasma power was reduced
to 700 W and the gas flow was fixed at H> = 120 sccm and CH4 = 5 sccm for a growth time
of 10 min, the D/G ratio became 2.71, higher than that grown at 1200 W.
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Figure 8.1.9. Raman spectrum of graphene after the PECVD process using the diamond
PECVD chamber. Growth time = 10 min, power = 700 W.

Next, we tried PECVD graphene growth on sputtered Cu on Si as the substrate.
Implementing the following growth parameters: Ho = 120 sccm, CH4 = 5 sccm, P = 20 torr,
plasma power = 700 W, and growth time = 20 min, we obtained a much more distinct 2D
peak in the Raman spectrum of the resulting graphene, as shown in Figure 8.1.10. The D/G

ratio dramatically decreased to 0.79 compared to that for graphene growth on Cu foils.
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Figure 8.1.10. Raman spectrum after PECVD using the diamond PECVD chamber. The

substrate is sputtered Cu on Si.

When the hydrogen gas flow is further increased to 240sccm while

fixed, the D/G ratio decreased to 0.76 as shown in Figure 8.1.11.
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Figure 8.1.11. Raman spectrum of graphene after the PECVD process using the diamond

PECVD chamber with higher Hz flow. The substrate is sputtered

Cuon Si.
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When we increase the plasma power, that is, implementing the following parameters: H»

= 240 sccm; CH4 =5 scecm; P = 20 torr; plasma power = 1200 W; growth time = 20 min, not
only a clear 2D peak could be observed, the D/G ratio dramatically decreased to 0.34 as

shown in Figure 8.1.12. It is also worth noting that during the growth, the water cooling of
the sample stage is enabled.
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Figure 8.1.12. Raman spectrum after PECVD using the diamond PECVD chamber. Growth
time 20min, 1200W.
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Figure 8.1.13 Optical micrograph showing the sputter Cu sample with PECVD graphene

before transfer (top) and after transferring onto a SiO- substrate (down).

In order to assess the completeness of the graphene coverage achieved via the diamond
PECVD system, the synthesized graphene was transferred onto a SiO, substrate for visual
analysis. As depicted in Figure 8.1.13, the area covered by graphene precisely coincides with
the dimensions of the sputtered Cu substrate, thereby confirming the successful attainment

of full graphene coverage.

In summary, we have showcased the potential of scaling up direct-plasma PECVD graphene
growth without active heating, achieving a sample size exceeding (3x3) cm?. The presence
of the 2D peak attests to the successful graphene growth. While the graphene produced on
Cu foil exhibited a high D/G ratio, indicating either a notable defect concentration or small
grain sizes, a shift to sputtered Cu on Si substrates remarkably reduced this ratio. Crucially,
the complete coverage of the substrate by graphene has been verified through transfer to a
SiO2 substrate. Overall, with further refinement of the growth process, we believe the quality
of graphene synthesized via the scaled-up PECVD system can be further optimized so that

large-area PECVD graphene growth for practical applications becomes feasible.
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2. Interfacial graphene growth

Introduction

Here we aim to address the issue of signal losses in high-frequency applications, often
originating from the interface between the metal and the dielectric. We hypothesize that
introducing graphene at this interface could mitigate such losses. However, conventional
graphene transfer processes may introduce impurities and excess deformation/strain.
Therefore, this section presents our methodology and findings for interfacial graphene
growth on different metal thin films deposited on sapphire substrates.

Methodology

We employed PECVD for graphene growth under the following conditions: H. at 3 sccm,
CHa at 1 sccm, a pressure of 500 mtorr, plasma power set at 50W, and a growth time of 3

minutes.

Experiment with Ag

We initiated our experiment by sputtering a 10nm Ag film onto a sapphire substrate.
Following the PECVD process, the top surface was covered with black graphene stripes, as
shown in Figure 8.2.1. To investigate the existence of interfacial graphene, we applied O>
plasma to remove the top graphene stripes. However, as illustrated in Figure 8.2.2, no

interfacial graphene was observed in this case.
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Figure 8.2.1. The Raman spectrum of the graphene stripes on the top surface of Ag on

sapphire substrate.
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Figure 8.2.2. The Raman spectrum taken on the top surface of Ag deposited on sapphire

substrate after O plasma cleaning of the graphene stripes.

Experiment with TiW
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Next, we explore TiW (10nm thickness) as the metal layer sputtered on the sapphire

substrate. Similar to the Ag experiment, the results after PECVD and after O, plasma

treatment are shown in Figures 8.2.3 and 8.2.4, respectively. Here too, there were substantial

graphene stripes grown on top of TiW, but no interfacial graphene was found after the

removal of graphene stripes.
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Figure 8.2.3. The Raman spectrum of the graphene stripes on the top surface of TiW

deposited on sapphire substrate.
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Figure 8.2.4. The Raman spectrum taken on the top surface of TiW deposited on sapphire

substrate after O plasma cleaning.
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Experiment with Ni

Given the high carbon solubility of Ni, we further explored the feasibility of growing
interfacial graphene by depositing a 20 nm thick of Ni film was sputtered onto sapphire,
despite the suboptimal characteristics Ni for high-frequency circuits. The Raman spectrum
after the PECVD process and subsequent O plasma treatment are shown in Figures 8.2.5
and 8.2.6, respectively. A distinct graphene signal remained after O, plasma treatment,
suggesting interfacial graphene formation. Additionally, the doublet feature at the 2D peak

in the Raman spectrum, suggest the presence of multilayer graphene.
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Figure 8.2.5. The Raman spectrum of the graphene stripes at the top surface of Ni on sapphire

substrate.
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Figure 8.2.6. The Raman spectrum taken on the top surface of Ni deposited on sapphire after

O2 plasma cleaning of the surface graphene stripes.

Cross-sectional STEM was performed to further confirm our findings of interfacial graphene
growth, as shown in Figure 8.2.7. Remarkably, around 300 nm of graphene layers were
formed within just 3 minutes of growth. Figure 8.2.8 shows a zoomed-in image around the
graphene-sapphire interface, where a layer of amorphous carbon was observed adjacent to
the sapphire surface. The Electron Energy Loss Near Edge Structures (ELNES) line scans,
as shown in Figure 8.2.9, demonstrated the bonding difference between the amorphous
carbon at the graphene-sapphire interface and the graphene itself. Specifically, the absence
of the 1s — o* fine structure near or at the graphene-sapphire interface (as observed at
locations marked as spot 1 and 2) contrasts with its clear presence in the multilayer graphene

regions (indicated by spots 3 to 5), further confirming the distinct bonding characteristics
between these areas.
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100 nm sapphire

Figure 8.2.7. Cross-sectional STEM of Ni on sapphire after PECVD and Oz plasma cleaning,
showing the formation of ~ 300 nm thick multilayer graphene. The STEM image was

acquired by ITRI.
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10 nm

Figure 8.2.8. Zoomed-in cross-sectional STEM of Ni on sapphire after the PECVD process
followed by the O> plasma cleaning of graphene stripes on the surface of Ni. The insets show
the FFT image of the indicated regions. The STEM image was acquired by ITRI.
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Figure 8.2.9. ELNES line scan of the interfacial graphene region between Ni and sapphire.
The ELNES line scan was acquired by ITRI.

Summary

Figure 8.2.10 summarizes the Raman spectroscopy measurements for interfacial graphene.

It is noteworthy that the thin metal layer enabled the detection of Raman signals from the
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interfacial graphene beneath. Additionally, the adhesion between the metal layer and

sapphire weakened after interfacial graphene formation, allowing us to peel off the surface

metal layer and measure the interfacial graphene directly.

This section presents promising indications for using Ni to evaluate interfacial graphene
growth, although it's worth noting that Ni is not typically suitable for high-frequency
applications. No interfacial graphene was observed when using Ag and TiW. Future work
should explore the scalability of this technique and its real-world applicability, potentially

with metals more suited for high-frequency use.
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Figure 8.2.10. Summary of measuring the interfacial graphene with Raman spectroscopy.
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SUMMARY

The development of single-step plasma-enhanced chemical vapor deposition (PECVD)
techniques without active heating have revolutionized the synthesis process of graphene to
become scalable and industrially compatible at low temperatures, thus offering versatile
applications across a variety of substrates. This thesis provides a comprehensive exploration
of this technique, emphasizing its impact on flexible electronics, biosensing, and more.

Initially, the study focuses on the optimization of PECVD growth conditions, which leads to
the successful production of high-quality graphene on copper ink. This development sets the
stage for potential applications in flexible electronics and IoT devices, with clear benefits for
the resilience and environmental stability of copper circuits. The research further establishes
that PECVD is effective for growing graphene directly on electroplated copper over
polyimide substrates, which not only provides better electrical conductivity and chemical
stability but also leads to much improved mechanical durability, adding another layer of

versatility to this method.

Expanding on this foundation, the thesis further investigates the application of PECVD in
growing graphene on gold. This novel approach presents opportunities to significantly
enhance the anti-corrosion properties of gold, extending its lifespan, particularly in the

context of electrode-based biosensors.

A significant breakthrough is achieved with the single-step growth of nanocrystalline
multilayer graphene on silver. This development not only exhibits exceptional resistance to
oxidation but also unveils new opportunities in the field of hybrid graphene-silver plasmonic

technologies.

Additionally, the thesis delves into the complexities of using ED copper foils, which are
being used in a wide range of applications, as the substrate for graphene growth. Through

meticulous experimental studies and analyses, significant transformations in the properties
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of the ED copper foils are revealed after the PECVD process, thus demonstrating the

feasibility of direct growth of graphene on the ED copper foils.

While the primary focus of the research is on graphene, the thesis also briefly explores the
unique dipole ordering properties of monolayer MoS,, which is a semiconducting van der
Waals material. Although not the main focus, this inclusion provides valuable comparative
insights, particularly for the synthesis methods and in the context of high-density data storage

and non-volatile memories.

Towards the conclusion, the thesis examines the prospects of both large-area PECVD
graphene growth and interfacial graphene growth, identifying new directions for future

research and innovation.

The insights and findings presented in this thesis contribute to a broader understanding of
low-temperature graphene synthesis through PECVD. They serve as a valuable resource
for researchers, technology developers, and industry professionals seeking to harness the
novel applications of graphene across various sectors. The research outcome of this thesis
not only advances our current knowledge of PECVD synthesis of graphene but also

stimulates new quest into the ever-expanding field of graphene technology.
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