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resumo 
 

 

A síntese simultânea de nano-alótropos de carbono constitui, atualmente, 
um grande desafio tecnológico. Neste trabalho demonstra-se que a técnica de 
deposição química em fase de vapor (CVD) constitui uma estratégia válida 
para obter híbridos sob a forma de filmes finos funcionais, posteriormente 
aplicados em protótipos nas áreas da microelectrónica e biomedicina. Três 
tipos de híbridos de nanocarbonos são explorados: misturas íntimas de 
diamante nanocristalino (NCD) e nanotubos de carbono (CNTs) (NCD-CNTs), 
NCD e grafeno (GDHs), e NCD e nanografite em morfologias de plaquetas 
(DGNPs ou DNPs). Estes híbridos são obtidos por CVD ativado por plasma de 
micro-ondas (MPCVD) em procedimentos rápidos e de passo único. 

Os híbridos de NCD-CNTs são compostos por uma rede de CNTs de 
múltipla parede não agrupados, interligando agregados de NCD numa 
morfologia porosa ou numa matriz densa de NCD. A quantidade de CNTs pode 
ser controlada pela quantidade de catalisador. Filmes finos de NCD-CNTs são 
otimizados para a microfabricação de ressoadores micro-electromecânicos, 
constituindo a primeira tentativa de produzir tais dispositivos a partir destes 
materiais.  

Relativamente aos filmes de GDHs, é demonstrado que a densidade de 
nucleação de agregados de NCD em cima de grafeno de poucas camadas é 
controlável desde c.a. 10

6
/cm

2
 até pelo menos 5x10

6
/cm

2
, usando o método de 

modulação pulsada de fluxo de CH4. Esse controlo é conseguido mantendo a 
estrutura e morfologia fundamental dos constituintes. Estudos de emissão de 
eletrões por efeito de campo demonstram campos de ativação desde 4,6 até 
8,4 V/μm, decrescendo com o aumento da densidade dos agregados de NCD. 
Dois regimes de emissão são observados, atribuíveis ao grafeno e às 
protusões de NCD. O grafeno promove a remoção de calor dos sítios 
emissores, resultando em desempenhos estáveis por várias horas. 

Por outro lado, as DGNPs são constituídas por plaquetas finas (5 nm) de 
diamante revestido por um filme de nanografite. Estes híbridos exibem 
alinhamento vertical preferencial, área de superfície amplificada, inércia 
química, biocompatibilidade, possibilidade de funcionalização, rápida 
transferência de carga faradaica, bem como resistividade elétrica baixa e 
controlável. O aumento da concentração de N2 durante o crescimento diminui a 
resistividade elétrica dos filmes em uma ordem de grandeza (até c.a. 10

-5 
Ω.m), 

induz o desenvolvimento vertical das nanoplaquetas, contribui para uma 
cristalinidade superior da nanografite e aumenta as constantes da taxa de 
transferência de carga até 6x10

-3
 cm.s

-1 
numa solução de 10 mM 

PBS/[Fe(CN)6]
4-

. 
Uma proliferação e metabolismo amplificados são observados em pré-

osteoblastos cultivados em superfícies de DGNPs, acompanhados por uma 
elevada viabilidade celular após estímulos elétricos DC de baixa magnitude. 
Na ausência de estimulação DC, é observado um efeito de regulação 
antecipada da maturação pré-osteoblástica, intrinsecamente exercida pelas 
DGNPs. Paralelamente, são desenvolvidos biossensores impedimétricos sem 
etiqueta à base de DGNPs usando a avidina como prova de conceito. A 
quantificação de avidina é conseguida na gama dos 10 até aos 1000 μg.mL

-1
 

com limites de deteção e quantificação de 2,3 e 13,8 μg.mL
-1

, respetivamente. 
Estes resultados sugerem que as DGNPs constituem excelentes materiais 
para dispositivos de deteção e atuação biomédica. Adicionalmente, é também 
demonstrado que filmes de DGNPs amplificam a dissipação térmica sob 
condições de convecção natural quando comparados com filmes de NCD de 
baixa rugosidade, constituindo, portanto, alternativas válidas para a dissipação 
térmica em condições onde superfícies puramente de diamante não podem ser 
aplicadas. 
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abstract 
 

The simultaneous synthesis of nanocarbon allotropes is a challenging issue. 
In this work, chemical vapor deposition (CVD) is demonstrated to be a 
successful strategy to obtain hybrid functional thin films, which are employed in 
prototypes in the fields of microelectronics and biomedicine. Three types of 
nanocarbon hybrids are explored: intimate mixtures of nanocrystalline diamond 
(NCD) and carbon nanotubes (CNTs) (NCD-CNTs), NCD and graphene 
(GDHs), and NCD and nanographite in platelet-like morphology (DGNPs or 
DNPs) are obtained by microwave-plasma CVD (MPCVD) in rapid and single-
step procedures.  

NCD-CNTs hybrids are composed of non-bundling multi-walled CNTs in a 
network arrangement, interconnecting NCD clusters in porous morphologies or 
fully embedded in a dense NCD matrix. Changing the amount of catalyst 
allowed a qualitative control the CNTs content. Optimized NCD-CNTs thin films 
are patterned into microelectromechanical resonators, constituting the first 
attempt to produce such devices from these hybrid materials. 

Regarding the GDHs films, the nucleation density of NCD clusters on top of 
a smooth, highly crystalline few layer graphene is shown to be tunable from c.a. 
10

6
/cm

2
 to at least 5x10

6
/cm

2
 using a CH4 pulsed flow modulation method. 

Moreover, this is accomplished whilst maintaining the fundamental morphology 
and structure of the constituents. Electron field emission studies reveal 
activation fields ranging from 4.6 to 8.4 V/μm, decreasing with increasing NCD 
cluster density. Two emission regimes are observed, attributable to the 
background graphene and the protruded NCD clusters. The graphene phase 
helps in the heat removal from the emitting sites, yielding stable operation for 
several hours. 

On the other hand, DGNPs are constituted by a thin (5 nm) inner diamond 
platelet covered by a nanographite coating. These hybrids provide preferential 
vertical alignment, enhanced surface area, chemical inertness, biocompatibility, 
amenability to functionalization, facile faradaic charge transfer and low and 
tailorable electrical resistivity. Indeed, increasing the amount of N2 during 
growth lowers the films’ electrical resistivity by over one order of magnitude 
(down to c.a. 10

-5 
Ω.m), triggers the nanoplatelet vertical growth, leads to higher 

nanographite crystallinity and enhances charge transfer rate constants up to 
6x10

-3
 cm.s

-1 
in 10 mM PBS/[Fe(CN)6]

4-
 solution.  

Enhanced proliferation and metabolism is observed for preosteoblasts 
cultured in DGNPs surfaces, accompanied by high cell viability after small 
magnitude DC stimulus. In the absence of DC stimulation, an up-regulating 
effect of preosteoblastic maturation intrinsically exerted by the DGNPs is 
observed. Moreover, DGNPs label-free impedimetric biosensors are 
developed, using avidin detection as a proof of concept. Avidin quantification is 
attained within the 10 to 1000 μg.mL

-1 
range, and the limits of detection and of 

quantitation corrected by the non-specific response are 2.3 and 13.8 μg.mL
-1

, 
respectively. These findings suggest that DGNPs are excellent materials for 
biomedical sensing and actuating devices. Additionally, DGNPs thin films are 
shown to enhance the thermal dissipation under convection-governed 
conditions when compared to smooth NCD films, thus constituting valid 
alternatives for heat dissipation at conditions where purely diamond surfaces 
cannot be employed. 
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µ – a) Charge carrier mobility in Section 1.2;  

b) Dipole momentum in Section 1.4. 

ν  – Optical or vibrational frequency. 

νF – Fermi velocity. 

ξ  – Electric field in Section 1.4. 

ρ  – a) Electrical resistivity;  

b) Density in Section 2.2. 

σ  – a) Statistical standard deviation;  

b) Excitation cross-section in Section 1.4;  

c) Ion diffusion constant in Section 5.2. 

𝝊 – Voltammetric scan rate. 

φ  – a) Work function in Section 1.2 and Section 3.2;  

b) Phase angle in Section 5.2 and Section 5.3. 

Ψ  – a) Eigenfunction in Section 1.4,  

b) Nicholson's Kinetic function in Section 5.3. 

ω  – Angular frequency. 
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Chapter 1 
 

 

Introduction and Fundamentals 
 
 
 

This Chapter aims to state the main objectives of the present thesis as well as to provide the 
reader with a contextualizing framework upon which the main tasks and objectives were based on. 
In Section 1.1, the general motivations are stated and a description of the thesis structure is 
provided, mentioning all the papers published in international peer-reviewing scientific journals, 
which are faithfully reproduced herein in the form of thesis sections. 

Section 1.2 is dedicated to the synthesis and properties of the carbon allotropes of interest, 
which are nanocrystalline diamond (NCD), carbon nanotubes (CNTs), graphene and 
nanographite. The relevant carbon allotropes are initially presented separately, evolving from 
historical and theoretical foundations to the synthesis, physico-chemical properties and 
applications, some of which already constituting a reality worldwide. Section 1.3 focuses on 
nanocarbon hybrids, gathering and discussing selected works on the synthesis, characterization 
and possible applications of these materials. Theoretical predictions regarding the linkage of the 
relevant hybrids are also discussed. Finally, Section 1.4 introduces some background concepts 
concerning the most relevant experimental techniques used throughout this work. 
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1.1  
 

 

 General Introduction 
 
 

1.1.1. Scope  
 

Carbon materials and related composites can be found incorporating countless systems and 

devices worldwide. This, by no means, should be interpreted as if carbon-related technology is 

fully matured by now; on the contrary, the related number of publications and innovations has been 

exponentially increasing in the last decades. With the progressive matureness of nanoscience and 

associated technology, new nanoallotropes were unveiled, such as graphene and carbon nanotubes 

(CNTs), which promise to revolutionize the microelectronic and biomedical industry in the near 

future [1]. All this was reflected in the attribution of two Nobel prizes within the last 22 years, the 

first one in 1996 for the discovery of fullerenes and the later in 2010 for experimental research on 

exotic phenomena in graphene, such as the quantum Hall effect.  

This wide range of stable carbon allotropes, combined with specific properties arising from 

reduction to nanoscale, encourages the development of new functional materials. Integrating 

different carbon nanostructures in the form of a hybrid is conceptually appealing; the key idea is to 

benefit from the conjugation of thermal, mechanical, electronic and chemical properties unique to 

each allotrope and direct the growth and processing strategy towards a specific application.  

Hybrids provide a decisive advantage compared to composites, which is the fact that chemical 

compatibility and stability is assured. Nevertheless, a truly hybrid material presumes an intimate 

contact among the phases; hence, the simultaneous synthesis of carbon allotropes is highly 

desirable. This way, well intercalate hybrids should be obtained, for which the resulting properties 

are expectedly more than just the individual contributions of each integrant. Nanocarbon hybrids 

are interesting alternatives for the development of more efficient micro and nanoelectronics, such 

as micro and nanoelectromechanical systems, highly efficient cold cathodes and heat dissipators, as 
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well as for electrochemical transduction, such as in biosensors, supercapacitors and smart medical 

implants [1–10].  

As it will become apparent, the chemical vapor deposition (CVD) technique is widely used to 

synthesize high-quality nanocarbons.  However, regardless the growth conditions for these have 

been established, the fabrication of nanocarbon hybrids is a complex task and still open to debate. 

Hence, the relevant question guidelines are: 

 

i. Is it possible to co-fabricate sp2/sp3 nanocarbon allotrope hybrid materials in a controlled and 

reproducible manner? 

 

ii. Can the allotropes be synthesized simultaneously, yielding truly intricate structures? 

 

iii. Is the allotrope linkage stable and strong, favoring a synergistic combination of physical and 

chemical properties? 

 

iv. If so, does it translate into superior performance or distinct characteristics of specific device 

prototypes? 

 

v. Do these materials pose any challenges or restrictions when considering the fabrication of 

miniaturized devices? 

 

The carbon allotrope mixtures explored in this work are composed of (i) nanocrystalline 

diamond and carbon nanotubes, referred to as NCD-CNTs, (ii) nanodiamond and nanographite in a 

platelet-like morphology, referred to as diamond-graphite nanoplatelets (DGNPs or DNPs), and 

(iii) graphene and NCD, referred to as graphene-diamond hybrids (GDHs). Importantly, all these 

were obtained in a simultaneous-growth regime via microwave plasma chemical vapor deposition 

(MPCVD). The primary motivations and objectives of this work are (i) to synthesize and 

characterize the morphostructural aspects of nanocarbon hybrid materials, (ii) to study their 

integration in microelectronics and biomedical prototypes and (iii) to assess challenges in the 

miniaturization process of simple devices made of these materials.  
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1.1.2. Outline  
 

After the present introduction, dedicated to the fundamentals of carbon allotropes and hybrids, 

Chapters 2-5 contain all the experimental data and published work on CVD nanocarbon hybrid 

films. Their contents are intended to provide an integrated and multidisciplinary viewpoint of these 

valuable functional materials, from the synthesis to the final prototype or application. Regardless 

the chapter ordering conveniently grouping materials (NCD-CNTs in Chapter 2, GDHs in 

Chapter 3 and DGNPs in Chapters 4-5) and applications in the field of microelectronics 

(Chapters 2-4) and biomedical devices (Chapter 5), this thesis is to be regarded as a whole; as an 

example, the morphostructural aspects of the DGNPs hybrids are progressively introduced 

throughout this thesis, as a result of several thesis sections being integral reproductions of 

published work. Finally, in Chapter 6, an integrated overview of the most important results and 

achievements is presented.   

In Chapter 2, the MPCVD parameters for the simultaneous deposition of intimate mixtures of 

NCD-CNTs and NCD-nanographite were initially investigated. Results are presented in Section 

2.1, reproducing the contents published in the form of a book chapter under the reference 

“Simultaneous CVD growth of nanostructured carbon hybrids. NATO Science for Peace and 

Security Series A: Chemistry and Biology 39, (2015) 111-117” [11]. Additionally, NCD-CNTs 

hybrid films were employed as structural layers in simple, single-level microelectromechanical 

systems (MEMS, Section 2.2). Regardless the undertaken task to optimize these hybrids for 

MEMS resonator fabrication, no vibrational response from the resonators could be measured, 

regardless the adopted architecture or dimensions. The lack of response is linked to several aspects 

of the synthesis and patterning procedures.  

In Chapter 3, cold cathode prototypes made of GDHs having distinct amounts of NCD were 

assembled and tested. Although these GDH electron field emitters provided moderate currents, 

they represent an interesting experimental framework to study the field emission properties of 

intimate mixtures of sp2 and sp3 nanocarbons, as further discussed in Section 3.1. The results are 

published in Carbon journal, under the reference “Tuning the field emission of graphene-diamond 

hybrids by pulsed methane flow CVD. Carbon 122, (2017) 726–736” [12]. In Section 3.2, the 

patterning process of GDHs transfered to glass and Si/SiO2 substrates is presented and the 

fabricated patterns were used to estimate the electrical resistivity of the thin films. 

In Chapter 4, DGNP coatings were developed in order to improve the thermal dissipation 

capabilities of Si/NCD substrates. Heat dissipation tests against standard NCD films suggest that 

these nanocarbon coatings might improve the performance of chips and processors in demanding 

operations, where minimal thermal noise is required. The work is published under the reference 
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“Heat Dissipation Interfaces Based on Vertically Aligned Diamond/Graphite Nanoplatelets. Appl. 

Mater. Interfaces 7, (2015) 24772–24777” [13]. 

Chapter 5 is dedicated to biomedical applications of the DGNP hybrids. In particular, these 

hybrids are shown to be promising biomaterials to be used as electrodes in distinct contexts, 

whether in sensing or actuating applications.   

In particular, in Section 5.1 the DGNP films are shown to yield a high degree of 

biocompatibility concerning eukaryotic preosteoblastic cells. Furthermore, the films’ electric 

characteristics permitted to build simple prototypes to induce cell morphological and functional 

alterations, such as induced proliferation and differentiation, thus constituting an interesting 

platform for tissue regeneration and growth purposes. The work is published in Applied Materials 

and Interfaces journal, under the reference “Diamond-Graphite Nanoplatelet Surfaces as 

Conductive Substrates for the Electrical Stimulation of Cell Functions. Appl. Mater. & Interfaces 

9, (2017) 1331–1342” [14].  

After a brief introduction to electrochemical biosensing approaches in Section 5.2, the Section 

5.3 focuses on the electrochemical response of DGNP materials and the development of 

impedimetric biosensing prototypes. As a proof of concept, biotin-functionalized DGNP electrodes 

were able to quantify avidin molecules at nM levels. Although several aspects can be further 

optimized, the results are encouraging regarding the fabrication of cheap, simple and efficient 

biosensors for the point-of-care detection of several analytes, from cancer biomarkers to biological 

cells. This work is currently under peer reviewing for publication in Biosensors and Bioelectronics 

journal, under the title “On the Physical Structure and the Electrochemical Response of Diamond-

Graphite Nanoplatelets: From CVD Synthesis to Label-Free Biosensors (2018)”. 

Finally, Section 5.4 discusses the patterning procedure of DGNPs. As will become apparent, 

this section present some parallelisms with Section 2.2, namely regarding the challenging reactive 

ion etching (RIE) process. This constitutes a mandatory assessment for virtually all the functional 

materials in the fields of microelectronics and biomedical devices. Similarly to the GDHs, the 

fabricated beam structures were also used to further characterize these materials in terms of 

electrical resistivity. 
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1.2  
 

 

Fundamentals of Carbon Allotropes 
 
 
 

Carbon has four valence electrons arranged in a 2s2 2p2 configuration and thus each C atom 
can share electrons with up to four other atoms. The great variety of existing allotropes originates 
in the carbon ability to form different s and p orbital hybridizations (sp, sp2 and sp3), yielding 
distinct mechanical, thermal, optical and electronic properties. The atomic arrangement and 
general properties of diamond, graphene, graphite and CNTs are presented in this chapter, along 
a brief description of respective the synthesis techniques. This constitutes the framework for the 
development of multifunctional nanocarbon hybrid materials towards specific applications, which 
is the core of the present thesis. 
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1.2.1 Diamond 
 

Diamond crystallizes naturally in the earth’s crust from carbon-containing fluids [1] and its 

mining dates back to more than 3000 years ago. It is generally regarded as a high standard jewelry 

item and inclusively efforts have been put to synthesize artificial diamonds to serve that purpose; 

however, the monocrystalline synthetic diamond production and lapidation costs are still high, 

restraining its market share against the established natural diamonds. Notwithstanding, the 

universal importance of this carbon allotrope goes far beyond those considerations.  

In diamond, carbon atoms adopt sp3 hybridization in a tetrahedral coordination environment 

(Fig. 1.2.1), the well-known face-centered cubic (FCC) lattice having a two-atom basis at (0,0,0) 

and (!
!
, !
!
, !
!
). The bonding type in diamond is simple covalent σ bonding, angled by c.a. 109ᵒ, as 

seen in Fig. 1.2.1. It is intrinsically an electric insulator, (1014 Ω.m at room temperature [2]), since 

all orbitals participate in the covalent bonding with its four first-neighbor carbons. Regardless the 

forbidden energy bandgap in diamond being 5.5 eV, N, B and P impurities can be introduced 

during growth resulting in a semiconducting to quasi-metallic behavior [2–4]. Hence, diamond is 

better described as a wide bandgap semiconductor [2,5–7].  

 

 

 
Fig. 1.2.1: Schematics of the diamond FCC crystal lattice. 

 

 

Diamond surfaces are inherently biocompatible due to chemical inertness to organic liquids, 

inorganic acids and molecular hydrogen [5]. It is also resistant to oxidation up to 600 ºC [2]. These 

characteristics are crucial for biomedical applications, including tissue regeneration and biosensing 
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purposes. In particular, boron-doped diamond (BDD) provides the electric conductivity needed for 

a wide variety of applications, including cold cathodes for electron field emission and biosensors. 

Field-emission wise, CVD diamond provides H-terminated surfaces that effectively lower the 

potential barrier for electron emission to vacuum [3]. In turn, electrochemical sensors benefit from 

the very high charge transfer rates obtainable from BDD electrodes. All these turn BDD as one of 

the highly regarded material for such applications. Finally, impurity incorporation also yields 

crystals with different tonalities; this combines with other interesting optical properties, such as the 

relatively high refractive index (c.a. 2.4 at 500 nm).   

Regardless its dense and strong atomic structure, the mass density is 3.5 g/cm3, only 1.3 times 

that of Al. In addition to that, the purely covalent nature of diamond renders excellent mechanical 

properties, such as a Young’s modulus of 1200 GPa, ultimate tensile strength of 10 GPa and a 

hardness of 100-110 GPa [8,9]. The same is true regarding the thermal properties, such as the 

thermal conductivity of 2000 W.m-1.K-1 and low linear thermal expansion coefficient (10-6 K-1 at 

20 °C) [7,10–12]. The melting temperature is c.a. 4000 °C at pressures of c.a. 10 GPa [2,7]. 

In short, the list of possible applications for diamond-related materials is up to the knowledge of 

the associated technology: extremely broad. These include, but are not limited to, hard and wear 

resistant coatings, heat sinks for semiconductor technology, photonic devices, diode lasers, tough 

transparent windows, UV photodetectors, oscillators, entangled photo generation for quantum 

cryptography, versatile electrochemical electrodes and biomedical implants [5,13–19].  Other 

examples are Schottky diodes able to operate at fast switching regimes and high temperatures, 

light-emitting diodes (LEDs) able to efficiently deliver high luminance levels, field-effect 

transistors (FETs) [20], thermistors running above 600 ºC [5] and high quality MEMS operating at 

1.5 GHz [21]. 

There are several methods to synthesize diamond crystals and thin films. The conditions for the 

formation of diamond are well documented and can be generically represented in the carbon phase 

diagram of Fig. 1.2.2. The equilibrium regions of the thermodynamically stable phases are defined 

by continuous solid lines, which limit the diamond/graphite stability regions [22,23].  Before 

proceeding to the synthesis routes of diamond, it is worthwhile to mention that the line separating 

the CVD diamond and graphite has actually a certain width, which in fact constitutes the window 

for simultaneous production and co-preservation of both diamond and graphitic allotropes in 

simultaneously grown hybrid materials.  
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Fig. 1.2.2: Carbon phase diagram showing the regions for each synthesis types. Adapted from [23]. 

 

 

The diamond synthesis can be accomplished through shock wave treatment of graphitic 

materials [24,25], by exposing graphite to high pressure-high temperature conditions (HPHT) with 

the help or not from catalysts, ultrasonic cavitation of graphite suspensions [2,5], detonation of 

carbon-containing explosives in a metallic chamber, and via CVD technique (Fig. 1.2.2) [2,5,26]. 

In the conventional industrial synthesis processes, graphite is usually employed as carbon source. 

In this sense, the CVD technique has revolutionized the production of diamond, allowing obtaining 

monocrystals and a wide range of crystal sizes in the form of thin films, from ultra-nanocrystalline 

diamond (UNCD, grain sizes below 5 nm), through nanocrystalline diamond (NCD, grain sizes 

between 5 and 100 nm) to microcrystalline diamond (MCD, grain sizes larger than c.a. 200 nm). 

Importantly, the synthesis is conducted at relatively low pressures and temperatures (usually below 

1 atm and 1000 ºC, respectively) [14,27], triggering the production and commercialization of 

multifunctional films. These are decisive advantages of the CVD technique, allowing tuning the 

growth parameters towards a specific application. Given its importance in this work, the CVD 

technique is discussed in more detail in Subsection 1.4.1.   

The NCD nearly maintains the hardness of bulk diamond (up to 90%) [9], yet it is expectedly 

tougher given the presence of a huge density of grain boundaries (GBs), which prevent from the 

propagation of cracks throughout the material by mostly surrounding the diamond crystallites. 

Although the fracture toughness of NCD and MCD or bulk diamond was measured to be relatively 

similar by different authors and methods (c.a. 4 to 8 MPa.m1/2 [9]), the comparison is not 
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straightforward because of the different crack propagation regimes, which can be inter-granular 

(i.e., along GBs) in NCD and intra-granular (crystal cleavage) in bulk diamond and large grained 

MCD. Moreover, caution must be taken when comparing fracture toughness values assessed from 

different diamond crystallite sizes and through different methods. Regarding tribological 

applications, NCD provides both low friction and wear coefficients due to its lower roughness 

comparing to MCD coatings, as well to the lubricating properties of inter-granular graphitic phases 

[28].  

The reduced grain size negatively impacts the thermal conductivity and charge mobility, 

because GBs act as scattering centers for phonons an charge carriers, respectively [5]; nevertheless, 

the grain size determines the surface to volume ratio, which also means that the concentration of 

GBs is higher; since GBs are known to accumulate graphitic and hydrogen-containing species 

[5,29], the CVD NCD films present lower electrical resistivities compared to MCD and undoped 

monocrystals. These grain boundary effects start to fade out at crystals sizes of c.a. 100 nm, which 

is a good MCD-NCD differentiating factor [5]. Fig. 1.2.3 shows scanning electron microscopy 

(SEM) images of NCD (Fig. 1.2.3a) and MCD (Fig. 1.2.3b) films, as defined above. 

Advantageously, it is possible to grow CVD diamond films in several substrates, e.g. Si, SiNx, 

SiO2, glass and even metals.  

It is worthwhile to note that a previous substrate treatment is needed in CVD growth methods. 

Such treatments are often done recurring to diamond particle suspensions, which are known to 

leave scratches and nanodiamond fragments that act as seeds for the sustained film growth. Due to 

energetic considerations, much higher deposition rates and uniformity are achieved, resulting in 

closed and dense diamond coatings [5,30–32]. The CVD synthesis of diamond films is analyzed in 

Subsection 1.4.1, dedicated to the MPCVD technique. 

 

 

 
Fig. 1.2.3: SEM images of polycrystalline diamond films grown by microwave-plasma CVD (MPCVD) 
on Si substrates. a) NCD film, denoting typical non-polyhedral, irregular crystallite shape. b) MCD 
film, characterized by well-defined crystals and sharp boundaries.  

1 µm 

a) b) 

1 µm 
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1.2.2. Graphene and Graphite 
 

Graphene is a one-atom thick, bidimensional crystalline arrangement of carbon atoms. Its 

fundamental building block is the hexagon formed by sp2-hybridized carbons in trigonal planar 

symmetry, originating a familiar pattern commonly referred as honeycomb lattice [33–35]. 

Graphene is stable at room temperature (RT) and exhibits remarkable chemical, optical, electronic 

and mechanical properties. Particularly, relevance ought to be given to the Young’s modulus, c.a. 

1000 GPa [36] and electrical and thermal conductivities (2000 W.m−1.K−1) [33], far superior to 

Copper (400 W. m−1.K−1). 

The first report of the observation of isolated graphene occurred in 2004 by Novoselov et. al. 

[37], crucial in establishing graphene as a real material where fundamental research of 2D physics 

could find an experimental basis. The production of single layer graphene (SLG) and few layer 

graphene (FLG) was accomplished via the mechanical peeling of highly-oriented pyrolytic graphite 

(HOPG), using the simple scotch-tape method [37]. Fig. 1.2.4 shows an optical image of graphene 

where the number of layers is quantifiable, from a single layer to graphite. 

 

 

 
Fig. 1.2.4: Optical micrographs of SLGs and FLGs obtained via scotch-tape method. The visible light 
optical transmission loss is about 2.9 % per graphene sheet, allowing differentiating the effective local 
number of layers. Adapted from [38]. 

 

 

However, graphene was also shown to be prone to be peeled via chemical procedures [39]. 

Regardless the simplicity and cost-effectiveness of such methods, these are difficult to implement 
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in mass production lines, since the yield and uniformity are rather low [33]. New methods to 

overcome those issues, such as the epitaxial SiC decomposition and CVD deposition on metal 

substrates, have been developed ever since [40–47]. Notwithstanding the universal efforts that have 

been put into this mater [48], the production of low defect, uniform and high area graphene films is 

still a developing area. Important landmarks have undoubtedly been achieved [48,49]; however, the 

need for a controlled graphene production, at sizes comparable to the current Si wafer technology, 

is still a demand [34]. Table 1.2.1 summarizes the most important methods of graphene synthesis. 

The first theoretical studies on the electronic structure of graphene date back to 1947, by P. 

Wallace [35], whose primary goal in reality was to explain the physical properties of graphite 

through electronic band theory in solids. The graphene electronic structure present σ and π bonds, 

originating from the four valence orbitals 2s, 2px, 2py and 2pz, where x and y are parallel to the 

graphene plane and z is orthogonal to it.  Three strong σ link each carbon atom to its nearest 

neighbors due to the s, px and py (sp2) hybridizations in that plane (see Fig. 1.2.5a); in addition to 

the inherent strength of a honeycomb lattice, the impressive in-plane mechanical properties are thus 

justified.  

 

 

Table 1.2.1: Main methods for graphene production. Adapted from [33,34]. 

Method Typical crystal 
size (µm) 

Charge carrier 
mobility 

(cm2.V-1.s-1) 
Target applications 

Mechanical exfoliation >1000 ~2x105 Mainly for investigation purposes 

Chemical 
exfoliation 

From 
HOPG ~0.1 100 

Coatings, paints, composite materials, 
transparent materials, capacitors. 

From GO ~100 1 

CVD ~1000 104 
Photonics, nanoelectronics, 

transparent coatings, sensors and 
biomedicine. 

SiC decomposition ~50 104 Mainly for electronics, e.g. very high 
frequency transistors. 
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Fig. 1.2.5: a) Representation of orbital hybridization in graphene. Adapted from [33]. b) Ab initio 
calculations of electronic band structure. Note that Fermi energy is nule where π e π* meet. Note also 
that the six corners of the hexagonal Brillouin reduce to the K e K’ inequivalent points. φ  is the 
graphene’s work function. Adapted from [50]. c) 3D representation of the graphene electronic structure, 
also showing the hexagonal Brillouin zone (solid red line). Adapted from [51]. 

 

 

On the other hand, pz orbitals do not interact with the previous due to symmetry considerations; 

these originate π and σ ligand bonds and two π* and σ* anti-ligand bonds. Since π and π* are near 

the Fermi level (EF), and the forbidden gap between σ and σ* is 12 eV, these are generally 

disregarded concerning calculations near EF [33,51]. Ab initio calculations based on the tight 

binding model suggested that graphene has a zero energy bandgap, with linear dispersion near EF 

and presents six cones in each corner of the hexagonal Brillouin zone [33,34,51] (Figs. 1.2.5b-c). 

This is because dispersion in graphene does not follow the Schrödinger equation; it is solely 

explained via the relativistic Dirac dispersion when the mass tends to zero. The found relation is 

[33,51] 

𝑬𝑮 𝒌𝒙,𝒌𝒚 = ± 𝜸𝟎 𝟏 +  𝟒 𝒄𝒐𝒔 𝟑𝒌𝒙𝒂
𝟐

𝒄𝒐𝒔 𝒌𝒚𝒂
𝟐
+  𝟒𝒄𝒐𝒔𝟐 𝒌𝒚𝒂

𝟐
 , 

where 𝒂 = 𝟑 𝒂𝑪!𝑪, 𝒂𝑪!𝑪 = 1.42 Å is the carbon atoms distance, 𝜸𝟎 is the orbital transference 

integral relative to pz orbital interaction (c.a. 2.9 to 3.1 eV) and kx and ky are components of the 

momentum vectors 𝒌 , which decide the possible states for charge carriers [33]. The linear 

expansion of the π and π* orbitals in the Dirac points is [33,51] 

𝑬𝑮 ĸ =  ± ħ 𝒗𝑭 ĸ  , 

eq.1.2.1 

eq.1.2.2 
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where ĸ =  𝒌 − 𝑲, and 𝒗𝑭 =  𝟑 𝜸𝟎𝒂
𝟐ħ

≅ 106 m.s-1 is the Fermi velocity for graphene. Hence, the 

carriers near the Fermi level behave like massless Dirac fermions, with an effective velocity of 𝒗𝑭. 

Such theoretical predictions regarding the charge mobility in graphene quickly found an 

experimental corroboration. For instance, the graphene’s mobility and density of the carriers (µ and 

nS, respectively, Figs. 1.2.6a-b) where studied via graphene field effect transistor (GFET), made 

from mechanically exfoliated graphene transferred to Si/SiO2 substrates (inset of Fig. 1.2.6a). 

There is a clear symmetry in the resistance of the GFET (Rxx in Fig. 1.2.6a) relatively to the Dirac 

point (Vg=0 in Fig. 1.2.6), which further enforces that electron and hole mobility are similar 

[33,34,51]. In addition, µ is independent from the temperature and carrier density, so that the main 

dispersion mechanism has to be related to defects or impurities [50], rather than electron-phonon or 

electron-electron interactions. This fact further emphasizes the need for optimization in the 

synthesis procedures, regarding applications for which uniform, high-quality graphene is 

mandatory, such as GFETs.  

 

 

 
Fig. 1.2.6: a) Resistance and b) mobility (dotted line) and carrier density (solid line) as function of a 
GFET gate voltage. Inset: Optical micrograph of the GFET. The exfoliated graphene is seen at darker 
contrast. Adapted from [50]. 
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Not surprisingly, the graphene’s electronic structure considerations are useful in explaining 

many of the properties displayed by graphite. In graphite, graphene sheets are stacked together at a 

distance of 0.335 nm along the z direction (see Fig. 1.2.7). The sheets are held together by weak 

electrostatic Van der Waals forces arising from interaction of the delocalized π electrons. These are 

responsible for the electrical, thermal and mechanical anisotropy characteristic of graphite; as 

examples, the inter-sheet bonding energy is about 2% of the in-plane counterpart and the electrical 

resistivity is of the 10-6 and 10-3 to 10-4 Ω.m order for in-plane and inter-plane directions, 

respectively [2]. The inter-plane weak bonds are also responsible for the basal plane ductility, the 

formation of interstitial compounds and, importantly, are fundamental aspects regarding its (very 

useful) lubrication and compressibility qualities [2,52]. The stacking of the graphene sheets in 

hexagonal graphite is ABAB, but ABCABC or incommensurate stacking also occurs. Indeed, the 

latter type was found to occur for graphene-diamond hybrids, as further discussed in Chapter 4.  

 

 

 
Fig. 1.2.7: Schematics of hexagonal graphite ABAB atomic stacking structure.  
 

 

Graphite is widely used as electrochemical electrode, as it generally provides good reaction 

kinetics at low residual currents and readily renewable surfaces; these combine to inertness to 

acids, alkalines and corrosive gases as well as oxidation and hydrogenation below 1000 ºC [2]. In 

this sense, nanographite phases are of interest, given the role of structural and morphological 

disorder in the electrodes’ electrochemical activity [53,54]. 
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1.2.3. Carbon nanotubes 
 

Regardless the debate on whom should be given the credit for the discovery of CNTs [55], it is 

generally accepted that Sumio Iijima observed the formation of tubular structures having 

nanometric diameters for the first time back in 1991 [56], via transmission electron microscope 

(TEM) (see Fig. 1.2.8). At that time, few people could have imagined the future impact of CNTs in 

research and industry communities.  The CNT has been regarded ever since as natural candidate to 

integrate new functional nanodevices, given their excellent charge transport characteristics. A 

particular important feature of CNTs is that the electronic properties can range from 

semiconducting to metallic, which opens the possibility of direct control over bandgap via the 

careful selection of CNTs according to its chirality, as further discussed later in this section. The 

main applications envisaged for CNTs are mechanically reinforced polymers, nanoelectronic 

circuitry, FETs, supercapacitors, biosensing and labeling, cold cathodes [57–63], among others, 

some of which are already a reality nowadays. 

The electronic properties of CNTs are intimately connected to graphene’s, since the already 

discussed sp2 hexagonal lattice is common to both. Similarly to graphene, CNTs can also be 

classified by their number of layers, namely single, double and multi-walled CNTs (SWCNT, 

DWCNT and MWCNT, respectively). The concentric tubes are separated by 3.5 Å, slightly higher 

than the sheet interspacing in hexagonal graphite. 

 

 

 
Fig. 1.2.8: TEM images of CNTs observed by Sumio Iijima, having a) four, b) two and c) seven walls. 
Adapted from [56]. 
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Its formation is attributed to the improved stability of nanometric graphitic domains after rolling 

into tubular structures, because of the pre-existent dangling bonds in peripheral carbons [64]. The 

rolling can occur along several directions, which conjugated with the final tube diameter dictates 

the final physical properties. Hence, each CNT is defined by a chiral vector 𝑪𝒉 and a chiral angle θ 

(Fig. 1.2.9a and Fig. 1.2.9b), according to 

𝑪𝒉  = 𝒏𝒂𝟏 +𝒎𝒂𝟐 ≡ 𝒏,𝒎 , (𝟎 ≤  𝒎  ≤ 𝒏: 𝒏,𝒎 𝒊𝒏𝒕𝒆𝒈𝒆𝒓𝒔),  

where 𝒂𝟏 and 𝒂𝟐  are the unitary vectors of the distended CNT lattice, and 

𝒄𝒐𝒔(𝜽) =  𝟐𝒏!𝒎

𝒏𝟐! 𝒎𝟐!𝒏𝒎
.  

Hence, the diameter d of the CNTs is 

𝒅 = 𝑪𝒉 = 𝒂 𝒏𝟐 +𝒎𝟐 + 𝒏𝒎 , 

where 𝒂 = 𝒂𝟏 = 𝒂𝟐 = 𝒂𝑪!𝑪, similarly to eq. 1.2.1. 

 

 

 
Fig. 1.2.9: a) Honeycomb lattice obtained after SWCNT unfolding. The unitary cell is OAB’B. T is the 
translational vector of the CNT. b) CNTs classification regarding quirality. c) Chiral vector map, 
signaling semiconductor and metallic CNTs. d) Unidimensional band diagram of a (5,5) armchair 
SWCNT. The X point corresponds to 𝒌 = ± 𝝅

𝒂
. Adapted from [65]. 

Armchair, θ=30º  
            Ch=(n,n)  
 
 
     Zig-Zag, θ=0º 
             Ch=(n,0) 
 
 
Chiral, 0<|θ|< 30º 
             Ch=(n,m) 

(5,5)  

(9,0) 

(10,5) 

eq.1.2.3 

eq.1.2.4 

eq.1.2.5 
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As depicted in Fig. 1.2.9d, the valence and conduction bands of a (5,5) CNT cross at about two-

thirds the 𝒌 = 𝟎 to 𝒌 = !
𝒂
 distance. Since that crossing implies degeneracy at the Fermi level, this 

particular CNT is a zero bandgap semiconductor exhibiting metallic conduction regime at finite 

temperatures. This is the case for several (n,m) CNTs (Fig. 1.2.9c).  

CNTs and graphene share several mechanical, thermal and electronic characteristics, as 

expected from the previous considerations. Similarly to graphene, the CNT was shown to possess 

superior thermal characteristics (conductivity up to 3000 W.m-1.K-1) [64], higher than Cu and 

inclusively comparable to diamond. Similarly, it is also one of the strongest materials known to 

date concerning the axial direction, as reflected in its Young’s modulus of 1300 GPa [66]. 

However, they are easily deformable under applied radial forces [67]. CNTs can have rather high 

aspect ratios (104-105) [65], are nearly half as dense as Al and thermally stable up to 1500 ºC in 

non-oxidant atmospheres [64,68]. The ballistic-like charge transport regimes and tunable bandgap 

are other properties analogue to graphene. 

Synthesizing high quality CNTs whilst maintaining controlled chirality and diameter has been 

broadly attempted ever since the primordial CNTs era; regardless, this still constitutes nowadays 

perhaps the most challenging technological issue to overcome towards the worldwide definitive 

implementation of CNTs. The three main techniques for the synthesis of CNTs are arc–discharge, 

laser ablation and CVD. The first two evolved to the point of yielding appreciable quantities of 

SWCNTs (>1 g). Both methods involve the condensation of carbon-containing gases created by 

evaporation of a solid precursor. This evaporation can be induced either through large electric 

currents or pulsed lasers, respectively. In arc discharge, the catalyst usage is necessary to form 

SWCNTs. On the other hand, both yield good quality MWCNTs [69–71]. However, these methods 

are relatively complex and are little energy-efficient. Finally, the products are inevitably bundles, 

with little possibility for the controlled synthesis on solid substrates, despite some advances in the 

chemical cross-linking with large molecules to prevent segregation.  

In this sense, and similarly to diamond, the CVD technique is seemingly one of the best options 

to grow CNTs in the form of hybrid films. It allows the synthesis of both non-bundling SWCNTs 

and MWCNTs with inherently superior control on the morphostructural aspects [65,72–74]. 

Bundling is highly undesirable regarding the production of homogeneous hybrid films. Yet, the 

CVD technique requires the use of metal catalysts (Fe, Co, Mo, Ni) to increase the yield to 

appreciable levels. Specificities related to the catalyst particles obviously play a crucial role in 

CNT growth (Fig. 1.2.10). Indeed, the diameter is highly dependent on the catalyst particle size 

[75]. The necessity for catalyst particles as well as the unavoidable contamination with several 

other chemical species (a-C, carbon NPs, etc...) turn post-purification procedures mandatory and 

hardly avoidable for most of the applications [76–79].  
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CNTs synthesis can be accomplished via tip-growth regime, in which the CNT tip physically 

supports the catalyst particle, or via a base-growth regime where the diffusing carbon from the 

catalyst is fed to the CNT through its base, as shown in literature example of Fig. 1.2.10 at right.  

Interestingly, the synthesis mode for large (> c.a. 5 nm) Fe, Co and Ni catalyst particles is 

predominantly accomplished through a tip regime, whereas smaller particles induce a base regime 

[80].  

 

 

 
Fig. 1.2.10: CNTs synthesized via CVD on Fe NPs-coated substrates. Adapted from [81]. 

 

 

Several branches of the CVD family have been employed to grow CNTs, namely the thermal 

CVD (TCVD), hot-filament CVD (HFCVD), radiofrequency CVD (RFCVD) and MPCVD. The 

latter will be briefly discussed in the next chapter, as it constituted the technique to grow the CNTs 

-containing hybrids; this technique is known to yield very high quality CNTs, inclusively allowing 

a partial selective growth regarding its semiconductor/metallic nature. Seemingly, certain plasma 

conditions induce a preferential metallic CNT etching; in that sense, it was reported the successful 

synthesis of CNTs via plasma-enhanced CVD (PECVD) yielding up to 90% semiconducting 

CNTs, when only about 66% where expectable considering a purely random distribution of  (n,m) 

indexes [75]. 
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1.3 
 

 

Literature Review of 

Nanocarbon Hybrids 
 
 
 
The controlled synthesis of different allotropes in the form of a hybrid material is not 

straightforward and constitutes a pertinent technological obstacle. In this section, a literature 
review is provided, covering theoretical predictions about the allotrope interface, to synthesis 
aspects and to the materials' final properties. The main applications appointed to each one of the 
allotrope mixtures of interest are also discussed. 
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1.3.1. Diamond-Carbon Nanotubes  
 

Mixtures of NCD and CNTs are probably the most studied carbon hybrids and for which the 

research community has engaged a wide plethora of applications. An interesting theoretical work 

on the bonding and stability of CNTs and nanodiamond was conducted by Shenderova et. al. [1], 

based on the analytical potential energy function and enclosing a variety of diamond-CNT hybrid 

structures, including metallic and semiconducting CNTs perpendicularly bonded to (001) and (111) 

diamond facets. Only zigzag and armchair types of nanotubes were considered as all dangling 

bonds are at the same plane and the bond density is higher compared to chiral nanotubes. 

Interestingly, several chemically and mechanically stable junctions could be obtained without the 

presence of any dangling bonds and relatively low lattice mismatches. One of such combinations 

can be visualized in Fig. 1.3.1.  

 

 

 
Fig. 1.3.1: Molecular simulation of a relaxed, dangling bond-free diamond (111) facet attached to a 
metallic (6,0) CNT, drawn along the side (left) and top (right) perspectives. Adapted from [1]. 

 

 

The authors noted three main groups considered to be feasible regarding the bonding of zigzag 

CNTs to (111) diamond facets. Namely, the first is constituted by (6×M, 0) and (6×M+3, 0) 

nanotubes, where M is an integer, yielding both low lattice mismatches and interfacial energies. 

These are metallic CNTs, as discussed back in Section 1.2. The next two groups of nanotubes are 

given by the indexes (6×M+2, 0) and (6×M+4, 0), which are semiconducting in nature. The lattice 

mismatches and interfacial energies are also favorable for bonding formation, but the CNT is 

elongated along one radial direction. Lastly, other feasible reconstruction of the diamond-CNT 

interface is obtained with (6×M+1, 0) and (6×M-1, 0) CNTs. These will yield higher interfacial 

energies, dangling bonds and distorted CNTs, despite the bonding is considered to be stable given 

the ability of CNTs to radially withstand strains to a certain extent. Finally, the attachment of 
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zigzag CNTs to (100) diamond facets is also discussed and atomistic calculations revealed that the 

interfacial bonding energies are higher than the (111) diamond counterpart. Regardless the 

interfacial dangling bonds predicted in the majority of the scenarios, (8,0) CNTs are an exception 

and (100) diamond - (12,0) CNTs interfaces are shown to be fully passivated using only two H 

atoms. The dangling bonds at the hybrid interface are to be avoided because of electron 

entrapment/scattering and deteriorating effects on the conductivity of such interfaces. It is worth 

noting that this consideration is also valid for the other types of hybrids considered in this thesis. 

Despite the available work on the theory and synthesis of combined nanocarbon structures 

available in the literature, experimental research regarding its mechanical, electronic, electrical and 

thermal properties is still needed. Starting from the synthesis, several approaches to the CVD 

synthesis of NCD and CNTs hybrids were reported, either simultaneously or sequentially, as 

discussed below. 

 

 

1.3.1.1. Sequential Synthesis 

 

In multiple run, sequential synthesis, one carbon phase is used as substrate for the growth of the 

other [2–5]. Regarding the integration of NCD and CNTs, several approaches have been 

undertaken, either through induced transformation of CNTs to diamond phase [6] or through the 

nucleation of diamond on the CNTs [7–10]. Shankar et. al. [8] tentatively established the HFCVD 

parameters window in which previously dispersed CNTs could survive, obtaining NCD clusters 

nucleated on CNTs bundles. Terranova et. al. [10] used a modified HFCVD reactor to obtain CNTs 

aggregates coated with NCD deposited on Si substrates previously coated with sub-micrometer-

sized Fe particles. In other approach, Xiao et. al. [11] started by heat-treating Fe thin films under 

hydrogen atmosphere to obtain catalyst Fe nanoaggregates, followed by an ultrasonic treatment 

with diamond nanopowder. After MPCVD growth, interconnected UNCD and CNTs were obtained 

and the relative density of each phase was related to the relative amount of diamond seed and 

catalyst NPs, respectively. Varshney et. al. [4] synthesized a monolithic diamond-CNT composite 

in Si substrates via HFCVD using a thin 100 nm-thick layer of Fe catalyst. The fundamental 

growth mechanism was explained through density functional theory (DFT) calculations on the 

induced defects on CNT walls via interaction with atomic hydrogen [12]. The resulting dangling 

bonds are energetically favorable for the deposition of amorphous carbon on the CNTs walls, 

which will act posteriorly as diamond nucleation sites through de-hydrogenation of adsorbed 

complexes and recombination of hydrogen atoms [4].  
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Hébert et. al. [13] reported the synthesis of CNT forests partially embedded in microcrystalline 

diamond. As expected, the adhesion and electrical conductivity were increased relatively to a direct 

deposition of CNTs in a diamond surface (that is, without an effective connection between the 

allotropes). Nevertheless, the intimate contact between allotropes is accomplished through 

chemical etching of diamond crystals and the phase connection occurs via catalyst particles.  

 

 

1.3.1.2. Simultaneous Synthesis 

 

The simultaneous growth method should allow attaining higher intercalation of allotropes; in 

particular, NCD-CNTs hybrid films were grown by hot filament CVD on copper substrates 

previously coated with paraffin wax, which acted as seed for the growth of both NCD and CNTs 

[14]. Using typical HFCVD growth conditions, Yang et. al. [9] simultaneously synthesized NCD 

and CNTs but in different substrates regions, namely at a Ni catalyst-coated region and at a region 

pre-treated with diamond powder and where no catalyst was present.  

In other work, the same authors also obtained the two phases simultaneously in the same 

Inconel 600/Si substrate, yet at separate regions created by selective etching of the Si substrate. The 

CNTs (Inconel 600) and diamond (Si) were synthesized after partial substrate immersion in a 

CH4/H2 MPCVD plasma [12]. It is clear from the TEM images the coexistence of small diameter 

CNTs and NCD particles through identification of CNT wall interspacing, 0.24 nm, and the 

diamond [111] planes separated by c.a. 0.21 nm (Fig. 1.3.2a). The X-ray photoelectron 

spectroscopy (XPS) C1s region spectrum is characterized by peaks at 284.5 and 285.5 eV and is 

well fitted by two contributions from sp2 (C=C) and sp3 (C-C) hybridizations, respectively (Fig. 

1.3.2b). Regardless, substrate immersion in the plasma leads to severe temperature gradients in the 

sample and spatial non-uniformity issues. Furthermore, this method implies several processing 

steps, some of which can be challenging. 
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Fig. 1.3.2: a) HR-TEM images of NCD and CNTs deposited in neighboring substrate regions. The 
larger arrows depict CNT. b) XPS C1s spectrum of the hybrid. Adapted from [12]. 

 

 

Seemingly, an uniform and large area simultaneous deposition of NCD-CNTs is yet to be 

reported. Moreover, in many cases the interfacial area between allotropes is seemingly small and/or 

catalytic particles are required, which specifically in the case of MEMS layers is clearly to be 

avoided since the electromechanical properties are presumably deteriorated. In this sense, Varshney 

et. al. [14] synthesized a hybrid structure without the use of any catalyst. The diamond and CNT 

phase development was promoted by paraffin wax deposited onto a copper substrate and exposed 

to a CH4/H2 mixture during 3 hours. This paraffin compound decomposes at 60 ºC leaving sp2 and 

sp3 hybridized crystallites, which favor the growth of CNTs and diamond, respectively. The growth 

was conducted at typical HFCVD conditions and a dispersion of sub-micrometer sized diamond 

grains embedded in a CNT network. However, the CNTs present low structural quality and a strong 

bond between the allotropes was not achieved. Varshney et. al. [15] also reported the fabrication of 

UNCD-CNTs hybrids in a single step HFCVD process. The obtained structures are composed of 

hierarchic (flower-like) CNTs coated with UNCD (grain size of 3-5 nm).  The seeding process is 

based on a Ni and diamond powder dispersion in a liquefied polymer, which promoted the self-

assembly of sp2 and sp3 phases into hierarchic structures.   

Other works were conducted in an attempt to establish the parameters window for the 

simultaneous synthesis of NCD and CNTs [8,10,16]. The proper catalyst selection and delivery is 

critical in order to obtain a truly hybrid material. In that sense, the continuous catalyst delivery 

might be important regarding the nucleation uniformity and CNT growth. In particular, Fernandes 

et. al. [16] employed a continuous Fe particle delivery based on the direct catalyst diffusion and co-

deposition after plasma etching of Fe particles placed at the growth region surroundings, which was 

the framework beyond the NCD-CNTs hybrids presented in Chapter 2.  
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1.3.1.3. Main Applications 

 

As discussed earlier, theory does not predict any constraint regarding the electronic nature of 

the CNTs (semiconducting or metallic) attached to diamond per se. Those constraints are more 

closely related to geometric and interfacial bonding energy considerations. Therefore, different 

kinds of junctions are possibly formed using NCD-CNTs hybrids, such as diodes and a new class 

of quantum dots [1].  

It is unanimous that NCD-CNTs mixtures can benefit the performance of microelectronic and 

biomedical devices; especially regarding electrochemical transducers, such as in biosensors and 

supercapacitors, and cold cathodes for electron field emission, such as in FEDs and some electron 

guns in SEM and TEM instruments. Regarding in vivo biosensing applications, it would 

circumvent toxicity issues regarding the CNTs as they are only considered to be toxic when 

dispersed as single entities [13,17]. Moreover, NCD-CNTs hybrids would combine the chemical 

and mechanical stability of NCD with the excellent transport properties of CNTs; combined to the 

fact that CNTs and biomolecules dimensions are comparable, this could result in outstanding 

sensibility. Finally, both allotropes provide interesting electrochemical activity and stable 

transducing operation, [18–22]. On the other hand, both allotropes provide adequate characteristics 

for integration in electron field emission devices [23,24]. NCD-CNTs mixtures could also improve 

the temporal stability, current densities and the monochromaticity of emission as well as to prevent 

from CNTs unraveling during harsh operating conditions [10,23]. In fact, the ion bombardment and 

adsorption of chemical species are known to affect the emission properties of the CNTs [10]. 

Strongly bonded NCD-CNTs hybrids would minimize those issues. Furthermore, an improvement 

in the cathode performance is expected since it has been shown that hydrogen terminated NCD 

(e.g. NCD grown via MPCVD) reduces the work function of the emitter due to its negative electron 

affinity [25–27]. 

Appropriate mixtures of NCD and CNTs are expected to result in improved mechanical 

properties of the hybrid material. Whilst the mechanical aspects of each allotrope are well 

documented, such is seemingly not applicable to NCD-CNTs hybrids. An exception is the work of 

Holz et. al., who fabricated multilayered buckypaper/NCD films using a sequential method, 

involving previous formation of a densely packed CNT membrane through vacuum filtration 

method and posterior MPCVD deposition of a NCD coating on the buckypaper [28].  
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Fig. 1.3.3: Fabrication of a NCD/buckypaper hybrid membrane and assessment of the Young modulus. 
Adapted from [28]. 
 

 

It was observed that CNTs remain embedded within the NCD matrix, thus reinforcing the 

interface of the resulting hybrid structure. The sequential fabrication of a buckypaper/NCD hybrid 

membrane was accompanied by bending tests using a nanoindentator (see Fig. 1.3.3). An increase 

of the Young's Modulus from 0.3 to 300 GPa after NCD deposition was estimated. This 

encouraged the development of simultaneously grown NCD-CNTs and their application as active 

layers in MEMS, as analyzed in Section 2.2. 

 

 

 

1.3.2. Graphene-Diamond  
 

Hybrid materials composed of graphene and diamond were subject of several theoretical 

studies, especially regarding the electronic properties of the interface between the allotropes using 

ab initio DFT calculations [29–31] or the analytic potential function and geometrical 

considerations [1]. In particular, Ma et. al. proved that a finite energy bandgap should appear in 

graphene as a result of interaction with diamond, i.e., graphene can be made a semiconductor when 

bound to diamond. It was also shown the appearance of electronic spin in such systems [29]. 

Moreover, it was pointed that diamond is an ideal material to be combined with graphene because 

of its intrinsically strong mechanical nature, high optical phonon energies, outstanding heat 

removal capabilities and chemical compatibility. Finally, all this is achievable without degradation 

of the dispersion band linearity of graphene [29,30].  
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Fig. 1.3.4: Ab initio DFT calculations of graphene–(111) diamond surface (in yellow and blue, 
respectively). a) Side view and b) top view of the hybrid structure at equilibrium. 𝒂𝟏 and 𝒂𝟐 are 
diamond lattice vectors. The ridges of freestanding C atoms forming polyacetylene chains can be 
distinguished from sp3 C atoms covalently bonded to the diamond surface. Adapted from [32]. 
 

 

Selli et. al. studied the graphene/ (111) diamond surface interface and concluded that graphene 

acquires a wave-like morphology constituted by ridges and valleys [32], as seen in Fig. 1.3.4. This 

was also pointed earlier in the work of Shenderova et. al. [1] when studying the zigzag edge 

attachment of graphene on (111) diamond surface. This occurs in order to accommodate lattice 

mismatch lowering the interfacial energy and yielding strongly bonded hybrids. The resulting 

ridge-like interface structure expectedly induces an anisotropic charge transport regime, since those 

ridges act like high mobility regions due to delocalized electrons, whilst the valleys exhibit sp3 

covalent bonding to the diamond surface. An interesting result from the work in Ref. [1] is that a 

small 2.4% lattice mismatch is predicted between (100), (110) and (111) diamond planes and a 

zigzag edge of graphene, which is easily accommodated by graphene corrugation.   

Finally, in other work [33], it is pointed out that hybrids made of graphene, diamond and carbon 

nanotubes provide a larger density of states near the Fermi level than any other carbon allotrope 

alone. These were shown to be energetically stable at about 100 kbar, which constitute very 

interesting materials for charge storage and fast delivery in electrochemical systems, such as 

supercapacitors. 

Similarly to NCD-CNTs hybrids, despite the available work on the theory and synthesis of 

combined graphene and diamond structures available in the literature, experimental research 

regarding its mechanical, electronic, electrical and thermal properties is still needed. 
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1.3.2.1. Synthesis  

 

As mentioned earlier, the possibility of finite bandgap opening in graphene is one of the main 

features of interest regarding its integration with diamond phases. In that sense, several other 

approaches were proposed, such as controlled hydrogenation (leading to the appearance of sp3 

bonding), epitaxial growth in some substrates, molecular doping and through the applications of 

anisotropic strain. Nonetheless, all these approaches are prone to lead to serious degradation of the 

graphene properties [29,31]. In order to overcome that, UNCD films were proposed as adequate 

substrate for graphene [30]. The UNCD film was grown by MPCVD and combined with FLGs 

obtained via mechanical exfoliation from HOPG. A 5-fold increase in breakdown current density 

was inferred for graphene-on-UNCD when compared to graphene-on SiO2/Si [30]. 

Regardless several approaches to obtain graphene-diamond mixtures have been proposed, 

almost all of them employ a sequential synthesis approach. Wang and et al. synthesized graphene 

via CVD on a copper foil coated with fluorinated nanodiamond particles [34]. Since the atoms of 

the graphene lattice are sp3 coordinated at the interface with diamond, these act as bottlenecks for 

the charge-transporting sp2 graphene. A large negative magnetoresistance was also observed for 

these mixtures.  

In other work, Varshney et. al. obtained freestanding graphene-diamond films (Fig. 1.3.5 at left) 

in a sequential step process via HFCVD synthesis of diamond on a polymer-based substrate 

containing both graphene flakes and diamond NPs [35], which were posteriorly studied concerning 

their field emission properties.  

 

 

 
Fig. 1.3.5: SEM (at left) and TEM (at right) images of the freestanding graphene-diamond membrane 
synthesized via a sequential synthesis route. Adapted from [35]. 
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It is to our knowledge the first report on the field emission characteristics of such hybrids. 

Activation fields of 2.4 V/µm and emission current densities of 0.1 mA/cm2 were reported. 

Nonetheless, regardless TEM images reveal the presence of diamond microcrystals adhered to 

FLGs (see Fig. 1.3.5 at right), the overall structural quality of the hybrid seems low given the 

absence of 2D band and overall peak widening in Raman spectra (not shown). 

Finally, Carvalho et. al. synthesized highly crystalline FLGs and diamond nanoclusters 

simultaneously in the same Cu substrate area in a single-step process [36]. The diamond 

nucleations are found to sit on top of a smooth FLG layer, as depicted in Fig. 1.3.6. The growth 

mechanism of these hybrids is explained as follows. After FLGs are formed on the nucleation spots 

of the Cu substrate, the catalytic effect is hindered and the probability for sp3 bond formation is 

increased. These nucleation spots act as seeds for NCD growth, which is in accordance with the 

observed augmented number of graphene layers beneath the NCD clusters. It is also pointed out 

that this mechanism is fundamentally different from the typical diamond nucleation mechanisms, in 

which topological features such as scars and GBs act as preferential seeding spots due to increased 

surface energy. Such is not observed for these CVD graphene-diamond hybrids. A {0001}graphene ⊥ 

{111}diamond epitaxial relation is derived from HR-TEM measurements. This work constituted the 

basis for the development of the graphene-diamond hybrids (GDHs) presented in this thesis, which 

are studied as cold electron field emitters in Chapter 3. 

 

 

 
Fig. 1.3.6: Combined Raman/atomic force microscopy analysis of the MPCVD graphene-diamond 
hybrid surface after transfer to glass substrates. The Raman intensity at 1332 cm-1 (diamond peak) and 
the surface profiling (warm colors for elevated substrate regions) clearly assigns the protrusions to 
diamond nucleations. Adapted from [36]. 
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1.3.2.2. Main Applications 

 

Of particular interest for the present work are the (expectedly) enhanced field emission 

characteristics of such hybrid materials. In particular, this property was assessed for the 

freestanding graphene-diamond films mentioned in the previous subsection [35]. The enhanced 

performance of the films found basis for explanation in the superior electrical conductivity of 

graphene and heat sinking ability of diamond, but no analysis in term of relative quantities of each 

phase is provided. Additionally, the emission performance and stability are expectedly further 

improved if intimate mixtures of highly crystalline graphene and diamond are employed, which 

motivated the study of the field emission properties of simultaneously-grown graphene-diamond 

hybrids in Section 3.1. 

Devices based on graphene-diamond hybrids are also interesting alternatives over Si-, Ga-, and 

As-based devices in situations where very high temperatures or chemically aggressive media 

conditions might exist, such as in biosensing. With this respect, Yuan et. al. [37] reported a 

graphene–diamond hybrid electrode consisting of FLGs on HPHT diamond via catalytic surface 

thermal treatment on a Cu substrate. It is pointed out that, contrarily to CVD graphene growth 

methods, the diamond particles themselves act as the carbon source providing a strong adhesion of 

graphene to the diamond surface. After prolonged and repeated exposure to dopamine, electrode 

fouling was observed which led to sensitivity degradation of the sensor, but the electrode could be 

recovered to some extent via ultrasonication. Nevertheless, HPHT synthesis is not a cost effective 

technique and the morphologies are not easily tailorable. Moreover, the assembling of the hybrid 

requires several steps of growth and conditioning. Finally, the presented cyclic voltammograms 

denote a high degree of irreversibility at scan rates as low as 20 mV.s-1, which is undesirable in 

biosensing, as more closely detailed in Section 5.3 when analyzing the electrochemical response of 

DGNP biosensors. 

Other target applications include topological logic switches and nanocircuitry. As already 

mentioned, graphene-diamond hybrids are promising materials for FETs because of the (predicted) 

finite bandgap opening, which means that the transistor current can be switched off, contrarily to 

purely graphene FET.  Diamond substrates are also adequate for replacing SiO2/Si substrates in 

GFETs [30]. In this sense, it is worthwhile to mention that diamond-like carbon induces an 

improvement of the RF response in graphene transistors [38], which can be further optimized using 

diamond instead of DLC, given the striking difference in thermal conductivity of the two allotropes 

(c.a. 2000 and 1-10 W.m-1.K-1 at room temperature for diamond and DLC, respectively [39,40]. 
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1.3.3. Diamond-Graphite  
 

Several analytic and experimental works on diamond and graphitic interfaces are available in 

the literature. Some employed an analytic potential to model the nucleation of diamond on graphite 

[41], whilst others presented similar studies yet considering graphitic occlusions in diamond GBs 

[42]. Avigal et al. [3] and Ayres et al. [43] reported the simultaneous growth of diamond-graphite 

hybrids consisting of diamond crystallites in between graphite and diamond planes. Balaban et. al. 

analyzed the properties of graphitic regions of varying widths connected by rows of sp3 carbon 

[44]. The graphitization of diamond surfaces and clusters was also tentatively explained via models 

enclosing transitions from diamond to graphitic phases [45,46]. In Ref. [46], first-principles 

molecular dynamics simulation on the diamond-to-graphite phase transition found a well-defined 

diamond/graphite interface. The electronic properties of the atoms at the reconstructed interface 

suggest that these are chemically active sites.  

The previous considerations on diamond-graphene interfaces are also useful regarding the 

diamond-graphite attachment or surface reconstruction. It is generally pointed out in the literature 

that {111} planes of diamond and graphene sheets present a remarkable geometrical similarity, 

given the existence of pairs of (111) planes that readily resemble puckered graphite, as depicted in 

Fig. 1.3.4. Lambrecht et. al. [41] observed graphite planes attached to the {112} diamond surface 

along the [011] direction, noting that at this relative orientation the graphite planes are spatially 

extended into the (111) diamond crystal planes. In other work, the two allotropes are shown to have 

a preferential orientation relationship. The interfacial C bonding is lengthened from 1.42 Å 

(graphite) up to to 1.54 Å (diamond) and the following epitaxial relations are found to be amenable 

[47]: {0001}graphite || {111}diamond and (1120)graphite || (101)diamond. From this consideration it can be 

inferred that the diamond (111) plane is characterized by the same orientation of graphite sheet 

hexagons. Finally, in the same work, the possibility of graphite to diamond transformation to be 

mediated by hydrogen is also proposed. 

Note that, notwithstanding that sp2 inclusions in polycrystalline diamond films can be broadly 

categorized as a hybrid material, this work focus on highly crystalline allotropic mixtures; hence, 

graphitic-inclusion containing diamond films shall be excluded from the scope of the discussions 

below. 
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1.3.3.1. Synthesis 

 

Okotrub et. al. [48] synthesized diamond-graphite NPs via nanodiamond annealing at varying 

temperatures in vacuum. The spectroscopic analysis of the hybrids revealed different carbon 

bonding, differentiating diamond-like, graphitic-like and interfacial carbons. As seen in Fig. 1.3.7, 

the annealing of nanodiamond particles causes a graphitic layer development on the surface, which 

is completed at 2140 K with formation of semi-hollow graphitic nanopolyhedrons.  

 

 

 
Fig. 1.3.7: TEM micrographs of nanodiamond particles heated at a) 1170 K, b) 1420 K and c) 2140 K, 
at a pressure of c.a. 10-6 Torr. Adapted from [48]. 

 

 

Vlasov et. al. reported the synthesis of a diamond-graphite hybrid material composed of 

diamond wires bound to nanographite [49]. These hybrids were obtained via MPCVD using gas 

mixtures typical of UNCD conditions (Ar/CH4/H2/N2 mixtures) and present some similarities to the 

DGNPs materials developed in this thesis. However, they are fundamentally different in terms of 

morphology, since these are 1D-like structures whereas DGNPs develop in a 2D-like manner. 

The morphology of the UNCD films described in Ref. [49] is remarkably different after 

addition of 25% N2 to the growth gas mixture. Wire-like cylindrical structures are formed with the 

addition of N2, whereas a granular structure is obtained if growth is conducted without N2 (not 

shown). No diamond wires without the graphite coating have been observed. The nanowire cores 

are 5–6 nm in diameter and grow along the [110] direction with the (111) planes parallel to the 

growth direction and with the following epitaxial relation: (111)diamond || (0001)graphite (see Fig. 

1.3.8a). The thickness of the graphitic phase varies from a few atomic layers to more than 5 nm. 

 

 

a) b) c) 
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Fig. 1.3.8: a) HR-TEM image of a cylindrical diamond nanowire (at center, darker contrast) surrounded 
by nanographite. The (111) diamond planes spaced by 0.206 nm and the surrounding d111 = 0.34 nm of 
graphite is clearly seen. b) EELS CIs spectra acquired from a bundle of diamond nanowires (A), from 
the matrix of the film (B), a thin diamond film (C, used as reference) and a bundle of carbon nanotubes 
(D, the asterisk indicate the N1s region). Adapted from [49].  
 

 

The EELS spectrum of the diamond-graphite nanowire hybrids (A in Fig. 1.3.8b) is compared 

with N-doped CNTs (D in Fig. 1.3.8b) in order to show that no N actually incorporates the hybrid 

structure. In turn, comparison with the reference diamond film (C in Fig. 1.3.8b) suggests that the 

nanowire core is only composed of diamond phase. The low concentration of H2 and the addition 

of N2 into the plasma are the two main factors pointed as favorable for synthesis of one-

dimensional diamond nanostructures by CVD. The role of each are more closely detailed in 

Section 1.4.1 dedicated to nanocarbon synthesis via the MPCVD technique. 

 

 

1.3.3.2. Main Applications  

 

Diamond-Graphite hybrids were subject to some studies regarding their fundamental properties; 

most notably, the NCD/graphite multilayer structures obtained after thermal annealing of 

nanodiamond particles in vacuum were observed to greatly influence the electric conductivity and 

field electron emission characteristics [48]. Hence, this class of hybrids is interesting regarding 

applications in micro and nanoelectronics [48,49]. In a recent work, diamond-graphite hybrids were 

Energy loss (eV) 

a)                                                                        b) 
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employed as electrodes for trace heavy metal ion detection, providing low background currents and 

detection limit, as well as good sensor linearity within the 10 ppb to 1 ppm range [50].  

The preferential vertical alignment (VA) and particular structure of the diamond-graphite 

nanohybrids developed in this work are fundamentally different from the ones reported in the 

above-mentioned literature. Hence the study of these materials as heat dissipating surfaces 

(Chapter 4) and as biomedical sensors and actuators (Chapter 5) is pioneering in that sense. The 

VA brings two major advantages with respect to planar and smooth films, namely a much higher 

specific surface area and the conspicuous edge shapes. Unsurprisingly, VA nanocarbons in general 

have been widely studied and proposed for electrochemistry, such as bio-analytical surfaces [51] or 

enzyme-free amperometric biosensors for glucose and dopamine [52,53].  Similar arguments led to 

the widespread application of VA nanocarbons in field emission studies, once the ridge edge 

geometry is known to lower the turn-on electrical fields for electron ejection to vacuum  [54,55].   
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1.4  
 

 

Fundamentals of Synthesis, Processing 

and Characterization Techniques  
 
 
 

This section aims to briefly provide the reader with information concerning techniques that 
were of upmost importance throughout the present work, for which the related data interpretation 
is not trivial. As apparent from the previous sections, the chemical vapor deposition (CVD) is a 
widely chosen technique for the simultaneous synthesis of nanocarbon hybrids. The microwave-
plasma CVD (MPCVD) was employed to produce all the hybrid films and thus its basics are 
discussed herein. The reactive ion etching (RIE) technique is also discussed, given the challenging 
patterning process of the NCD-CNTs and DGNPs hybrids, as discussed in Sections 2.2 and 5.4.  

On the other hand, Raman spectroscopy was routinely used for structural analysis of the 
hybrids, constituting an important asset throughout this thesis. Thus, a brief review on Raman 
scattering fundamentals is provided. In turn, the transmission electron microscopy (TEM) and 
electron energy loss spectroscopy (EELS) techniques were crucial in unveiling the true 
arrangement of the diamond and graphite nanophases in DGNPs (Chapter 4 and Section 5.3) and 
GDHs (Section 3.1), and are also presented herein. Finally, the focus is on the X-ray photoelectron 
spectroscopy (XPS) technique and its usefulness during functionalization studies of DGNP 
electrodes, as further discussed in Section 5.3.  
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1.4.1. Plasma-Based Techniques 
 

1.4.1.1. Microwave-Plasma Chemical Vapor Deposition (MPCVD)  

 

The basic principle of the CVD method is to decompose high purity gases in controlled chamber 

conditions, which posteriorly undergo a series of chemical and physical reactions and processes 

culminating with the deposition of a solid phase in a substrate. This technique permits the growth 

of several elementary and compound materials with controlled structure and morphologies, such as 

e.g. monocrystalline, polycrystalline or amorphous films and polycrystalline films with preferential 

crystal orientation [1–8]. 

There are several CVD branch techniques that differ in the chemical species activation process, 

pressure regimes and temperatures, to name a few. Of special importance regarding the synthesis of 

carbon allotropes are (i) TCVD, in which the activation is accomplished through very high 

temperatures, (ii) HFCVD, which relies on the radical creation during gas contact with a hot 

filament (usually Tungsten) heated at more than 2000 ºC, and (iii) the plasma-enhanced CVD 

(PECVD) where the gas dissociation is resultant from plasmas induced by DC discharges or 

electromagnetic radiation, such as radiofrequency (RF) and microwaves (MW). The MPCVD is 

included in the latter and constitutes a very interesting technique to produce nanocarbon hybrid 

materials. Indeed, it provides denser plasmas when compared to RF, allowing for the deposition of 

thin films at higher rates whilst maintaining structural quality and uniformity. MPCVD carbon 

films are also cleaner than the ones obtained with other methods.  

The most commonly used gas mixtures for the CVD synthesis of carbon films are H2/CH4. 

Acetylene and alcohols can also serve as carbon source. Decomposition of methane leads to the 

formation of CHx and C2 radicals, whose proportion strongly depends on the process parameters 

[9,10]. Molecular hydrogen is decomposed into atomic hydrogen, an extremely reactive species, 

which associates with carbon under the form of radicals (see Fig. 1.4.1a).  

In the case of CVD diamond, the growth mechanism is explained by abstraction reactions taking 

place at the free diamond surface nuclei where methyl radicals replace the passivating hydrogen 

atoms. During that process, carbon-carbon bonds are established by releasing the terminating 

hydrogens. These combine into molecular hydrogen in an exothermal reaction [11,12], carrying a 

lot of the thermal energy within the reactor chamber. In plasma-based techniques for the deposition 

of nanocarbon films, there is always a competition between deposition and etching rates. Atomic 

hydrogen preferentially etches sp2 phases and stabilizes sp3 bonding [11]; it is thus clear that the 

deposition conditions for the development of a certain allotrope are usually aggressive to other. 
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Hence, the simultaneous growth of carbon allotropes requires deep research efforts to find the 

parameters window for their production and preservation.  

 

 

 
Fig. 1.4.1: Simplified schematics of a) the carbon MPCVD film growth mechanism using H2 and CH4 
mixtures, and b) a MPCVD reactor similar to the one used throughout this work.  The MW radiation is 
guided and coupled to the cold wall chamber reactor via an antenna. Manual tuners located in the 
waveguide allow the minimization of reflected power back to the source (not shown). A rotary pump 
provides the vacuum, which can range over several decades, depending on the type of CVD and its 
purpose. In this work, the pressure ranges were within c.a. 15 to 100 Torr. 

 

 

In MPCVD, the main controllable parameters are the MW power, temperature, pressure, and 

chemistry of the feed gas. The growth temperature has great effect on the films’ deposition rates 

and crystal sizes. The temperature can be measured via a thermocouple in contact with the back of 

the substrate holder. Alternatively, if available, the growth temperature assessment can be 

performed through a pyrometer pointed at the substrate surface, as seen in Fig. 1.4.1b. 

Note that the used MPCVD system has two distinct operation modes. In the first, the system is 

allowed to safely operate from 1.5 up to 6 kW but no active control of the substrate temperature is 

possible, whereas in the second the system may only operate up to 1.5 kW, but the temperature can 

be actively controlled. The former mode was employed in this work and thus the MW also controls 

the growth temperature. Additionally, the MW power determines the plasma power density and 

thus influences the growth chemistry. The minimum working pressure is limited by the chosen 

MW power in order to avoid plasma discharges at the chamber windows. Above that limit, pressure 

can be used to indirectly control the temperature, and thus the growth rate as well.  
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Besides the previously discussed processes involving CH4 and H2 –related radicals, other gases 

can be employed, most commonly Ar, O2 and N2. Oxygen radical –containing plasmas are most 

commonly employed to enhance etching of graphitic phases, as well as to lower the activation 

energy enabling the deposition of diamond at lower temperatures [13]. 

Of special importance for the present thesis, the addition of N2 to the feed gas has been shown 

to have a profound effect in the structure and morphology of CVD films [14–17]. Namely, it is 

known to induce the formation of NCD films by increasing the renucleation rate and to promote the 

appearance of sp2 phases [14–16]. The renucleation is induced via N incorporation in the diamond 

crystals, which leads to strained structures that favor secondary nucleation. An interesting work 

reported a series of transitions in morphology and texture with the addition of 5-1000 ppm to 2% 

and 1% CH4 / H2 depositions of polycrystalline diamond films. The threshold for transition into the 

(100) -faceted morphology occurred at lower N ppm concentration for the 1% compared to the 2% 

CH4/H2 series. Interestingly, a layered growth or etched morphology at high N concentrations was 

observed for both series [16]. On the other hand, low concentration of H2 and the addition of N2 to 

the plasma are the two main factors pointed as favorable for synthesis of the 1D diamond wires by 

CVD, because CN species tend to form within the plasma, reducing the renucleation rate [18,19].  

In this work, N2 was found to favor DGNP vertical development and to induce a lowering of both 

the electrical resistivity and electrochemical charge transfer resistances, as discussed in Sections 

5.1 and 5.3.   

It is also known that a transition from a H2-rich growth conditions to Ar-rich ones decreases the 

diamond crystals’ stability at the macroscale, i.e., stability is achieved at nanometric dimensions 

[10,20]. Indeed, theoretical models predict stability for 0D-like and 1D-like structures [21]. When 

Ar is added to the H2 / CH4 plasma, a high concentration of C2 dimers appears according to plasma 

emission diagnosis. The high renucleation rate provided by the presence of C2 dimers [18] 

suppresses 1D diamond nanostructures, limiting the grain size to the range of diamond phase 

stability, about 5 nm, thus leading to the nanogranular morphology as reported in Ref. [19]. It is 

worthwhile to note that this comes at the expense of lowered growth rates, mostly because of the 

diluting effect introduced by Ar. Nonetheless, the true mechanisms of the influence of Ar addition 

to the MPCVD growth are still a matter of debate, especially regarding the type of radicals formed 

in such plasmas and the actual role of each one [22]. 
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1.4.1.2. Reactive Ion Etching (RIE) 

 

The dry etching approach is the most appropriate way to etch diamond and graphitic materials, 

given their stability regarding common (wet) chemical etchants. The dry etching methods recurring 

to plasmas can be broadly divided into ion milling, sputtering, reactive ion etching and common 

plasma etching. The former two possess underlying physical mechanisms, whereas chemical ones 

are predominant in plasma etching (e.g. sp2 etching in MPCVD hydrogen plasmas). In addition, the 

former two yield a much more anisotropic process compared to the latter. In this sense, the RIE 

approach is a more versatile technique, since it combines the two etching mechanisms, as discussed 

below.  

Fig. 1.4.2 shows the schematics of a typical parallel plate capacitively-coupled RF RIE system. 

Briefly, the bottom plate, where the substrate stands, is electrically isolated from the evacuated 

chamber (10-400 mTorr) through a capacitor [23]. The weakly ionized (glow) plasma is at the 

equipotential Vp. The RF signal causes the electrons to oscillate but not the heavier ions. When the 

bias is positive, electrons enter the substrate and accumulate at the blocking capacitor, generating a 

DC bias (self bias, VDC). In turn, electrons are repelled during the negatively biased period, giving 

rise to an electron-depleted region named ion sheath. At the plasma-ion sheath interface, the ions 

are accelerated towards the substrate below due to VDC, where the etch reaction takes place.   
 

 

 
Fig. 1.4.2: Simplified schematics of a batch-type RF RIE system. 
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The material removal is obtained via the combination of physical ion sputtering and chemical 

etching mechanisms, which co-exist to some extent and are dependent on the process gas pressure 

and composition. Using Ar plasmas at low pressures, physical sputtering dominates; yet, the Ar 

RIE etch rate on diamond and graphite materials is rather low. The chemical etching is 

predominant using O2 plasmas at higher pressure regimes; this is because the reduced mean free 

path (λ) of the ions at the ion sheath prevent them to gain enough energy to cause much sputtering 

damage, and etching occurs mostly due to chemical reactions (Fig. 1.4.3a). Nevertheless, the 

physical process still plays a role by augmenting the reactive ion-carbon surface interaction energy. 

This constitutes the main difference to conventional plasma etching. 

Other RIE-based techniques include the inductively coupled plasma (ICP) RIE. The ion current 

density towards the substrate in a high-density ICP etcher is c.a. 10 times higher compared to 

standard RIE systems (Fig. 1.4.3b). Denser plasmas are achieved and much higher etch rates are 

attained. However, the etching is still highly anisotropic because the thinner ion sheath (of 

thickness tis) results in less scattering events. In that sense, the λ values were estimated to be 1.33 

mm and 5 mm for batch type-RIE and ICP, respectively, and a λ/tis of 0.056 and 3.8 [23].  

 

 

 
Fig. 1.4.3: Schematics of a) standard RIE etching systems and b) high density (ICP) etcher. Note the 
qualitative difference in the ion sheath thickness. 

 

 

The diamond and graphite etching process can be thought to be composed of four main steps, 

namely (i) generation of reactive O radicals and ions in the RF plasma, (ii) species migration and 

adsorption to the carbon surface, (iii) etch reaction takes place via C-O and C-O2 bonding 

formation and finally (iv) the C-O groups undergo desorption at the typical pressures and 

temperatures of the RIE. The etch byproducts desorb and diffuse away, leaving the chamber via 

exhaust [23]. At higher-pressure regimes, the etching profile tends to be more isotropic, which is 

not desirable if very fine patterning is the goal. Conversely, at lower-pressure regimes is much 
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more anisotropic, as sketched in Fig. 1.4.4a. As seen in Fig. 1.4.4b, the etch rate becomes 

dependent on the size of the structures for higher pressures, leading to non-uniform depths of 

patterns having different lateral dimensions. This regime was used to pattern the NCD-CNTs and 

DGNP materials in Sections 2.2 and 5.4, respectively, because a higher etch rate and uniformity is 

achieved and the fabricated structures’ dimensions are perfectly compatible with the more isotropic 

nature of such approach. In opposition, the GDH materials (Section 4.2) patterning is possible at 

lower pressure regimes. 

 

 

 
Fig. 1.4.4: Schematics of the influence of ion directionality in fine patterning at a) low and b) high 
pressure regimes, respectively. Note the qualitative relations in the etch depth.  
 

 

 

1.4.2. Spectroscopy and Microscopy Techniques 
 

1.4.2.1. Raman Spectroscopy 

 

The Raman spectroscopy provides information about the vibrational frequencies of a given 

system, being applicable to solids, liquids and gases. It is an extremely useful technique in the 

detection of both organic and inorganic species and compounds. Importantly, it also allows the 

estimation of the crystallinity degree of solids, in a non-destructive manner [24]. Each carbon 

allotrope has a fingerprint Raman spectrum that allows one to infer about its presence and 

structural quality, as well as phase spatial distribution through mapping procedures. In some cases, 

it also provides valuable quantitative data, such as to estimate the number of layers of FLGs.  

Given the importance of this technique in the characterization process of nanocarbon hybrids, the 

interpretation of the Raman spectra of nanocarbons is further discussed throughout the reports of 

Chapters 2-5. Only a brief summary is given herein in terms of basic theoretical foundations and 

instrumentation. 

mask mask mask mask 

Low pressure regime 

mask mask mask mask 

High pressure regime a) b) 
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Raman scattering is one of inelastic scattering mechanisms of electromagnetic radiation by 

matter. When the exciting photons, usually laser radiation, interact with a molecule or crystal, a 

momentaneous distortion of the electronic cloud relatively to the nuclei occurs. This leaves the 

system in an unstable (virtual) energy state. In what may be considered a rare event (1 in 106-108 

photons [24]), the crystal can change its vibrational state after the interaction, by losing or gaining 

vibrational energy quanta. In a classical description of a 1D molecule or crystal, the incoming 

electric field, 𝑬, induces a dipole moment, µ, [24,25] 

𝝁 =  𝜶𝟎𝑬𝟎 𝒄𝒐𝒔𝟐𝝅𝝂𝟎𝒕 +  𝟏
𝟐
(𝝏𝜶
𝝏𝒒
)𝟎 𝒒𝟎𝑬𝟎 𝒄𝒐𝒔 𝟐𝝅 𝝂𝟎 + 𝝂𝒊 𝒕 + 𝒄𝒐𝒔 𝟐𝝅 𝝂𝟎 − 𝝂𝒊 𝒕  , 

where 𝑬𝟎 is the exciting field amplitude, and 𝝂𝟎 and 𝜶𝟎 are the frequency and the polarizability 

evaluated at the equilibrium nuclear coordinate qo, which relates to the general nuclear coordinate q 

through 

𝒒 = 𝒒𝟎 𝐜𝐨𝐬𝟐𝝅𝝂𝒊𝒕 .    

 

 

 
Fig. 1.4.5: Schematics of the Rayleigh, Stokes e anti-Stokes scattering. 

 

 

The second and third term in eq. 1.4.1 correspond to the anti-Stokes and Stokes scattering, with 

frequencies 𝝂𝟎 +  𝒗𝒊  and 𝝂𝟎 −  𝒗𝒊 , respectively. These values are a continuous in a classical 

picture, but discrete if quantum considerations are taken into account (Fig. 1.4.5). At room 

temperature the vast majority of units are at their fundamental vibrational state; hence, the 

probability of Stokes scattering process is much higher than the anti-Stokes counterpart, 

constituting the chosen signal for phase identification and structural evaluation. In bra and ket 

notation, the intensity of a Raman transition from the vibrational state a to b (𝒂,𝒃 ∈  ℤ∗), is 

 
 

eq.1.4.1 

eq.1.4.2 
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proportional to the probability function 𝜳𝒂 𝜶 𝜳𝒃
!, which combined with eq. 1.4.1, gives 

[24,25] 

 𝑰𝒂𝒃 = |𝜶𝟎𝑬𝟎 𝜳𝒂 𝜳𝒃 + 𝝏𝜶
𝝏𝒒 𝟎

 𝑬𝟎 𝜳𝒂 𝒒 𝜳𝒃 |𝟐 .  

Since Ψa e Ψb are eigenfunctions of the same Hamiltonian, whenever a ≠ b they are orthogonal; 

hence, the intensity is only non-nule when the polarizability derivative evaluated at equilibrium is 

also non-nule, in which case it is proportional to 𝝏𝜶
𝝏𝒒 𝟎

 𝑬𝟎
𝟐
. For a linear expansion of 𝝏𝜶

𝝏𝒒 𝟎
near 

q0 (harmonic approximation), the second term of eq. 1.4.3 is non-nule if and only if 𝛥𝜈 =  ±1. This 

originates the first-order Raman spectrum of a given crystal. Higher-order transitions, the overtones 

(±2,±3,…), are forbidden by electric dipole rules but allowed by higher-order expansions of 
𝝏𝜶
𝝏𝒒 𝟎

, which become increasingly important for increasing nuclear displacement from equilibrium 

position q0, due to the inclusion of non-harmonic terms in the potential function.  

This q0 rule can be relaxed by nanoscale reduction effects, e.g. the appearance of an additional 

band in NCD spectrum whereas none is present in larger grain-sized diamond films, or relaxed by 

disorder, e.g. the D (disorder) band. The overtones are usually only observed at relevant intensities 

for ordered domains, constituting a good asset when evaluating the materials’ crystallinity (e.g. the 

2D band in graphene, nanographite and CNTs).  

Since the beam penetration in solids is higher the lower its energy, UV excited Raman signals 

will originate from a surface-confined area. Oppositely, visible and IR excitation will yield a 

bulkier analysis. It is thus advisable to use different wavelengths to probe the samples in a more 

meaningful manner. This is so especially whilst identifying and assigning Raman peaks that might 

be convoluted with other signals; the key point is that each particular peak/band will behave 

differently with varying excitation energy, depending on the band dispersion near the relevant 

reciprocal lattice points.  

Regardless of the excitation energy, the Raman system when operated in backscattering 

geometry is schematically shown in Fig. 1.4.6. In the present work, all Raman measurements are 

acquired at room temperature, at variable excitation wavelengths. In detail, a diode pumped solid 

state (DPSS) (Ventus, Laser Quantum) laser provided the 532 nm line, a He-Cd (Kimmon IK 

Series) laser the 325 and 442 nm lines, and a He-Ne ion laser (Melles-Griot) the 633 nm line. 

Depending on the chosen laser excitation line and time constraints (e.g. wide area Raman 

mapping), gratings of 600, 1800 and 2400 lines per millimeter (l/mm) are available. A 

programmable xyz stage allows moving the sample underneath the objective lenses (10x, 20, 40x 

eq.1.4.3 
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and 100x magnification) for mapping purposes, at a minimum resolution of c.a. 1 µm. Finally, the 

detector is a Peltier-cooled charge coupled device (CCD). 

 

 
Fig 1.4.6: Simplified schematics of a Raman system in backscattering configuration, similar to the one 
employed throughout this work.  

 

 

1.4.2.2. Transmission Electron Microscopy (TEM) and Electron Energy Loss 

Spectroscopy (EELS) 

 

The TEM is related to the analysis of a wide variety of signals arising from electron interaction 

with matter, constituting an essential technique to fully understand the peculiarities of new 

functional materials. 

The cross section for inelastic electron scattering events is usually much lower when compared 

to elastic ones. The inelastic scattered electrons in TEM can provide high resolution and 

quantitative chemical analysis since the energy lost by an electron depends strongly on the 

elements present in the specimen and how they are bound. On the other hand, the elastically 

scattered electrons play a crucial role in the formation of TEM imaging contrast and in 

structural/crystallographic analysis. Their scattering angles range from 1-180º. The high angle 

scattered electrons (> 10º) are incoherent, being useful in mass-thickness contrast formation (high 

resolution Z-contrast imaging). The low angle (1-10º) elastic scattering involves interactions with 

the electron cloud distribution, so the scattered electrons maintain the coherency; hence, the 

intensity of the scattered beams are strongly dependent on the atoms arrangement within the 
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specimen, being used essentially for structural characterization. They are the major sources of 

diffraction contrast both in TEM images and electron diffraction patterns (DPs) [26]. 

All the components within the TEM column are under a vacuum in the order of 10-6 mbar or 

higher [26,27]. From the top to the bottom in a TEM column, the condenser lens system controls 

the brilliance and physical shape of the beam, which in turn can be created via a thermionic (purely 

thermally induced emission) cathode, a cold (purely electric field induced emission) cathode or via 

Schottky emitters (in basic terms, a combination of the former two). The advantages of the cold 

cathodes over thermionic ones are discussed in Section 3.1, dedicated to GDHs cold cathodes.  

The condenser apertures are located just below the last condenser lens and control the 

convergence angle of the beam at the specimen plane. This enables the parallel beam and 

convergent beam modes of operating a TEM. The first mode is used primarily for TEM imaging 

and selected-area diffraction (SAD), while the second is used mainly for scanning (STEM) 

imaging, electron energy loss spectroscopy (EELS) and convergent beam electron diffraction 

(CBED) [26,27]. All these were very useful on the atomic-scale analysis of the DGNP hybrids, 

unveiling the epitaxial nanodiamond-nanographite relation (Chapter 5).  

In image-mode TEM (Fig. 1.4.7b), the image can be formed by selecting the transmitted direct 

beam (bright field) or a particular diffracted beam (dark field), by positioning the objective aperture 

at the back focal plane of the objective lens. In the former, specimen details appear darker in a 

bright background, the mass-thickness contrast, whilst in the latter only the crystals diffracting to 

the selected beam appear bright in a dark background. The dark field imaging was important in 

unveiling the true spatial arrangement of the sp2 and sp3 phases in GDH and DGNP materials 

(Chapter 3 and Chapter 4, respectively).  
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Fig. 1.4.7: Schematics of the two main TEM operation modes: a) Diffraction and b) Image mode. 
Modes are switched by selecting the appropriate aperture and intermediate lens strength. In the figure, 
bfp stands for back focal plane. Adapted from [26]. 

 

 

In diffraction mode (Fig. 1.4.7a), the small angle of the elastically scattering means that high 

intensity diffraction spots will only appear for the planes nearly parallel to the primary electron 

beam. This direction, the zone axis, is approximately parallel to the intersection of two non-parallel 

planes of atoms that are at the Bragg condition; thus, the angle between diffraction spots in a DP 

corresponds to the angle between those planes, as seen in Fig. 1.4.8.  
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A spot DP is obtained for diffraction from a single or few crystals (left image). For diffraction 

from many randomly oriented crystals, a ring pattern is observed instead (right image). If the 

sample is amorphous, the DP becomes blurred with no observable structure. SAD patterns were 

important in the structural characterization of DGNPs and GDHs hybrids, as discussed later in 

Chapter 3 and Chapter 5, respectively. The possibility to probe the specimen in a small restricted 

and controlled area enables the collection of diffraction patterns from isolated nanoparticles and 

this crystallographic information can be related to other properties by analyzing signals originated 

in the same specimen region, which is an interesting feature when characterizing the hybrids’ 

interface. 

 

 

 
Fig. 1.4.8: Schematics of zone axis and DPs obtained from a single crystal (at left) and many randomly 
oriented crystals (at right).  

 

 

Contrarily to diffraction, the inelastic scattering events lead to energy and intensity loss of the 

transmitted beam, which is the basis of the EELS. In general, this technique enables the qualitative 

and quantitative elemental analysis, investigation of bonding/valence state of a specific element, its 

nearest-neighbor atomic structure, its dielectric response, the free electron density, the band gap 

and the specimen thickness [26]. EELS can be implemented in a TEM and is usually performed on 

STEM mode with common probe diameters of ~10 nm [28]. Interestingly, it is possible to maintain 

the image and diffraction capabilities of the TEM because the electron spectrometer can be placed 

under the viewing screen. This type of electron analyzer is based on a magnetic prism and is often 

referred as PEELS (from parallel-collection EELS). In a PEELS system, an entrance aperture 
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firstly selects the electrons that subsequently pass through a drift tube and are deflected by a 

magnetic field. The extent of deflection depends on the energy loss of the electrons, such that the 

higher the energy loss, the higher the deflection. Typical spectrometer resolutions are about 1 eV 

for a focusing magnetic prism analyzer [26,28]). 

The specimen is irradiated with a beam with typical energies of c.a. 100-300 keV. The intensity 

of the transmitted inelastic scattered electrons depends on the primary beam intensity, the number 

of atoms per surface unit and the inelastic cross section for a given energy loss integrated to the 

solid angle. This cross section is dependent not only on the chemical composition and structural 

details of the specimen but also on its thickness, which for carbons should be of the same order of 

the inelastic mean free path of electrons, about 100 nm at 100 keV [26,28]. 

A typical EELS spectrum can be divided in three main regions, namely the zero-loss peak (also 

called the elastic peak, 𝜟𝑬 = 𝟎), the low-loss and high/core-loss regions (Fig. 1.4.9). The zero-loss 

peak is usually very intense and arises due to a convolution of non-interacting transmitted 

electrons, elastically scattered electrons and quasi-elastically scattered electrons (e.g. phonon-

assisted scattering). This region does not provide any analytical information about the sample [28]. 

The low-loss region ranges from a few eVs to approximately 50 eV (Δ  in Fig. 1.4.9b), usually 

contains an intense plasmon peak (in conductive/semiconductor specimens) and is related to 

interactions with the more weakly bounded conduction and valence electrons [26]. 

 

 

 
Fig. 1.4.9: a) Schematics of the different populations of electrons involved in the different excitation 
processes (low energy-loss and high/core-loss domains) investigated in an EELS experiment. Adapted 
from [27]. b) Outline of an EELS spectrum showing the three main regions of interest for analysis. 
Adapted from [28]. 

  

 

The high-loss region, ranging from ~50 eV to ~2keV, is related to atomic ionization, i.e. 

transitions of tightly bound core electrons to unoccupied states above the Fermi energy EF (see Fig. 

1.4.9a) or to the vacuum level (if they receive enough energy). The relaxation of the excited atom 

a) b) 
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leads to the well-known emission of characteristic X-ray (the basis of energy dispersive X-ray 

spectroscopy, EDXS or EDS) or Auger electrons. The energies of the transmitted and inelastic 

scattered electrons, which appear as edges in the EELS spectrum, are defined by the nature of the 

atom interacting with the electron beam, as well as the atomic level from where the excitation takes 

place, allowing qualitative elemental analysis [27,28]. Similarly to EDS, elemental maps can be 

created with the advantages of better spatial and energy resolutions and sensibility [26]. As stated 

before in this work, the inelastic scattered electrons span less than 1º from the primary beam, so 

their collection is also much more efficient than X-ray detection in EDS because X-ray generation 

is isotropic. 

The ionization edges in this high loss region can display a fine structure that can be used to infer 

about the electronic structure of atoms and how they are bonded, at higher spatial resolutions than 

any other technique [26]. This modulation of ionization edge is called energy-loss near-edge 

structure (ELNES). The ELNES arise from the ionization processes that result in the ejection of a 

core electron to available/unfilled states above the EF and not to the vacuum level (Fig. 1.4.9a and 

the modulation near Ex in Fig. 1.4.9b). In this case, the ejected electron can only acquire energies 

equal to the energies of the unfilled states and from this fact results that the energy lost by the 

incident electron is also related to the distribution of states above EF [27,28]. 

Additionally, a weaker modulation at energies higher than ~50 eV from the edge maximum 

(usually) appears, arising due to diffraction effects from the neighboring atoms, being denominated 

by extended energy-loss fine structure (EXELFS, Ex to Ex + Δ  in Fig. 1.4.9b). The EXELFS 

analysis allows the investigation of the structure surrounding the ionized atom.  

 

 

1.4.2.3. X-Ray Photoelectron Spectroscopy (XPS) 

 

The XPS is an non-destructive analytical surface technique that permits the qualitative and 

quantitative investigation of elemental composition. It also allows determining binding energies of 

electronic states, the surface DOS and chemical state of the vast majority of elements [27–29]. This 

technique is related to the inelastic scattering of X-rays by matter. This predominantly occurs for 

core electrons interactions and can lead to the photoelectric effect or the Compton effect. In solids, 

which have higher binding energies than liquids or gases, and considering the energy range of the 

X-rays, the first mechanism is dominant and is the basis of XPS.  

For a core level to be excited, the incoming photon energy must be equal to or higher than the 

level binding energy, which in turn increases for heavier atoms and deeper levels [28]. After 

ionization, the ejected core electron loses energy in its path within the specimen by interactions 
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with atoms and defects. If it reaches the specimen surface with a kinetic energy higher than the 

material work function, the electron is emitted being denominated by photoelectron [28] (Fig. 

1.4.10). The photoelectrons energy, E, is then given by 

𝑬 ≤ 𝒉𝝂𝟎 −𝑾𝑿 − 𝒆𝜻,  

where 𝝂𝟎 is the X-ray frequency, h is the Planck constant, Wx  is the binding energy of excited 

level x, e is the electron charge and 𝜻 is the potential barrier at the surface.  

 

 

 

Fig. 1.4.10: Schematics of the photoionization of an atom, showing the ejection of a 1s electron.  
 

 

The measured intensity per unit area of the photoelectron peak of a given element A, IA, is 

directly proportional to (i) the concentration of the element A per volume unit, CA, (ii) the 

excitation cross section of the level from where it was originated, σA, which in turn depends on the 

element and on the energy of the exciting X-rays, (iii) the escape depth l (i.e. the electron mean free 

path), (iv) to the transmission factor η, which characterizes the influence of the analyzing system 

on the measured intensity [27,28] and (v) the intensity per unit area of the X-rays I0: 

𝑰𝑨 = 𝑰𝟎𝑪𝑨𝝈𝑨𝒍𝜼.  

Assuming that l and η remain constant for two elements A and B within the specimen surface, 

the ratio of their concentrations can be approximated by 

𝑪𝑨
𝑪𝑩
= 𝑰𝑨𝝈𝑩

𝑰𝑩𝝈𝑨
. 

eq.1.4.5 

eq.1.4.6 

eq.1.4.4 
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In addition to core-level excitations that enable elemental quantification, the XPS spectra also 

displays weaker peaks related to different coordination environments of the ejected core electron 

and therefore contains information about bonding energy levels or oxidation states. Those peaks are 

shifted in relation to the corresponding peaks in pure elements by a small fraction of eV to several 

eVs and can be used to infer about the chemical bonding at the surface. The key point is that the 

higher number of bonds with electronegative atoms, the more the peaks are shifted towards higher 

binding energies [29]. In this case, since the originating core level is the same, the relative 

intensities of the individual components reflect the stoichiometry of the sample, as readily seen via 

eq. 1.4.6.  

The spectrometers that enable the highest efficiencies and resolutions in XPS are the 

hemispheric electrostatic analyzer (HSA). It consists of two concentric hemispherical electrodes 

separated by a gap where the electrons pass. The electrodes are subject to a potential difference ΔV 

and only the electrons having energy of ksΔV pass through, where ks is a constant that depends on 

the architecture of the spectrometer. The HSA uses lenses for various benefits. Most notably, the 

high kinetic energy electrons emitted from the specimen compromise the required energy 

resolution for some XPS experiments and the lenses retard the photoelectrons, improving the 

resolution. The cylindrical electrostatic analyzer (CMA) is also used in XPS, but at the expense of 

lower resolution, which turns the information of the chemical state much more inaccurate and often 

inaccessible. Furthermore, the analyzed area is seriously restricted [29]. 
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Chapter 2 
 

 

Development of Nanocrystalline Diamond-

Carbon Nanotubes CVD Films for 

Microelectromechanical Resonators 
 
 
 

This chapter focuses on the catalyst-assisted simultaneous CVD synthesis of NCD and CNTs in 
the form of a truly intricate hybrid material. The resulting morphology and structural aspects of 
the final hybrids are tuned by applying different growth parameter settings. This topic is discussed 
both in Section 2.1 and Section 2.2. In Section 2.1, the preliminary exploratory work on this class 
of carbon hybrids is presented. In Section 2.2, optimized mixtures of these nanoallotropes 
consisting of a dense and closed NCD matrix fully embedding a CNT network were subject to 
surface micromachining procedures to produce simple resonators for microelectromechanical 
systems. 
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2.1.1. Abstract 
 

In this work the MPCVD (microwave plasma chemical vapor deposition) conditions for the 

growth of nanocarbon hybrids were studied. Using a single run MPCVD procedure, nanocrystalline 

diamond (NCD) and carbon nanotubes (CNTs) hybrids were obtained using a continuous delivery 

of catalytic Fe particles. The grown films were characterized by Scanning Electron Microscopy 

(SEM) and µ-Raman spectroscopy, proving the coexistence of sp2 and sp3 bonded phases, either in 

a dense multi-layer arrangement or in a porous 3-D like morphology. Without the addition of a 

catalyst, NCD-carbon nanowalls hybrids were also synthesized. High quality and well-intercalated 

hybrid carbon forms were successfully obtained in a simultaneous growth procedure. 

Keywords: carbon nanotubes; carbon nanowalls; nanocrystalline diamond; hybrid; simultaneous growth. 
 

 

 

2.1.2. Introduction 
 

Despite some decades have passed since the discovery of NCD, CNTs and carbon nanowalls 

(CNWs), these carbon nanostructures (CNs) are still a matter of intense scientific and technologic 

research worldwide [1]. The scale reduction to the nanometer size and their different spatial 

arrangements, combined with distinct physical and chemical properties arising from each type of 

C-C bond hybridization, results in rather diverse mechanical, electronic, thermal and chemical 

properties of the different carbon allotropes.  

NCD material (sp3 hybridization) is characterized by conserving the superior hardness and wear 

resistance observed for single crystal diamond [2,3]. Additionally, it is dimensionally stable with 

temperature, chemically inert and biocompatible, accepting functionalization and allowing a wide 

range of electrical conduction tunability by incorporation of n or p dopants (N and B, respectively) 

[4–6]. Distinctly, CNTs and other sp2 coordinated CNs provide exquisite mechanical, thermal and 

electronic properties such as a high tensile strength, very high geometric aspect ratios, superior 

thermal and electrical conductivities and the possibility of bandgap tuning, among others [7]. 

Hence, a lot of efforts have been spent for the development of nanostructured carbon hybrids, 

aiming at synergistically combining specific carbon allotropes (and thus their properties) in the 

form of a hybrid thin film. In fact, a sp2-on-sp3 technology is a currently debated item among the 

scientific community [8–10]. However, the formation of a truly hybrid material implies a high 

interfacial area and strongly bonded CNs. In order to obtain a good intercalation and strong linkage 

between the NCD and CNT phases, a simultaneous growth mechanism is highly desirable. This 
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growth mode is possible with the CVD technique, assisted by a continuous delivery of catalytic 

particles, enabling also the synthesis of multi-layered hybrid films [8,11]. If properly combined, 

these carbon nanostructured hybrids could form a framework for the development of a new class of 

efficient and high-performance microelectronic and electrochemical systems such as low noise 

THz-frequency transistors, stable micro-electromechanical systems (MEMS) with superior Q 

factors, efficient high-current cold cathodes for field emission devices (FEDs), high 

selectivity/sensibility gas and biomolecule sensors, and high surface area electrodes for 

supercapacitors, among others [12–15]. 

In this work, the routes for single-run MPCVD synthesis of two types of well-intercalated 

nanocarbon hybrids are presented. The first is composed of linked NCD and CNT phases, while the 

second is formed by vertically aligned CNWs (also known as carbon nanoplatelets) covered by a 

thin layer of NCD. The development of the two hybrid nanostructures depends on the MPCVD 

growth parameters and on the use of catalytic phases. 

 

 

 

2.1.3. Experimental  
 

The substrates used for nanocarbon hybrid synthesis consisted of 1.25×1.25 cm2 squares cut 

from a <100> oriented p-type Si single crystal wafer. The substrates were mechanically abraded 

using a BUEHLER Microfloc® cloth impregnated with diamond powder (Saint-Gobain, <500 nm) 

ultrasonically dispersed in ethanol (1.5 g/l). This procedure is used for both abrading the Si surface, 

leaving active nucleation ‘scars’, and for enhancing the production of nanodiamond fragments 

adhered to the scratched substrate. Both effects are known to play important roles if a high 

diamond nucleation density is to be attained [16].The scratched substrates were then thoroughly 

rinsed in ethanol and dried under a low-pressure N2 flow. A continuous delivery of Fe catalyst 

impurities for CNT formation was accomplished via a dual-mechanism method developed by 

Fernandes et al. [8]. Sub-millimetric cast iron chips were placed in the surroundings of the Si 

square substrates, on a cooled Mo holder (Fig. 2.1.1). The migration of catalytic particles is 

achieved both by (i) Fe direct diffusion to the nearby growing film surface and (ii) plasma co-

deposition, which involves etching of the Fe chip by the harsh plasma conditions and subsequent 

deposition via a solid-gas-solid mechanism.  
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Fig. 2.1.1: Scheme of the experimental arrangement used for continuous catalyst delivery. 

 

 

The NCD/CNT hybrid growth was carried in a 2.45 GHz MPCVD reactor (ASTeX PDS18). 

The samples were exposed to a range of parameters, namely the MW power and the total gas 

pressure (1.75 to 3.5 kW, 75 to 100 Torr, respectively) were varied. The weight amount of Fe chips 

was fixed to 40 mg in all growths. A gas composition of 5 vol% CH4 and 1 vol% N2 diluted in H2 

was used for 40 min to promote an initial nucleation of the NCD phase and the formation of a first 

thin layer on which the hybrid material is to develop. Next, a modulation of the gas composition to 

15 vol% CH4 and 1 vol% N2 diluted in H2 for 20 minutes was performed to induce the CNT 

formation and hybrid phase development. This modulation of the gas composition results in a 

temperature increase as methane dissociation releases more energy than hydrogen´s counterpart. 

This temperature change was detected by a thermocouple in contact with the backside of the cooled 

Mo holder. Although the setup does not allow the accurate determination of the temperature of the 

synthesis surface, the iron chips acquired a red/orange color during growth characteristic of 

temperatures above 700 ºC. The same parameters were applied to pre-treated substrates without the 

presence of the catalyst for growing the NCD-CNWs hybrids. The resulting samples were 

characterized by scanning electronic microscopy (SEM, Hitachi SU70) and µ-Raman spectroscopy 

(Horiba JY HR800) using a 442 nm laser (c.a. 1 µm diameter laser spot). 
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2.1.4. Results and discussion 
 

The range of MPCVD parameters used in this work produced samples with different 

morphologies and phase contents. The parameter modulation during growth is a complex task as 

many variables are mutually dependent. Additionally, the presence of nearby iron compounds 

during the NCD-CNT hybrid growth added to the complexity. In the high power/pressure regime 

(regime A*) the films obtained have a dark grayish color, which is typical for NCD films. The 

presence of NCD is further depicted in the corresponding SEM micrographs (Fig. 2.1.2a), where a 

network of CNTs (region 2) is clearly distinguishable, partially embedded in micrometer-sized 

NCD clusters (region 1), which tend to coalesce.  

Also visible is an underlayer beneath the NCD-CNT hybrid structure, consisting in NCD with 

mixed Fe catalytic particles. Often, some of the CNTs arising from that layer are found to be linked 

to the upper NCD clusters, suggesting a strong mechanical interlock.  

 

 

 
Fig. 2.1.2: SEM micrographs of as-grown samples: a) with the presence of Fe catalyst at high MW 
power regime (growth regime A), b) with the presence of Fe catalyst at low MW power regime (growth 
regime B), and c) without the presence of Fe catalyst. Regions 1 and 2 in a) qualitatively display regions 
for structural analysis. 

 

                                                             
* See also Table 2.2.2 in Section 2.2 for quantitative description of growth regimes. 
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The CNTs either penetrate or wrap the NCD clusters, in agreement with previous observations 

using the same catalyst-delivery technique [8]. The high aspect-ratio MWCNTs have diameters 

with an appreciable dispersion but are smaller than 70 nm, while their lengths range from one to 

several tens of µm. 

The Raman data (spectrum ii) in Fig. 2.1.3) collected from the NCD clusters in region 1 exhibits 

a strong and narrow peak, corresponding to the T2g mode of sp3-bonded diamond at 1332 cm-1. 

Furthermore, the presence of the bands at c.a. 1150 cm-1 and c.a. 1480 cm-1, corresponding to trans-

polyacetylene (TPA) at the NCD grain boundaries (GB), is an unequivocal signature of the 

nanoscale nature of the film. In fact, these features appear only when the GB density reaches 

extremely high values, since the TPA contribution to the overall Raman signal is only moderate.  

Additionally, a broad band at c.a. 1225 cm-1 is also present. Although the origin of this feature in 

NCD films is not yet fully understood, it may correspond to a peak in the VDOS due to the 

relaxation of the q=0 rule occurring in small-grain NCD. Also present in the spectrum of region 1 

is the disorder-induced dispersive D-band (c.a. 1370 cm-1) corresponding to the breathing modes of 

sp2 coordinated defective graphitic phases at GBs. Along with it, the graphite G-band (1580 cm-1) 

appears, assigned to the sp2 C-C stretching E2g mode. The band at 1535 cm-1 is probably due to G-

like vibrational modes in graphitic materials displaying some disorder, leading to the observed 

redshift. In addition, a small shoulder at ~1620 cm-1 (D’ band) related to surface defects activated 

modes is also detected.  

A rather distinct Raman spectrum is obtained in region 2 (spectrum i) in Fig. 2.1.3). Here, the 

typical features of CNTs, namely the D, G and D’ bands, are dominant, while those related to the 

diamond phase are almost absent. The presence of the 2D symmetric band with a fair intensity, 

typical of well-structured MWCNTs, confirms the good quality of the CNTs. The small shoulder at 

1332 cm-1 indicates that the excited volume contains a fraction of sp3 bonded carbon, most likely 

due to signal arising from the underneath layer. 

Regarding the films grown in the presence of Fe chips at lower MW power/pressure regime 

(regime B, Fig. 2.1.2b), the samples presented a dark appearance for the naked eye. Under higher 

magnification, one can see that a porous, 3D-like network of interconnecting CNT agglomerates is 

formed†.  

 

 

                                                             
† An attempt to further evaluate the allotrope linkage of these NCD-CNTs hybrids grown at low MW 

power was performed via TEM observations, which is presented in Appendix A.  
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Fig. 2.1.3: Raman spectra of as-grown samples, normalized to the G-band and shifted in intensity for 
clarity. i) and ii) with the presence of Fe catalyst at high MW powers (growth regime A), acquired in 
region 2 and 1, respectively (see Fig. 2.1.2a), iii) with the presence of Fe catalyst at low MW powers 
(growth regime B, see Fig. 2.1.2b), and iv) without the presence of Fe catalyst (see Fig. 2.1.2c). The 
second order region is also shown where relevant. 

 

 

The corresponding Raman spectrum (spectrum iii) in Fig. 2.1.3) depicts the signature of CNTs, 

super-imposed to a background similar to that of UNCD characterized by a strongly convoluted 

spectrum where the diamond peak is often absent. It has also to be noted that the cross-section for 

Raman scattering of both sp3/sp2 phases is wavelength dependent and the concentration of NCD 

phase on this sample is clearly lower when compared with the sample grown at a higher power 

regime. 

By removing the Fe catalytic particles during MPCVD growth another distinctive structure is 

obtained, consisting in vertically aligned graphitic platelets covered by a NCD film, herein 

denominated by carbon nanowalls (CNWs) (Fig. 2.1.2c). The Raman spectra show the typical 

features of a mixture of sp2 carbon phases with NCD (spectrum iv) in Fig. 2.1.3), as seen in the 

previous samples. However, here the sp2-related bands are mostly due to the inner graphitic 

nanoplatelets. In fact, the platelet-like NCD structure is only possible due to the formation of an 

initial underlying graphitic structure‡, since the growing habits of pure NCD films are completely 

                                                             
‡ As the matter of fact, these peculiar structures, herein denominated carbon nanowalls, were latter on 

shown to be composed of a c.a. 5 nm inner diamond platelet covered by a nanographite coating, via TEM 
analysis of focused ion beam thin specimens. Hence, in the remaining thesis, these nanocarbon hybrids are 
denominated by diamond-graphite nanoplatelets (abbreviated as DNP or DGNP).    
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distinct than the observed. Although reported elsewhere [17–19], this structure presents a good 

NCD phase crystallinity in a fast synthesis routine.  

 

 

 

2.1.5. Conclusion 
 

A well-defined NCD/(NCD+CNTs) multilayer structure was successfully synthesized in a 

single MPCVD run without the need for other time and resource consuming steps, which often 

imply deposition of metallic catalytic films and annealing processes. The intimate mixture of these 

two phases was also achieved in a porous network of CNTs interconnecting NCD clusters. 

Additionally, a catalyst-free and fast route to produce CNWs fully covered by a NCD layer is 

presented.  

The apparent strong linkage between the allotropes and the expected enhanced properties of the 

hybrids are yet to be confirmed via appropriate techniques. If so, the presented variety of 

nanocarbon hybrids might find target applications in structural layers for MEMS as well as 

electrodes for FEDs and gas/biomolecule sensors.  
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2.2 
 

 

Challenges in the Development of 

Microelectromechanical Systems Based on 

Nanocrystalline Diamond–Carbon 

Nanotubes Hybrids 
 
 
 
Microelectromechanical systems (MEMS) technology is devoted to the creation of small devices 

and integrated systems combining mechanical and electric components. In theory, intimate 
mixtures of NCD and CNTs could provide improved mechanical, thermal and electrical properties 
for the development of high-performance MEMS able to operate in harsh environments. 

This section aims to provide information on the synthesis of NCD-CNTs hybrids whose 
characteristics are more adequate for MEMS fabrication, compared to the hybrids presented in 
Section 2.1. It also focuses on the challenges encountered during MEMS device fabrication using 
the standard surface micromachining methods. The objectives were (i) to verify the compatibility of 
such thin films with the fabrication process of simple MEMS components, and (ii) to assess 
important data on the mechanical response of the hybrid material, such as the Young’s moduli, 
resonant frequencies, amplitude of oscillation and dampening losses of the resonators. To our 
knowledge, this is the first attempt to produce MEMS resonators from NCD-CNTs hybrid 
materials. This task was undertaken at INESC-MN (Instituto de Engenharia de Sistemas e 
Computadores – Microssistemas e Nanotecnologias), University of Lisbon. 
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2.2.1 Motivations and Basics of Microelectromechanical Systems 
 

Microelectromechanical systems (MEMS) can be fabricated using standard integrated circuit 

processing techniques and are aimed to sense, control or actuate at the microscale producing effects 

at the macroscale. MEMS-based devices find application in automotive industry (e.g. internal 

navigation systems), in electronics (e.g. hard drive heads, cell phone accelerometers), in health care 

(muscle stimulation, targeted drug delivery, polymerase chain reaction (PCR) MEMS), in 

communications (e.g. RF filters and switches) and in defense (e.g. aircraft management and 

control) [1,2]. The vast majority of those MEMS are, at the present, made of Si. Clearly, the Si-

MEMS technology is completely matured nowadays, which is not surprising given the accumulated 

knowledge through decades of Si processing and integrated circuitry development. Nevertheless, 

such extensive use of Si-MEMS also provides one with valuable information about the situations in 

which Si MEMS demonstrated serious limitations. These include, but are not limited to, 

performance problems at high temperatures and/or chemically aggressive media [3–6].  

The choice of actuation-detection apparatus is obviously dependent on the final application and 

on specificities related to the synthesis of the active layer. Electrostatically actuated MEMS are the 

most common given their simplicity and easy integration with standard processing techniques. The 

fundamental operation principle of electrostatically actuated MEMS is the interaction of an RF AC 

signal perturbing a resonant hanging structure, which is held biased (Fig. 2.2.1). A capacitance 

builds up between the resonant structure and the AC electrode causing the structure to physically 

move towards/away from each other, depending on the electrostatic force direction. The hanging 

structures can be induced to vibrate at the corresponding resonant frequencies, which are dictated 

not only by the electromechanical properties of the material but also by the resonator geometry (see 

Fig 2.2.2). 

One either can choose to use bottom-gated or lateral-gated electrode schemes. In the bottom-

gate approach (Fig. 2.2.3), a previous deposition of a conductive layer (bottom-gate) and associated 

gate dielectrics is needed. However, the gate structure has to (i) be physically resistant to the high 

temperatures during the hybrids’ MPCVD deposition, (ii) be chemically resistant to SiO2 (or other) 

sacrificial etchants, and (iii) provide good adhesion both to the Si substrate and the NCD-CNT 

hybrid layer. In this work, the fabrication of single-level, laterally actuated resonators were 

considered instead, given the simplicity of the process (see the schematics of Fig. 2.2.1 and the 

literature example of Fig. 2.2.2). The resonators’ motion detection is usually accomplished via 

capacitive, piezoelectric or optical means. In the optical detection method (as used in this work), an 

optical beam is directed to the resonating surfaces and changes in the direction, phase or frequency 
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of the reflected beam can be related to the resonator movement. This is schematically seen in Fig. 

2.2.1. 

 

 

 
Fig. 2.2.1: Schematics of the lateral electrostatic actuation and of the optical detection apparatus used in 
this work. The laser is focused on the freestanding central beam.  

 

 

 

Fig. 2.2.2: SEM images of bridge (at left) and double-ended tuning forks (DETF, at right) resonators 
using MCD as structural layer. In the DETF image, L is the beam length, d is the beam to electrode 
lateral separation and w is the beam width. Adapted from [7]. 
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Fig. 2.2.3: Simplified schematics of the bottom-gated MEMS approach. 

 

 

Not surprisingly, diamond presents far superior mechanical properties compared not only to Si 

but also to other common materials found in MEMS (see Table 2.2.1 and Subsection 1.2.1). Most 

notably, its extreme Young’s Modulus makes it a promising structural material to obtain higher 

frequency MEMS, providing higher quality factors (Q) than those currently achievable with other 

materials [8]. Diamond is characterized by additional intrinsic characteristics that fit MEMS 

applications: an ultimate tensile strength of 10 GPa [9], low friction coefficient [3,10] and extreme 

wear resistance (enabling its application in microengines involving sliding interfaces [3]), extreme 

sound velocity, low thermal expansion and frequency coefficient, low dielectric charge trap, low 

intrinsic energy loss [1,11], linear electromechanical response and excellent resistance to 

triboelectrical foiling in active electrical contacts [8].  

 

 

Table 2.2.1: Properties of popular materials for MEMS. Adapted from [12–14]. 

Material 
Young’s 
Moduli, 
(GPa) 

Density, 
(kg.m-3) 

Poisson’s 
ratio 

Synthesis 
Temperature 

(ºC) 

Electrical 
conductivity 
(107 Ω-1.m-1) 

<100> Si 130 2330 0.28 1000 0.0002 

Polycrystalline Si 150 2300 0.226 590 0.001 

Microcrystalline 
diamond 1144 3500 0.069 800 0.001 

SiC 415 3200 0.192 800 0.0008 

Si0.35Ge0.65 146 4280 0.23 450 0.005 

Ni 195 8900 0.31 50 1.43 
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Considering a double clamped beam or bridge, as seen in Fig. 2.2.2 at left, one gets 

 𝒇𝒓𝒆𝒔  ∝  𝑨𝒊
𝒕
𝑳𝟐

𝑬
𝝆

  

𝑸 = 𝒇𝒓𝒆𝒔
𝜟𝒇𝒓𝒆𝒔

,  

where 𝒇𝒓𝒆𝒔 and 𝚫𝒇𝒓𝒆𝒔 are the structure resonant frequency and FWHM of the resonant peak, 

respectively, t and L are the bridge thickness and length, respectively, 𝝆 is the materials’ density 

and Ai is a constant related to the ith harmonic. High Q values reflect lower losses (dampening) of 

the resonators. Low aspect ratios yield larger anchor dissipation, resulting in lower Q factors [8]. In 

real situations, the 𝒇𝒓𝒆𝒔 and Q factors are limited by several phenomena, which can be generally 

classified as intrinsic and extrinsic dampening factors. Examples of the latter are the anchor and air 

dampening losses, which are maximized for increased vibration amplitudes. Double-ended tuning 

fork (DETF) design is more appealing because it allows matching the anchors with the vibrational 

nodes. Examples of the former are the thermoelastic dampening arising from non-homogeneous 

stress states along the resonators, and phonon interaction.  

In laterally actuated MEMS, a lateral motion of the resonators is expected; however, a vertical 

vibrational component arises due to the intrinsic small mismatches of the lateral electrodes 

relatively to the resonators, as seen schematically in Fig. 2.2.4. In the case of a DETF resonator 

(Fig. 2.2.4 at right), a symmetric vibrational mode is obtained if the two lateral electrodes carry the 

same phase [15], yielding minimal losses at the structure clamps because they coincide with the 

vibrational nodal points, so that Q factor is not ideally limited by anchor losses. If the phase 

difference is π the anti-symmetric modes are the excited ones, in which the anchor energy 

dissipation is higher because there is a mismatch between the anchors and the nodal points. In this 

case, the obtainable Q factors are lower. For bridge structures (see Fig. 2.2.4 at left), if the two 

signals are in phase a purely vertical mode is theoretically obtained, whilst a gradual lateral 

component arises as the signals become out of phase. However, in practice there is always a 

horizontal component arising from e.g. differences in the electrode-resonator distance or local 

dielectric properties.  More broadly, the relative amplitude of each vibrational component varies 

when going from in-phase to anti-phase conditions.  

 

eq. 2.2.1.b 

eq. 2.2.1.a 
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Fig. 2.2.4: Schematic representation of a bridge (at left) and DETF (at right) movement after excitation 
of symmetric (top) and anti-symmetric (bottom) vibrational modes.  

 

 

The narrower, thinner and longer the beam resonator is, the less the dampening losses at the 

structures’ anchors. However, the resonators’ dimensions are restricted due to multiple 

considerations. They cannot be made very narrow or thin due to loss of internal cohesion, nor too 

long due to risk of stiction to the substrate underneath. Additionally, whilst diminishing the length 

of the resonators increase the operating frequencies of MEMS, this obviously poses other kind of 

challenges from the production and operational point of view. If the desired frequency is very high, 

the dimensions need to be very small and operational drifting due to e.g. water molecule 

adsorption/desorption starts to become important. In this sense, diamond surfaces are known to be 

much less prone to adsorption compared to Si, which also minimize the static stiction effect.   

Indeed, Q factors as high as c.a. 55000 were found for the MCD resonators of Fig. 2.2.2 [7]. 

The performance of diamond resonators is already comparable to the best available quartz crystals, 

suitable for wireless receiver front ends in the communication industry [6]. In disk RF MEMS 

resonators, the appearance of high-order harmonics allows the operation at higher frequencies [16]. 

Additionally, higher Q values are desirable if the operational frequency has to be precisely 

controlled. In other work [13], disk resonators were found to operate at 1.5 GHz yielding a Q factor 

of 11555. High Q product values were achieved in comb-drive, torsional and free-free 

architectures, using nano or microcrystalline diamond as active layer. Most notably, comb-drive 

resonators having a resonance frequency of c.a. 27 kHz and a Q of 36460, and bridges having a 

resonance frequency of 3MHz and a Q factor of 6230 were reported [3,13]. The absolute maximum 

frequency allowed for a given resonator is only limited by the capacitive charge/discharge kinetics 

of the system, which in turn is highly dependent on the geometry and on the materials’ electrical 

conductivity. Advantageously, NCD and UNCD render much smoother surfaces, keeping the 
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majority of the bulk properties of diamond with exception of the thermal conductivity, which is 

lower. In this sense, 2D and 3D MEMS structures made from highly smooth UNCD were obtained 

[2,5,17], including cantilevers and multilevel devices like microbearings and gears. 

CNTs exhibit semiconductor/metallic behavior, extreme Young´s modulus and ballistic phonon 

and charge transport, among other exotic properties of interest MEMS-wise. The proper synthesis 

and integration of NCD and CNTs into a multilayered hybrid is thus an interesting concept from 

the electromechanical point of view and could pave the way to the fabrication of multifunctional 

MEMS with improved performance and functionality. One could expect an enhancement of the 

fracture toughness, elasticity, thermal and electrical conductivities of the resulting hybrid, all 

critical properties in MEMS [5,18]. Other evident advantages include the increased field emission 

ability demonstrated by NCD-CNT hybrids [19–21], which opens the opportunity for MEMS 

structures with field emission operation that can potentially outperform similar devices in Si [22]. 

Such hybrids may also find electronic applications in the form of MEMS, since they do not require 

p-n junctions, still a technological challenge for diamond [23]. The doping procedures to render 

diamond conductive, which compromise the mechanical and thermal properties, can also be 

avoided provided the NCD-CNTs hybrids’ electrical conductivity can be tailored.  

Last, but not least, both nanocarbons are corrosion resistant, biocompatible and provide bio-

chemical selectivity after being functionalized [24,25], enabling the exploration of this material as 

active layer in bio-MEMS operating in harsh environments  after proper functionalization [26]. The 

principle here is that the resonant frequency changes with alterations of the resonator total mass 

upon specific bioanalyte binding. As a consequence, the Q factor puts a limit on the MEMS sensor 

resolution. 

 

 

 

2.2.2. Exploring the Simultaneous Growth of Nanocrystalline Diamond 

and Carbon Nanotubes  
 

The refinement of the NCD/CNTs structures presented in this chapter was pursued envisaging 

the production of simple MEM resonating structures through standard lithography processes. In 

this sense, the thin films resulting from the milder power settings (Regime B, see Table 2.2.2 

below and Fig. 2.1.2b, Section 2.1) are not appealing MEMS-wise: besides an important fraction 

of a-C, the morphology is highly porous and low in density. Unsurprisingly, the films denote weak 

cohesion and adhesion to substrate, ruling out micromachining processes indispensable for 

microresonator fabrication, or a reliable MEM operation for all that matters.  
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On the other hand, the hybrid thin films obtained via the most aggressive plasma conditions 

(Regime A, see Table 2.2.2 below and Fig. 2.1.2a, Section 2.1) have some drawbacks, the most 

important being excessive Fe contamination. Regardless the good NCD and CNTs intercalation, 

large amounts of catalyst incorporation will significantly deteriorate mechanical and thermal 

properties of the resonators’ structural layers. Additionally, Fe-rich aggregates should be avoided 

because they compromise the films’ cohesion.   

 

 
Table 2.2.2: Qualitative description of the NCD-CNTs growth regimes. See previous Section 2.1 for 

further information on regimes A and B. 

Regime Holder Microwave power Pressure Temperature 

A Mo High (> 2 kW) High (> 90 Torr) Very high (> 1000 ºC) 

B Mo Low (< 2 kW) Low (< 90 Torr) Low (< 750 ºC) 

C 
Mo+ 

graphite 
susceptor 

Low (< 2 kW) Low (< 90 Torr) High (750-950 ºC) 

 

 

Contrarily to regimes A and B presented in the previous Section 2.1, a better control on the 

growth rate of each allotrope, as well as on the catalyst delivery rate and overall film thickness, is 

achievable in a low pressure/low MW power regime, yet at higher temperatures, herein named 

regime C. The temperature increase whilst maintaining lower MW power and pressure settings can 

be achieved by placing a graphite susceptor between the sample and the Mo cooled holder. Table 

2.2.2 provides a good qualitative distinction among the different regimes used throughout the 

search for adequate growth conditions. The qualitative nature of such classification should be 

stressed, given the complexity of the growth process and its sensitivity to subtle changes in the 

parameters interrelations. That is, reproducibility might become easily vitiated if small deviations 

occur in key system components, especially regarding the catalyst geometrical distribution and 

particle size.  
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Table 2.2.3: Typical growth parameters of the multilayered NCD/NCD-CNTs/NCD thin films (Regime C). 

Growth 
Step 

Duration 
(min) 

MW 
power 
(kW) 

Press-
ure 

(Torr) 

CH4 
content 
(vol%) 

Catalyst 
amount 

(mg) 

Catalyst 
particle size 

(µm) 

Temperature 
(ºC) 

1 (NCD) 40 1.60 55 5 10-20 100-200 700-800 

2 (NCD-
CNTs) 5-20 1.75 65 10-15 10-20 100-200 800-900 

3 (NCD) 30 1.60 55 5 0 N.A. 700-800 

 

 

The growth strategy was to obtain a sandwich-like NCD-CNT hybrid, where the CNTs are 

completely embedded in the NCD matrix. For that, three steps need to be performed, as listed in 

Table 2.2.3 and discussed below. 

 As seen in Fig. 2.2.5a, when only step 1 of synthesis procedure is performed, only NCD is 

deposited, along with some Fe-rich particles (in brighter contrast). Indeed, the corresponding 

Raman spectrum (black solid line Fig. 2.2.5e) is a textbook signature of nanodiamond, as detailed 

back in Section 2.1. On the contrary, after step 2 (Fig. 2.2.5b), intimate mixtures of MWCNTs and 

NCD phases are obtained. CNTs having lengths from 1 to 10 µm were observed, and no CNT 

bundling is seen.  

Accordingly, the Raman spectrum denotes a redshift in the G-band after step 2, from the G-like 

a-C vibrations at 1530 cm-1 to the ordered sp2 domain vibrations at 1583 cm-1. Note that the 

blueshifting observed for the D band, as excitation energy is lowered, is exclusively originated by 

the dispersive nature of the D band. This dispersive behavior is discussed more closely whilst 

interpreting the Raman spectra of diamond-graphite nanoplatelet hybrids in the next chapter. The 

442, 532 and 633 nm excitation lines put in evidence the traditional G/D’ structure frequently 

observed in CNTs [27]. Therefore, SEM imaging and Raman spectra indicate that the triggering of 

CNTs formation was achieved by parameter modulation, enabling the controlled deposition of 

NCD-CNTs hybrid thin films having good allotrope intercalation and, presumably, better adhesion 

and cohesion.  
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Fig. 2.2.5: Representative SEM micrograph of NCD-CNTs samples grown at regime C conditions (see 
Table 2.2.2): a) Step 1, b-d) Step 2 at varying Fe catalyst content. Note that, for visualization purposes 
at lower magnifications, a conductive carbon coating was used to thicken the CNTs. e) Multi-
wavelength Raman spectra of NCD-CNTs samples grown at 10 mg (solid blue, violet, green and red 
lines) and 20 mg Fe content (dashed cyan, magenta, dark green and orange lines). The Raman signal of 
the initial NCD layer (growth step 1) excited at 442 nm is also shown in solid black. All spectra were 
normalized to the G-band maxima and shifted in intensity for clarity. 

 

 

It is evident that the fundamental structural aspects of the hybrids are not altered when Fe 

catalyst is doubled from 10 to 20 mg, despite the concentration of CNTs being noticeably higher 
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(see Fig. 2.2.5c and solid lines vs. dashed lines in Fig. 2.2.5e, respectively). However, the hybrids’ 

ID/IG ratio clearly increases and the sp3 peak intensity decreases after doubling the amount of 

catalyst. Finally, if the catalyst amount is quadrupled to 40 mg, the morphology starts to resemble 

that of regime B; although the NCD phase development is superior due to the higher temperatures, 

the resulting films acquire the porous morphology resembling a neuronal network previously seen 

for regime B. This constitutes an interesting morphology for e.g. electron field emitters, but is 

undesirable for application in MEMS resonators.  

Energy dispersive X-ray spectroscopy (EDXS or EDS) measurements were performed on these 

samples to get estimations on the incorporation of Fe into the hybrid film. After baseline 

subtraction, the element concentration was inferred via net count ratio method, revealing that the Fe 

concentration is still rather high in this growth regime (see Table 2.2.4). This is due to the fact that 

both diffusion and co-deposition catalyst delivery mechanisms are promoted with increasing 

temperature, despite the regime being characterized by relatively low MW power and pressure (see 

Table 2.2.2 and Table 2.2.3).  

Also, aggregates of Fe-rich nanoparticles were detected after step 2, which appear in brighter 

contrast in the SEM images of Fig. 2.2.6a. Hence, the samples was subjected to oxidative purifying 

treatment (HCl(37%):H2O2(30%):H20 at the 1:3:4 proportion, 30 minutes, 50 ºC, 40 kHz agitation) 

to reduce Fe particle impurities. Clearly, there are fewer Fe NPs and no large aggregates are 

detected after the treatment (Fig. 2.2.6b). 

 

 

Table 2.2.4: Fe content of a NCD-CNT hybrid (10 mg Fe) sample before and after purifying treatment, 
as determined through representative EDS measurements*. Region 1 and 2 are as identified in the SEM 

image of Fig. 2.2.6a.  

 Step 2 (as-grown) 
Step 2 + HCl:H2O2:H2O 

purifying treatment 

Fe content (wt%) 
7.8 ± 1.0 (regions 1) 

48.6 ± 4.2 (regions 2) 
4.6 ± 0.7 

*Data retrieved via a VEGA3 SBH SEM equipped with a peltier-cooled Bruker XFlash 410-M Si drift 
detector, yielding an energy resolution of 133 eV at the Mn Kα line, coupled to a Quantax microanalysis 
software. The accelerating voltage was set to 15 kV and detection resolution is c.a. 0.1 at%. 
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Fig. 2.2.6: SEM micrographs of the CND-CNTs hybrid samples (10 mg Fe catalyst) a) before and b) 
after HCl:H2O2:H2O purifying treatment.  

 

 

Importantly, the final hybrid films are composed of less than 5 wt% of Fe (Table 2.2.4), which 

constitute common levels of catalyst impurities in commercial grade CNTs [28]. The majority of 

the remaining Fe after treatment is incorporated into the film and therefore had no contact with the 

purifying solution. On the other hand, the ID/IG ratio as well as the D and G band FWHM did not 

alter significantly after treatment, actually decreasing after the treatment (not shown). This suggests 

that additional defects arising from oxidative etching did not occur at the CNTs surface. Seemingly, 

preferential etching occurred at defective, non-CNTs sp2 phases. This is in accordance with reports 

on the HCl:H2O2 purifying capability of CNTs bundles [29].  

The catalyst particle size is also of importance. If the particles are too small, they become 

increasingly more reactive to the harsh plasma conditions, hindering any control on the catalyst 

delivery and leading to unbearable Fe contamination; if they are too large, Fe migration is not 

sufficient to sustain continuous and uniform NCD-CNT phase development. It was found that 

particle sizes between 100 and 200 µm provide added process controllability, given the restrictions 

put on the catalyst amount. 

Finally, a NCD coating layer is deposited (step 3, Fig. 2.2.7), resulting in a closed NCD matrix 

with completely embedded CNTs, as perfectly illustrated in the cross-section SEM micrograph of 

Fig. 2.2.7b. Step 3 was not performed sequentially in the same run due to excessive a-C species 

accumulation at the regions where the catalyst is placed after the steps 1 and 2. These species alter 

the plasma coupling due to modified geometry, as well as the deposition chemistry due to the 

carbon etching by atomic hydrogen. Furthermore, unnecessary Fe incorporation is avoided. The 

CNTs network remains intact after this final step and is completely embedded in a NCD matrix, 

allowing to protect the CNTs network and to maximize the NCD-CNTs interfacial area.  

 

 

1 µm  1 µm  

1 

2 

a) 
 

b) 
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Fig. 2.2.7: a) Longitudinal and b) Cross-sectional SEM images of the hybrid film after growth step 3. 
Note that no Fe catalyst is employed in this step (see also Table 2.2.3). 

 

 

 

2.2.3. NCD-CNTs Resonators: Patterning and Actuation Tests  
 

The thin films used for resonator fabrication were synthesized using 10 and 20 mg of Fe catalyst 

yielding different concentrations of CNTs, as qualitatively inferred in the previous subsection. The 

starting material formula is Si/SiO2(1 µm)/NCD-CNTs (3 µm). The recipe for the laterally actuated 

resonators is schematically shown in Fig. 2.2.8, and fully detailed in Appendix B. Beams and 

DETFs were produced with the following dimensions: the beam lengths ranged from 50 µm to 300 

µm  (in 2.5 µm steps), the beam widths were 7 µm and 10 µm for samples grown at 10 and 20 mg 

Fe catalyst, respectively, the DETF beam-to-beam spacing of 30 µm and a beam to electrode gap of 

3 µm. The final beam widths are (6.3 ± 0.3) µm and (8.5 ±0.6) µm, electrode to beam gap (3.7 ± 

0.4) µm, DETF beam-to-beam spacing (35.3 ± 3.6) µm.   

The corresponding average RMS roughness of the hybrids is about 170 nm and 660 nm for 

samples grown with the presence of 10 mg and 20 mg of Fe catalyst, respectively (see Table 

2.2.5), which are far from optimal, lithography-wise. Firstly, lest the resonator-electrode boundary 

merges after hard-mask deposition (as perfectly illustrated in Fig. 2.2.19b), the gaps between the 

lateral electrodes and the resonant structures had to be widened to a minimum of 3 µm.  

 

 

 

 

 

 

10 µm  
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Table 2.2.5: Average RMS roughness* of DGNP films.  

Sample RMS roughness (nm) 

10 mg Fe (Lower CNT content) 168.1 ± 54.2 

20 mg Fe (Higher CNT content) 656.8 ± 117.4 

 * Data retrieved via a Dektak 3030ST profilometer. 

 

 

 

 
Fig. 2.2.8: Simplified surface micromachining process of NCD-CNTs microresonators. 
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Secondly, it was particularly difficult to etch more than 2.5 µm of the hybrid film. In this regard, 

of particular interest in the literature are the reports on the RIE patterning of MPCVD-grown MCD 

films during MEMS fabrication [7,14], in which the same RIE system and similar process 

parameters were employed. It was observed that the O2 plasma RIE etch rate drops abruptly at 

about 2500 nm deep. Two main reasons are generally appointed to explain this phenomenon. The 

first argument is that the MCD film becomes coated with a protective layer of some sort. If the C-O 

yield rate is high enough, the concentration build-up promotes readsorption and C-O interaction, 

possibly forming graphite at appreciable rates if temperature is c.a. 1000 ºC: 

 

𝐶 𝑑𝑖𝑎𝑚 +  !
!

 𝑂!∗  → 𝐶𝑂 + 𝐶𝑂 → 𝐶 𝑔𝑟𝑎𝑝ℎ + 𝐶𝑂!                          

 

 

 
Fig. 2.2.9: a) Low and b) high magnification optical images of NCD-CNTs (20 mg Fe) DETFs after 
hard mask deposition. Red arrows point where electrodes and active layers have merged or where a 
significant portion of the resonator area is poorly defined. c) and d) Optical images of a DETF 
resonators after partial O2 plasma RIE, near the sample geometrical center and at one sample edge, 
respectively. Red arrows indicate islands, spikes and delaminated regions. 
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Since the RIE is conducted at relatively low temperatures, such protective coating hindering the 

etch rate should not be graphite. It ought to be an oxide given its susceptibility to SF6 and CF4 

plasma etching and its resistance to O2 plasmas (see Fig. 2.2.10). The other pointed hypothesis is 

that the SiO2 hard-mask is also attacked by the plasma and redeposit in the etched areas, creating 

nano/micro masks that partially hinder the etch reaction. Finally, in other work from the literature, 

different etch rates for different orientations of the diamond crystals were also observed [30,31]. 

Rougher sample regions were also seen to be harder to etch; in that sense, the usage of F-containing 

gases are effective in lowering the surface roughness, as also seen in Fig. 2.2.10 for MCD films 

[14].  

 

 

 
Fig. 2.2.10: Etch depth and surface roughness temporal evolution for MPCVD MCD films RIE. 
Changes to the chemical composition of the gas are also identified. Adapted from [14]. 

 

 

After successful contact pad wire bonding, the dies were mounted in the electrostatic/optical 

actuating/measuring apparatus, as schematically shown back in Fig. 2.2.1. Regardless the lengths 

of the structures, no resonant peaks were detected for these structures, either bridges or DETFs.  

Several factors can explain the lack of response from the resonators. Fig. 2.2.11 shows 

representative SEM and optical images of the final NCD-CNT beam and DETF resonators. A gap 

is observed along the length of the resonators and, seemingly, the resonators are freestanding. 

However, a closer look reveals several silica residues near the released structures and, in some 

cases, underneath them, so that the release process might be incomplete, despite in a clear gap is 

seen along the length of the resonators. With respect to this, added difficulties were found when 

monitoring the releasing of the hybrid structures. Usually, this is accomplished by visualizing light 

interference patterns in the released bridges or DETFs structures. However, the highly rough and 
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opaque surface of the NCD-CNTs hybrids also hinders the application of this principle. 

Furthermore, other roughness-related issue that ought to be considered is laser beam scattering, 

which diminishes the signal to noise ratio, possibly to a point where the detection is hampered. 

 

 

 
Fig. 2.2.11: SEM micrographs of NCD-CNTs (10 mg Fe) (a-b) bridge and (c-d) DETF resonators, after 
the release step. e) Optical image of a 125 µm long bridge resonator after release. 
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Besides all the above, the internal stress state of the final hybrid film is also a parameter of 

interest regarding the discussion on why the structures did not respond. Residual internal stresses 

can be compressive (negative) or tensile (positive), varying in the -2GPa to 500MPa range for 

polycrystalline diamond films.  If compressive stresses are large enough, the MEMS resonators 

might buckle or collapse after the release of the hanging structures. One way to estimate stresses is 

to perform Raman measurements before and after the releasing of a portion of the film, through 

HF:HNO3 bulk Si etching from the back surface of the substrate (see Fig. 2.2.12). The diamond 

peak deviates towards lower (higher) frequencies after compressive (tensile) internal stresses are 

hampered due to film releasing, in a directly proportional fashion (c.a. 0.5 to 1 GPa/cm-1) [32]. 

Hence, the internal compressive stress of the hybrid film (10 mg Fe catalyst) is c.a. -0.75 to -1.5 

GPa, which is sufficiently large to induce buckling of the freestanding resonators. Yet, there is no 

detectable buckling of the fabricated structures, as seen in Fig. 2.2.11. Whilst this could mean that, 

contrarily to the Raman analysis of Fig. 2.2.12, the films have negligible internal compressive 

stresses, the structures cannot buckle regardless of the stress state of the structure if they are not 

properly released.  

 

 

 
Fig. 2.2.12: Raman spectra of NCD-CNTs hybrids acquired before (red line) and after (green line) film 
release via bulk Si substrate etching. The diamond peak is blueshifted by c.a.1.5 cm-1 after substrate 
removal. The spectra were acquired at 442 nm excitation wavelength and normalized to the G-band 
peak maxima. 
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2.2.4. Final Remarks  
 

In this work, hybrid films composed of intimate mixtures of NCD and CNTs are synthesized in 

a multilayered NCD/(NCD-CNTs)/NCD approach. Changing the amount of catalyst allowed to 

qualitatively controlling the CNT content. The thin films are densely packed, showing no voids or 

gasps and contain an embedded network of CNTs. The Fe catalyst contamination is reduced to c.a. 

4.5 at% after HCl(37%):H2O2(30%):H20 acidic treatment. 

The hybrid films were successfully patterned into simple MEMS components.  However, no 

motion response could be retrieved from any unit. This outcome is explained by a series of 

difficulties encountered during these trials, namely in the RIE patterning, resonator releasing and 

the optical detection processes, caused mostly by the high roughness levels of the NCD-CNT 

hybrid films.  

Given the lack of response from the resonators, alternative approaches should be considered. It 

is advisable to adopt the electrostatic detection of the resonators’ motion, through bottom-gate 

architecture, given the high roughness of the resonators surface and associated problems in optical 

reflection methods. This could eliminate the detection factor as the cause. If such outcome is in fact 

due to unsuccessful release of the resonators, also partly due to the roughness levels and associated 

problems in lithography, an interesting alternative is to consider the selective growth approach. 

Selective growth methods allow forming patterns in a bottom-up approach; if sufficient selectivity 

is eventually achieved (the degree of which being obviously dependent on the detail size needed for 

a specific application), this might be the way to facilitate the resonator fabrication.  
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Chapter 3  
 

 

Cold Cathodes Made of Simultaneously-

Grown Graphene-Diamond Hybrids 
 
 

 
In this chapter, the simultaneous CVD synthesis of another class of nanocarbon hybrids is 

introduced, herein denominated by graphene-diamond hybrids (GDHs). Contrarily to the vast 
majority of reports in the literature review of Section 1.4.3, these hybrids are obtained via 
simultaneous growth by MPCVD of both allotropes, providing an “in-situ” chemical bonding 
between sp2 carbons of the graphene layers to sp3 carbons of the NCD phase. Intimate mixtures of 
graphene and nanodiamond are conceptually appealing materials for the production of efficient 
cold cathodes that, steadily over the last years, have been replacing the traditional filament-based 
hot cathodes. Hence, the morphology and structure of these materials is discussed and the electron 
field emission properties and mechanisms are evaluated in Section 3.1. Given the observed control 
of the density of nanodiamond nucleations, these electrodes constitute an interesting platform to 
get insights on the sp2-sp3 interphase interactions that dictate the electron field emission behavior. 

The patterning process of GDH thin films is also briefly discussed in Section 3.2. Regarding 
field-emission purposes, miniaturization not only permits the production of compact and efficient 
field emission arrays, as in field emission displays (FEDs), as it allows studying the minimization 
of shielding effects caused by the presence of other emission sites in the very immediate 
surroundings. Furthermore, this assessment is also for interest regarding other possible 
applications for these hybrids, such as microelectrodes for biosensing.  
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3.1 
 

 

Tuning the Field Emission of Graphene-

Diamond Hybrids by Pulsed Methane 

Flow CVD 
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3.1.1. Abstract 
 

Integrating different carbon allotropes, namely graphene and nanocrystalline diamond, into a 

hybrid structure is highly desirable for a synergistic approach envisaging a field emission material. 

In this work, this was accomplished by a simultaneous synthesis of both allotropes by microwave 

plasma CVD on copper substrates, using a CH4 pulsed flow modulation strategy. This approach 

enabled tailoring the density (from 1.01x106 to 4.48x106/cm2) and diameter (from 1.06 to 3.09 µm) 

of nanocrystalline diamond clusters nucleated on the underlying graphene layer.  Since 

morphostructural aspects are critical regarding the field emission behavior, an exhaustive 

characterization was undertaken using scanning and transmission electron microscopy, Raman 

spectroscopy and optical profilometry. 

The field emission data were analyzed using the Fowler-Nordheim model and the electrical 

activation fields, ranging from c.a. 4.6 to c.a. 8.4 V/µm, were found to decrease with increasing 

NCD cluster content. Two emission regimes were observed, each corresponding to a distinct field 

enhancement factor, reaching values as high as 2204. The dependency of these factors with the 

total NCD cluster surface area suggests emission from both the background graphene and the 

protruded NCD clusters.   

Keywords: carbon, diamond, graphene, hybrid, field emission, cold cathodes. 

 

 

Graphical Abstract 
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3.1.2. Introduction 
 

Although cold cathode technology have been increasingly employed in modern devices [1], its 

mass implementation is yet to be fulfilled as the standard thermionic (hot) cathodes are still widely 

used. The main reasons why cold cathodes are still to be universally adopted are the fast 

degradation/contamination of the emitters, the reduced emission reproducibility and the poor 

stability. Nevertheless, hot cathodes lack energetic efficiency and cannot meet the performances 

demanded by several applications, namely in aerospatial, military and domestic fields. The 

emission of high current densities is possible with thermionic cathodes but results in a dramatic 

degradation of the cathode and subsequent reduction of cathode life expectancy [2]. Additionally, 

their electron energy distribution is much higher compared with cold cathodes, where the emission 

can be directly controlled via an external bias [3]. Lastly, cold cathodes can be fabricated in 

microarrays of emitters through standard lithography processes [3]. Thus, a new generation of cold 

cathode technology is required for the development of X-ray microtubes, compact microwave 

generators and amplifiers, welding for space industry, among others [1,2,4]. 

Several carbon nanostructures have been studied regarding their field emission characteristics. 

Among them, nanocrystalline diamond (NCD), carbon nanotubes (CNT) and graphene present 

favorable properties regarding the fabrication of efficient, robust and stable field emitters, such as 

high aspect ratios, mechanical strength, chemical stability and exotic thermal and electronic 

properties [5–7]. Compared to metals, carbon based emitters are less prone to poisoning by residual 

gases in vacuum, they resist better against ionic erosion (high cohesive energy), and often present 

negative temperature coefficient of resistance [8]. Activation fields as low as c.a. 1 V/µm, low 

working voltages, high current densities (up to the mA/cm2 range), as well as field amplification 

factors of several thousands, were reported for nanostructured carbons field emitters [1,9].   

 In particular, the integration of NCD and graphene in a single carbon hybrid cathode envisages 

the conjugation of sp3 and sp2-related physico-chemical properties of great interest for field-

emission purposes [1,2,10]. Firstly, graphene is an outstanding thermal conductor and is expected 

to minimize Joule heating at the emission centers, which is a known cause of emitter failure or 

degradation, especially at high current densities. Secondly, the superficial H-terminations of CVD 

nanodiamond lower the effective potential barrier for electron emission due to its very low or even 

negative electron affinity [11–14].  

Some authors obtained graphene-diamond mixtures using sequential synthesis methods [15–17]. 

Wang et. al. deposited graphene onto copper foils previously decorated with fluorinated diamond 

nanoparticles [17]. A funneling of charge percolation was observed at the interface between 
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allotropes due to the presence of sp3 aggregates on the graphene surface. In other work, a polymeric 

matrix was impregnated with graphene flakes and diamond particles and subjected to a hot filament 

chemical vapor deposition growth [16]. Although TEM images reveal the presence of adhered few-

layer graphene (FLG) to the surface of diamond microcrystals, the overall structural quality of the 

hybrid seems rather low, judging by the wide Raman bands and nearly absence of 2D band. 

Nevertheless, it is to our knowledge the first report on the field emission characteristics of such 

hybrids. Activation fields of 2.4 V/µm and an emission current density of 0.1 mA/cm2 were 

reported. 

Importantly, there should be a high allotrope crystallinity and also high interfacial area between 

allotropes in order to obtain the desired synergy. In that sense, simultaneous synthesis methods of 

these hybrids are preferred. Carvalho et. al. [18] performed a microwave plasma chemical vapor 

deposition (MPCVD) synthesis of graphene-diamond hybrids on copper substrates, finding a 

window for the production and preservation of intimate mixtures of FLGs and NCD hemispherical 

clusters. The procedure allowed the simultaneous deposition of both phases in a single run, 

promoting this way a strong, in situ structural linkage between allotropes. In this work, graphene-

diamond hybrids (GDHs) were produced via this later approach, where the amount of NCD in the 

samples was qualitatively controlled employing a pulsed methane flow strategy, known to 

influence the phases’ purity [19]. Since the sp3 material (i.e., NCD) is known to have an active role 

in electron field emission, the field emission behavior of the GDHs with different NCD content 

was assessed using the Fowler-Nordheim model.  

 

 

 

3.1.3. Experimental Section 
 

3.1.3.1. MPCVD Synthesis of GDHs  

 

The GDHs were synthesized in a commercial microwave plasma chemical vapor deposition 

reactor (MPCVD, ASTeX PDS 18). Polycrystalline Cu was chosen as substrate for deposition due 

to its low carbon solubility.  Substrates of 10 x 10 x 1 mm3 were cut from electrolytic copper 

plates, finished using a commercial metal cleaner suspension and cleaned in consecutive acetone 

and ethanol ultrasonic baths (15 min each). The substrates were placed into the MPCVD reactor on 

the top of a set of spacers according to the support illustration in Fig. 3.1.1. The Mo support 

stabilizes the sample temperature while the ZrO2 and graphite ring-supports operate as thermal 

barrier in order to enhance the thermal decoupling from the water-cooled substrate holder. 
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Fig. 3.1.1: Sketch of the support system used inside the MPCVD reactor for sample substrate:  
a) components of the system and b) support apparatus.  

 

 

Before the synthesis of the GDH, a pretreatment during 3 min was performed in order to heat 

and promote the grain size growth of the copper substrate and remove any remaining oxide layer 

[28]. This process occurred under a H2 flow of 200 sccm, a microwave power of 1.1 kW, and a 

total pressure of 28.5 Torr. During synthesis, the same parameters were used except for the 

addition of CH4 pulses. During the CH4 delivery, H2 and CH4 flows were 200 sccm and 20 sccm, 

respectively.   

The pulsed flow deposition method was then employed, consisting of a periodic variation of 

CH4 flux during synthesis, according to Fig. 3.1.2. Having in consideration that the response time 

of the reactor is not negligible, this process was carried at fixed periods of t= 40 s and a duty cycle 

of 50%, so that there is time for the system to reach equilibrium. The total number of CH4 pulses 

was varied and the samples were labelled as GDHx, where x is the number of CH4 pulses.    
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Fig. 3.1.2: Schematic representation of the pulsed flow method (duty cycle) used on experimental work. 

  

 

3.1.3.2. GDH Morphostructural Characterization and Field Emission Measurements 

 

To characterize the morphology of GDH films and assess the amount of the NCD clusters, 

Scanning Electron Microscopy (SEM) was used in a Vega 3 (TESCAN, Czech Republic) 

instrument. The size and density of NCD clusters were determined through appropriate contrast 

masks (ImageJ software) of representative SEM micrographs. An optical profilometer (Sensofar) 

was used to measure the samples topography. In this instrument, the lateral (x and y) resolution 

reaches 150 nm while the vertical interferometric resolution attains 0.1 nm. 

The structural characterization was accomplished by µ-Raman spectroscopy using the 441.6 nm 

line of a He–Cd laser (Kimmon IK Series, Japan). This was conducted using a HR800 (Horiba, 

Japan) instrument fitted with a 1800 lines/mm grating and a 100 x objective (spot size c.a. 2 µm, 

NA = 0.9, Olympus, Japan) in backscattering configuration. The multichannel CCD detector was 

Peltier cooled to 203 K. For the Raman mapping operation, the grating was changed to a 600 

lines/mm unit, setting the integration time per spectrum to 0.5 s and the scanning table step to 0.7 

µm. Transmission electron microscopy (TEM) measurements using SPI 2040C grids (uncoated 400 

mesh) were also performed to complement the morphological and structural analysis, using a 

Hitachi 9000 (Japan) apparatus.   

In order to evaluate the performance as a cold cathode, each synthesized carbon hybrid film was 

installed in a chamber with vacuum better than 3x10-5 mbar. An uncoated typical Cu substrate was 

used as anode at a fixed distance from the cathode (emitting sample), by placing a 50 µm thick 

kapton spacer between the electrodes with a central hole of 4 mm in diameter. The setup was 

completed by electrically connecting the electrodes to a computer-controlled Keithley K2410 
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source/measure unit. The voltage was kept below 500V to avoid spurious emission from metallic 

parts in the assembly. All measurements were performed at room temperature and in environmental 

dark conditions avoiding any photoelectric phenomena. 

 

 

 

3.1.4. Results and Discussion 
 

3.1.4.1. Morphostructural Analysis of the GDHs 

 

The scanning electron microscopy analysis puts in evidence the biphasic nature of all films and 

the effect of the number of cycles in the clusters growth dynamics. Typical SEM micrographs of 

deposited carbon structures can be seen in Fig. 3.1.3. One can observe that the surface is sprinkled 

with clusters (bright spots due to local charge effect). The insets reveal the multigranular 

morphology of the apparently spherical clusters and that this morphology is preserved regardless 

the number of methane pulses.  

 

 
Fig. 3.1.3: SEM micrographs of the GDH samples grown with different number of CH4 pulses. 
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Fig. 3.1.3 also puts in evidence the uniform distribution of these clusters, scattered all over the 

surface, as well as a uniform size distribution within each sample. Finally, it is patent that both the 

average diameter and the density of clusters increase with the number of CH4 pulses and that, for 

higher number of pulses, the clusters start to coalesce. It should be noted that the growth of GDHs 

could be carried in a single step process in a H2/CH4 atmosphere. However, in order to increase the 

size and density of the diamond clusters, long deposition times are required. With longer deposition 

times, the number of graphene layers is increased. So, in order to counter that, the CH4 flow can be 

periodically interrupted (off state). The H� radical present in the plasma etches preferably sp2 

carbon bonds. Hence, during these periods, the higher H2 concentration leads to the etching of the 

overgrown graphene layers, and, simultaneously, lowers the amorphous carbon content of the 

clusters. 

The cluster density and diameter of the GDHs were assessed via ImageJ software and the results 

are shown in Fig. 3.1.4.  
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Fig. 3.1.4: Cluster diameter and density evolution as function of the number of CH4 pulses. 

 

 

These results can be interpreted as follows. With a higher number of cycles, there is a longer 

deposition time and a higher total carbon amount to be deposited. For a small number of cycles, 

assuming a constant mass deposition per area, the surface area of the clusters geometrically limits 

the growth rate, yielding a linear dependency. However, a threshold appears when the reaction 

starts to be limited by reactant starvation instead of geometry factors. This phenomenon is 
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enhanced by the appearance of new nucleation sites, as depicted in Fig. 3.1.4, which clearly shows 

the increase in cluster density with the number of cycles. Actually, during the interruption of CH4 

delivery to the chamber, atomic hydrogen concentration increases leading to H-terminated carbon 

surfaces, known to nucleate diamond. These new clusters grow faster than the pre-existent ones, 

explaining the observed uniformity in the size distribution (Fig. 3.1.3).   

In order to identify the carbon phases present in the samples and its crystalline quality, µ-Raman 

spectroscopy measurements were performed. Fig. 3.1.5 shows typical Raman spectra of the GDHs 

samples. The data were acquired from two distinct sample regions, namely from the clusters and 

from the regions in between them. 

 
 

 
Fig. 3.1.5: Raman spectra (λ=442 nm) of the GDHs synthesized using different number of CH4 pulses, 
collected from individual clusters (NCD) and from the regions between them (graphene). All spectra 
were normalized to the G-band and shifted in intensity for clarity. 

 

 

The Raman spectra of the clusters undoubtedly correspond to the nanodiamond phase. The 

characteristic diamond peak due to sp3 hybridization (c.a. 1332 cm-1) is well discernible, especially 

for the samples with low number of pulses, where clusters are still at an early stage of formation. 

This diamond peak normally sits on a wide dispersive D band centered at c.a. 1370 cm-1 (at 

442nm) that relates to defects in sp2-coordinated species. The presence of trans-polyacetylene 

(TPA, c.a. 1140 cm-1) chains, which usually accumulate at the grain boundary of diamond 

crystallites [20], is also distinguishable.  The detection of TPA is associated to the nanometric 
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dimensions of diamond crystallites, thus scaling with the grain boundary concentration. An 

amorphous-carbon (a-C) related broad band at c.a. 1530 cm-1 is also detected - more pronounced 

for samples grown with higher number of CH4 pulses - convoluting with the second TPA band that 

usually appears at 1490 cm-1 [20]. In fact, as the clusters grow, they tend to develop an a-C based 

matrix that binds the diamond nanocrystallites together, rendering the diamond peak less visible as 

the clusters grow bigger. Since the laser spot (c.a. 1 to 2 µm) exceeds the cluster dimensions in 

many cases, the inspection of the lower regions contiguous to the clusters becomes unavoidable, 

explaining the pointy tip of the G band and the clear feature at c.a. 2700 cm-1. As we will see, these 

belong to the graphene fingerprint, meaning that the Raman data from individual clusters are in fact 

a sum of both NCD and graphene contributions. When the clusters dimension reaches that of the 

laser spot, the graphene features tend to disappear, as in samples GDH40 and 60. 

The lower flat regions between clusters are undeniably assigned to graphene. In fact, the second 

order region (2400 to 3400 cm-1) is dominated by an intense, narrow and symmetric 2D band (2744 

cm-1) typical of graphene, which originates from double resonance two-phonon dispersion at the 

K(K’) points of the graphene Brillouin zone [21,22]. The evident presence of a narrow D band (c.a. 

1373 cm-1) reveals the existence of defects and/or graphene partial hydrogenation that promote the 

activation of radial breathing modes of the rings [23]. The narrow and intense G band relates to C-

C stretching modes tangential to the graphene plane. The 2D band is accompanied by small 

contributions of the D+D´´ (2428 cm-1), D+D´ (2968 cm-1) and 2D´ (3250 cm-1) overtones, all 

typically present in the Raman spectra of high quality MPCVD graphene. 

The fact that the 2D band is symmetric and several times more intense than the G band is 

usually associated with single layer graphene. Nevertheless, TEM observations of similar GDHs 

published elsewhere [18] proved the existence of several graphene layers onto which lay the NCD 

clusters. This apparent discrepancy between Raman and TEM observations can be explained by the 

lack of vibrational/electronic coupling in this graphene material. Unlike the periodic ABA or ABC 

stacking, the deposition of graphene layers in the GDHs occurs through a random, incommensurate 

rotation between adjacent layers. Additionally, the unavoidable partial hydrogenation originating 

from the MPCVD process, may affect how adjacent layers stack together [24]. Thus, the phonon 

energy levels degeneracy is not lifted due to the weaker orbital interactions and a single, intense 

and symmetric peak is seen. On the contrary, the ordered stacking of graphene layers lowers the 

I2D/IG ratio and lifts the degeneracy of the 2D band in predictable ways given the number of layers 

involved [21]. 

The micro-Raman spatial mappings in Fig. 3.1.6 were obtained in order to infer about the 

carbon phases distribution in the GDHs.  
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Fig. 3.1.6: Colored Raman mappings of a GDH40 selected region (30 x 20 µm2). The upper image 
corresponds to a representation of the diamond peak (1332 cm-1) intensity, while the lower one was 
obtained based on the I2D/IG ratio. The center image corresponds to an optical micrograph of the same 
region. Representative spectra of a NCD cluster (A in upper image) and graphene (B and C in lower 
image) are shown aside. 

 

 

The peak intensity at 1332 cm-1 was used to map the diamond phase, while the I2D/IG ratio was 

used to map the graphene, on the same region of the GDH surface. A quick look to the upper map 

and the optical microscope center image allows verifying that the clusters position match perfectly. 

The co-existence of graphene and diamond in neighboring regions is however patent, suggesting 

intimate contact between graphene and diamond clusters. In fact, darker regions in the I2D/IG plot 

(lower image in Fig. 3.1.6) outside the clusters areas signaled by the dashed white lines probably 



	

 112 

correspond to NCD sites at embrionary stage, in agreement with the observed increase in cluster 

density with the number of CH4 pulses (Fig. 3.1.4). Point C corresponds to one of these sites, 

typically featuring an inversion in the I2D/IG values. 

The above-mentioned intimate contact between the graphene and NCD clusters is visible in the 

SEM image of Fig. 3.1.7a, taken after scratching the samples’ surface to locally peel out the GDH 

film. The linkage of graphene to the base of the hemispherical NCD clusters is evident, also 

showing that the clusters form on top of a fully developed graphene film. At the early stages of 

growth, the NCD clusters are thin enough (c.a. 100 nm) to be directly observed in TEM. The TEM 

micrographs of Fig. 3.1.7c and Fig. 3.1.7d depict such clusters in bright-field and dark-field 

modes, respectively.  

 

 

 
Fig. 3.1.7: a) High magnification SEM image of the GDH60 sample. b) Selected area diffraction 
pattern, c) Bright-field and d) dark-field TEM micrographs of a single CH4 pulse sample. The brighter 
contrast in c) corresponds to graphene region, surrounding the NCD clusters at darker contrast. 
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The bright-field image shows the overall morphology of the clusters, with well-defined crystals, 

surrounded by amorphous material. The selected area diffraction (SAD) pattern (Fig. 3.1.7b) and 

the dark-field image (Fig. 3.1.7d) prove the existence of highly crystalline diamond crystallites 

with different orientations, bound by a-C (blurring of SAD pattern), in agreement with the data 

acquired by Raman spectroscopy. Note that, by picking one of the diamond diffraction spots to 

form a dark field image, the intensity is only related to the diamond crystals diffracting to that spot, 

resulting that diamond crystals having other orientations are not highlighted in this image. The 

graphene also contributes to the SAED pattern but its diffraction spots are hidden by the diamond 

crystal reflections. A more detailed TEM analysis of the graphene and NCD clusters linkage in 

these hybrids was undertaken in previous work by our group in similar GDH samples [18]. An 

epitaxial relationship between graphene and diamond atomic planes was found, such that 

{0001}graphene ⊥ {111}diamond, suggesting a covalent bonding nature between both phases. 

The surface topography of the GDHs is an important aspect in field emission studies and was 

investigated via optical profilometry. Fig. 3.1.8 shows a representative surface topography 2D 

image of the GDH20 sample.  

 

 

 
Fig. 3.1.8: a) Topography mapping of a GDH20 sample. The lateral and z resolution are 150 and 0.1 
nm, respectively. One-dimensional profiles along b) line 1 and c) line 2, according to a). 
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The grey scale (z coordinate) here used is nonlinear and allows emphasizing the graphene 

background (mid grey to dark grey contrast). Both the smooth fluctuations on the graphene level 

and the clusters microprotrusions (brighter grey contrast) are perceptible. The profile along line 2 

(Fig. 3.1.8c) further elucidates about the graphene smoothness. In fact, if one excludes the cluster 

regions, the root mean square roughness (Rrms) of the sample is 13 nm. On the contrary, the profile 

along line 1 (Fig. 3.1.8b) demonstrates that the clusters are the only relevant features at the 

micron/submicron scale and that they possess fairly uniform heights. The Rrms increases to 248 nm 

if the cluster areas are taken into account. Therefore, the morphology is concomitant with a tip-like 

structure in a planar background. It should be noted that this technique constitutes a fast and 

practical way to probe wide areas from several samples at a sub-micron level, but it does not probe 

the graphene edges and wrinkles or the detailed NCD cluster nanograins morphology. 

 
 

3.1.4.2. Field Emission Properties of the GDHs 

 

The Fowler-Nordheim (F-N) theory has been extensively applied to non-metals, including 

carbons, to study their field emission behavior, even though it was developed to study the electron 

emission from metal surfaces. This theory describes the current density J induced by an externally-

applied electrostatic field E and relates solely to the emission via electron tunneling through the 

surface potential barrier [25]: 

𝑱 = 𝟏.𝟓𝟓𝒙𝟏𝟎!𝟔 𝑬
𝟐

𝝓
𝒆!

𝟔.𝟖𝒙𝟏𝟎𝟗𝝓
𝟑
𝟐

𝑬  ,   

where φ  is the cathode ejection work function [eV] and  the constants 1.55×10-6 A/V and 

6.6×109 (eV)-3/2Vm-1 are the results of 𝒆
𝟒𝝅𝒉

 and 𝟖𝝅 𝟐𝒎𝟎
𝟐

𝟑𝒆𝒉
, respectively, where e is the electronic 

charge, h the Planck constant and m0 the free electron mass. The Raman spectra and TEM analysis 

demonstrated that the GDHs are composed of three different carbon allotropes, namely diamond, 

graphene and amorphous carbon. These phases have work functions of c.a. 5.0 eV [1], c.a. 4.5 eV 

[26] and c.a. 4.7 eV [27,28], respectively.  The work function of the hybrid material was assumed 

to be 4.75 eV as a result of a weighted average.  

It is important to note that the local electrostatic field at cathode protuberances is higher than the 

average macroscopic field, because of the enhanced concentration of electric field lines (lightning 

rod effect) due to the surface charge accumulation after electrical equilibrium. We must note that 

all electrical measurements were taken after waiting enough time for the electrostatic equilibrium 

eq. 3.1.1 
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to be reached. Assuming a parallel configuration of semi-infinite electrode plates, the local electric 

field Elocal is given by 

𝑬𝒍𝒐𝒄𝒂𝒍 = 𝜷 𝑽
𝒅
= 𝜷𝑬,  

where V and d are the voltage and distance between the two plates. The proportionality 

coefficient 𝜷 is the field enhancement factor, which, according to the F-N theory, depends only on 

the geometric configuration of the emitters. The combination of eq.3.1.1 and eq.3.1.2 leads 

𝑱 ∝ (𝑬𝒍𝒐𝒄𝒂𝒍
𝟐

𝝓
)𝒆𝒙𝒑 (𝑩𝝓

𝟑/𝟐

𝑬𝒍𝒐𝒄𝒂𝒍
),  

where B is a constant equal to -6.83x103 V .(eV)3/2.(µm)-1 [25]. The linearization of equation (3) 

yields 

𝜷 = 𝑩𝝓𝟑/𝟐

𝒎
= (!𝟔.𝟖𝟑𝒙𝟏𝟎𝟑)𝝓𝟑/𝟐

𝒎
,  

 where m is the slope of the linearized plot. 

The field emission properties of the GDH6, GDH20, GDH40 and GDH60 are shown in Fig. 

3.1.9 and Fig. 3.1.10 (J-E curves and F-N plots, respectively). The turn-on fields are observed to 

decrease with the number of cycles, in opposition to the currents within the measuring range. 

Additionally, the curves corresponding to higher number of cycles present a noisy behavior 

probably due to fluctuations in the surface conductivity that becomes more significant. In fact, at 

lower fields, the desorption of chemical species from the cathode surface changes the effective 

work function at the emission site, accounting for the observed deviations from the theoretical 

exponential emission. On the other hand, surface modifications at the emission sites can also occur, 

especially at higher field intensities. Indeed, the observed current oscillations could be explained by 

the inactivation of some emission spots due to ionic bombardment or Joule heating, while other 

spots are activated once the local threshold fields are reached.  Lastly, some current plateaus are 

apparent in the plot of the GDH60 sample at 5 to 6 and 7 to 8 V/µm, probably due to quantum 

states of holes in a two-dimensional diamond hydrogenated surface, as already reported for tip-like 

NCD emitters [29,30]. 

 

 

eq. 3.1.2 

eq. 3.1.3 

eq. 3.1.4 
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Fig. 3.1.9: Measured current density (A/cm2) as function of applied electric field (V/µm) for all 
samples. Inset: Activation field as function of the number of CH4 pulses during growth. The activation 
fields were extracted from the F-N plot minima (Fig. 3.1.10).  
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Fig. 3.1.10: F-N plots of the GDHs samples. Inset: Magnified F-N plot of the GDH60 sample, showing 
the two linear region plot. 
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Despite the above-mentioned, the general trends for all curves follow the typical field emission 

line shape, normally fitted by the F-N plot, as shown in Fig. 3.1.10. The absolute values of the 

activation fields displayed in the inset of Fig. 3.1.9 were extracted from the corresponding minima 

of these plots. The existence of two distinct linear regions in the F-N plot is patent for all studied 

samples, excepting for the GDH6. The macroscopic fields in these experiments were limited to 10 

V/µm and thus the threshold field for sample GDH6 to switch emission regime, from region 2 to 

region 1 (inset of Fig. 3.1.10), might not have been reached. 

A dual-region F-N plot has been reported for several carbon allotropes, including graphene, 

CNTs, diamond-like carbon and polycrystalline diamond, but there is no consensus about the 

causes. Some authors claimed that at higher fields/currents, a space charge region is created 

through ionization of residual gas molecules by the emitted electrons [31,32]. Consequently, 

current limitation occurs due to the additional electric fields exerted by the ionized species, leading 

to deviations from the expected linear behavior. This is hardly the case of the present work as the 

measured current densities were moderate, < 10-4 A/cm2. 

Field emission measurements on graphene are well documented in the available literature 

[9,26,33–35]. Nevertheless, understanding the physical nature of field emission from graphene-

based materials is not straightforward. Several synthesis approaches were used and different 

graphene orientation, shapes and sizes were studied. In general, there is a consensus that graphene 

edges are the main active emission sites. One should note that planar graphene lacks the sharp 

features necessary to obtain both a sufficient degree of local field enhancement and density of 

emission sites. In fact, measurements in a mechanically exfoliated single-layer graphene sheet 

found relevant emission currents from the edges but not from planar regions, where the emission 

was barely noticed above the noise level [36]. Additionally, morphological disordered graphene 

was found to promote a 500× enhancement in emitted the current density compared to planar 

graphene [26]. In this work, the optical profilometry measurements revealed that the graphene of 

the GDHs is very smooth at a sub-micron scale, but MPCVD graphene is known to have wrinkled 

regions and other high aspect ratio nanosized features [26,33] that cannot be probed by this 

technique. Furthermore, a corrugation of graphene is unavoidable in order to accommodate the 

partial hydrogenation present in MPCVD graphene. 

Although the main results in the literature point to a much stronger emission arising from edges 

and/or rough surfaces, several aspects involving field emission from graphene remain 

controversial. Typically, the best results are obtained from carbon allotropic forms of clusters 

soaked into a graphene layer [34] or using zinc oxide based structures with graphene [37,38]. Some 

works involving silicon nanowires have been considered with interesting results [39]. The field 

emission often seems to be only dependent on the non-graphene structures, but in general the 
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presence of graphene contributes in several ways to the final result. A report [36] shows that, 

considering only a 2D system (single-graphene like structure), the usual F-N model cannot be 

applied, despite the emission still arises from sharp edges, implying the assumption of classical 

models for charge accumulation. However, some other works point to a different approach, 

showing field emission from a smooth graphene surface and clearly following the F-N model 

[34,35] despite a relatively low field enhancement factor and high threshold electrical field. In 

general, all these results show that the field emission of structures involving graphene in a non-

single uniform layer can be fairly explained using the F-N model.  

 Similarly to our results, a dual-region F-N plot was clearly observed in graphene monolayers 

on ZnO nanorods [38]. The authors attributed this behavior to a combination of heating and double 

barrier formation. This supposes that the emission was purely originated on the graphene layer: the 

heating on the graphene surface in a high electrical field decreases the work function, increasing 

the emission and the interaction between ZnO and graphene forms the double barrier with further 

electron transfer from ZnO to graphene. Ignoring the heating effect (given the moderate current 

densities), some allotropic forms of carbon existing on our samples may induce electron transfer to 

graphene, but the NCD protrusions with their higher contribution to the emission suggests that such 

hypothesis is unlikely. Finally, the only report found in the literature on the field emission from 

diamond and graphene mixtures depicted a three-region F-N plot [16]. The three regions in the F-N 

plot were assigned to different emitting regions, having different geometric and electronic 

properties. The three regions were the graphene flakes, diamond grain boundaries and bulk 

diamond. Interestingly, although the hybrid produced currents of the order of the hundreds of µA, 

the graphene flakes were related to a low field region (c.a. 2.5 V/µm), for which the currents 

densities were c.a. 1 nA/cm2. 

The dual-region F-N plot was also reported for polycrystalline diamond (PCD) films. In 

particular, it was analyzed within a metal-insulator-vacuum model and explained by the transition 

from a back-contact limited supply of electrons in a low field region to a diffusion-limited process 

in the high-field region [40]. The intrinsic field emission from diamond requires electrons to be 

firstly injected into the conduction band through the Schottky barrier at the conductor/diamond 

interface, with consequent degradation of the activation fields. However, the activation fields 

experimentally determined for PCD (< c.a. 5 V/µm) are much lower than expected. One proposed 

mechanism is that defects create shallow trap states, which allow the charge transportation within 

diamond crystallites through electron hopping mechanism, and posterior emission at the surface 

[40]. A model based on the emission directly from defect states within the diamond bandgap was 

also proposed [41]. Importantly, it is widely accepted that the defective sp2-rich diamond grain 
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boundaries can act as conduction canals for electrons from the back contact to the superficial 

emission sites, facilitating emission at low fields [42–44].  

Taking into account the described structural and morphological aspects of the GDHs, the 

following factors should be involved in their field emission behavior. Firstly, the sp2-rich 

(graphene/a-C) phases act as a conductive matrix and are responsible for the electron transport to 

the superficial emission sites. Secondly, the negative electron affinity of MPCVD diamond 

crystallites plays a fundamental role in lowering the local effective work function for electron 

extraction [11–14]. Thirdly, mixtures of highly conductive sp2 phases in close proximity to highly 

insulating sp3 regions can result in significant amplification of the local field line density [28,41]. 

Hence, the sp2/sp3/vacuum triple junctions should constitute the preferential sites for electron 

emission*. The junctions will become active at lower macroscopic fields if they are located near the 

tips or edges of morphologic protuberances. Nevertheless, the field amplification factor in sp2/sp3 

systems cannot be explained solely by geometric considerations, as in the case of F-N theory for 

purely metal surfaces. It also contains a contribution due to the discrepancies of the dielectric and 

electronic properties of the sp2 and sp3 nanophases. This probably constitutes the main reason why 

abnormal field enhancement factors, as high as 2204, are found for the GDHs. In fact, the 

protuberances at the nano and microscale of the GDHs have, seemingly, a couple of orders of 

magnitude lower aspect ratios (see Fig. 3.1.7 and Fig. 3.1.8) compared to those suggested by the 

calculated β factors. Additionally, purely geometric factors do not also explain both the decrease of 

the activation field and the increase of the β1 factor with the number of CH4 pulses during GDH 

growth (Fig. 3.1.9 and Fig. 3.1.11, respectively), because both the morphology and composition 

remain fundamentally unaltered. In fact, an increasing radius r of a hemispherical NCD cluster 

should result in decreasing the β factor, since 𝑬𝒍𝒐𝒄𝒂𝒍 ∝ 𝒅/𝟐𝒓. On the other hand, the β1 factor 

scales up with the NCD cluster surface area (from c.a. 1200 to 2200), as seen in Fig. 3.1.11. This 

suggests that β1 is closely related to the NCD clusters by non-geometrical effects, relying on a pure 

electrical carrier accumulation, probably due to a modified intrinsic density of states near the 

emitting sites, as a result of its interaction with the graphene matrix. On the contrary, at lower field 

intensities, the β2 factor remains fairly constant. The calculated β2 values (c.a. 625 to 750) are 

remarkably similar to those recently found for plasma-enhanced CVD graphene on copper 

substrates [33,35], following the usual F-N model. Not excluding the graphene interaction with 

NCDs clusters, the present results thus point to field emission from low-roughness graphene, even 

if at modest currents. However, further investigation is needed to unequivocally locate the active 

emission sites and correlate them with a specific emission regime. Though not presently available, 

																																																								
* Estimations of the sp2 and sp3 carbon content were performed via XPS measurements without success. The 
results are presented in Appendix C. 
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combined atomic force microscopy (AFM) and scanning tunneling microscopy (STM) 

measurements could shed light on this matter.  
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Fig. 3.1.11: Calculated field amplification factors β1 and β2 versus the average NCD cluster surface area 
available for electron emission. 

 

 

A correction of the F-N model to account for the particularities of composite/hybrid systems is 

thus still needed. Even so, the F-N theory is still useful to compare the GDHs with other carbon 

nanostructures, whose field emission characteristics were analyzed within the F-N framework. In 

that sense, the field enhancement factors found for the GDHs are comparable to those determined 

in other works for several types of carbon nanostructures [1,9]. The macroscopic activation fields 

are 8.40 (GDH6), 7.04 (GDH20), 6.29 (GDH40) and 4.57 (GDH60) V/µm, corresponding to local 

fields (Elocal, eq. 3.1.2) of 4.48, 4.32, 4.59 and 3.43 V/nm, respectively.   

The temporal stability of the cold cathodes was also investigated. Fig. 3.1.12 shows the current 

density as function of time for the GDH40 sample. The test was performed at an initial current of 

~4.0 µA/cm2. The measured current density slowly decreased to c.a. 3.2 µA/cm2 after 13.5 hours of 

operation without any steep oscillations, with a stabilizing tendency within the last c.a. 4 hours of 

the test. Additionally, post-emission SEM and Raman analysis of the GDHs cathodes did not 
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unveil any modification in the structure and morphology of the hybrids, like melted spots or arcing 

events. This stability is related to the excellent thermal properties of graphene, which is able to 

effectively remove the heat from the emission regions and provide stable operation.  
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Fig. 3.1.12: Current stability measurements of the GDH40 sample. 
 

 

Since the potential was kept constant during the test at relatively low values, the most probable 

cause of noise is related to adsorption/desorption of chemical species. In that sense, a surface 

conditioning procedure in order to remove adsorbed organics can further increase the stability of 

the GDH cold cathodes. 
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3.1.5. Conclusion 
 

A carbon hybrid composed of graphene sprinkled with nanocrystalline diamond (NCD) clusters 

(GDHs) was produced via MPCVD using a pulsed modulation of the methane flow. This strategy 

allowed increasing the density and the diameter of the NCD clusters with the number of pulses, 

while preserving the intrinsic characteristics of each allotrope.  

The morpho-structural characterization unequivocally allowed an unambiguous identification of 

the graphene and NCD phases in an intimate mixture. The high structural quality of the graphene 

was confirmed by Raman spectroscopy (high I2D/IG ratio and narrow D, G and 2D peaks). The 

hemispherical clusters were found to be composed of highly crystalline diamond nanocrystallites 

(TEM imaging and SAD pattern) embedded in an amorphized carbon matrix.    

The field emission performance of the GDHs varied according to the Fowler-Nordheim (F-N) 

theory and showed a dependency with the number of CH4 pulses. The electric activation fields, 

extracted from the F-N plots, decreased from 8.4 to 4.6 V/µm for samples grown at 6 and 60 CH4 

pulses, respectively.  

Two regimes were inferred from the F-N linearizations, each corresponding to a distinct field 

enhancement factor, β1 (from c.a. 1200 to 2200) and β2 (from c.a. 625 to 750). While β2 was 

roughly constant with the total NCD cluster surface area, β1 increased significantly, evidencing two 

different emission mechanisms, dependent on protruded NCD clusters and on the background 

graphene itself, not excluding its interaction with the NCD clusters.    
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3.2 
 

 

Patterning of Graphene-Diamond 

Hybrids Using Standard Lithography 

Techniques 
 
 
 
The morphology, structure and field emission properties of cold cathodes made of graphene-

diamond hybrids were discussed in the previous Section 3.1. Although the obtained current 
densities are moderate, the cathodes are shown to withstand continuous and stable operation for 
several hours without any signs of structure failure or degradation. Clearly, there is still space for 
some optimization regarding the morphostructural aspects of the hybrid, namely the increase in 
density of emission sites as well as the fine tune of the most appropriate morphology for facile 
electron emission.  

Nevertheless, optimization must undoubtedly include the prospect of miniaturization. Indeed, 
compatibility with standard microfabrication procedures, as well as high fabrication yields and 
reproducibility, are always critical factors in order to evaluate the applicability of any functional 
material in general. This evaluation is also useful if one intends to study GDHs in other fields, such 
as biosensing. Though the patterning of graphene-based materials has been already extensively 
studied in different contexts, including field emission and biosensing -wise, this assessment is also 
included herein for completeness sake. The fabricated structures are also used to estimate the 
electrical resistivity of the thin films. This task was conducted at the Centre for NanoHealth, 
Institute of Life Sciences 2, Swansea University.  
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3.2.1 Transfer and Patterning of Graphene-Diamond Hybrids  
 

As previously discussed in Section 3.1, the NCD content in GDH materials can be tuned by 

employing pulsed CH4 CVD method. However, concerning these preliminary microfabrication 

tests, the samples were synthesized using a single-pulse, continuous process, yielding sub-

micrometer cluster sizes as seen in Fig. 3.1.7c-d. Briefly, the 25×25 mm2 Cu substrates were 

placed within a ASTeX AX 6350 6 kW MPCVD rector chamber using a 3mm thick Zr ring spacer 

to separate the Cu substrate from the water cooled dish inside the reactor [1] (see Fig. 3.2.1a). 

Initially, a H2 plasma treatment is performed for 3 minutes at 1.3 kW at 1085 ºC. This step is 

intended to remove any native oxide, to grow the Cu substrate grains and to heat up the substrate 

near the graphene growth temperature, which took place at 195/25 sccm H2/CH4 gas mixture for 1 

minute. Afterwards, the plasma is switched off and a sample cooling step under a 200 sccm H2 

flow. 

To produce the devices using the CVD GDHs, the thin films need to be transferred from the 

native Cu to glass and SiO2 substrates in a controlled manner. This is a sensitive process that 

obliges to some care and optimization, lest the appearance of holes and other non-uniformities in 

the films as well transfer contaminants, such as PMMA and NaCl. The transfer process begins by 

spin-coating a PMMA/anisole solution on the GDH surface and baking at 180 ºC for 15 minutes to 

promote adhesion of the PMMA layer. Afterwards, the GDH films were electrochemically 

detached from the native Cu substrates [1]. It was accomplished by applying a 12 V DC signal to 

the Cu substrate against a graphite rod anode in a supersaturated NaCl solution, which creates 

strong gas (H2) bubbling at the Cu/graphene interface able to progressively peel off the 

GDH/PMMA membrane (Fig. 3.2.1b). After complete peel-off, the GDH/PMMA membranes were 

transferred to glass and CVD SiO2 substrates and heat-treated at 200ºC for 15 minutes to promote 

adhesion. Lastly, the samples are immersed in acetone for PMMA removal (Fig. 3.2.1c). 

The fabricated structures are beams with variable widths (w=100, 75, 50 and 25 µm). Each final 

die is composed of four beams connecting two electrodes. The electrodes formulation is Ti(50 

nm)/Al(200 nm)/Ti(50 nm)/Au(30 nm). A relevant question regarding the patterning process of 

GDH electrodes is whether to transfer them to contact-patterned substrates, or to deposit them on 

the top of previously transferred GDHs. Though this choice can be a priori limited by the specific 

device functionality or design constraints, it is definitely advisable to choose the former. Indeed, 

the lift-off process of the PVD contacts strips the electrode off, as well as the underlying GDH 

film, if no previous annealing step is performed (Fig. 3.2.2a at left).  

 



	

	 127 

 
Fig. 3.2.1: Schematics of the GDH MPCVD synthesis and transfer to glass and SiO2 substrates.  
 

 

	
Fig. 3.2.2: a-c) Optical images of GDH beams on glass substrates. d) SEM micrograph of a finalized 
100 µm-wide beam. 
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This was found to occur for both smooth SiO2 films and glass. Regardless the electrode not 

being stripped off and the SEM (Fig. 3.2.2d) and I-V measurements (not shown) confirming the 

device continuity, the adhesion is still poor in some regions even if an annealing step is performed, 

as pointed by the arrows in Figs. 3.2.2a-c. This is obviously undesirable for stable operation and 

was found to occur both in CVD SiO2 and glass, but it is especially problematic in the latter.  

The final recipe for GDH beam fabrication is schematically shown in Fig. 3.2.3 and detailed in 

Appendix D. After transfer and PVD contact deposition, the GDH patterning is complete after an 

annealing step and a fast RIE process (45 seconds), in a low pressure O2 RIE plasma regime (55 

mTorr), as seen in Fig. 3.2.4 and in Fig. 3.2.5 for 50, 75 and 100 µm-wide beams. This is in 

agreement with other reports using the same RIE system [2] and with general conditions found for 

the patterning of CVD graphene [3]. 

	
	

 
Fig. 3.2.3: Simplified surface micromachining process of GDH films. 
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Fig. 3.2.4: SEM micrograph of a finalized die composed of four 100 µm wide beam units. 
	

	

 
Fig. 3.2.5: GDH beams having a) 100 µm, b) 75 µm and c) 50 µm. Relevant electrode and beam 
dimensions are also shown in a). 
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Indeed, the measured I-V curves are reproducible from die to die, regardless the width of the 

beams, as seen in Fig. 3.2.6a. This validates both the GDH synthesis and patterning process in 

terms of reproducibility.  

Finally, it is also of interest to obtain estimations of the electrical resistivity (𝝆), which can be 

obtained through 

𝝆 =  𝑹𝒃𝒆𝒂𝒎𝑨
𝑳

 ,                       

where Rbeam, A=tw and L are the beams’ measured resistance, cross-sectional area and length, 

respectively, and t and w are the GDH beam thickness and width, respectively. The calculated 

resistivity is (4.93±0.43)×10-7 Ω.m (Fig. 3.2.6b) when considering an average thickness of 2 nm, 

corresponding to roughly 5-6 graphene layers, in agreement with previous TEM measurements in 

GDH films grown at similar conditions [1]. The yield of the fabricated structures is c.a. 93% using 

a statistical sample of 72 beams. 

 

 

	
Fig. 3.2.6: a) I-V curves of GDH beams for varying beam width w. b) Measured beam resistance Rbeam 
as function of w and estimation of GDH film resistivity (see also eq. 3.2.1). 
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3.2.2 Final Remarks 

 
Miniaturized GDH beam electrodes were fabricated and tested after transfer onto sodalime glass 

and CVD SiO2 substrates, in a simple, rapid and reproducible process. GDH materials are far easier 

to pattern compared to the NCD-CNTs hybrids, allowing for a much simpler approach to surface 

micromachining. GDH films are also much smoother and thus better lithographic resolution was 

attained. A fabrication yield of c.a. 93 % was accomplished, accompanied by fairly reproducible I-

V measurements from the fabricated structures. The fabricated devices were used to estimate the 

GDH thin film electrical resistivity, c.a. 5x10-7 Ω.m. 
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Whilst studying the simultaneous deposition of NCD-CNTs hybrids, as discussed back in 

Section 2.1, a different type of hybrid was deposited in the absence of Fe catalysts, using dense 
MW plasmas discharges at substrate temperatures above 1000 ºC. It was seen to be composed of 
nanodiamond and nanographite and adopting a 2D-like morphology with preferential vertical 
alignment. In this chapter, the true arrangement of the nanoallotropes in these hybrids is unveiled 
via TEM measurements. The morphostructural aspects of these hybrids are conceptually appealing 
to be employed as heat dissipators in miniaturized and high-power density devices such as 
computer chips and LEDs. An experimental evidence for this purpose is assessed in this chapter. 
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4.1 Abstract 
 

Crystalline carbon based materials are intrinsically chemical inert and good heat conductors 

allowing their applications in a great variety of devices. A technological step forward in heat 

dissipators production can be given by tailoring the carbon phase microstructure, tuning the CVD 

synthesis conditions. In this work, a rapid bottom-up synthesis of vertically-aligned hybrid material 

comprising diamond thin platelets covered by a crystalline graphite layer is developed. A single-

run is designed in order to produce a high aspect ratio nanostructured carbon material favoring the 

thermal dissipation under convection-governed conditions. The produced material was 

characterized by multiwavelength Raman spectroscopy and electron microscopy (scanning and 

transmission) and the macroscopic heat flux evaluated. The obtained results confirm the 

enhancement of heat dissipation rate in the developed hybrid structures, when compared to smooth 

nanocrystalline diamond films.  

Keywords: diamond, graphite, nanoplatelets, CVD, surface area, convective cooling. 

 

Graphical Abstract 
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4.2 Introduction 
 

Nanocrystalline diamond (NCD) combines a unique set of properties - hardness, high thermal 

conductivity, optical transparency, negative electron affinity, biocompatibility and chemical 

inertness - that makes it an interesting solution for a wide plethora of applications such as in wear 

resistant components, heat dissipators, infrared lenses, electron field emitters and biosensors [1-2].  

High quality NCD coatings can be synthesized by the chemical vapor deposition (CVD) technique 

based in a continuous renucleation mechanism of nanometric equiaxial crystals, resulting in very 

smooth surfaces [3-4]. However, changing the deposition conditions in order to obtain peculiar 

configurations can modify this type of morphology, envisaging specific applications. This was the 

purpose of a few authors that have been focused in the development of NCD coatings with 

vertically aligned 2D nanodiamond crystals named as nanoplatelets or nanosheets [5-14].  

The CVD growth of vertically aligned 2D nanodiamond has been promoted by different 

approaches. In a pioneer work in 2004, Chen et al. prepared a microcrystalline diamond substrate 

by hot-filament CVD on which a 100 nm catalyst nickel film was deposited [6]. The diamond 

nanoplatelets (DNPs) synthesis was then carried out in microwave plasma CVD reactor. Such 

nanoplatelets, with uniform thickness of a few tenths of nanometers and a flat well-faceted 

morphology, were covered with an ultra-thin graphite layer (1 to 2 nm). Later, the same group 

varied the type of catalyst film (Fe, Au-Ge,…), the microwave power and the relative positioning 

of the substrates to the microwave plasma ball [5,10]. A mechanism was firstly proposed for this 

unique surface morphology: graphitization of the NCD crystals on their surface by hydrogen 

plasma etching at high temperature favoring the lateral growth of diamond platelets [6]. Later, this 

model was improved based on the observation that the platelets present {111} facets [5]. Under the 

high temperature and intensive plasma environment, the adsorbed hydrocarbon radicals by these 

facets are easily abstracted by atomic hydrogen, hampering the growth rate normally to the {111} 

facets and perpetuating the lateral growth. The group of Raina and co-authors proposed another 

approach to grow vertically aligned 2D nanodiamond which they called nanodiamond film with 

ridge surface [13-14]. Microwave plasma CVD (MPCVD) was again used to grow the NCD film, 

this time without a catalyst film. The interlaced ridges, with nanocrystalline grains on their side 

walls, result in a surface morphology with a high degree of surface roughness.  

Vertically aligned 2D nanodiamond has two additional advantages in respect to planar NCD: a 

much higher specific surface area and the conspicuous edge shape. The former has been proposed 

for electrochemical applications such as electrochemical bio-analytical surfaces [8] or enzyme-free 

amperometric biosensors for glucose [9], while the latter has been characterized for field emission 

purposes once the ridge edge geometry results in low turn-on electrical fields [7].  
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A potentially innovative application for this nanomaterial is in thermal dissipation interfaces. 

Diamond is intrinsically an excellent heat conductor due to its high Debye temperature. When heat 

is transferred to diamond it is readily diffused out mainly due the emission of phonons, the 

electronic component playing a little role that can be neglected [15]. In addition, diamond is stable 

up to 700 ºC and 1700 ºC in oxidizing and inert atmospheres, respectively [15], keeping a low 

thermal expansion coefficient [16]. All together, these properties explain the widespread usage of 

diamond in the semiconductor industry not only to prevent from circuitry overheating, but also 

during the manufacturing process itself [17].  

Nevertheless, the relatively smooth surfaces of NCD films obtained by CVD process are not the 

most adequate to efficiently remove heat under natural or forced convection. Patterning of diamond 

surfaces into suitable dissipating geometries using standard lithography processes is possible but 

lack in time and cost effectiveness. Therefore, a bottom-up approach to rapidly produce efficient 

and cheap heat dissipating surfaces with appropriate micromorphology is highly desirable.  

Considering all the above, in the present work MPCVD grown films of nearly vertically aligned 

diamond thin platelets, encapsulated by a graphitic layer, were produced by a simple and fast 

single-run process in only 20 minutes, envisaging thermal dissipation purposes. The dissipation 

performance of the nanoplatelet-based films was evaluated under natural convection conditions, 

using smooth NCD films as reference for comparison purposes. 

 

 

 

4.3 Experimental 
 

Silicon substrates were prepared from a <100> oriented p-type single crystal wafer, which was 

diced into squares of 1×1 cm2. Afterwards, a pretreatment step was performed to enhance diamond 

nucleation. For that purpose, a mechanical abrasion was conducted in a soft cloth impregnated with 

diamond powder (< 500 nm), ultrasonically dispersed in ethanol to avoid macro scratches from 

grain clustering. This way, high nucleation density is promoted, which allows attaining closed films 

with good uniformity [18]. Afterwards, the samples were thoroughly rinsed in acetone and ethanol 

baths and finally dried under a low-pressure N2 flow to remove loose residues from the exposed 

surfaces.  

The growth process was accomplished by MPCVD technique in a 2.45 GHz reactor (ASTeX 

PDS18) powered by a microwave unit delivering up to 5kW. The growth parameters were selected 

according to a two-step growth strategy. Firstly, a supersaturated H2 mixture with CH4 (5 vol%) 

and N2 (1 vol%) was plasma activated by a 1.75 kW microwave discharge at a total pressure of 75 
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Torr for 40 minutes, producing an initial thin layer of NCD. Subsequently, the gas mixture was 

enriched with respect to CH4 from 5 to 15 vol%, the microwave power was raised up to 2.25 kW 

and the pressure was increased up to 85 Torr, during 20 minutes. Only during this second step are 

the nanoplatelets formed on top of the lower NCD layer. The high temperatures needed to form 

platelet morphologies were thus obtained by increasing MW power and pressure instead of 

immersing the samples into the plasma, thus avoiding non-uniformity due to temperature gradients 

and edge effects [19]. Finally, only with H2 in the gas mixture, a careful ramp-down was 

conducted, lowering both microwave power and total pressure until a shut-off was possible without 

compromising the samples by thermal shock. This final step is quite important and plays a dual role 

permitting to avoid premature delamination due to thermal stresses at the interface, and promoting 

a plasma cleaning operation due to its harsh chemical environment, namely by the action of atomic 

hydrogen.  

The standard morphological characterization by SEM was carried out in a Hitachi SU70 field 

emission instrument, while the transmission microscopy data including the electron diffraction 

analysis were performed using a probe-corrected Titan 80–300 kV (FEI Company) working at 80 

kV. The cross-section sample for TEM analysis was prepared using a dual beam microscope–

Helios Nanolab 650 (FEI Company). 

A micro Raman analysis was conducted in the backscattering configuration on a Jobin Yvon 

HR800 instrument (Horiba), using a 1800 l/mm grating for the visible lines (632.8 nm red, 532 nm 

green and 442 nm blue) and a 2400 l/mm one for the near UV line (325 nm). In all cases, the spot 

size was smaller than 2 µm, while the Rayleigh rejection was made by edge filters allowing Raman 

acquisition at least from 200 cm-1, the backscattered Raman radiation being detected by a Peltier 

cooled (223K) CCD sensor.  

The experimental apparatus used to appraise the heat dissipation ability of the samples is 

sketched in Fig. 4.1. In this setup, two samples (Si/NCD as reference and Si/NCD/DNPs as test 

sample) are heated simultaneously on the same Peltier cell (RS, 4×4 cm2) at room conditions. The 

thermal coupling between the cell and samples was accomplished using the same amount of a heat 

sink material. A plastic cuvette with open ends enclosing the samples ensured that the air columns 

above each sample did not mix. Two similar thermocouples A and B, placed at 4 cm height from 

the samples surface, were used to measure the air columns average temperature and a third 

thermocouple C was used to measure the temperature at the Peltier cell surface. The thermocouples 

used were all commercial grade K-type (RS) with 0.2 mm diameter tip (ungrounded and exposed). 

The data from thermocouples A and B were retrieved and logged by the same instrument (RS 1316 

Dual Datalogger thermometer).  
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The Peltier cell was then placed inside a vertically positioned acrylic cylinder with opened tops 

to suppress circulating air currents striking the apparatus. After each increment of the electrical 

current in the Peltier by steps of 0.2 A, the system was allowed to stabilize for 30 minutes, before 7 

measurements spaced by 10 s took place. This allows one to build statistics and to account for the 

effects of convection at the thermocouples tip, especially at a higher temperature range (> 90 ºC), 

where measurement fluctuations of a few tenths of degrees Celsius were observed. 

 

 

 
Fig. 4.1: Sketch of the experimental apparatus used for heat dissipation measurements. 

  

 

 

4.4. Results and discussion 
 

The as-grown samples have a uniform, dark bluish appearance to the naked eye. Low 

magnification SEM observations of the coatings reveal a porous structure where the void spaces are 

delimited by confining flat walls, thus defining uncovered rooms (Fig. 4.2a). In more detail, such 

complex labyrinth-like structure consists in upright disposed platelets, as depicted in Fig. 4.2b. 

These are intrinsically thin (< 100 nm) with lengths of about 1-2 µm. Non-faceted irregular 

particles cover all the flat exposed faces of the nanoplatelets and part of the edges. This kind of 

morphology was earlier described as “nanodiamond film with ridge surface morphology” [11].   

In order to identify the present carbon phases and assess their structural quality, a multi-

wavelength micro Raman study was carried out. The resulting spectra collected from a 
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representative sample region are plotted in Fig. 4.3, after linear background removal and 

normalization to the 1580 cm-1 G band. In order to facilitate the interpretation, reference lines were 

inserted and labeled corresponding to characteristic vibration modes of the main present phases: 

diamond, graphite, amorphous carbon and transpolyacetylene (TPA). The T2g diamond signature at 

1332 cm-1 increases with the excitation energy, thus being more visible as the laser wavelength 

decreases from 632.8 nm to 325 nm. This is mainly due to the approaching of resonant conditions 

as the exciting energy moves towards the band-gap of diamond, rendering the Raman effect more 

efficient [20]. On the other hand, the sp2 related D band, corresponding to radial breathing modes 

of aromatic rings in defective regions, decreases its intensity and shifts to higher wavenumbers, 

denoting a lower resonance energy and a linear dispersive nature [21]. This band is the most 

prominent in the collected spectra using the 532 nm and 633 nm lines, and is usually accompanied 

by a weaker one at 1620 cm-1 (D'). The TPA bands, an indirect signature of nanocrystalline 

diamond, also shift with laser wavelength, although their intensity is much weaker, vanishing as the 

wavelength decreases, as reported earlier [22].  

 

 

	
Fig. 4.2: a) Low magnification SEM micrograph of the as-grown nanoplatelet film; b) magnified SEM 
image within the same region. 
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Fig. 4.3: Multi-wavelength micro-Raman spectra of the as-grown nanoplatelet film. 
 

 

 

This may be due to the reduced penetration depth of the UV radiation, decreasing the Raman 

interaction volume and therefore inspecting fewer diamond grain boundaries, where TPA is 

supposed to remain. The G band (graphite E2g mode) is present in all spectra. However, it becomes 

less visible in those that contain amorphous carbon (a-C), the 2nd TPA and the D' band 

contributions (c.a. 1480 cm-1, c.a.1530 cm-1 and 1620 cm-1, respectively), due to overlapping. 

Considering all that, the presence of graphitic material is confirmed, along with the presence of 

diamond phases, namely NCD (presence of TPA). From the UV spectrum, one is tempted to admit 

that NCD lays at the surface, since the UV radiation cannot penetrate much. However, since the 

radiation is strongly absorbed by the dark graphitic material (visible lines) and the diamond phase 

(UV line), in both cases the penetration depth is much probably reduced. Therefore, one can hardly 

say whether the outer regions are NCD or graphitic.  

In order to clarify this issue, a TEM analysis was undertaken in a cross section of a coated 

platelet prepared with focused ion beam (FIB) in a dual-beam microscope, Figs. 4.4 and 4.5. 

Initially, a selected area electron diffraction (SAD) pattern was obtained in the overall region along 

the diamond [211] zone axis, Fig. 4.4a.  
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Fig. 4.4: a) SAD pattern of one platelet along the diamond [211] zone axis and, b) corresponding low 
magnification bright field image c) the centered dark-field images of the diffraction spots showed on a) 
with Greek symbols.   

 

 

The indexed spots in the SAD correspond to diamond diffracting planes, while the two 

remaining ones, with lower spatial frequency, are due to graphite. Subsequently, centered dark-

field (CDF) images were acquired, each one taken from corresponding diffracted spots: α, β 

(diamond) and γ (graphite). On CDF images, the brighter regions indicate which parts of the 

sample contribute to the diffraction spot selected by the objective aperture. Thus, observation of 

these images unequivocally reflects the diamond nature of the platelet core contrasting with the 

outer graphitic coating. In fact, this graphitic phase formation is unavoidable considering the high 

temperatures and methane concentrations required for the DNPs synthesis. The inspected sliced 

region has a leaf-like shape appearing embedded in the nanostructured platinum matrix used as a 

protection layer in the FIB sample preparation. The real sample shape is more evident in the image 

generated by the γ diffraction spot, the whitish region corresponding to the graphitic material that 

involves the nanodiamond plate, while the exceeding grayish matter is the Pt matrix. This 

diffraction spot displays some blurring, denoting that the graphite crystallites contributing to the 

overall intensity are nanosized.  A careful look at these images allows concluding that the diamond 

plate evolves from the underlying NCD film up to the structure apex. Considering that these 

formations are upright disposed, this may explain why the UV Raman inspection detected both 

diamond and graphite, despite the short penetration depth of the UV radiation. In fact, this way 

both carbon phases appear exposed to the same focusing plane. The same results were seen in 

others platelets on the cross-section sample (not shown). 

The magnified bright field image of the same nanoplatelet, shown in Fig. 4.5, further suggests 

the continuity of the inner diamond core. From the heat dynamics point of view, this feature is 

crucial in order to obtain an adequate heat removal from the underlying film and to effectively 

spread it to the high surface area interface provided by the 2D morphology. A model of the 

diamond structure on [211] zone axis was sketched in the inset of Fig. 4.5. By comparing to the 
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high-resolution TEM image, the platelet core can be ambiguously assigned to diamond. Moreover, 

the platelet orientation tends to be parallel to the {111} set of planes, as also seen on Fig. 4.4. This 

observation is in agreement with the work carried by Chen et at. [5] corroborating that inhibition of 

crystal growth occurs along [111]. This anisotropic growth behavior results in vertically aligned 

diamond thin platelets having lateral {111} texture. 

In addition to the crystalline phases discussed above, the samples also contain a-C, in agreement 

with the observation of the c.a. 1530 cm-1 broad bands in the Raman spectra. Possible reasons for 

the formation of amorphous-carbon (a-C) are (i) the high concentration of methane radicals within 

the plasma and/or (ii) the intense plasma etching of the forming diamond platelet, arising from the 

very high deposition temperatures (> 1000 ºC), which results in partial amorphization. However, 

high temperature and methane concentration were found to be needed to synthesize this platelet-

like morphology; otherwise regular polyhedral diamond grains would form.  

 

 

	
Fig. 4.5: High-resolution TEM image of a nanoplatelet. The area within the white square is zoomed in 
the inset with the model of the diamond structure on the [211] zone axis (green balls). 
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Although the thermal properties of a-C are highly dependent on the sp3/sp2 ratio and 

hydrogenation degree [23], the excessive amount of a-C is undesirable, especially considering the 

proposed application of these nanocarbon forms as heat dissipation coatings. In fact, Hurler et. al. 

[24] used the mirage effect technique to calculate the thermal conductivity of a-C:H films and 

found an approximate value of 1 W/m.K, very low compared to diamond (2000 W/m.K, decreases 

with decreasing grain size) [25-26] and crystalline graphite, 3-10 W/m.K (transverse) and 150-500 

W/m.K (in plane) [27]. In order to minimize the excessive a-C content as suggested by the Raman 

spectra, posterior thermal treatments were conducted in air at 400 ºC during 15 hours. The Raman 

spectra of the as-grown and heat treated samples are shown in Fig. 4.6.  

 

 

 
Fig. 4.6: Raman spectra of the as-grown and heat treated samples, normalized to the G band (1580cm-1). 
The spectrum of the heat treated sample was fitted with Gauss-Lorentz shapes (black curves) and the 
corresponding sum is plotted in red. 

 

 

One can readily depict the total disappearance of the first TPA band (c.a. 1170 cm-1) as well as 

intense decrease in the second TPA and amorphous carbon band region (1450 to 1550 cm-1), 

leading to a much less convoluted spectra, where the diamond peak, D, G and D’ bands are now 

well distinguishable. This confirms that a-C purification of the as-grown samples was 

accomplished by the heat treatment. Interestingly, the purification process allowed one to 

investigate the crystallinity of each phase by performing adequate and unambiguous Gauss-Lorentz 

band fitting, which in the case of the as-grown samples is ruled out by the clear violation of the 

Rayleigh criterion. 

The calculated FWHM of the diamond signature peak (11.05 cm-1) and of the G-band (24.57 

cm-1) indicate a high crystalline nature of both the diamond and graphite phases, suggesting that no 
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damage of the correspondent crystal lattice occurred. In a recent work on Raman spectroscopy of 

nanographite [28], Raman spectra were collected from nanographite samples with different grain 

sizes. The spectrum corresponding to the 30 nm grain sized sample shows a remarkable similarity 

to the one here obtained for the heat treated sample (disregarding the diamond and remaining a-C 

contributions). Additionally, the measured G band linewidth in the same spectrum matches well 

that expected for graphite having an average crystallite size around 30 nm, according to the same 

work. No additional changes to the Raman spectrum were observed by extending the treatment 

duration up to 24 hours. Thus, in addition to the a-C purifying effect, one can also conclude that 

thermal dissipation operations in air at high temperatures are possible with no structural damage of 

the crystalline forms that compose this nanocarbon hybrid.  

The heat-treated samples were therefore the ones selected for the thermal dissipation 

measurements. In Fig. 4.7 it is represented the differential temperature between air columns above 

the NCD/DNP film and reference NCD samples, plotted in function of the Peltier surface 

temperature. 

 

 

	
Fig. 4.7: Differential temperature between air columns above the NCD/graphite nanoplatelet film and 
reference NCD samples. The two data sets were obtained in separate runs in which the samples 
placement was exchanged (see Fig. 4.1). 
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In order to check possible temperature non-homogeneity of the Peltier surface, which would 

influence the dissipation measurements, the placing of the two samples was exchanged and the 

measurements were repeated (accounting for the two sets of data in Fig. 4.7). In both cases, the 

positive differential temperature means that the average temperature of air column above DNPs is 

higher than the one above the NCD, as a consequence of the higher heat dissipation rate of the 

DNPs sample. One can also check that the differential temperature is increasing as the temperature 

in the Peltier surface also increases. The maximum average differential temperature obtained was 

2.1 ºC at an absolute temperature of 132 ºC. Such a difference in dissipation behavior is due to the 

high specific surface area of the diamond nanoplatelets, estimated to be about 10× higher than that 

of as grown planar NCD, after stereological analysis based on the representative SEM micrograph 

of Fig. 4.2a. The calculation was made using the ImageJ software, with appropriate filtering in 

order to enable the quantification of the total DNPs edge length and considering a constant average 

DNP height of 1.5 µm. This specific surface area enhancement promotes a more efficient heat 

transfer to air under natural convection conditions, when compared to smoother NCD films. This 

improvement is expected to be more pronounced if one considers forced convection dissipation 

mechanisms (e.g. fan assisted cooling in laptops), due to induced turbulence on the platelets that 

effectively increase the heat transfer coefficient. 

The ability to effectively dissipate heat while maintaining low production cost, weight and 

thickness are crucial characteristics when developing thermal management solutions for the 

increasingly miniaturized, yet powerful, new generations of a wide variety of devices. For instance, 

they must be able to deal with the increasingly elevated heat generation density of the modern CPU 

chips [29], which constitutes one of the obstacles to the further enhancement of computing 

performance in the near future [30]. Other target applications include thermal management of light 

emitting diodes, LASERs and a plethora of amplifiers, among others.  
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4.5. Conclusion 
 

This work reports a rapid, single-run MPCVD growth of a multilayer NCD/vertically-aligned 

nanoplatelets film on Si substrates. In fact, the developed process is much less intricate and the 

growth takes only 20 minutes, which is a considerably less time, when compared to those reported 

in literature for obtaining similar structures [5-14]. The nanoplatelets are constituted by an inner 

thin diamond core having an outer graphitic/a-C coating, as demonstrated by multi-wavelength 

Raman spectroscopy and TEM. The majority of a-C present in the sample was removed by heat 

treatments in air at 400 ºC during 15 hours. It was experimentally shown that the addition of the 

nanoplatelet film on NCD surface improves the heat dissipation capability under natural convection 

ruled conditions. It is important to note that further enhancement is expected by totally exposing 

the inner diamond platelets.  Nevertheless, even though the presence of a graphitic outer layer 

could compromise the heat transfer characteristics, the approximately ten fold increase in surface 

area provided by the nanoplatelet film assumes the most important role, leading to a more efficient 

heat transfer to the surrounding environment. Once this material can be grown on all substrates that 

are CVD diamond compatible, its application to a wide variety of devices is straightforward 

whenever compact thermal management is required.  
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Chapter 5 
 

 

Diamond-Graphite Nanoplatelets as 

Sensors and Actuators in Biomedical 

Devices 
 
 
 
This chapter focuses on the application of DGNP electrodes in biomedical devices. Indeed, the 

intrinsic structural resistance to prolonged exposition to biological solutions, in conjunction with 
their adequate electric and electrochemical characteristics and morphology, turn these 
nanocarbon hybrids conceptually amenable for bioelectrodes. For that purpose, two proof-of-
concept applications were pursued, namely (i) the assembling of electrical stimulation prototypes 
able to control aspects of biological cell cultures, such as cell proliferation and differentiation 
processes (Section 5.1), and (ii) the fabrication of label-free DGNP electrochemical biosensors for 
the specific detection of avidin molecules, whose inherent concept can be extended to 
immunosensors for early detection of cancer biomarkers (Section 5.3).  

As introduction to Section 5.3, Section 5.2 briefly introduces electrochemical biosensors based 
on affinity interactions and exposes the fundamentals on label-free impedimetric sensing approach. 
Finally, similarly to NCD-CNTs and GDHs in Section 2.2 and Section 3.2, respectively, the 
prospect of DGNP miniaturization is a primary concern when assessing its applicability in modern 
electronics and biomedical devices; thus, the patterning of DGNPs is discussed in Section 5.4, with 
special focus on the dry etching (RIE) process. 
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5.1 
 

 

 

Diamond-Graphite Nanoplatelet Surfaces 

as Conductive Substrates for the Electrical 

Stimulation of Cell Functions 
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5.1.1. Abstract 
 

The nanocarbon allotropes constitute valid alternatives when designing control and actuation 

devices for electrically-assisted tissue regeneration purposes, gathering among them important 

characteristics such as chemical inertness, biocompatibility, extreme mechanical properties and, 

importantly, low and tailorable electrical resistivity. In this work, coatings of thin (100 nm) 

vertically aligned nanoplatelets composed of diamond (5 nm) and graphite are produced via 

microwave plasma chemical vapor deposition (MPCVD) technique and used as substrates for 

electrical stimulation of MC3T3-E1 preosteoblasts. Increasing the amount of N2 up to 14.5 vol% 

during growth lowers the coatings’ electrical resistivity by over one order of magnitude, triggers 

the nanoplatelet vertical growth and leads to higher crystalline quality of the nanographite phase. 

When preosteoblasts are cultured on these substrates and subjected to two consecutive daily 

cycles of 3 µA direct current stimulation, enhanced cell proliferation and metabolism is observed, 

accompanied by high cell viability. Furthermore, in absence of DC stimulation, alkaline 

phosphatase (ALP) activity is increased significantly, denoting an up-regulating effect of 

preosteoblastic maturation intrinsically exerted by the nanoplatelets substrates. 

Keywords: nanocarbon hybrids, biocompatibility, electrical stimulation, preosteoblasts, 
proliferation, differentiation.  
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5.1.2. Introduction 
 

Regenerative medicine has been matter of growing scientific interest within the last decades. 

Despite the achievement of important landmarks, certain diseases and injuries still need to be 

medically addressed in great scale [1, 2], prompting a window for multidisciplinary research. Over 

the years a plethora of biomaterials have been developed to modulate different biologic processes 

in order to enhance the cell response, mainly for tissue regeneration purposes [3-6]. Such 

biomaterials have been fabricated in different forms, such as tridimensional scaffolds [7-10], 

electroconductive substrates [11-16] and/or materials whose surfaces were modified by 

functionalization processes with chemical or biological molecules [17-21], among others. 

Depending on the final biomedical application, the commonly employed materials in the synthesis 

of biomaterials for tissue engineering include ceramics, used mainly in bone regeneration 

applications (e.g. calcium phosphate) [22,23], polymers (e.g. Collagen, polylactic acid...), proposed 

in a great variety of applications [24-29], and metals (e.g. silver) [30,31]. 

Apart from chemical and biological active agents it is known that, in certain cases such as bone, 

neural and cardiac tissue regeneration, the application of an electric field acts as adjuvant and 

enhances the regeneration process, accelerating or improving tissue growth or wound healing [32-

37]. Specifically, several studies point that the application of external electrical stimuli enhances 

cell processes such as adhesion, proliferation, differentiation and metabolic activity [38-42]. In this 

sense, the presence of residual permanent charges on the material surface, positive or negative, as 

well as electrical stimulation, could promote the attraction of charged ions from the cell 

environment increasing the surface protein adsorption with the subsequent influence on the cell 

response [43-45]. 

Another important class of biomaterials currently proposed for tissue regeneration purposes is 

that of nanocarbon allotropes, since carbon is naturally abundant and constitutes a basal element for 

all known life. Furthermore, they can provide the electrical characteristics needed for low 

voltage/current stimulation of cells. The physico-chemical properties of carbon nanostructures are 

dependent on both the hybridization type of s and p orbitals (sp2 or sp3) and effects related to 

nanoscale reduction. The sp3 bonding of diamond leads to charge isolating behavior, since all 

orbitals participate in covalent bonding with the four tetrahedrally coordinated carbon atoms. 

Nevertheless, the fully covalent nature of diamond, combined with its dense face-centered cubic 

structure renders diamond a superior stiffness and hardness and outstanding thermal properties. 

Importantly, diamond is biocompatible due to its chemical inertness to organic liquids, inorganic 

acids, oxidation up to 600 ºC and inertness to molecular hydrogen [46,47]. In turn, graphite can be 

thought as the ordered pilling of graphene sheets, whose building block is the hexagon formed by 
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the covalently sp2 bound carbons in trigonal symmetry, commonly referred as honeycomb lattice. 

The graphene sheets are bonded together by weak Van der Waals forces originated by the in-plane 

delocalized p electrons, which are also responsible for the anisotropic resistivity of graphite (c.a. 

5x10-6 and 10-3 Ω.m for in-plane and transverse directions, respectively [46]). Additionally, 

graphite is well known for its chemical inertness to acids and alkalines, corrosive gases and only 

susceptible to oxidation and hydrogenation above 1000 ºC [46]. 

In this work, carbon hybrid films composed of vertically aligned diamond nanoplatelets coated 

with nanographite were synthesized by microwave plasma chemical vapor deposition (MPCVD). 

These films were used as templates for in vitro electrical stimulation in order to enhance 

proliferation and differentiation of M3CT3 preosteoblasts. For simplicity, these hybrid films will 

be referred as DNPs throughout the text. The proper combination of sp2/sp3 allotropes in one all-

carbon hybrid material could result in a synergistic effect of the properties of each, potentially 

providing crucial characteristics such as mechanical strength, biocompatibility and chemical 

stability, combined with enhanced surface area and reduced electrical resistivity. Some aspects 

related to synthesis procedures are discussed, especially regarding the influence of the nitrogen 

addition during growth on the morphology, phase purity and electrical resistivity of the thin films. 

Finally, the proliferation, lactate dehydrogenase (LDH) balance, viability, metabolic activity, 

morphology and differentiation process of MC3T3-E1 preosteoblasts cultured on DNPs substrates 

in the absence or presence of electrical stimulus were investigated.  

 

 

 

5.1.3. Experimental Section 
 

5.1.3.1. Synthesis Procedure and Characterization of DNPs Substrates 

 

The substrates consisted of 1×1cm2 squares diced from <100> p-type Si wafers (Siegert, 

resistivity of 10-1-10-2 Ω.m). After a mechanical abrasion seeding pre-treatment using a 

nanodiamond suspension, the Si squares were placed on a cooled Mo holder inside the MPCVD 

reactor (ASTeX PDS 18, 6 kW) and a nanocrystalline diamond (NCD) interlayer growth took place 

for 30 minutes at a pressure of 100 Torr, an applied MW power of 3 kW and H2:CH4:N2 flow ratios 

of 11:1:0.06. The NCD interlayer prevents from Si plasma etching and its posterior diffusion to the 

DNPs layer to be grown, which could result in the formation of cytotoxic hazardous compounds at 

the interface with the biological cells. The Si/NCD substrates were then transferred to graphite 

susceptors, which allow attaining the high (> 1000ºC) temperatures needed to synthesize the DNPs. 
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The DNPs layer synthesis was performed at a fixed duration of 25 minutes at a pressure of 90 Torr, 

a MW power of 2.5 kW and a low H2:CH4 flow ratio of 6:1.The amount of N2 was varied from 0 to 

14.5vol% in consecutive MPCVD runs.  

The films were morphologically assessed through scanning electron microscopy (SEM) 

measurements (TESCAN Vega3 SBH). Optical profilometry imaging (Sensofar, 150 nm lateral 

resolution via confocal microscopy and vertical resolution of 1 nm with interferometry) was used 

to inspect the surface topography. The structural aspects and phase purity were inspected by Raman 

spectroscopy in backscattering configuration (Horiba Jobin-Yvon HR800) at room temperature. 

The 442 nm laser line of a He-Cd laser was selected for Raman excitation due to the appropriate 

balance of the Raman scattering cross sections of the different carbon phases, rendering a rich 

spectrum containing the signature bands related to sp3 and sp2 hybridizations. Edge filters for 

Rayleigh scattering rejection were used, along with a 1800 l/mm grating and a peltier-cooled (223 

K) CCD detector, yielding a frequency resolution of 1 cm-1, while a spot size of c.a. 1 µm was 

attained using a 100x objective with 0.9 NA. All spectra were corrected with respect to background 

luminescence and lorentzian functions were used in band fitting (Labspec software), except for the 

1535 and 1320 cm-1 bands (gaussian functions). Surface functional groups at the DNPs surface 

were accessed via Fourier transform infrared spectroscopy (FTIR) through a Mattson 7000 system 

equipped with a deuterated-triglycine sulfate (DTGS) detector and a cesium iodide window.  

The samples’ electrical resistances were measured via a homemade Van der Pauw apparatus. 

Four thin (70 µm) copper wires were ohmically connected to the corners of a sample by means of 

10 µL silver ink droplets. Basically, while a current is forced in one pair of contacts, a voltage drop 

is measured on the other pair. The sheet resistance is then calculated through ohm´s law and the 

process is repeated and averaged over the other possible current/voltage contact arrangements, both 

at forward and reverse polarity. This allows accessing the uniformity and reliability of the 

measurements. Resistivity values (Ω.m) were obtained by multiplying the mean values of sheet 

resistance by the DNPs layer thickness determined by cross sectional SEM measurements. 

 

 

5.1.3.2. Sample Stabilization, Cell Culture and Electrical Stimulation 

 

The DNPs substrates were sterilized under UV light for 30 minutes each side, placed in 24-well 

culture plates and submerged in Alpha Minimum Essential Medium Eagle (α-MEM, Sigma) 

supplemented with 10% Fetal Bovine Serum (FBS, Gibco, BRL), 1 mM L-glutamine 

(BioWhittaker), 200 µg/mL penicillin (BioWhittaker), 200 µg/mL streptomycin (BioWhittaker), 50 

µg/mL β-glycerolphosphate (Sigma) and 10 mM L-ascorbic acid (Sigma), under a 5% CO2 
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atmosphere at 37 ºC for 24 hours to stabilize to them. Then, murine MC3T3-E1 preosteoblasts 

(mouse C57BL/6 calvaria), as undifferentiated osteoblast-like cells, were seeded at a density of 

7.5x103 cells per mL in α-MEM supplemented, as it was detailed above. Such cellular density was 

seeded under three different experimental conditions: (i) directly onto 24-well plates without DNPs 

substrates (control condition, C), (ii) directly onto the surface of stabilized DNPs substrates, to 

which any electrical stimulus was not applied (DNP condition) and (iii) directly onto the surface of 

stabilized DNPs substrates, to which a direct current electrical stimulation of 3 µA was applied 

(DC condition). After cell seeding, all cell cultures were maintained under a 5% CO2 humidified 

atmosphere, at 37 ºC for 24 hours before starting the electrical stimulation, to allow the cell 

adhesion to the substrates. 

Schematically, Fig. 5.1.1a and Fig. 5.1.1b show DNPs substrates connected to each other in an 

electrical series scheme to have the same current intensity through each one. A Keithley 2400 

power supply was used as direct current source and voltmeter. Each individual plate’s voltage drop 

was measured at 3 µA direct current and it was found to be fairly consistent, 0.2 mV in each plate 

(0.8 mV in the series of four plates, as seen in Fig. 5.1.1a, indicating the reproducibility of both the 

DNPs substrates as well as that of the electrical stimulation apparatus itself.  

Twenty-four hours after the cell seeding, two daily consecutive cycles of electrical stimulation 

by direct current (3 µA), composed of 90 minutes each one were applied only to DNPs substrates 

under the DC condition. The resting interval between each daily electrical stimulation cycle was of 

30 minutes. This procedure was repeated during two consecutive days (Fig. 5.1.1c). Then, after the 

last electrical stimulus, all cell cultures were maintained at 37 ºC under a 5% CO2 humidified 

atmosphere. Finally, different cellular assays were performed to two different times: (i) 24 hours 

after the last electrical stimulus; this is, 3 days after cell seeding in order to study the effects on 

MC3T3-E1 preosteoblasts caused by the direct current to short term and (ii) 15 days after seeding 

in order to know the effects to long term.  
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Fig. 5.1.1: Schematic representation of the electrical stimulation apparatus. a) Electrodes consisted 

of plungers with a spring inserted in barrels of gold-coated copper–nickel. b) Magnified image of a 
representative well in DC condition. c) Daily electrical stimulation procedure applied during two 
consecutive days. 
 

 

5.1.3.3. Viability/Proliferation 

 

The dye exclusion test was used to estimate the cell viability/proliferation. After 3 days of 

culture, cells cultured under all tested conditions (C, DNP and DC) were washed with phosphate-

buffered saline (PBS) and incubated with 0.25% trypsin-EDTA for 10 minutes in 5% CO2 

atmosphere at 37 ºC to detach. Cells were resuspended in culture medium and analyzed with the 

viability analyzer (Vi-CELLTMRX, Beckman Coulter). The cell diameter values were also obtained 

from this equipment.  

 

 

5.1.3.4. Mitochondrial Activity 

 

The mitochondrial activity test (MTT test) is a colorimetric assay used to determine the 

enzymatic activity based on the activity of the mitochondrial dehydrogenases of living cells, which 

reduce yellow 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) to blue 

formazan. The reduction of the tetrazolium salt, MTT, to formazan is carried out by NAD(P)H-

dependent oxidoreductase enzymes largely localized in the mitochondrial and cytosolic 

compartment of the cell and such reduction is dependent on the cellular metabolic activity due to 
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NAD(P)H flux. Thus, the quantity of formazan produced is directly proportional to the number of 

living cells, present during MTT exposure, and could be used to reflect the reductive potential of 

the cells. 

After 3 days of culture, cells cultured under all tested conditions (C, DNP and DC) were 

incubated for 4 hours with 0.5 mg/mL MTT solution (Sigma) and the formed formazan crystals 

were dissolved with 0.1N HCl MTT solvent (Sigma). The absorbance was measured 

spectrophotometrically at wavelength of 570 nm. 

 

 

5.1.3.5. Lactate Dehydrogenase Leakage  

 

Lactate dehydrogenase (LDH) leakage measurements were performed to assess cell membrane 

integrity. After 3 days of culture, extracellular culture medium of all tested conditions (C, DNP and 

DC) was collected for measuring extracellular LDH activity. Subsequently, cells cultured under C, 

DNP and DC conditions were washed with PBS and lysed with 1% Triton X-100 for 45 minutes to 

promote total LDH release (intracellular LDH activity). Both extracellular culture medium and 

lysed cell suspensions were centrifuged and their respective supernatants were assayed for LDH 

activity spectrophotometrically at 340 nm, by following the oxidation of NADH (decrease in 

absorbance) in the presence of pyruvate. LDH leakage was expressed as a ratio of 

extracellular/intracellular LDH activity. 

 

 

5.1.3.6. Cell Morphology 

 

After 3 days of culture, cells cultured under C, DNP and DC conditions were fixed with 

glutaraldehyde (10% in PBS) for 2 hours. Cell dehydration was performed by slow water 

replacement, using a series of ethanol solutions (20%, 30%, 50%, 70% and 90%) followed by a 

final dehydration in absolute ethanol. Scanning Electron Microscope (SEM) (TESCAN Vega3 

SBH) and optical profilometry imaging (Sensofar, 150 nm lateral resolution via confocal 

microscopy and vertical resolution of 1 nm with interferometry) were used to collect the images. 
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5.1.3.7. Alkaline Phosphatase Activity 

 

The alkaline phosphatase (ALP) activity of growing preosteoblasts under C, DNP and DC 

conditions was used as the key differentiation marker in assessing expression of the osteoblast 

phenotype. After 3 days of culture, cells were lysed by 3 consecutive freezing/thawing cycles. 

Lysates were incubated with 10 mM pNPP solution in the culture conditions and the addition of 2 

M NaOH stopped the reactions. Cellular ALP activities were measured spectrophotometrically, by 

measuring the increase in absorbance at 405 nm accompanying the production of p-nitrophenol and 

normalized by the cell protein content, which was determined by the Bradford’s method.  

 

 

5.1.3.8. Matrix Mineralization 

 

Detection of calcium deposits was performed in MC3T3-E1 preosteoblasts cultured under C, 

DNP and DC conditions by alizarin red staining. After 15 days of culture, cells were washed with 

PBS and then fixed with glutaraldehyde (10% PBS) for 1 hour. Cell cultures were stained with 40 

mM alizarin red in distilled water (pH 4.2) for 45 minutes at room temperature. Subsequently, cell 

monolayers were washed gently with distilled water and the calcium deposits were dissolved with 

10% cetylpyridinum chloride in 10 mM sodium phosphate, pH 7.0, and absorbance was measured 

at 620 nm. 

 

 

5.1.3.9. Statistical methods 

 

The cellular assays derived data are expressed as means ± standard deviations of a 

representative of three experiments carried out in triplicate. Statistical analysis was performed 

using the Statistical Package for the Social Sciences (SPSS) version 19 software. Statistical 

comparisons were made by analysis of variance (ANOVA). Scheffé test was used for post hoc 

evaluations of differences among groups. In all of the statistical evaluations, p ˂0.05 was 

considered as statistically significant. 
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5.1.4. Results and Discussion 
 

5.1.4.1. Synthesis and Characterization of DNPs Substrates 

 

 
Fig. 5.1.2: SEM micrographs of a) NCD interlayer and b-f) DNPs layers grown at 0, 4.3, 7.8, 11.3 

and 14.5 vol% N2 partial flows, respectively. g) Magnified SEM micrograph of a DNPs substrate grown 
at 14.5 vol% N2. h) High Z-resolution optical profilometry image of the outermost topography of DNPs 
layer grown at 14.5 vol% N2. i) Cross section cleavage view of the substrate grown at 14.5 vol% N2. All 
images are representative of the different synthesized substrates. 
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Fig. 5.1.2a shows the SEM micrograph of the NCD interlayer deposited on the Si substrate. The 

NCD interlayer is characterized by average crystallite sizes of c.a. 50 nm, showing no voids or 

gasps. Fig. 5.1.2b-f depicts the SEM images of the DNP samples grown on the top of the NCD 

interlayer at variable N2 partial flows. With increasing N2 content (Fig. 5.1.2b-f), the morphology 

continuously evolves from densely packed ridge-like grains to fully developed nanoplatelets having 

conspicuous edges, forming submicron pores between them. At 14.5 vol% N2, the nanoplatelets 

present 1 to 2 µm lengths, about 100 nm in thickness and preferential vertical alignment, leading to 

the appearance of steep voids (Fig. 5.1.2g). The corresponding cross section SEM image (Fig. 

5.1.2i) depicts the NCD interlayer and the upper porous DNPs film having thicknesses of c.a. 1.5 

and 3.5 µm, respectively. The detailed microstructure of DNPs grown in a similar regime was 

previously investigated by TEM and multi-wavelength Raman spectroscopy [48], revealing the 

presence of inner 5 nm diamond platelets covered by a nanographitic coating (total thickness of c.a. 

100 nm), as schematically represented in Fig. 5.1.3.  

 

 

 
Fig. 5.1.3: Schematic representation of the Si/NCD/DNPs (14.5 vol% N2) multilayer materials used 

for the electrical stimulation of MC3T3-E1 preosteoblasts. 
 

 

The diamond thus forms a porous, hard and stiff nanotemplate, while the nanographite coating 

is responsible for the low electrical resistivity (as further discussed later). The topography of the 

DNPs surface was further accessed by 3D optical profilometry. The image in Fig. 5.1.2h reveals 

that, in addition to the enhanced root mean square roughness arising from the high aspect ratio of 
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the DNPs, other topographic features that lie within the 1 to 10 µm range are also present.  These 

features arise from the different heights of the platelets and from dome-like DNPs microaggregates. 

In Fig. 5.1.4a representative first order Raman spectra of the DNPs layers grown at different N2 

partial flows of the plasma feed gas are depicted with their respective band fitting. The spectrum of 

the NCD interlayer is also shown for comparison purposes. Regarding the DNPs layer, the most 

prominent features are (i) a peak at 1332 cm-1 (diamond peak) arising from the tetrahedrally-

coordinated sp3 carbons, (ii) a broad band at 1370 cm-1 (D band) related to the breathing mode of 

defective sp2 carbon aromatic rings and (iii) an intense and well defined band at c.a. 1583 cm-1 (G-

band) related to C-C vibrations in ordered graphitic domains. The G band is accompanied by a 

small shoulder at c.a. 1620 cm-1 (the D’ band), typically present in the spectra of nanographite.  

A weak band appears at 1150 cm-1 originating from trans-polyacetylene (TPA) chains, which 

form within the diamond grain boundaries being thus indicative of the nanosized nature of the 

grains, since only in that case is the concentration of such chains relevant to the Raman spectra 

(provided that the excitation wavelength ensures a suitable excitation cross-section for that 

vibrational mode). A second TPA band also appears at c.a. 1500 cm-1, although strongly 

convoluted with a broad band at 1530 cm-1, which is associated with G-like C-C vibrations in 

amorphized graphitic phases. The two TPA bands are much more relevant in the spectrum of the 

NCD interlayer, reflecting the excessive concentration of grain boundaries in dense NCD 

contrasting with the porous morphology of the 1-2 µm length DNPs films (Fig. 5.1.2). The D-band 

of the NCD spectrum is broader and presents a redshift of c.a. 16 cm-1 and the G band is broadened 

and blueshifted by c.a. 17 cm-1 in relation to the DNPs counterpart. These differences arise due to 

the presence of nanographitic phases in NCD films having smaller ordered domains (e.g. lower 

crystallite size) when compared to the nanographite phase of the DNPs layer. Those phases are 

placed at the grain boundaries of the NCD interlayer along with the TPA chains and amorphous 

carbon species. Such ordering difference between the sp2 phases of the NCD interlayer and the 

DNPs films is also patent in the second order region (Fig. 5.1.4b), where an intense and 

asymmetric 2D band placed at c.a. 2740 cm-1 appears in the DNPs spectra together with the 

remaining overtones, while in the NCD spectra only a poorly modulated bump is seen. The 

presence of both nanodiamond and nanographite in the DNPs hybrid films is therefore confirmed. 

Lastly, two additional bands at c.a. 1240 and 1320 cm-1 are also needed to properly fit the spectra 

of Fig. 5.1.4a. The first band is most likely also related to TPA or other oleofinic molecules, while 

the later could be related to phonon confinement effects within the thin (c.a. 5 nm) inner diamond 

platelets [49]. 
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Fig. 5.1.4: Raman studies and electrical resistivity of DNPs substrates grown at variable N2 gas 

content. a) First order Raman spectra and respective band fitting. b) Second order region Raman 
spectra. c) Evolution of the D and G bands’ FWHM and of the ID/IG ratio. d) Calculated resistivity of 
DNPs substrates. 

 

 

Along with the monitoring of the Raman D and G bands’ full width at half maximum (FWHM), 

the ID/IG ratio can be used to infer about graphitic phase evolution of the DNPs films with varying 

N2 content of the feed gas, such that it will increase with disorder. This dependence is only true for 

sp2 phases obeying the Tuinstra-Konig relation [50,51] which states that the ID/IG is proportional to 
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the inverse of the mean size of ordered domains, thus constituting a measure of crystallinity degree. 

While not true for a-C (i.e., for the G-like 1530 cm-1 band), or even very small graphite crystallite 

sizes (< 3 nm) where the G band is blueshifted to c.a. 1600 cm-1, the premise is known to be true 

for sp2 phases presenting well-defined G bands at 1583 cm-1. As seen in Fig. 5.1.4c, both the ID/IG 

and the FWHM of the G and D bands have decreasing trends with increasing N2 content of the feed 

gas, denoting an ordering trajectory of the graphite phase, with the minimum values occurring for 

14.5 vol% N2. The D band FWHM decreases more than the G band counterpart, also a 

characteristic of graphitic phase ordering trajectory. In addition, the samples’ resistivity (Fig. 

5.1.4d) decreases with increasing N2 content in the gas mixture, in a similar trend to the ID/IG ratio. 

This supports the Raman insights about graphite phase ordering, since grain boundaries and other 

defects constitute charge carrier scattering centres, leading to reduced charge mobility and, 

ultimately, to increased resistivity.  

The resistivity of the DNPs layer could be tuned from c.a. 10-4 down to 9×10-6 Ω.m. The low 

H2:CH4 ratio used in the synthesis procedure (6:1) leads to films having increased sp2 content, even 

in the absence of N2, and thus decreased resistivity when compared to higher H2:CH4 ratios [51]. In 

fact, the DNPs sample grown in the absence of N2 already presents low resistivity (10-4 Ω.m), but 

little DNPs vertical growth is seen (Fig. 5.1.2b). Nitrogen is an n-type impurity both in diamond 

and graphite, and its addition during CVD growth is known to increase the renucleation rate of 

diamond films, favoring the appearance of conductive sp2 phases at the boundaries. It was reported 

that N2 addition during CVD growth lowers the electrical resistivity of vertically aligned carbon 

nanowalls [52] and ridge-like nanodiamond [53], and that N2 is necessary to form DNPs 

morphologies at higher H2:CH4 ratios (c.a. 30:1) [54]. Despite the different growth parameters and 

procedure used in this work, these tendencies remain true, since N2 addition during growth induced 

the formation of well-developed DNP films having higher graphite phase crystallinity and lower 

resistivity. While this is true for N2 content range and growth regime used, it is important to note 

that the temperature and the H2:CH4 ratio also play a significant role in the synthesis of DNPs 

[54,55]. Indeed, both sp3 and sp2 phase content and purity are affected by the H2:CH4 ratio and 

temperature, and no DNPs whatsoever are formed below a threshold temperature of c.a. 1000 ºC 

unless catalysts are added to the MPCVD growth procedure. Finally, it is important to note that no 

relevant changes were observed in the FWHMs of the diamond peak with increasing N2 content, 

c.a. 10 cm-1, i.e. no detectable structural degradation occurred. 

Further increase in N2 gas feed content beyond 14.5 vol% led to increased electrical resistivity 

and structural degradation because both the ID/IG ratio and the bands FWHM increase in the Raman 

spectrum (not shown). Therefore, DNPs samples synthesized at 14.5 vol% N2 partial flow present 

the most favorable properties regarding the development of mechanically stable, electroconductive 
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biomaterials, having porous/rough surface and enhanced surface area in order to promote adhesion 

and higher concentrations of adsorbed proteins [56].  

 

 

 
Fig. 5.1.5: FTIR spectra of DNPs substrates grown at 14.5 vol% N2, before (As-Grown, blue 

spectrum) and after (red spectrum) α-MEM immersion during 24 hours. 
 

 

The functional groups adsorbed to the DNPs surface were also investigated. Fig. 5.1.5 shows 

the 400-1800 cm-1 range FTIR spectra before and after 24 hours submersion in supplemented alpha 

MEM. While the low frequency (< 800 cm-1) absorbance peaks are common to the two spectra 

(probably related to deformations of CH aromatic rings and/or low energy modes of C, H and N –

containing chains [57]), two bands at 1535 and 1630 cm-1 appear after submersion. These 

correspond to amide II and amide I bands, respectively, originating from proteins adsorbed to the 

DNPs surface. The amide III band, typically present in the 1200-1400 cm-1 range, is generally 

weaker [58] and is convoluted in the background. Amide I band arises due to the combined 

stretching of the C=O and C-N groups and is sensitive on the backbone conformation and hydrogen 

bonding, while Amide II is composed of in-plane N-H bending plus stretching contributions from 

C-N and C-C [58]. The lack of observable amide I band splitting and poor side band structure as 

well as the observed maximum at c.a. 1630 cm-1 are commonly attributed to parallel β-sheets 

secondary structures. Nevertheless, hydrogen bonding to proteins (either through hydrogen 

terminations of the DNPs surface or α-MEM solution) can have a strong impact on the lowering of 

α-helices band position, which usually peaks c.a. 1650 cm-1 [58].  
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5.1.4.2. Cell Response to DNPs Substrates and Electrical Stimulation 

 

Several biological parameters such as cell proliferation, MTT activity, viability rate, LDH 

balance, cell morphology and differentiation of MC3T3-E1 preosteoblasts were addressed in order 

to evaluate their cell response to DNPs substrates in absence of electrical stimulus (DNP condition) 

or after 3 µA direct current  (DC condition). This cell type is a murine calvaria-derived pre-

osteoblastic cell line used as an archetypal model of in vitro osteoblasts development [59].  

Fig. 5.1.6a shows the cell proliferation (cell number/cm2) of preosteoblasts seeded on the 

surface of diamond nanoplatelets without (DNP condition) and with electrical stimulation by direct 

current (DC condition), after 3 days of culture. The results highlight that there is a 1.5-fold increase 

on the proliferation of stimulated preosteoblasts (DC condition) compared to control cells (C 

condition) and a 1.7-fold increase compared to preosteoblasts non-stimulated (DNP condition), 

being both rises statistically significant. Moreover, no significant differences in cell proliferation of 

preosteoblasts cultured on DNPs substrates (DNP condition) compared to control cells (C 

condition) were observed.  

The MTT test is an assay used for assessing metabolic activity of a cell population as response 

to external factors. The results highlights (Fig. 5.1.6b) that there is a statistical significant increase 

on the mitochondrial activity of stimulated preosteoblasts (DC condition) compared to control cells 

(C condition) and compared to preosteoblasts cultured on diamond nanoplatelets without electrical 

stimuli (DNP condition). Moreover, it can be also observed a statistical significant decrease in the 

MTT activity of preosteoblasts cultured on DNPs substrates without electrical stimulation (DNP 

condition) compared to control ones (C condition). The presented results in Fig. 5.1.6a indicate 

that diamond nanoplatelets substrates (DNP condition) allow the proliferation of MC3T3-E1 

preosteoblasts in a similar way to those cultured on tissue culture plate (C condition), 

demonstrating the biocompatibility of these substrates.  

On the other hand, preosteoblasts cultured on DNPs substrates and stimulated by direct current 

(DC condition) proliferate c.a. 2× more than those cultured on tissue culture plate (C condition) or 

on DNPs substrates without electrical stimulation (DNP condition). Accordingly, the results of 

MTT activity (Fig. 5.1.6b) also show that two daily consecutive cycles of electrical stimulation by 

direct current (3 μA) applied on DNPs substrates, significantly increase the metabolic activity of 

MC3T3-E1 preosteoblasts, that could reflect a higher reductive potential of this cell type [60,61]. 
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Fig. 5.1.6: Biocompatibility assays of MC3T3-E1 preosteoblasts grown at C, DNP and DC 

conditions, after 3 days of culture. a) Cell proliferation expressed as cell number/cm2 b) MTT activity 
expressed as percentage of control condition (C). c) LDH leakage expressed as percentage of control 
condition (C). d) Cell viability expressed as percentage. *p<0.05, **p<0.01 and ***p<0.001. 

 

 

It has already been demonstrated that substrates having inherent conductivity and electroactivity 

are suitable platforms for modulating certain cell processes as proliferation and differentiation into 

electro-responsive cells such as neural or muscle cells, among other [32-37]. In this sense, our 

results are in accordance to those obtained by other authors’ reports, where the influence of in vitro 

electrical stimulation on osteoblast cell line through interfaces containing nanostructured carbon 

was also studied [38-40]. It is known that the presence of residual permanent charges on the surface 

of a material, positive or negative, as well as electrical currents, can promote the attraction of 

charged ions to the cell environment, increasing the surface protein adsorption with the subsequent 

influence on the cell response [43-45].  

In this sense, charge accumulation will occur at the edges of a conductive material with high 

aspect ratio, such as the DNPs, as result of a lower surface tangential component of the 

electromagnetic repulse between the nanographite delocalized electrons. This attracts 

compensating positive charges and results in a local ion distribution that will be different from the 

bulk of the culture media [41]. In such conditions, proteins of the culture medium can easily adsorb 

onto the surface of the DNPs substrates, as shown by the FTIR measurements (Fig. 5.1.5). 
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Therefore, cell response of MC3T3-E1 preosteoblasts under DNP condition may be due to both the 

intrinsic roughness/high surface area and the intrinsic polarization of the DNPs surface. If direct 

current stimuli are applied, the underlying electrical conductivity of the DNPs substrates enables 

cell cross talks as cell-substrate interactions, thereby modulating cellular response [62].  

Cytotoxicity of any biomaterial is another important parameter that must be studied to ensure its 

biocompatibility. Therefore, possible cytotoxic effects exerted on MC3T3-E1 preosteoblasts by 

DNPs substrates, whether a direct current is applied or not, were investigated via LDH leakage and 

cell viability assays, after 3 days of culture. The LDH leakage was used as direct indicator of 

cellular plasma membrane integrity, which is vital to guarantee cellular viability [63]. 

Fig. 5.1.6c shows that there are no significant differences in the LDH leakage of MC3T3-E1 

preosteoblasts cultured under DNP condition compared to control cells (C condition). Furthermore, 

no significant differences in the LDH leakage were observed between stimulated preosteoblasts 

(DC condition) and the control ones (C condition). As it can be observed in Fig. 5.1.6d, the LDH 

results are accompanied by very high percentages of cell viability of preosteoblasts cultured under 

all conditions tested, i.e. C, DNP and DC conditions, being 93.7±1.3%, 98.8±1.2% and 92.0±5.1%, 

respectively. Hence, it becomes clear that neither DNPs substrates nor direct current (3 μA) applied 

exert cytotoxicity on MC3T3-E1 preosteoblasts, since the integrity of the plasma membrane of 

these cells remains intact, as it is indicated by the cell viability. Overall results confirm the 

excellent biocompatibility of the DNPs substrates and electrical stimulation applied through them.  

Cell morphology is one of the indexes that are used to reveal the physiological condition of the 

cell cultures. Fig. 5.1.7 shows cell diameter (μm) and morphology of MC3T3-E1 preosteoblasts. 

Fig. 5.1.7a shows a significant decrease (c.a. 37%) of stimulated preosteoblasts diameter (DC 

condition) compared to control preosteoblasts (C condition). Moreover, a similar decrease (c.a. 

34%) of stimulated preosteoblasts diameter (DC condition) compared to un-stimulated cells (DNP 

condition) was also observed. Fig. 5.1.7b shows native MC3T3-E1 preosteoblasts morphology, 

characterized by a monolayer formed by cells with typical polygonal shape for C and DNP 

conditions. However, morphology of stimulated MC3T3-E1 preosteoblasts (DC condition) is 

totally different. Although presenting the formation of an adherent monolayer, preosteoblasts 

cultured under DC condition exhibit an elongated morphology without any preferential direction. 

Given these results a more detailed study was carried out, by high z-resolution optical profilometry 

and SEM, in order to verify the preosteoblasts anchorage after direct current electrical stimulus 

application (DC condition). The obtained images are showed in Fig. 5.1.8.  
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Fig. 5.1.7: Cell diameter and morphology of MC3T3-E1 preosteoblasts grown at C, DNP and DC 

conditions, after 3 days of culture. a) Cell diameter (µm) measured with Vi-Cell XR. **p<0.01.  
b) Representative images of different cell cultures obtained by SEM. 
 

 

 
Fig. 5.1.8: Cell morphology and anchorage of stimulated MC3T3-E1 preosteoblasts grown on DNPs 

surface (DC condition), after 3 days of culture. a) Representative high z-resolution optical profilometry 
image. b) Representative SEM image. 
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The high z-resolution optical profilometry image (Fig. 5.1.8a) shows cells perfectly anchored to 

the DNPs surface through the filopodia extension after electrical stimulation. Both the DNPs 

substrate tips, appearing as a background, and the filopodia extensions display similar z coordinates 

(light-blue color contrast), suggesting surface and filopodia intimate contact over a wide spread 

area. Very thin extensions (~400 nm) were observed, connected to the DNPs substrate by multiple 

contact points. These results are corroborated by SEM image (Fig. 5.1.8b), which shows in detail 

the filopodia extensions of MC3T3-E1 preosteoblasts to the DNPs substrate surface after electrical 

stimulus application (DC condition).  

Cell morphology of MC3T3-E1 preosteoblasts after direct current stimulation (DC condition) 

(Fig. 5.1.7b and 5.1.8) is in agreement with those obtained by several authors, where the electrical 

field was responsible to regulate cell parameters as the morphology, orientation and cell guidance 

[16,64]. It was suggested that some cell types as fibroblasts and bone marrow-derived 

mesenchymal stem cells contract in the direction parallel to the electric field, elongating in the 

perpendicular direction, therefore minimizing the potential drop across their membranes. Assuming 

a homogeneous nature of the DNPs substrates and of their current densities, the latter being a rough 

approximation due to the point nature of the electrical contacts, the local electric field E is 

proportional to the current density 𝑱 (𝑱 = 𝑬/𝝆), where 𝝆 is the DNPs resistivity (9×10-6 Ω.m). 

Considering the distance between electrodes (1 cm) and the applied current density (3×10-6 

A/cm2), the resulting E is about 3 nV/cm in magnitude, which means that MC3T3-E1 

preosteoblasts, having c.a. 10 µm of diameter, experience a potential drop of 3 pV. These values 

are well below of the threshold of the reorientation field reported for several cell types, which are 

between E c.a. 1-10 V/cm [16,64], which could explain the absence of preferential cell 

reorientation in our studied DC condition. 

Cell adhesion to biomaterials is crucial for subsequent cellular processes occur [65]. Good cell 

adhesion is expected when the surface topography provides multiple cell binding points, which 

enhances the surface to cellular interfacial area [66]. Our results highlight that the surface 

topographic features (specifically nano/microtopography) present in DNPs substrates (Fig. 5.1.2h 

and 5.1.3), are adequate for allowing preosteoblast adhesion and monolayer formation, as it has 

been already shown in Fig. 5.1.7b. Moreover, taking into account that non-stimulated (DNP 

condition) and stimulated (DC condition) preosteoblasts have different cell morphology, we can 

conclude that the elongated morphology of MC3T3-E1 preosteoblasts after direct current stimulus 

is mainly due to the applied electrical field. 

The differentiation process of osteoprogenitor MC3T3-E1 cells is a critical stage in which 

premature osteoblasts (preosteoblasts) are transformed into mature osteoblasts, starting with ALP 

expression and ending with mineralized nodule formation [59,67,68]. In this work, basal 
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intracellular ALP activity levels of non-stimulated (DNP condition) and stimulated (DC condition) 

preosteoblasts after 3 days of culture have been studied.  

 

 

 
Fig. 5.1.9: Alkaline phosphatase (ALP) activity expressed as µmol/min/mg protein, normalized by 

total protein content, after two daily cycles of DC electrical stimulus (day 3 after seeding). *p<0.05 and 
**p<0.01. 

 

 

Fig. 5.1.9 shows that ALP basal activity levels of non-stimulated preosteoblasts (DNP 

condition) were significantly higher compared to those obtained by control (C condition) and 

stimulated (DC condition) preosteoblasts. Concerning to intracellular ALP basal activity levels of 

stimulated preosteoblasts (DC condition), the results indicate an ALP intracellular activity similar 

to those obtained by control cells (C condition) and significantly lower than non-stimulated 

preosteoblasts (DNP condition). It has been already described by different authors that the cell 

differentiation is a complex process by which cells go through different cell stages, so that high cell 

proliferation rate is associated with low levels of intracellular ALP activity and vice versa [59,67]. 

In this sense, our results are in agreement with the literature, as it has been described above, 

stimulated preosteoblasts (DC condition) proliferated c.a. 2 ×  more than non-stimulated 

preosteoblasts (DNP condition) or than those cultured on tissue culture plate (C condition) (Fig. 

5.1.6a). Therefore, direct current (3 μA) applied on DNPs substrates is mainly favouring active 

replication of MC3T3-E1 cells and hence, the intracellular ALP activity of these cells is low. On 

the other hand, higher ALP activity of non-stimulated preosteoblasts (DNP condition) is related 

with their lower cell proliferation rate (Fig. 5.1.6a). This finding indicates that DNPs substrates 

appear to affect the osteoblastic maturation by up-regulating local cellular processes in response to 

cell-material interactions. 
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Fig. 5.1.10: Biocompatibility assays of MC3T3-E1 preosteoblasts grown at C, DNP and DC 

conditions, after 15 days of culture. a) Cell proliferation expressed as cell number/cm2. b) Cell viability 
expressed as percentage. c) Extracellular matrix mineralization, expressed as percentage of control 
condition (C). *p<0.05. 

 

 

After the last applied electrical stimulus, all cell cultures (C, DNP and DC conditions) were 

maintained until 15 days, in order to assess long term cell response of non-stimulated (DNP 

condition) and stimulated (DC condition) preosteoblasts. It is important to note that since the last 

electrical stimulus applied, to the time 15 days, no other electrical stimulus was applied. Fig. 5.1.10 

displays cell proliferation, viability and matrix mineralization percentage of MC3T3-E1 

preosteoblasts cultured under C, DNP and DC conditions after 15 days of culture. As it is shown in 

Fig. 5.1.10a, cell proliferation under DNP and DC conditions is 1.7-fold and 1.6-fold, respectively, 

significantly higher than control preosteoblasts proliferation (C condition), and there are no 

significant differences between DNP and DC conditions. Additionally, preosteoblasts proliferation 

after 15 days is 8.5-fold higher than after 3 days for C condition, 15.7-fold higher for DNP 

condition and 9.0-fold higher for DC condition (Fig. 5.1.6a). On the other hand, cell viability 

values shown in Fig. 5.1.10b revealed high percentages of viability, close to 100% in all studied 

conditions and no significant differences were observed between them (C, DNP and DC 

conditions). Therefore, these results highlight the optimal state of all cell cultures after 15 days.  
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Taking these results into account, the proliferation values after 15 days (Fig. 5.1.10a) have a 

different trend to that obtained at day 3 (Fig. 5.1.6a), immediately acquired after direct current 

electrical stimulus. Specifically, at day 15, the stimulated preosteoblasts proliferation (DC 

condition) is similar to that of non-stimulated ones (DNP condition), and not significantly higher as 

happened at day 3 (in relative terms), (please compare Fig. 5.1.6a and 5.10a columns DNP and 

DC). In fact, preosteoblast proliferation under DNP conditions (c.a. 470000 cells/cm2) is able to 

equal that of DC conditions (c.a. 450000 cells/cm2). Since there is no applied electrical stimulation 

after day 3, the obtained results after 15 days reflect the effect of the direct current electrical 

stimulus per se on the proliferation of MC3T3-E1 preosteoblasts.  

Finally, Fig. 5.1.10c displays extracellular matrix mineralization percentage (% of C condition) 

used as late marker of the osteoblast differentiation process. Clearly, no significant differences 

were observed between all studied conditions (C, DNP and DC conditions) relatively to the 

formation of extracellular calcium phosphate deposits.  

 

 

 

5.1.5. Conclusion 
 

The diamond-graphite nanoplatelet (DNPs) substrates have proved to constitute desirable 

substrates for the development of biocompatible materials for electrically assisted tissue 

regeneration purposes. As an optimization of the synthesis procedure, the addition of N2 during the 

MPCVD growth is found to improve the sp2 phase purity, to reduce the electrical resistivity (down 

to 9×10-6 Ω.m) and to promote vertical growth, resulting in rougher morphologies, with better 

defined nanoplatelets structures featuring enhanced surface area. These intrinsic characteristics of 

the optimized material allowed for easy and reproducible application of DC electrical stimuli, 

through which it was possible to tune biological parameters. 

It has been demonstrated that the effect of DNPs substrates and of electrical direct current (3 

µA) application (two daily consecutive cycles) to them, are biocompatible to MC3T3-E1 

preosteoblasts, both at short- and long-term exposure.  

Overall, diamond nanoplatelets substrates, per se, appear to promote the osteoblastic maturation 

by up-regulating local cellular processes in response to cell-material interaction. Additionally, the 

applied electrical direct current stimulates cell growth and metabolism of MC3T3-E1 

preosteoblasts. Hence, these substrates are ideal for a wide variety of biomedical applications, since 

according to their intended purpose it is possible to apply or not this electrical stimulation. 
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5.2 
 

 

Fundamentals of Electrochemical 

Biosensors 
 
 
 

In the previous Section 5.1, important conclusions were drawn concerning the suitability of 
DGNP surfaces as bioelectrodes. Obviously, its low electrical resistivity, c.a. 10-5 Ω.m, is an 
advantage regarding biosensing; this however further combines with a peculiar morphology, a 
high degree of biocompatibility and stability towards prolonged exposure to biological fluids, all 
critical properties in biosensing. In fact, DGNP macroelectrodes were successfully employed as 
label-free electrochemical impedimetric sensors, as analyzed in Section 5.3. Given the 
comprehensive nature of the research field coined by the term biosensor, a brief contextualizing 
description of the main features of several biosensing approaches is given herein, with special 
focus on electrochemical sensors in general, and label-free affinity impedimetric sensors in 
particular. 
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5.2.1. Introduction 
 

A biosensor, in general, is a device designed to detect or quantify a biochemical molecule. In 

diagnostics that are based on protein or antibody detection, the enzyme-linked immunosorbent 

assay (ELISA) methodology is the currently established technology. Disadvantageously, it requires 

the labeling of the bioanalyte prior to its detection, which is a complex and time-consuming task. 

This is so especially if one seeks a point-of-care scenario, in which the patient is intended to be 

able to perform the analysis without the need for specialized human resources to be involved. In 

order to overcome this, label-free biosensors based on affinity interactions are of special 

importance. The fundamental components of affinity-based biosensors are schematically shown in 

Fig. 5.2.1. 

 

 

 
Fig. 5.2.1: Simplified block diagram showing several biosensing approaches based on affinity 
mechanisms. 

 

 

In simple terms, specific bioreceptors are immobilized on the electrodes’ surface, which in turn 

modulate the transducer response as function of the occurrence of specific binding/interaction 

events to the target analyte. This modulation can then be measured in several ways, some of them 

listed in Fig. 5.2.1. Most notably, electrical signals (e.g. FETs, electrochemical sensors), light (e.g. 
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surface plasmon resonance, fluorescence) and mechanical motion (e.g. quartz crystal microbalance 

or MEMS resonators) are within the most studied approaches [1–4].  

The resulting signal is then subjected to data conditioning specific to each sensing approach, 

yielding a final electrical output signal that is a measure of the approximate target analyte 

concentration. The most relevant characteristics are the sensitivity, the response time, the limit of 

detection, the limit of quantitation and the dynamic and absolute linear ranges (see Table 5.2.1 for 

definitions). In the case of point-of-care devices, all these ought to be accompanied by minimal 

dimensions, low cost, simple concepts and, importantly, stable and reproducible operation [2,5]. 

 

 

Table 5.2.1. Assessment of biosensor performance. Based on references [6,7]. 

Characteristic Description Formula 

Limit of 
detection 

(LOD) 

Lowest analyte concentration yielding a sensor response wich differs 
from the blank response (that is, in the absence of analyte, 𝑹𝑩), with a 
reasonable certainty (3𝝈). If a calibration curve is obtainable, the LOD 

can also take the curve slope (S) into account. 

𝑅! + 3𝜎 
or 

𝑅! + 3𝜎
𝑆

 

 

Limit of 
quantitation 

(LOQ) 

Defined as the minimal analyte concentration for which the analyte can 
be quantified with high degree of reliability (𝟏𝟎𝝈). If a calibration curve 

is obtainable, the LOD can also take the curve slope (S) into account. 

𝑅! + 10𝜎 
or 

𝑅! + 10𝜎
𝑆

 

Sensitivity (S) 
Given by the slope of the calibration curve. It provides a measurement 
of how facile it is to univocally quantify small differences in analyte 

concentrations. 
𝑆 =

∆𝑠
∆𝐶

 

Analytical 
sensitivity Defined as the sensitivity-to-instrumental noise (ni) ratio. 𝑆! =

𝑆
𝑛!

 

Selectivity 
Determined by the ratio of the signals originated from target analyte and 

interfering molecules. Its assessment is very important to reject false-
positive outputs. 

- 

Linear range Concentration range in which there is a linear relation to the sensors’ 
output. - 

Dynamic range Minimum and maximum concentrations for which the sensor responds. - 

 

 

The progressive introduction and knowledge about a wide variety of nanostructured materials, 

such as metal NPs (Au, Pt, Ag, ...), metal oxide NPs (FeOx ...), ceramic NPs (ZrO2, ...), 

semiconducting ceramic NPs (ZnO, SnO2, ...) and nanocarbons (diamond, CNTs, graphene, ...), is 

currently feeding another extensive era of biosensing research [8,9]. The chosen nanomaterials are 

obviously dependent on the type of biosensing approach; regarding affinity-based electrochemical 

biosensors, NPs advantageously provide enhanced surface area for immobilization of bioreceptors, 
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which combined with facile charge transfer and unmatched surface-to-volume ratio, allows 

attaining unprecedented sensitivity and selectivity [10–13]. NPs can also be used to label 

biorecognition events, or to introduce a particular biocatalytic effect as in third-generation 

enzymosensors, in which NPs were shown to promote direct electron transfer between the redox 

center and the electrode [14,15]. Au NPs were shown to retain biocatalytic activity upon 

biomolecule immobilization, providing very interesting sensitivities [8]. In addition, iron oxide 

NPs were introduced in biosensing in order to actively isolate the target analyte from the sample, 

taking advantage of its paramagnetic properties, thus increasing the selectivity of the sensors 

[9,12,16]. 

Disadvantageously, some of the above-mentioned materials and processes require labeling 

and/or are too complex and expensive for producing cheap and miniaturized label-free biosensors. 

In this sense, nanocarbons are promising alternatives, especially regarding electrochemical 

impedimetric sensors, as discussed with more detail in Section 5.3. 

 

 

 

5.2.2. Electrochemical Biosensors 
 

Electrochemical biosensors can be essentially faradaic or non-faradaic. In the former, the charge 

transfer between an electrode and electroactive species within a aqueous solution is used as probe 

e.g. to infer about superficial working electrode reactions or modifications such as an antibody-

antigen specific recognition event, or to directly detect the target analyte via its catalytic oxidation, 

such as in enzymosensors. Regarding non-faradaic approaches, other electrochemical parameters 

are related to biodetection events, most commonly changes in the sensors’ capacitance [17–19]. 

The faradaic process is the basis for the electrochemical impedimetric sensors made of DGNPs 

materials in the next Section 5.3, hence constituting the focus herein. 

 

 

5.2.2.1. Amperometry, Voltammetry and FETs 

 

Considering a simple redox reaction, its general formulation [17,19] is  

𝑶𝒙+  𝒏𝒆 
𝒌𝒃

𝒌𝒇
 𝑹𝒆𝒅 ,       eq. 5.2.1 
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where n is the number of electrons implicated in the reaction, Ox and Red are the oxidized and 

reduced forms of a redox couple in an aqueous media, and 𝒌𝒇and 𝒌𝒃 are the charge transfer rate 

constants for the forward and reverse reaction direction, respectively. This reaction implies charge 

transfer across the electrode-solution interface, such as in Fig. 5.2.2a. When the reaction proceeds 

at equilibrium, one gets 𝒌𝒇 ≡  𝒌𝒃 =  𝒌𝟎, where 𝒌𝟎 is the standard rate constant, constituting an 

important parameter to evaluate the applicability of a given electrode material in several 

applications, namely in biosensing, as further discussed below, and also in the next Section 5.3. 

 

 

 
Fig. 5.2.2: Schematics of different approaches for electrochemical biosensors using nanocarbons as 
active sensing layer. a) Three-electrode electrochemical cell, compatible with impedimetric, 
voltammetric and amperometric sensing. RE - reference electrode, WE - working (sensing) electrode, 
CE - counter electrode. b) Two-electrode bioFET sensing approach. c) GFET configuration, where S, G 
and D are the source, gate and drain electrodes, respectively. 

 

 

The electrochemical biodetection further divides into several disciplines, most notably the 

amperometric (e.g. amperometry, voltammetry), FET (e.g. GFETs, BioFET, ion-sensitive FET) 

and impedimetric (e.g. electrochemical impedance spectroscopy 𝐸𝐼𝑆 ) approaches. 

Usually, the amperometric and impedimetric measurements are performed in a three-electrode 

configuration as seen in Fig. 5.2.2a. The reference electrode (RE) is ideally non-polarizable, with 

large input impedance so that little current is drawn into it, a requirement to attain a stable 

potential. The working-counter electrode pair (WE-CE) provides the charge circuitry at which the 

applied voltage on the WE can be precisely measured against the RE without perturbations from 

the flowing currents.  

FETs in general, and GFETs in particular, constitute perhaps the most promising technology in 

terms of sensitivity and limits of detection of a wide range of analytes, from several bacteria and 

cancer biomarkers to glucose, cholesterol and DNA [20–23] (Fig. 5.2.2c). FETs are included in 

electrochemical-based biosensors, though the underlying principle is not directly related to 

electrochemical methods. The key idea is that all volume is at the surface; hence, the conductance 

of a GFET is highly dependent on the surface charge state, which in turn is altered on analyte 

binding to the graphene channel or to excess charge created during a faradaic reaction [22,24], such 
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as in enzyme-assisted sensors. Additionally, the detection can be also accomplished by monitoring 

the shift in the Dirac point upon specific binding [4,25]. Moreover, GFETs can also provide 

intrinsic signal amplification and signal tuning capabilities. The GFETs operation was considered 

in more detail back in Subsection 1.2.2. 

The so-called bioFET approach bears a similar principle (Fig. 5.2.2b). The modulation of the 

channel conductance via gating effect, resulting from the interaction of charged species with the 

active sensor area, is used to infer about the presence and quantity of bioanalyte [26]. This 

approach is simpler in the sense that no RE is needed, but sensitivities and limits of detection are 

expectedly lower compared to regular FETs. 

Within amperometric approaches, it is important to distinguish amperometry from voltammetry. 

Regardless the measured quantity being the same (faradaic currents), in the latter, the applied 

potential versus the RE is fixed whilst in the former it is scanned forth and back in the potential 

window of interest. In amperometry, the target analyte concentration per volume unit C is related to 

the observable current Ia in a linear relationship through 

𝑰𝒂 = 𝒏𝑭𝒌𝟎𝑪,    	

where F the Faraday’s constant and  k0 the heterogeneous electron transfer rate constant. On the 

other hand, in voltammetry, the potential is scanned in small steps within a given potential window 

containing the reaction of interest. The relation between the peak current of a reversible 

voltammetric oxidation (anodic, forward scan in Fig. 5.2.3a) or reduction (cathodic, reverse scan in 

Fig. 5.2.3a) wave and the analyte concentration is 

𝑰𝒑 = 𝟎.𝟒𝟒𝟔𝟑 𝒏𝑭
𝟑
𝟐(𝑫𝝂
𝑹𝑻
)
𝟏
𝟐𝑨𝑪,                     

where A is the active area of the electrode, 𝑫 is the diffusion coefficient of the target analyte in 

a particular solution, T is the temperature and 𝝂 is the scan rate, i.e., the rate at which the potential 

is scanned, and R is the universal gas constant. As an example of voltammetric analyte 

quantification, the voltammetric detection of [Fe(CN)6]4- (n=1) using Ip,anodic was performed using 

DGNP electrodes, see Fig. 5.2.3. The calibration curve follows a well-behaved linear relationship 

after residual baseline fitting and subtraction. The sensitivity S is 1.31 × 10-2 (A.M-1) and the LOD 

and LOQ are 1.38 × 10-5 and 4.59 × 10-5 (M), respectively. 

 

 

eq. 5.2.2 

eq. 5.2.3 



	 187 

 
Figure 5.2.3: Voltammetric detection of [Fe(CN)6]4-. In this work, anodic currents are defined as 
positive and cathodic currents as negative. a) DGNP electrode voltammograms (ν=0.05 V.s-1) for 
varying concentration of [Fe(CN)6]4- (Cr) in 10 mM PBS. b) Corresponding calibration curve using the 
anodic peak currents of the voltammograms in a). 

 

 

It is worthwhile to note that voltammetric techniques are also useful when characterizing the 

electrochemical response of a given electrode in a particular solution, as further discussed in 

Section 5.3. 

 

 

5.2.2.2. Impedimetry 

 

Last, but not least, impedimetric approaches provides an interesting alternative for label-free 

detection of bioanalytes. This technique is separated from the previous due to its importance in the 

present work. In impedance-based techniques, one applies a low-amplitude (1-10 mV) AC 

perturbation to the WE with respect to the RE at varying frequency upon a specific DC bias. The 

potential 𝑬 induces a current response 𝑰, which is dependent frequency ω  and is characterized by a 

phase angle 𝝓 mismatch between the two vectors. This response is highly sensitive to the surface 

state of the electrode, and impedimetry is routinely used to infer about modifications of the WE 

surface. Provided that in a particular solution both Ox and Red are present at the same 

concentration, 𝑪𝒐 =  𝑪𝒓, and the diffusion coefficient is equal for Ox and Red, 𝑫 = 𝑫𝒐 = 𝑫𝒓, the 

maximum faradaic current response will occur at the formal electrode potential measured at 

𝑪𝒐 =  𝑪𝒓 [17]. 

 Impedimetric measurements for biodetection are usually done at this potential. Also, since the 

AC perturbation is small in amplitude and it is applied upon equilibrium, a linear E-I relationship 
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holds, which greatly simplifies the associated mathematical treatment. Hence, a complex 

impedance vector, 𝒁, which is established by Ohm’s law, can be mathematically expressed through 

𝒁 𝝎 =   𝑬 𝒘
𝑰 𝒘

 =  𝑬 𝒔𝒊𝒏(𝝎𝒕)
𝑰 𝒔𝒊𝒏(𝝎𝒕!𝝓)

 ,                    

where ω  is the angular frequency of the perturbation. The imaginary (𝒁𝑰𝒎) and real components 

(𝒁𝑹𝒆) of the impedance vector constitute the reactive and resistive part of the cell response to the 

AC perturbation. One should note that both the faradaic and non-faradaic processes contribute to 

the observable currents, and that both can be used in the electrodes characterization process. In this 

sense, it is important to separate those contributions, which is achievable through equivalent 

electrical circuit analysis of the plot representing 𝒁 , the Argand diagram, better known in 

electrochemistry as Nyquist plot (Fig. 5.2.4).  

 

 

 
Fig. 5.2.4: Simulated Nyquist plots for electrochemical cells described by the equivalent circuits at 
right. The frequency range is 10kHz to 0.1 Hz, Cdl =25 µF and Rs=250 Ω. 

 

 

The strategy is to treat the observed phenomena in terms of series and parallel combinations of 

electric elements, which not only describes the Nyquist plot but also are compliant with the 

expected physico-chemical aspects of the electrochemical cell. These plots enable one to 

distinguish events occurring in the interface of the WE from the bulk electrolyte. It can be shown 

that, at the high frequency limit and considering only faradaic signals [17],  
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(𝒁𝒓𝒆 −   𝑹𝒔 −  𝑹𝑪𝑻
𝟐
)𝟐 +  𝒁𝑰𝒎𝟐 =   (𝑹𝑪𝑻

𝟐
)𝟐 ,                             

where 𝑹𝒔 is the series ohmic resistance of the cell and 𝑹𝑪𝑻 is the faradaic charge transfer 

resistance. It can be readily seen that the high-frequency range of the Nyquist plot is characterized 

by a semi-circle centered at 𝒁𝒓𝒆 =  𝑹𝒔 +  𝑹𝒄𝒕
𝟐

 and 𝒁𝒊𝒎 = 𝟎 , with a radius of 𝑹𝒄𝒕
𝟐

 [3,17,27]. 

Conversely, at the low-frequency limit,  

𝒁𝑰𝒎 =  𝒁𝒓𝒆 −  𝑹𝒔 −  𝑹𝑪𝑻 + 𝟐𝑪𝒅𝒍𝝈𝟐,                    

where 𝑪𝒅𝒍  is the double-layer capacitance and 𝝈  is a ion diffusion –related constant, the 

Warburg coefficient, related to the Warburg impedance magnitude through 

𝒁𝑾 = 𝟐
𝝎

𝟏
𝟐 𝝈 .              

 Usually, the standard Randles’ circuit can describe a simple faradaic process if it is limited only 

by RCT (see black squares, circles and lozenges in Fig. 5.2.4). This however is not generally 

applicable to electrochemical cells. In general, the faradaic charge transfer is dominant at higher 

frequencies, whereas the electrolyte-related phenomena are predominant at lower frequencies (<1 

Hz), namely the Warburg (ion) diffusion and convective mass flow within the solution phase (see 

Fig. 5.2.4, blue stars and diamonds). The Warburg impedance typically exhibits a 45° phase shift 

and represents a resistance to mass transfer; that is, diffusion is controlling the response because of 

facile kinetics, which do not limit the charge transfer process. The key point regarding biosensors is 

that faradaic RCT is affected upon target-analyte specific recognition events, such as antibody-

antigen complexation reactions in immunosensors [2,28].  

Finally, it is worthwhile to note that, in some cases, the purely capacitive branch of the Randles 

and mixed-kinetic diffusion models (A and B in Fig. 5.2.4), are insufficient to describe the real 

behavior of electrochemical cells. Particularly, the so-called constant phase element (CPE) is 

widely used to model imperfect capacitors, which in many cases occur due to non-homogeneities 

caused by excessive surface roughness [29]. Equivalent circuitry –wise, this means that a resistive 

component appears in an otherwise purely capacitive branch. The impedance formulation of the 

CPE element is  

𝒁𝑪𝑷𝑬 =
𝟏

𝑷𝟎 𝒋𝝎 𝑵 ,         

eq. 5.2.5 

eq. 5.2.6 

eq. 5.2.7 

eq. 5.2.8 
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where 𝑷𝟎 are the pre-exponent factor analogous to a capacitance, Ν is the exponent factor and j 

is the imaginary unit. Those effects manifest on the Nyquist plot as compressed semi-circles (see 

green circles in Fig. 5.2.4), as a result of 𝑵 being somewhat less than unity, which is the case of a 

perfect capacitor. This is the case of DGNPs electrodes, as further discussed in the work presented 

in the next Section 5.3. 
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5.3.1. Abstract 
 

Label-free impedimetric biosensors based on novel hybrid diamond-graphite nanoplatelet 

(DGNP) thin films are produced and applied to the detection of avidin as a proof of concept. The 

DGNPs are synthesized by microwave plasma chemical vapor deposition through H2/CH4/N2 gas 

mixtures in a reproducible and rapid single-step process. The material building unit consists in an 

inner 2D-like nanodiamond with preferential vertical alignment covalently bound to 

nanocrystalline graphite grains, exhibiting {111}diamond||{0002}graphite epitaxy. The morphostructural 

aspects displayed by these DGNP films are of interest for electrochemical transduction in general, 

and for faradaic impedimetric biosensors in particular, combining enhanced surface area for 

biorecognition element loading and facile faradaic charge transfer. Charge transfer rate constants 

increase up to 5.6x10-3 cm.s-1 in 10 mM PBS with [Fe(CN)6]4- upon N2 addition to DGNP 

synthesis.   

For the impedimetric detection of avidin, biotin molecules are covalently bound as avidin 

specific recognition elements on (3-aminopropyl)triethoxysilane -functionalized DGNP surfaces. 

Avidin quantification is attained within the 10 to 1000 µg.mL-1 range following a logarithmic 

dependency. The limits of detection and of quantitation are 1.31 and 6.38 µg.mL-1 (19 and 93 nM), 

respectively, and 2.3 and 13.8 µg.mL-1 (33 and 200 nM) when considering the non-specific 

response of the sensors.  

Keywords: nanodiamond, nanographite, charge transfer, impedimetry, label-free, biosensors 
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5.3.2. Introduction 
 

Label-free biosensors (LFB) are undeniably a contemporary topic. The prospect of having 

devices for diagnosis of certain biomarkers, at the point-of-care, is of extreme interest from the 

medical point of view. The full process of producing LFBs, from the electrode material itself to the 

fully functional sensing devices, is clearly a multi-disciplinary task involving knowledge from 

different backgrounds. Several physical, chemical, biological and engineering aspects need to be 

considered in order to produce reliable and portable sensors, characterized by fast responses, high 

sensitivities and reduced number of false-positive outputs, while maintaining low production cost 

and simplicity.  

A wide range of allotropic forms of carbon has been regarded as suitable material platforms for 

a plethora of electrochemistry-based processes and applications, including biosensing. Graphite, 

glassy carbon, amorphous diamond-like carbon and boron-doped diamond (BDD) are well-known 

and established electrode materials because of their low residual currents, readily renewable 

surface and significant overpotentials for O2 reduction and H2 evolution [1,2]. BDD electrodes are 

good options when biocompatibility restrictions or issues due to adsorption of chemical species are 

of upmost importance. Nevertheless, in the specific case of the impedimetric LFBs based on 

oxidative functionalization, the procedure is much more complicated. Diamond surfaces are less 

prone to oxidation at atmospheric conditions and thus recognition element loading can be rather 

lower when compared to that of defective sp2 phases; this is however not the case for e.g. highly 

crystalline CVD planar graphene, which is extremely resistant to oxidative-based functionalization 

procedures. Finally, BDD electrodes are also known to yield relatively low surface areas, which is 

detrimental to bioanalyte recognition element loading. 

Within the last decades, carbon nanotubes (CNTs) and graphene based- materials have been 

thoroughly studied [3–6], not only from a fundamental point of view, but also regarding its 

application in biosensing, being able to detect and quantify within the ng.mL-1 range of bioanalyte 

or even lower [7–10].[7–10] The main advantages of CNTs and graphene over glassy carbon and 

diamond-like carbon arise from their unique charge transport characteristics, combined with low 

dimensionality, which is comparable to the size of most biomolecules [11]. Some CNT and 

graphene-based electrodes also attain more facile charge transfer (CT) kinetics than graphite and 

glassy carbon [12], as well as a more uniform distribution of electrochemically active sites [6]. 

Advantageously, all graphene volume is exposed to the surrounding environment making it very 

sensitive to adsorbed or linked species. It also has been shown that graphene offers a superior 

electrochemical performance compared to CNTs with less toxicity [6,13,14].  
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Nevertheless, CNTs and graphene-based materials present some drawbacks. CNTs need to be 

physically separated due to their metallic or semiconductor nature. Moreover, difficulties in 

controlling the roughness and density of CNT films and composites hinder the application of 

standard lithography techniques. Also, the rapid, facile and low cost graphene synthesis and 

transfer is still a developing area. Finally, vertically aligned CNTs forests or graphene/graphene 

oxide sheets are generally recognized as the most promising for electrochemical applications, 

because of their appropriate morphology. However, it is not straightforward to translate the CT 

characteristics of individual nanobuilding blocks to macroelectrodes containing many of those sub-

units.  

Hence, the exploration of other nanostructured carbon materials for the detection of bioanalytes 

is still required. Diamond-graphite nanoplatelets (DGNPs) are 2D-like sp2/sp3 carbon hybrids with 

preferential vertical alignment, structurally composed of an inner diamond platelet backbone and a 

conductive nanographite coating. The synthesis procedure is simple, rapid and reproducible over 

all substrate area. It is worthwhile to note that these materials were shown to be highly 

biocompatible and to maintain the structural integrity upon prolonged exposure to biological 

solutions [15]. Also, an improvement in nanographite crystallinity and a decreasing trend in 

electrical resistivity, down to c.a. 10-5 Ω.m, were observed upon increasing N2 concentration up to 

14.5 vol%. Therefore, it is important to evaluate the CT rate constants in physiological solution and 

check if and how the N2 gas content during electrode synthesis affects it. All these parameters are 

of interest for application in biosensing, envisaging a reliable and efficient bioanalyte transduction.  

The suitability of these electrodes in the development of reliable faradaic impedimetric 

biosensors is demonstrated, using the avidin-biotin biorecognition system on (3-

aminopropyl)triethoxysilane (APTES) -functionalized DGNP electrodes and appropriate controls 

to validate the specific response of the sensors. 

 

 

5.3.3. Materials and Methods  
 

5.3.3.1 Reagents  
 

Non-reacting insulating varnish (Lacomit) was purchased from Agar Scientific. Potassium 

hexacyanoferrate(III) (K3[Fe(CN)6]) and potassium hexacyanoferrate(II) trihydrate 

(K4[Fe(CN)6].3H2O) were obtained from Merck. Phosphate Buffer Saline (PBS) tablets (pH = 7.4, 

10 mM) were purchased from Fisher Bioreagent. N-(3-dimethylaminopropyl)-N’-

ethylcarbodiimide hydrochlorine (EDC), N-hydroxysuccinimide (NHS, 98%) and (3-

aminopropyl)triethoxysilane (APTES) were obtained from Merck. D-biotin and avidin (from eggs) 
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were purchased from Fisher Scientific, anti-E.coli serotype O/K Polyclonal from Thermofisher 

Scientific and anti-hCG from Ig Innovations. Iron(II) sulfate heptahydrate (FeSO4.7H2O) purchased 

from Panreac Aplichem. N,N-dimethylformamide (DMF, ≥99.8% purity) was purchased from Alfa 

Aesar. Deionized (DI) water was obtained from a MilliQ water purification system. All reagents 

were used as received.    

 

 

5.3.3.2 Synthesis, Morphology, Structure and Surface Chemistry  
 

The DGNP electrodes were fabricated as follows. The substrates consisted of 1 cm2 Si squares 

(Siegert) pre-coated with a 3 µm-thick nanocrystalline diamond (NCD) microwave plasma 

chemical vapor deposition (MPCVD) film. This interlayer film prevents electrode contamination 

with Si impurities arising from the harsh and dense plasma conditions used inside the reactor. In 

order to achieve the temperatures needed to synthesize the DGNPs, above 1000 ºC, the Si/NCD 

substrates were placed on a graphite microwave susceptor over a Mo holder in thermal contact with 

the cooled dish, inside the MPCVD reactor (ASTeX AX 6350, 6 kW). The synthesis took place 

during 25 minutes at a pressure of 90 Torr, a MW power of 2.5 kW, a fixed H2/CH4 flow ratio of 

6:1 and variable (0-14.5 vol%) N2 content. Afterwards, CH4/N2 supply was cut off and the samples 

were subjected to a H2 plasma treatment for 5 minutes (amorphous carbon etching step) followed 

by a cooling ramp to room temperature in H2 plasma for 10 minutes.  

The films’ morphology was accessed through a Hitachi SU70 scanning electron microscopy 

(SEM) instrument. XPS measurements were performed in an ultra-high vacuum system with a base 

pressure of 2x10–10 mbar, equipped with a hemispherical electron energy analyzer (SPECS Phoibos 

150), a delay-line detector and a monochromatic AlKα (1486.74 eV) X-ray source. High-resolution 

spectra were recorded at normal emission takeoff angle and with a pass-energy of 20 eV, which 

provides an overall instrumental peak broadening of 0.5 eV. Regarding the C1s XPS fitting 

procedure, two Gauss-Lorentz shapes at c.a. 284.7 (sp2 bonded carbon) and 285.3 eV (sp3 bonded 

carbon) are initially fitted to the unmodified DGNP spectrum. All spectra are corrected in energy 

by the sp2 carbon peak and in intensity by the system’s transmission factor. The full widths at half 

maximum (FWHM) of the remaining C1s peaks were constrained to a maximum value of twice the 

sp2 peak’s FWHM (1.7 eV).   

The transmission electron microscopy (TEM) measurements, including the electron diffraction 

analysis, were performed using a probe-corrected Titan 80−300 kV (FEI Company) working at 80 

kV. The TEM is equipped with an electron energy-loss spectroscopy (EELS) system comprising a 

post-column energy filter (Tridiem Gatan Image Filter). High-resolution scanning transmission 

electron microscopy (STEM) images were acquired using a high angle annular dark field 
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(HAADF) detector in high camera length conditions. The cross-sectional sample for TEM analysis 

was prepared using a dual beam microscope (Helios Nanolab 650; FEI Company). 

 

 

5.3.3.3 Preparation of Biotin-Functionalized Electrodes  
 

After electrical contact placement with high-quality silver ink (Agar Scientific) and a baking 

step at 130 ºC for 5 minutes, the active area of the electrodes were defined by PTFE rings having 

0.50±0.02 cm in diameter. All remaining contact and substrate regions were coated with a non-

reacting, electrochemically inactive insulating varnish. The samples were then washed with 

isopropanol and DI water. The surface functionalization of DGNP electrodes was carried out in 

three steps: 

i) Hydroxylation of electrodes’ surface via Fenton reaction: 43 mg of FeSO4.7H2O was slowly 

added to an aqueous solution of H2O2 (6.6 mL of H2O2 (30% v/v) in 18.4 mL DI water). After 5 

minutes to calm down the violent bubbling, the substrates were dipped into the stirred solution 

during 1 hour. Afterwards, the hydroxylated substrates were thoroughly rinsed with DI water and 

dried with a gentle N2 flow. 

ii) Preparation of amine-terminated surface electrodes: APTES (0.1 vol%) was added to a 

mixture of Ethanol:DI H2O (7:3 v/v) and 50 µL was dropped onto the surface of the freshly 

prepared hydroxylated electrodes. After 1 hour the amine-terminated electrodes were rinsed with 

DI water, dried with a gentle N2 flow and baked at 120 ºC during 20 minutes for improved APTES 

adhesion. 

iii) Biotin immobilization: solutions of biotin, EDC and NHS were prepared in PBS (10 mM, 

pH 7.4). The biotin solution contains 0.5% of DMF to increase biotin solubility. A mixture of 

biotin (25 µL, 5 mM), NHS (12.5 µL, 0.2 M) and EDC (12.5 µL, 0.1 M) was prepared and 

immediately dropped onto the amine-terminated electrodes. After 2 hours, the electrodes were 

rinsed with PBS and dried with a gentle N2 flow. Control samples were also produced using anti-

hCG and anti-E.coli (500  µg.mL-1) as recognition elements instead of biotin. 

 

 

5.3.3.4 Electrochemical Methods and Biosensors’ Response  
 

The electrochemical cell was set up at low area/volume ratio conditions (0.2 cm2 to 75 mL of 

electrolyte solution) in a three-electrode configuration, where the DGNP, platinum and Ag/AgCl (1 

M KCl) (CH Instruments) are the working, counter and reference electrodes, respectively. The 

[Fe(CN)6]4-/3- redox pair in 10 mM PBS was employed and the cyclic voltammetry (CV), 
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chronocoulometry and AC experiments run through a Versastat3 electrochemical station. 

Electrolyte solution was thoroughly bubbled with N2 prior to experiments.  

In order to determine the response of the biotin-functionalized electrodes, several concentrations 

of avidin were prepared from a stock solution of 1 mg.mL-1 in 10 mM PBS. The functionalized 

electrodes are incubated during 45 minutes with a 50-µL drop of avidin solution having the desired 

concentration. Afterwards the substrates are rinsed with PBS and dried with a gentle N2 flow. 

Finally, electrochemical impedance spectroscopy (EIS) measurements are performed within the 1 

kHz to 1 Hz range (logarithmic distribution of 10 points per decade) applying a 5 mV AC 

perturbation range upon the open circuit potential (OCP, c.a. 0.2 V vs. Ag/AgCl). The electrolyte is 

a mixture of [Fe(CN)6]4- (1 mM) with [Fe(CN)6]3- (1 mM) in PBS (10 mM). The mixed kinetic-

diffusion (Rs[CPE[RCTW]]) equivalent circuit is used to model the cell, where Rs is the series 

ohmic resistance, CPE is a constant phase element modeling non-uniformities in the double layer, 

RCT is the faradaic CT resistance and W is the Warburg impedance. The equivalent circuits are 

fitted through least square regression method. The fittings were validated for total error below 2%.  

 

 

 

5.3.4 Results and Discussion 
 

5.3.4.1. Morphology and Crystalline Structure  
 

A representative SEM image of an unmodified DGNP surface is shown in Fig. 5.3.1a. It can be 

seen that the morphology is composed of 2D, platelet-like structures protruding perpendicularly 

from the surface. The platelets are densely packed, separated by steep voids and coated with 

rounded nanosized grains.  

In order to fully understand the formation of these peculiar hybrid nanocarbons, TEM and 

EELS measurements were performed on a thin specimen produced by focused ion beam technique, 

cut perpendicularly with respect to the substrate (the vertical z direction). EELS measurements 

were performed along the cross-section of the nanoplatelet base unit, revealing an inner blade-like 

diamond core onto which the outer nanographite is bound, see Fig. 5.3.1b. Regarding the near-edge 

structure of carbon K-edge, the graphitic sp2 peaking at c.a. 285 eV and the sp3 characteristic peak 

at c.a. 295 eV and dip at c.a. 305 eV further distinguish the two carbon allotropes (Fig. 5.3.1c). In 

the low-loss region, the nanographite material is characterized to generate absorptions at c.a. 6 eV 

(π plasmon) and a broad absorption centered at c.a. 26 eV (π + σ plasmon peaks), whereas 

diamond generates no absorption until c.a. 5 eV (energy band gap) and a strong broad absorption 
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centered at c.a. 33 eV (π + σ plasmon peaks). Therefore, energy windows at 5±2 eV and 36±2 eV 

were used to produce the energy-filtered TEM images, revealing the nanographite and diamond 

structures in brighter contrast (as seen in Fig. 5.3.1d and Fig. 5.3.1e, respectively), perfectly 

illustrating the hybrid structure arrangement.  

The STEM images made using an annular dark field (ADF) detector outline the crystallinity of 

the sp3/sp2 hybrid material and allow for a better understanding of the growth mechanism. Fig. 

5.3.1f shows the inner diamond nanoplatelet set to the [211] zone axis, where it is possible to 

observe the surrounding nanographite {0002} lattice fringes (interplanar spacing of 0.335 nm) 

parallel to {111} planes of the diamond nanoplatelet. This orientation was therefore used to 

determinate the epitaxial relation between both materials, which is {111} diamond ||{0002} graphite, as 

also seen in references [16,17], suggesting a covalent bonding type between the nanocarbons. 

The diamond platelets are 5 to 10 nm in thickness and are exposed in some edge regions where 

the nanographite coating gets progressively thinner. The growth takes place along the diamond 

{111} surface nearly parallel to the z (vertical) axis, as seen on Fig. 5.3.1g, with the diamond 

platelets at the [011] zone axis. Crystal twinning is clearly observed, typical of diamond {111} 

facets. The 𝜮 = 𝟑 twin boundary has the lowest defect energy in diamond [17,18], showing 

twinning mirror (111) plane (k1) and the twinning direction (η1) [211], as shown by FFT (Fig. 

5.3.1h) and nanobeam diffraction pattern (Fig. 5.3.1i).  The conjugate twinning plane k2 = (111) in 

the matrix coordinate system (k'2 = (111) in the twin coordinate system), and the conjugate 

twinning direction η2 = [211] (η '2  = [211]), are other twining elements. 

This growth habit was previously explained by a depletion of adsorbed hydrocarbons on the 

(111) lateral facets of the diamond platelet, in harsh and high temperature plasma conditions during 

CVD growth [19,20]. This leads to a sustained crystal growth taking place preferentially along 

{111} planes, because the growth rate is hampered in the orthogonal directions through methane 

radical starvation. Herein, the formation of nanographite crystals on the lateral platelet facets is 

seemingly facilitated. This is probably related to the large CH4/H2 ratio used in this work relatively 

to other report were the platelets were only composed of diamond crystals [16,19]. Since, in this 

case, there is a lower (higher) concentration of H (CHx) radicals, the adsorbed hydrocarbons are not 

so easily abstracted. The smaller H radical concentration also means that the sp3-terminated (111) 

lateral facets are not so efficiently stabilized, favoring the nucleation of nanographite. The presence 

of N-containing radicals from addition of N2 to the growth atmosphere is also known to favor the 

nanographite phase development [15,21,22].  

The peculiar morphology of these nanocarbon hybrids provides desirable characteristics for 

application in electrochemical transduction. This is so regarding the improvement of both the 

available surface area for bioreceptors immobilization and the superior electrochemical activity of 
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edge defect sites when compared to pristine basal graphitic planes [23], notwithstanding the 

significant contribution of the latter [24].  

 
 

 
Fig. 5.3.1: a) Representative SEM micrograph of the DGNP surface. b) Representative STEM image of 
a nanoplatelet cross-section cut. Crosses mark selected regions for EELS analysis. c) Low-loss and 
high-loss EELS spectra taken at the inner thin platelet and outer coating regions (blue and red lines, 
respectively). (d-e) Energy-filtered TEM images formed using electron energy loss of d) 5±2 eV and e) 
36±2 eV. (f-i) STEM-ADF images of a DGNP cross-section: f) Sample orientation at nanodiamond-
[211] and nanographite- [1010] zone axis, as shown in the electron diffraction pattern in the inset. g) 
The nanoplatelet is positioned with the [011] direction of the nanodiamond parallel to the electron 
beam, where the diamond twinning defects are clearly visible. These were measured via fast Fourier 
transform (FFT) on image h) and a nanobeam diffraction on image i). Green lines and blue arrows on 
image g) depict the twining planes and directions, respectively.    
 
 

5.3.4.2 Assessment of Electrochemical Charge Transfer Rate Constants 
 

The knowledge of heterogeneous CT standard rate constants (k0, cm.s-1) is important because of 

its intimate relation with the CT resistance (RCT), which in turn constitutes the bioanalyte 

quantification parameter commonly used in faradaic impedimetric biosensors. The equivalent 

electrical circuit that describes the response of an electrode to the AC perturbation in a particular 
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frequency range is, though not exclusively, dependent on k0.  If the rates are high enough, 

reversibility holds and CT is very facile. Therefore, the electrochemical impedance spectroscopy 

(EIS) response is controlled solely by the diffusion of [Fe(CN)6]4-/3- towards the electrode (Warburg 

impedance, W), by the double layer capacitance (Cdl) and by the series ohmic resistance (Rs) at all 

usable frequencies f (within 10-1 to 104 Hz); direct quantification of RCT is hampered because 

kinetic information cannot be directly retrieved.  

On the other hand, the more sluggish the CT process is, then more significant overpotentials are 

needed to drive the reaction; hence RCT is larger and a defined semi-circle is distinguishable in the 

Nyquist plot. Near the half-wave potential (E1/2) the EIS response of the biotin-functionalized 

DGNP electrodes is composed of regions of both electrode kinetics and ion diffusional control, as 

seen in Subsection 5.3.4.3 and Subsection 5.3.4.4. Thus a mixed kinetic-diffusion equivalent 

circuit, Rs[CPE[RCTW]], was used to model the cell (the equivalent circuit schematics can be seen 

in Fig. 5.3.2). Therefore, in order to accurately get a measure of RCT, it cannot be sufficiently large 

so that the vast majority of the charge transits through the constant phase element (CPE) branch of 

the circuit; if it is, the EIS response is obviously dominated by the CPE and several complications 

arise. That limit is semi-quantitatively set by the condition [25] 

𝒌𝒍𝒊𝒎𝟎  ≥ 𝑹𝑻𝑪𝒅𝒍𝝎
𝑭𝟐𝑪𝑨

 ,       

where R is the universal gas constant (8.314 J.K−1.mol−1), T = 298 K, F is the Faraday constant 

(96485.33 C.mol-1), ω  = 2πf (rad.s-1) is the angular frequency of the AC perturbation, C (mol.cm-3) 

is the concentration of [Fe(CN)6]4-/3- species and A is the electrode active area (cm2). Low 

capacitances thus favor meeting the criterion of eq. 5.3.1 over a wider range of k0. Estimations of 

capacitance per unit area are performed through combined chronocoulometry and voltammetry 

measurements (see Fig. 5.3.7) and refined via EIS measurements (see Fig. 5.3.8 and Table 5.3.1). 

The calculated values are about 125 µF.cm-2; Therefore, if C = 5 mM and T = 298 K, then 𝒌𝒍𝒊𝒎𝟎 > ≅

 4x10-4 cm.s-1 to 4x10-5 cm.s-1 at 10 Hz to 1 Hz, respectively, which constitutes a typical frequency 

range dominated by CT kinetics. 

The electrodes’ k0 can be determined via cyclic voltammetry (CV) using the potential difference 

between anodic and cathodic peaks (ΔEp = Ep,anodic - Ep,cathodic) and its departure from reversibility 

(ΔEp~0.058 V for n=1). Those overpotentials are related to electrode kinetics and k0 can be 

retrieved in the basis of the Nicholson method, in which the dimensionless parameter Ψ(ν) is 

estimated via a logarithmic relation with ΔEp(ν), where 𝝂 is the CV scan rate (V.s-1) [25,26]. 

Assuming a CT coefficient of 0.5 and a similar diffusion coefficient (D) for the oxidized and 

reduced species in 10 mM PBS (6.67×10-6 cm2.s-1), the k0 is retrievable through 

eq. 5.3.1 
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𝜳 =  𝒌𝒐

𝝅𝒏𝑭𝑫𝒗
𝑹𝑻

𝟏
𝟐
  

The derived values are (1.97±0.23)x10-3 (0 %), (3.34±0.11)x10-3 (4.1 %), (3.35±0.20)x10-3 (11.3 

%) and (5.63±0.06)x10-3 cm.s-1 (14.5 %). This trend is qualitatively similar to the DGNPs 

materials’ conductivity, as reported elsewhere [15]. A 3-fold improvement in CT rate constants is 

observed upon increasing N2 concentration up to 14.5 vol% (see Fig. 5.3.2a and Fig. 5.3.2b), in 

which case it is one (two) order(s) of magnitude higher than the limit set by eq. 5.3.1 at 10 (1) Hz. 

The k0 of DGNP14.5 % is lower than the observed for BDD electrodes (10-1 to 10-2 cm.s-1) [27] and 

slightly lower than ridge-like nanodiamond (c.a. 7x10-3 cm.s-1) [28] but higher than oxygen 

terminated BDD (3x10-4 cm.s-1) [2], graphite (1.76x10-3 cm.s-1), glassy-carbon (3.22x10-5 cm.s-1), 

CNTs (5.09x10-6 cm.s-1) and nanoporous carbon (3.30x10-3 cm.s-1).[29] It is also six orders of 

magnitude larger compared to the electrochemically inert graphene basal planes (< 10-9 cm.s-1), but 

lower than the measured from edge-planes of graphene sheets (c.a. 10-2 cm.s-1) [12,30].  

It is assumed that the charge transfer coefficient α is equal to 0.5, for it does not affect the 

calculation of k0 if it falls between 0.3 and 0.7 [25]. That assumption was experimentally verified 

for completeness sake. For that, the DC potential E was scanned in the vicinity of the half-wave 

potential E1/2 superimposed by a 5 mV-amplitude AC perturbation, as seen in Fig. 5.3.9 for the 

DGNP14.5% electrode. The dependence of the impedance phase angle (ϕ) on experimental 

parameters and constants is [25]  

𝒄𝒐𝒕∅ = 𝟏+  𝟐𝑫𝒘
𝟏
𝟐

𝒌𝟎
[ 𝟏
𝒆𝜶𝜣 𝟏!𝒆!𝜣

],   

where 𝜣 = 𝒏𝑭
𝑹𝑻

 (𝑬𝑫𝑪 − 𝑬𝟏
𝟐
) [25]. This function reaches a maximum at  

∆𝑬𝜶 = 𝑬(∅𝒎𝒂𝒙)−  𝑬𝟏
𝟐
= 𝑹𝑻

𝒏𝑭
𝒍𝒏 𝜶

𝟏!𝜶
. 

 

The observed ∆𝑬𝜶 are within the -5 to -15 mV range; hence, α only deviates from 0.5 up to 

about 0.56, so that the approximation of eq. 5.3.2 is valid. In order to counter-proof the Nicholson’s 

method, the k0 estimation is possible via eq. 5.3.3, with added advantage of independency from A 

and C [25]. In the present case however, this is hindered by the limit set by eq. 5.3.1. Since 

𝒌𝟎 → 𝒌𝒍𝒊𝒎𝟎  with increasing frequency, capacitance starts taking over the DGNPs electrodes’ 

response below 100 Hz (not shown). 

eq. 5.3.2 

eq. 5.3.3 

eq. 5.3.4 
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Fig. 5.3.2: a) CV dependence on the scan rate for DGNP samples grown at 14.5, 11.3, 4.1 and 0% N2 
(top to bottom). b) 𝜳 functions obtained via the Nicholson method. Inset: Corresponding ΔEp. c) and 
d)  Nyquist plots as function of the DC bias for the DGNP0% DGNP14.5% samples, respectively. The 
equivalent circuit model is also shown. e) Corresponding k0 estimations. In these experiments, C = 5 
mM [Fe(CN)6]4- and the active areas are as determined by chronocoulometry (see Fig. 5.3.7a). In b) and 
e), points are mean values and error bars are statistical standard deviations from independent triplicate 
measurements. 
 
 

An alternative approach is to analyse the variation of total impedance with the DC bias and 

isolate the RCT values through equivalent circuit fitting (see Fig. 5.3.2c and Fig. 5.3.2d for 

DGNP0% and DGNP14.5% electrodes). The dependence of RCT on the 𝜣 parameter is  

𝑹𝑪𝑻 =
𝑹𝑻

𝒌𝟎𝒏𝑭𝟐𝑨𝑪
 𝟏! 𝒆𝜣

𝒆 𝟏!𝜶 𝜣 = 𝑹𝑻 𝜦
𝒌𝟎𝒏𝑭𝟐𝑨𝑪 

,  

from where the k0 can be retrieved. The results are similar to the Nicholson’s counterpart, 

though the DGNP14.5% value is about 17% lower, (4.65±0.10)×10-3 cm.s-1 (Fig. 5.3.2e).  
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5.3.4.3. Sensor Functionalization with Biotin 
 

Avidin is a tetrameric protein able to bind four molecules of biotin via a non-covalent 

interaction with an extremely high affinity constant of 1015 L.mol-1 [31,32]. The avidin specific 

recognition element, biotin (also known as vitamin H), was linked via amide bond between the 

carboxylic acid group of biotin and an amine group on the surface of the electrode. EDC and NHS 

chemistry were employed to promote and improve the efficiency of the reaction, respectively. 

 
 

 
Fig. 5.3.3: Schematic representation of the DGNPs functionalization process. 

 

 

Regarding the preparation of the electrodes’ surface with amine groups, the DGNP surfaces 

were hydroxylated through the Fenton reaction and further modified with APTES. This 

organosilane forms covalent bonds with hydroxyl groups, yielding amine surface termination 

(electrode-C-O-Si-NH2, see Fig. 5.3.3 for detailed schematics). The functionalization steps were 

followed via XPS, CV and EIS measurements. The overall XPS spectra of each functionalization 

step are shown in Fig. 5.3.4a.  
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Fig. 5.3.4: a) Overall XPS spectra of the unmodified, post-Fenton, post-APTES and post-biotin 
electrode surfaces (from bottom to top: black, red, blue and green lines, respectively). (b-d) Normalized 
detailed spectra of the b) N1s, c) C1s and d) O1s regions. The fitted peaks are dashed lines and the sum 
in solid orange cures. f) C1s and g) O1s quantitative analysis based on the spectra of c) and d), 
respectively. The normalized e) Fe3s/Si2p and h) S2p regions of the spectra are also shown for the post-
Fenton, post-APTES and post-biotin surfaces (from bottom to top: red, blue and green lines, 
respectively), along with the pertinent fitting. 

 

 

Two Gauss-Lorentz shapes at c.a. 284.7 and c.a. 285.3 eV are suffice to describe the C1s 

spectrum of the unmodified DGNP surfaces (Fig. 5.3.4c). The peak position and relative separation 

are consistent with sp2 and sp3 (C-C, C-Hx, C−N) bonding [33,34]. Note that despite C-O bonding 

being also characterized by sp3 orbital hybridization, its contribution in the XPS experiments are 

differentiated from sp3 (C-C, C-Hx, C−N) ones for convenience. No carbon-oxygen bond peaks are 

detected, and although small amounts of O are present at 532.6 eV (O=C, see Fig. 5.3.4a and Fig. 
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5.3.4d), their contribution is completely masked by the sp2 and sp3 photoelectrons. The sp3 intensity 

hardly originates from C−N, for no N was detected on the unmodified surface, as seen in Fig. 

5.3.4b. Thus, the sp3 peak for the unmodified sample arises (i) from locally exposed inner diamond 

platelets and/or (ii) from the surface hydrogenation characteristic of MPCVD growth [35,36]. Since 

C-Hx fingerprint overlaps strongly with C-C bonding, both contribute to the 285.3 eV peak 

intensity assignments through fitting procedures. 

After the Fenton reaction, the C1s spectrum is characterized by the appearance of two new 

strong peaks at approximately 286.2 and 288.3 eV. These account for [C-O/C-OH] and C=O/O=C-

OH], respectively, whose individual contributions are not univocally discernable for the same 

reason regarding the C-C and C-H peaks. A significant concentration of C-O/C-OH is achieved as 

seen in the C1s quantitative analysis of Fig. 5.3.4f. This is accompanied by an improved wettability 

of the DGNP surfaces, noticeable by the naked eye. The sp3 band is not needed to properly fit the 

spectrum after the Fenton reaction; this points to the replacement of superficial hydrogen by 

oxygen species, indicating that the sp3 intensity is most likely related to hydrogenation.  

The Si2p and Si2s peaks appear after APTES treatment, at energies consistent with the organic 

Si coordination of the organosilicate (102.1 and 152.5 eV, respectively, see Fig. 5.3.4e). A doublet 

separated by c.a. 0.8 eV constitutes the former. The appearance of nitrogen peaks at 399.8 and 

401.4 eV in a 0.82/0.18 proportion is characteristic of protonated and deprotonated primary amines 

at pH 7.4, respectively, also confirming the APTES immobilization (see Fig. 5.3.4b) [37]. After 

APTES treatment the C1s region signature remains fundamentally unaltered. Regarding the O1s 

region (Fig. 5.3.4d and Fig. 5.3.4g), overlapped with the O=C peak, a third peak at 532.8 eV is 

needed to properly fit the spectra. This is consistent with an Ox-Si coordination environment. 

Concomitant with the C1s spectrum, a noticeable decrease in the relative intensity proportion of the 

O-C/H-O-C (531.6 eV) peak is observed after APTES treatment.  

Finally, after incubation in a mixture of PBS/NHS/EDC/Biotin in 10 mM PBS, a new element 

fingerprint appears in the spectrum at c.a. 130 eV (P2p, see Fig. 5.3.4a), corresponding to 

phosphorous contamination from incubating media. A new N1s peak at 398.2 eV also appears, 

along with a pronounced dominance of the C-C/C-N/C-H peak in the C1s region. This is consistent 

with the C-(NH) segment of the amide bond from biotin [38]. In addition, the formation of the new 

amide bond (N-C=O) and the imidazole group from biotin (N-(C=O)-N) contributes to the peak at 

401.4 eV. These altogether explain the changes in the N1s spectrum after biotin immobilization 

(Fig. 5.3.4b). 

The surface is inevitably contaminated with S and Fe impurities after the Fenton reaction. The 

S2p doublet (Fig. 5.3.4h) separated by c.a. 1.12 eV at 169 eV clearly indicates the presence of a 

metal sulphate (FeSO4). Accordingly, the Fe2p1/2 and Fe2p3/2 multiplet signal peaking at c.a. 724.8 
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and c.a. 710.9 eV, respectively, accompanied by the corresponding satellites at higher binding 

energies, is indicative of ferrous and/or iron hydroxide compounds  (Fig. 5.3.4e) [39]. The samples 

used for avidin detection were therefore repeatedly rinsed in DI water prior to APTES 

immobilization. Rinsing the sensors in DI water immediately before APTES immobilization also 

ensures the stabilization of -OH terminated surfaces increasing the process efficiency [40]. An 

efficient hydroxylation is an important factor because the APTES immobilization process itself is 

predictably more efficient in densely hydroxylated surfaces due to the superior availability of 

binding sites. 

The CV and EIS follow up of the functionalization procedure are plotted in Fig. 5.3.5a and Fig. 

5.3.5b, respectively. The Nyquist plot of the unmodified sample EIS response denotes only a slight 

modulation due to RCT. After hydroxylation, RCT  in EIS (Fig. 5.3.5b) and ΔEp in voltammograms 

(Fig. 5.3.5a) increase noticeably, which is consistent with the well-known deterioration of CT 

kinetics after oxidation of graphitic or diamond surfaces [2,26]. The CV peak currents are lower 

than the unmodified electrodes because along with the progressive degradation of kinetics, a 

transition to an irreversible regime eventually begins and the anodic and cathodic peak currents 

(Ip,anodic and Ip,cathodic, respectively) are progressively lowered compared to the reversible 

counterpart. 

After APTES treatment, both the RCT and ΔEp decrease, contrarily to some reports in the 

literature [40,41], but in agreement with others [42–44]. In order to clarify this matter, rate 

constants were also determined via the Nicholson method for the different functionalization steps 

(see Fig. 5.3.5c and Fig. 5.3.5d). The rate constants are 1.02×10-3 cm.s-1, 1.48×10-3 and 7.72×10-4 

cm.s-1, for the hydroxylated, APTES-treated and biotin-functionalized surfaces, respectively. The 

improved k0 of APTES-terminated electrodes when compared to OH-terminated ones is 

concomitant with the lowering of RCT. Intuitively, one would expect an opposite behavior because 

of the additional DGNP-electrolyte CT barrier upon organosilane binding, but this is not 

necessarily true in all cases. Surface chemical groups (e.g. surface charge) considerations can be 

intervening factors, because OH and NH2/NH3
+ will obviously interact differently with the 

negatively charged [Fe(CN)6]4-/3- ions [8,24,45]. Also, the amine-terminated surfaces can favor 

[Fe(CN)6]4-/3- reactant and/or product adsorption via electrostatic interactions. However, if 

adsorption was to be a key element, some signs of it should be detected in the voltammograms, 

such as the appearance of adsorption pre/post waves reflecting different activation energies for 

adsorbed and diffusing [Fe(CN)6]4-ions, linear Ip,anodic and Ip,cathodic dependence on the scan rate 

instead of the observed 𝝂
𝟏
𝟐 dependence, or significant deviation in the Ip,anodic/Ip,cathodic ratio [25]. 
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Fig. 5.3.5: DGNP functionalization follow-up via a) CV and b) EIS Nyquist plots (0,2 V vs.Ag/AgCl). 
c) CV dependence on the scan rate for DGNP14.5% samples after biotin immobilization, APTES 
treatment and Fenton reaction. d) 𝜳 functions obtained through the Nicholson method. Inset: 
Corresponding ΔEp. Points are mean values and error bars are statistical standard deviations from 
independent triplicate measurements. In these experiments, C = 5 mM [Fe(CN)6]4-. 

 

 

After biotin immobilization, RCT and ΔEp increase again, i.e. k0 decreases due to inhibited CT as 

a result of biotin binding. The RCT is lower than for hydroxylated surface, even though the 

estimated k0 is also lower. In fact, a decrease in RCT is notorious as the CV and EIS measurements 

are run on hydroxylated electrodes (not shown). This drift is linked to modifications in the surface 

state and points out to a partial reversal of hydroxylation, which further enforces the need for 

immediate APTES treatment of freshly hydroxylated surfaces.  

 

 

5.3.4.4 Label-Free Impedimetric Detection of Avidin 
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the literature [8,46]. To our experience with carbon materials such as DGNPs, CVD graphene or 

laser–induced graphene, it takes a significant amount of incubation time (up to 3 hours) in order to 

stabilize the AC response in stagnant electrolyte. That signal drift is observable regardless of the 

functionalization stage of the sensor, being consistent with a progressive equilibration of 

electroactive adsorbates at the electrode/solution interface. In the particular case of DGNP 

electrodes, the RCT tends to increase until eventually a pseudo steady state is reached. Since RCT in 

impedimetric sensors usually denote the same behavior upon specific binding (e.g. CT blockage by 

large avidin molecules at the electrode surface, antibody-antigen complexation reactions, virus or 

bacteria attachment), this can constitute a serious source of false-positive results. Stirring the 

solution enabled one to attain steady measurements within a more practicable time scale, about 20 

minutes, monitored by final OCP drift rates below 10 µV.min-1, after an initial logarithmic transient 

period resembling an equilibration isotherm. As important, stirring the solution allowed 

maintaining reproducibility throughout the whole experiment. This is seemingly related to the 

renewal of the diffuse layer and the homogenizing effect on the Nernst diffusion layer thickness 

caused by convective mass transport [47,48]. The stirring was performed at 200 rpm, at which 

there is not a direct impact of convection on the EIS response other than the above-mentioned 

considerations. In such conditions, the low-frequency portion of the Nyquist plot is linear with 

unitary slope, therefore undistinguishable from the Warburg impedance [49]. On the contrary, if 

convective mass flow is intense enough the Nyquist plots deviate from linear behavior towards 

another x-intercept at low frequencies, exemplified by the stirring speeds of 400 and 600 rpm at 

frequencies below c.a. 1 Hz in Fig. 5.3.10.  

Since one wants to apply a small amplitude AC perturbation upon equilibrium potential, both 

reduced and oxidized species are used at the same molarity, so that the electrode is held balanced. 

Using more concentrated solutions of [Fe(CN)6]4-/3- favors slower kinetics in terms of the semi-

quantitative limit of eq. 5.3.1 (see Subsection 5.3.4.2) and, implicitly, over a wider range for 

bioanalyte quantification. However, since 𝒌𝟏𝟒.𝟓%𝟎 ≫ 𝒌𝒍𝒊𝒎𝟎 , keeping low electrolyte concentrations is 

preferable. It minimizes the ionic interactions (e.g. bulk complexation reactions) arising from the 

inherent proximity of the [Fe(CN)6]4-/3- at higher concentrations, as well as the extent of specific 

adsorption and changes in the electrodes’ surface state [46].  

Fig. 5.3.6a, Fig. 5.3.6b and Fig. 5.3.6c show the Nyquist plots of the biotin-modified electrodes 

and corresponding controls (all in duplicate) upon incubation in blank and avidin-containing 

solutions at concentrations up to 1000 µg.mL-1, whilst Fig. 5.3. 6d shows the normalized response.  
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Fig. 5.3 6: Nyquist plots of the a) NHS/EDC/Biotin (sensor), b) NHS/EDC/anti-hCG (control B) and c) 
Biotin-only (control A) samples after incubation in the blank, 10, 100 and 1000 µg.mL-1 avidin 
solutions. d) Normalized response of NHS/EDC/Biotin sensors and control samples upon exposition to 
0 (blank), 1, 10, 100, 500 and 1000 µg.mL-1 avidin in 10 mM PBS solution. Inset: Calibration curve of 
NHS/EDC/biotin sensors’ averaged response (red circles) and averaged responses of control B (black 
diamonds) and control A (green triangles). Error bars are propagated equivalent circuit fitting errors. 
The measuring solution is 10 mM PBS with 1 mM [Fe(CN)6]4- and 1 mM [Fe(CN)6]3- and 
measurements are taken at the OCP (0.2 V vs. Ag/AgCl). 
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the effective limit of detection (LOD) and of quantitation (LOQ). The sensors’ normalized 

response,  

𝑹𝑪𝑻 ! 𝑹𝑪𝑻
𝒃𝒍𝒂𝒏𝒌

𝑹𝑪𝑻
𝒃𝒍𝒂𝒏𝒌 =  ∆𝑹𝑪𝑻

𝑹𝑪𝑻
𝒃𝒍𝒂𝒏𝒌 ,                   

starts to differentiate from controls at c.a. 10 µg.mL-1, scaling logarithmically up to the 

maximum concentration studied, 1000 µg.mL-1. All controls’ RCT increase slightly until c.a. 100 

µg.mL-1 is attained and tend to stabilize afterwards. There is not a distinct response from control A 

and B, supporting the importance of covalently binding the biotin to the electrodes using EDC and 

NHS. The sensors’ 3σ/m LOD and 10σ/m LOQ are 1.3 and 6.4 µg.mL-1 (c.a. 19 and 93 nM), 

respectively. However, more realistic calculations must encompass the estimation of non-specific 

binding contributions. Therefore, the Control B#1 and B#2 averaged response was included in the 

final sensor’s figure of merit. The LOD and LOQ corrected by the non-specific response are 2.3 

and 13.8 µg.mL-1 (c.a. 33 and 200 nM), respectively. 

To the author’s knowledge, regardless the existence of some reports on the detection and 

quantification of avidin via affinity interaction with biotin [50–54], none are based on impedimetric 

methods, but in voltammetric and transistor approaches. In fact, the biotin-avidin biorecognition 

pair, used herein as proof-of-concept, is generally employed to improve the immobilization process 

of bioreceptors in sandwich-type biosensors, e.g. enzymes and antibodies or aptamers in enzymo 

and immuno -sensors, respectively [55–57]. Nonetheless, the ability of the DGNPs impedimetric 

sensors to quantify avidin, not only at relatively low amounts, but also within the hundreds of 

µg.mL-1 range, are also useful whilst optimizing the immobilization of biorecognition elements in 

sandwich-type approaches. 

 

 

 

5.3.5. Conclusion 
 

Label-free faradaic impedimetric biosensors made of diamond-graphite nanoplatelet (DGNP) 

thin films were assembled and tested using the biotin-avidin biorecognition pair. The DGNP films’ 

building unit consists in an inner 2D-like nanocrystalline diamond platelet covered by a 

nanographite film with a {111}diamond||{0002}graphite epitaxy. These units present preferential vertical 

alignment and conspicuous edges, which constitute interesting characteristics for electrochemical 

biosensing. The CT constants in a solution of [Fe(CN)6]4- in 10 mM PBS rose from c.a. 2.0×10-3 

cm.s-1 up to c.a. 5.6×10-3 cm.s-1 upon N2 addition to DGNP synthesis. The DGNP electrodes’ facile 

eq. 5.3.6 
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CT and stability are crucial characteristics envisaging the reliable detection and quantification of 

bioanalytes via faradaic impedimetric approaches.  

The impedimetric detection of avidin was accomplished by covalently binding biotin molecules 

as avidin specific recognition elements on APTES- functionalized DGNP surfaces. Avidin was 

quantified within the 10 to 1000 µg.mL-1 ranges following a logarithmic dependency. The limits of 

detection and of quantitation are 2.3 and 13.8 µg.mL-1 (c.a. 33 and 200 nM) after correction for the 

non-specific response, respectively. Taking into account the fact that some optimization is still 

possible, especially regarding the suppression of non-specific binding via passivation agents such 

as bovine serum albumin or poly(ethylene glycol), these results are encouraging for the 

development of impedimetric sensors also for other bioanalytes, such as cortisol, human chorionic 

gonadotropin, prostate-specific antigen, E.coli and Legionella. 
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5.3.7. Supporting Information for Electrochemical Methods 
 

The electrodes’ active area (A) and effective capacitance per unit area (𝜸𝒅𝒍) used in the 

calculations of Subsection 5.3.4.2 were determined as follows. Under a semi-infinite planar 

diffusion regime, the time dependence of the accumulated charge Qacc after a potential step to a 

diffusion controlled (post-peak) oxidation regime is given by [25,47]. 

 

 

 
Fig. 5.3.7: a) Chronocoulometric response of DGNP electrodes. The calculated active areas A are 
also shown. Errors are standard deviations from independent triplicate measurements. In these 
experiments, the measuring solution is 5 mM [Fe(CN)6]4- in 10 mM PBS. b) Estimation of 
capacitance per unit area in PBS. The DC potential used in calculations is 0.2 V vs. Ag/AgCl. 
Inset: Cyclic voltammograms of the DGNP14.5 % electrode in 10 mM PBS at varying scan rates.  
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𝑸𝒂𝒄𝒄 𝒕 = 𝟐𝒏𝑨𝑭𝑪𝒓 𝑫𝒕
𝟏
𝟐

𝝅
𝟏
𝟐

+  𝑸𝒊 ,                            

where Qi is a constant accounting for the capacitive charging and faradaic activity of pre-

adsorbed [Fe(CN)6]4-. The electrochemically active areas A, obtained through the 

chronocoulometric slope, are comparable to the geometrical dimensions of the electrodes, A’ = 

0.196±0.016 cm2 (Fig. 5.3.7a). The observed fluctuations are due to interchangeable effective area 

for the faradaic process (e.g. differences in surface area, intrinsic density of active sites). 

Afterwards, the voltammetric capacitance per unit area 𝜸𝒅𝒍 is calculated to be within 90 to 125 

µF.cm-2, obtained through 

𝑱𝒄,𝒅 =
𝒊𝒄,𝒅
𝑨
=  𝜸𝒅𝒍𝒗  ,                                                

 where 𝑱𝒄,𝒅 are the voltammetric charge/discharge current densities in 10 mM PBS only, as seen 

in Fig. 5.3.7b. This constitutes a valid first approximation, but the assumption that [Fe(CN)6]4-/3-  

ions have negligible effect on the capacitance is questionable. The apparent capacitances can be 

refined via the CPE element of the equivalent circuit modeling the AC response, this way 

accounting for the contribution of [Fe(CN)6]4-/3- [58]. The general impedance of a CPE element is  

𝒁𝑪𝑷𝑬 =
𝟏

𝑷𝟎 𝒋𝒘 𝜨 ,                                          

where 𝑷𝟎 (sN.Ohm-1) and Ν are the pre-exponent and exponent factors of the CPE, respectively, 

and j is the imaginary unit. The apparent capacitances per unit area are retrieved through  

𝜸𝒂𝒑𝒑 =  𝑹𝑪𝑻𝑷𝒐 𝑵

𝑨.𝑹𝑪𝑻
,                                                  

which for the case of DGNP electrodes are within. 100 to 190 µF.cm-2 (see Fig. 5.3.8 and Table 

5.3.1). As mentioned in the main text, the CPE models non-idealities in the double layer, which are 

frequently observed for solid electrodes, in practice leading to the appearance of a resistive 

component in an otherwise purely capacitive branch. The commonly attributed origins of such 

capacitive dispersion phenomena is the coupling of kinetic processes to several levels of surface 

roughness, from atomic-scale non-homogeneities to nm and µm -sized features, in a complex 

manner because these quantities are often interdependent [59]. This is clearly the case of DGNPs, 

for they present such levels of roughness, as seen in Fig. 5.3.1.  

 

eq.5.3.7 

eq.5.3.8 

eq.5.3.9 

eq.5.3.10 
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Fig. 5.3.8: Representative Nyquist plot of the DGNP0% electrode taken at open circuit potential (0.2 V 
vs. Ag/AgCl). The frequency range is 10kHz to 0.1 Hz, the measuring solution is 1 mM [Fe(CN)6]4- 

and 1 mM [Fe(CN)6]3- in 10 mM PBS. The fitted curve is shown in red. Inset: Mixed kinetic-diffusion 
equivalent circuit used to model the cell. 
 

 

Table 5.3.1. Derived equivalent circuit fitting values and calculated 𝜸𝒂𝒑𝒑 (see Fig. 5.3.8 and eq. 5.3.4). 

Sample a RCT (Ω) N P0 (sN.Ω-1) A (cm2) 𝛄𝐚𝐩𝐩 (µF.cm-2) 

DGNP0% 368.41 0.959 1.53x10-5 0.156 121.3     

DGNP4.1% 357.61 0.920 2.30x10-5 0.181 186.6     

DGNP11.3% 242.16 0.924 1.57x10-5 0.224 107.0 

a Note that this method is not applicable to the DGNP14.5% sample, for the RCT modulation is very weak 
and not univocally fittable (see Nyquist plots of Fig. 5.3.10). 

 

 

In order to validate the charge transfer (CT) rates derived through the Nicholson method in 

Subsection 5.3.2, the CT coefficient (α) should be within 0.3 to 0.7. The α  can be estimated by the 

potential difference between the AC current and phase angle maxima [25], (see Fig. 5.3.9 for the 

DGNP14.5% sample and eq. 5.3.4).  
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Fig. 5.3.9: Plot of the AC current magnitude |Iac| and impedance phase angle φ  as function of DC bias 
for DGNP14.5% electrode. The AC perturbation frequency is 10 Hz and measuring solution is 10 mM 
PBS with 5mM [Fe(CN)6]4-. 

 

 

Finally, stirring the solution is effective in suppressing signal temporal drifting thus reducing 

the probability of a false positive output, as discussed in Subsection 5.3.4. The impact of different 

stirring speeds on the impedimetric response is shown in Fig. 5.3.10. At 200 rpm (black squares), 

the plot still resembles the Warburg impedance down to 0.1 Hz and therefore the cell is still 

described by the equivalent circuit shown in Fig. 5.3.2 and Fig. 5.3.8. Stronger convection mass 

transport at 400 and 600 rpm cause the plot to deviate from the Warburg impedance at lower 

frequencies (green triangles and red circles). Such response indicates a transition to a regime that is 

no longer described by a semi-infinite diffusion layer thickness. 

 
 

 
Fig. 5.3.10: Nyquist plots of unmodified DGNP14.5% electrodes obtained under different stirring 
condition and linear fit of the Warburg impedance (solid red line). The conditions are similar to those of 
Fig. 5.3.8. Note that, at these conditions, the modulation due to RCT at higher frequencies is weak for 
the DGNP14.5% sample. 
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5.4 
 

 

Patterning of Diamond-Graphite 

Nanoplatelets Films Using Standard 

Lithography Techniques 
 
 
 
As concluded previously in this chapter, the DGNP are promising materials for biostimulation 

and biosensing devices. Hence, it is important to check the compatibility of the DGNP materials 
with the standardized surface micromachining processes, similarly to the case of NCD-CNTs and 
GDHs in Section 2.2 and Section 3.3, respectively. Several devices benefit from miniaturization, 
allowing maximum functionality at minimal dimensions. Not only it is mandatory in some 
applications (e.g. MEMS, including bioMEMS, ...) as it allows the integration in more complex and 
compact devices, such as sensor multiplexers, lab-on-a-chip and ultramicroelectrode arrays 
(UMEAs). Special focus is given to the dry etching (RIE) patterning of the DGNP films, as it 
constituted the most challenging step. This task was conducted at the Centre for NanoHealth, 
Institute of Life Sciences 2, Swansea University. 
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5.4.1 Patterning and Testing of DGNPs Beams 
 

The growth conditions of the starting DGNP films are similar to the samples presented in 

Sections 5.1 and 5.3. The sample formulation is Si/NCD(3 µm)/DGNP(3 µm). The NCD layer acts 

as a chemically stable, semi-insulating interlayer for fabrication study purposes. Each final die is 

composed of four 500x100 µm2 beams connecting two electrodes. The simplified fabrication 

process is shown Fig. 5.4.1.  

 

 

 
Fig. 5.4.1: Simplified surface micromachining process of DGNP beams. 
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Similarly to the NCD-CNTs hybrid films analyzed back in Section 2.2, DGNP films are 

mechanically and chemically stable materials. The etch rate is much lower compared to the 

photoresist counterpart and hence hard masks (HMs) are employed. It is worthwhile to recall some 

conclusions regarding the NCD-CNT hybrids RIE process. It was observed that the etch rate tends 

to drop after a certain RIE process time, in agreement with reports where such issues were 

investigated in more detail [1]. In order to further understand the role of the HM during the 

nanocarbon hybrid RIE patterning process, experiments were conducted in parallel using patterned 

and unmodified Si/NCD/DGNP substrates.  

In Fig. 5.4.2 is shown a SEM micrograph of a beam unit after HM deposition and RIE process. 

Relevant dimensions are also shown. Detailed SEM micrographs of the etched regions are shown 

for 10, 30 and 75 minutes of O2/CF4 RIE (see Fig. 5.4.3). The HM was Ti/Al (30nm/300 nm) 

deposited by PVD. The RIE chamber feed gas also contained CF4. Its addition to O2 helps in two 

ways, namely (i) by smoothing the etched surface and minimizing etch pits, and (ii) by inducing a 

c.a. 3-fold increase in the etch rate [2,3].  It also lowers etching selectivity, because the metal HM 

is more prone to be attacked by plasmas containing fluorinated carbons [4]. The selected O2/CF4 

ratio, 2%, was shown in the literature to yield smoother etch surfaces without significantly 

degrading metal HMs when compared to pure O2 plasmas [2]. Whilst generalization to the present 

case is tempting, it is not quite the case herein, as will become apparent later on; the HM is in fact 

attacked, possibly due to the different power settings and RIE system used (c.f. the work in Ref. 

[2]).  

After 10 minutes, the non-patterned sample is uniformly and completely etched, as readily seen 

in Fig. 5.4.3c. The NCD grains are clearly distinguishable, its visualization being enhanced by its 

columnar structure arising from preferential etching along the grain boundaries. Macroscopically, 

one could readily observe the characteristic interference fringes created by the semi-transparent 

nature of the smooth NCD interlayer and by the abrupt interfaces at the NCD/Si interface (not 

shown). However, such is not the case for identical yet patterned samples. After the same etching 

time, the nanoplatelet structure is still present, though visibly thinned (Fig. 5.4.3b). No interference 

fringes are noticed at the naked eye, and the surface still presented a dark appearance. 
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Fig. 5.4.2: Low magnification SEM micrographs of DGNPs film surface after RIE process. Relevant 
dimensions of the unit are also shown. Arrows point etching debris and isolated peaks.  

 

 

 
Fig. 5.4.3: Representative SEM micrographs at different stages of the DGNPs dry etching, namely, a) 
before RIE and after b) 10, d) 30 and e) 75 minutes of RIE with the presence of HM. c) Etched area of 
non-patterned DGNP sample. 
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Fig. 5.4.4: Raman spectra (532 nm excitation) of the DGNP films before and after RIE (black and red 
lines). The spectrum of the DGNP beam after HM removal is also shown in blue. The spectra were 
normalized to the corresponding maxima. 

 

 

Only after about 30 minutes the etching reaches the NCD substrate (Fig. 5.4.3d). In addition to 

the SEM micrographs, the Raman spectrum (Fig. 5.4.4) and the I-V measurements (Fig. 5.4.8) 

further confirm that the etching is near completion after 30 minutes. Regardless some isolated 

peaks and high roughness regions are still present, the electrode crosstalk, that is, currents flowing 

between pads corresponding to different beams (e.g. the two pads in Fig. 5.4.6, at the top) reduces 

by 3 orders of magnitude, as expected for NCD substrates. Moreover, the Raman fingerprint 

unambiguously discriminates the presence of NCD and the absence of ordered graphitic domains 

characteristic of these DGNP films. The etch rate is c.a. 30 nm.min-1, compared to c.a. 100 nm.min-

1 in the absence of the HM. 

The DGNP layer is only completely removed from all desired areas, after about one hour of 

RIE, including local spikes and high roughness regions. Fig. 5.4.3f shows that the NCD interlayer 

is already being attacked after 75 minutes. Hence, one concludes that the presence of the HM is 

limiting the etch rates; this further supports the hypothesis that metallic species are being attacked 

and re-deposited in the DGNP surfaces, creating nano and micro masks that lower the etch rate. 

This was previously observed in several reports in the literature on the RIE of diamond materials, 

either using SiO2 or metallic HMs [1,2,5]. The porous-like DGNP surface might play a role here, 

for it leads to a rougher and non-homogeneous HM, more susceptible to plasma attack. In addition 

to micro masks deposition on the etch surface, metal re-deposition also creates a passivating layer 

on etch pit sidewalls, augmenting the anisotropic nature of the etching [2,5].  
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EDS measurements corroborate these arguments by clear identification of Al and Ti on the 

etched DGNP areas after exposure to O2/CF4 plasmas for 30 minutes (see Figs. 5.4.5a-b). 

Moreover, significant metal accumulation occurs as seen in Figs. 5.4.5e-f and Table 5.4.1, at the 

rougher regions considering Figs. 5.4.5b-d. 

 

 

 
Fig. 5.4.5: Point and mapping EDS elemental analysis after 30 minutes RIE in the presence of HM. a) 
Point EDS spectrum acquired at metal-rich protrusions. b) Low magnification SEM micrograph and (c-
f) corresponding elemental distribution. The accelerating voltage is 15 kV and interaction depth is 
approximately 2.3 µm.  
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Table 5.4.1: Elemental EDS semi-quantitative analysis* based on the spectrum of Fig. 5.4.5a.	 

Element Concentration, weight ± 3σ (%) 

Carbon 69.2±29.1 

Oxygen 16.0±8.0 

Fluorine 3.7±2.2 

Aluminium 3.4±0.6 

Silicon 2.1±0.4 

Titanium 5.6±0.7 

*Data retrieved via a VEGA3 SBH SEM equipped with a peltier-cooled Bruker XFlash 410-M Si drift 
detector, yielding an energy resolution of 133 eV at the Mn Kα line, coupled to a Quantax microanalysis 
software. The accelerating voltage was set to 15 kV and detection resolution is c.a. 0.1 at%. 

 

 

Fluorine was found at approximately the same relative concentration all over the etched areas, 

without significant accumulation at any particular substrate region, probably in the form of a 

polymer coating. In fact, the formation of such coatings is generally appointed as the cause of the 

observed smoothing effect on the etched surfaces [2,4]. 

After the RIE studies, the DGNP patterning process was repeated using thicker Al masks, 400 

nm, which helped in smoothing the HM surface. Additionally, it was found that no Ti was needed, 

for the PVD Al coating adheres well to the DGNPs; it was inclusively able to endure many cycles 

of ultra sonication without any sign of deterioration or lift-off. This eliminates the need for RIE 

removal of the Ti adhesion layer. After 30 minutes RIE with the previous conditions, the dies were 

immersed in an acidic mixture of H3PO4:NHO3:CH3COOH:H2O (37:1:2:12) to remove the HM. 

The samples were dipped in DI water every minute to remove gas bubbles adsorbed to the DGNPs 

surfaces, lest the occurrence of non-homogenous etching of the HM. Those non-homogeneities 

were clearly visible to the naked eye if no dipping in DI water is performed. The etch rate was c.a. 

40 nm.min-1.  
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Fig. 5.4.6: SEM micrographs showing the final DGNP beam electrodes obtained after RIE (60 
minutes), Al HM wet etching and electrode deposition. 

 

 

SEM micrographs of finalized sensors are shown in Fig. 5.4.6, and a process flow is provided in 

Appendix E.  Advantageously, the HM etching also removes the debris left on the etched areas, 

which look visibly cleaner compared to immediately after the RIE (Fig. 5.4.5b). As seen in Fig. 

5.4.6 (bottom micrographs), the beams generally maintain the structural integrity, though the 

boundaries are erratic at a sub-micron scale; this is to be expected given the roughness of the 
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DGNPs films, analogue to the case of NCD-CNTs in Section 2.2, where roughness levels led to 

poor lithographic resolution. Nonetheless, better resolution is expected using focused ion beam 

(FIB) lithography techniques if such levels of definition are required [4,6]. 

Regardless the DGNP endured all the patterning process without significant morphostructural 

degradation, as confirmed by Raman measurements (blue line in the spectra of Fig. 5.4.4), it was 

not possible to fully remove Al contamination in all the dies (up to c.a. 0.3 at%), as seen in the 

EDS spectra acquired at DGNP beam regions belonging to different dies, Fig. 5.4.7. Moreover, 

some needed 20 to 40 % more etch time to display the same color change from bright grey to the 

typical darker bluish grey appearance. The reason to this is unclear, but it may found a basis for 

explanation in the extremely rough, porous-like morphology, or in the previously mentioned 

intermediate surface renewal step to remove gas bubbles from the etch surface. 

 

 

 
Fig. 5.4.7: EDS semi-quantitative elemental analysis of the DGNP beams after wet etching of the Al 
HM. 

 

 

Similarly to the GDH hybrids in Section 3.2, it is also of interest to obtain estimations of the 

DGNPs films’ electrical resistivity and to compare them with the ones obtained via Van der Paauw 

method in Section 5.1. The I-V curves of the final DGNP beams are shown in Fig. 5.4.8. The 

calculated resistivity for the DGNP films through eq. 3.2.1 is (2.31±0.44)×10-4 Ω.m; this is 5 to 6 

times larger compared to the DGNP samples grown at the same amount of N2 (11.3 vol%, see Fig. 

5.1.4d). Whilst this could be due to inherent specificities to each measuring method, other aspects 

can be intervening factors in the observed discrepancies. Besides the addition of N2 to the MPCVD 

feed gas, the DGNPs morphostructural aspects are also sensitive to changes in the growth 
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temperature. In the MPCVD operating mode in which the growth was carried, the holder 

temperature is not actively controlled, so that the growth temperature at the substrate surface is 

dependent on the cooling water flow and temperature. Given the time lapse between the two 

growth procedures, chances are that some differences exist in the absolute growth temperatures. 

Regardless, the microfabrication process itself also induces changes to the films’ surfaces, 

especially after HM wet etching. Indeed, the increase in the films’ resistivity is concomitant with 

the substitution of hydrogen terminations by oxygen ones. 

 

 

 
Fig. 5.4.8: a) Unit crosstalk (red line) and beam (green line) I-V curves of the finalized devices (60 
minutes RIE, HM wet etch removal and electrode deposition). b) I-V curves sampled from a finalized 
batch. Dimensions are as  shown in Fig. 5.4.6. 

 

 

The standard deviation of the beams’ resistance is about 20%. In addition to the complex RIE 

procedure, the observed variability in the Al wet etching procedure can play a role here. This point 

still lacks optimization prior to functionalization and analyte detection studies using miniaturized 

DGNP electrodes. Metal impurities might negatively affect the device performance and stability 

(e.g. interfering electrochemical activity in faradaic sensors) and put limitations on biological 

applications because of biocompatibility issues.  
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5.4.2. Final Remarks 
 

Undoubtedly, the dry etching of DGNPs is not a trivial task. It is herein demonstrated that the 

etch rate is strongly influenced by the presence of metallic hard masks, corroborating several 

reports in the literature. Moreover, the most plausible underlying mechanism is the redisposition of 

metal containing species in the etched areas, progressively slowing down the etch process, as 

suggested by the SEM/EDS measurements. The presented results on the surface micromachining 

process of DGNPs permitted to further enforce the findings presented in Section 2.2 for NCD-

CNTs films.  

Nevertheless, 500x100 µm2 DGNPs beams could be successfully fabricated. The electrical 

resistivity was also estimated, c.a. 2x10-4 Ω.m, which is c.a. 5 times higher compared to the ones 

obtained in Section 5.1 via Van der Paauw method. This is likely related to oxidation of the CVD 

DGNP surface after clean room processing, namely, after acidic wet etching of the Al hard mask. 
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Chapter 6 
 

 

Conclusion and Final Remarks 
 
 
 
This chapter gathers the thesis’ main conclusion and outcomes. The scope and objectives of the 

present work were exposed back in Section 1.1. The question guidelines are re-called in order to 

provide a framework to outline the most relevant conclusions and achievements.  

 

i. Is it possible to co-fabricate sp2/sp3 nanocarbon allotrope hybrid materials in a controlled 

and reproducible manner? 

 

Yes, in general. The microwave chemical vapor deposition (MPCVD) technique proved to be 

an adequate choice for the controlled synthesis of several allotrope mixtures. Excellent 

reproducibility is achieved for diamond-graphite nanoplatelets (DGNPs) and graphene-diamond 

hybrids (GDHs), both when comparing different samples and the intrinsic uniformity.  The former 

is composed of vertically aligned crystalline diamond nanoplatelets as thin as 5 nm, covered by a 

highly conductive nanographite coating. The latter is formed by highly crystalline longitudinal few-

layer graphene (FLGs) sprinkled with nanodiamond clusters. 

However, in the case of nanocrystalline diamond-carbon nanotubes hybrids (NCD-CNTs), the 

answer is somewhat more complex. The reproducible synthesis of these materials needs to be 

further pursued, especially regarding a more precise tuning of the CNT content and its spatial 

distribution. Regardless, the co-preservation of NCD and CNTs was achieved and allotrope 

mixtures could be obtained in a rapid procedure. Furthermore, the relative content of each phase 

can be qualitatively tuned and some interesting morphologies are obtained, as further discussed 

below. 
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ii. Can the allotropes be synthesized simultaneously, yielding truly intricate structures? 

 

Yes. The simultaneous synthesis of DGNPs, GDHs and NCD-CNTs hybrids is herein 

successfully achieved via MPCVD and the resulting hybrids denote good intercalation between 

allotropes. In addition, several morphostructural aspects can be tuned by carefully selecting the 

appropriate growth parameters.  

Regarding DGNPs, the MPCVD simultaneous synthesis provides an easy 25-minute route to 

obtain these new functional materials. In DGNPs, the nanographite phase crystallinity and the 

vertical development of the DGNPs are shown to be dependent on the N2 content of the MPCVD 

feed gas. For GDHs, the density and diameter of the hemispherical NCD clusters are shown to be 

modulated via pulsed methane flow method whilst maintaining the fundamental nature of the 

graphene.  

Intimate NCD and CNTs mixtures can be synthesized using a continuous delivery of Fe catalyst 

during the simultaneous growth. Moreover, this strategy enables one to selectively grown NCD or 

CNTs or both by carefully selecting the appropriate growth parameters, most notably the MW 

power and methane concentration. These hybrids are obtained in two main morphologies, namely 

(i) a porous network of MWCNTs interconnecting NCD clusters, resembling a neuronal network, 

and (ii) a MWCNT network partially or fully embedded in a dense NCD matrix. 

 

iii. Is the allotrope linkage stable and strong, favoring a synergistic combination of physical 

and chemical properties? 

 

Yes. The simultaneously grown hybrids display epitaxial relations, {111}diamond ||{0002}graphite 

and {111}Diamond ⊥ {0001}graphene for DGNP and GDHs, respectively, suggesting covalent bonding 

between allotropes. Regarding DGNPs, the nanographite coats a 2D-like nanodiamond platelet 

backbone over a wide interfacial area. The same is true regarding the linkage of highly smooth 

FLGs and the hemispherical cluster bases; thus, for all the exposed, the synthesis of mechanically 

strong and chemically stable DGNP and GDH hybrids is achieved in this work. 

The same is expectedly true for the NCD-CNTs hybrids. In dense, multilayered NCD-CNTs 

hybrid films, the CNTs are shown to be fully embedded in NCD matrixes, and although no 

epitaxial relations could be derived so far, the interfacial area between allotropes is considerable. 

Importantly, no bundling of the CNTs is observed, which maximizes the inter-allotrope contact. 

Regarding the porous, neuronal-like morphologies obtained at different MPCVD conditions, CNTs 

are found either wrapping or penetrating NCD clusters. 
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iv. If so, does it translate into superior performance or distinct characteristics of specific device 

prototypes? 

 

Yes in some aspects, to be proven in others.  

The observed temporal stability of GDH cold cathodes is attributable to a good heat removal by 

graphene from the electron-emitting NCD clusters. Moreover, graphene expectedly lowers the 

contact resistance of the NCD hemispherical emitters and, finally, also significantly contributes to 

the emission at lower fields. An increase in field enhancement factors related to NCD clusters is 

derived upon increase of the CH4 pulses during growth, whilst the graphene counterpart remains 

fundamentally unaltered, concomitantly with its morphostructural aspects. Nevertheless, the 

obtained currents are moderate (hundreds of µA/cm2); hence, the cathodes’ optimization is still a 

requirement, if these materials are to be considered as potential field emitters for a wide variety of 

devices and applications where stable emission of intense electron currents are compulsory. In this 

sense, the tuning of the most favorable NCD cluster emitters’ density and morphology, as well as 

the production of GDH field emission arrays, are to be considered.  

NCD/DGNPs multilayers are experimentally shown to provide enhanced heat dissipation when 

compared to standard NCD coatings under natural convection-ruled conditions. This is attributable 

to the vertical development of these hybrids, which provides enhanced surface area for convective 

heat removal. This vertical development occurs due to MPCVD anisotropic growth of the inner 

diamond crystal; however, it is not clear whether these materials provide any advantage regarding 

purely diamond nanoplatelets. In reality, further enhancement is expected by totally exposing the 

inner diamond platelets of the DGNPs. Nonetheless, under extreme temperatures where both 

diamond oxidative deterioration and radiative heat losses start to become important (about 600 ºC), 

the nanographite coating might be very useful due to intrinsic resistance to oxidation up to 900 ºC 

and enhanced emissivity compared to diamond. Finally, there might be applications where both 

good heat removal capabilities and low electrical resistivity are simultaneously needed, for which 

these hybrids are expected to be a good solution. 

DGNPs thin films definitely constitute an excellent material for biomedical purposes. Most 

notably, the biocompatibility towards mammalian osteoblastic cells, the mechanical and chemical 

stability upon prolonged exposition to biological fluids, the low and tunable electrical conductivity 

and the facile electrochemical charge transfer envisages a widespread usage of these materials as 

bioelectrodes.  With that respect, reliable and efficient sensing and actuating prototypes are 

developed in this work. DGNPs provided means to control osteoblastic cell functions, intrinsically 

inducing an up regulating effect in the differentiation process; interestingly, cell proliferation is 

modulated through very weak electrical currents (3µA). In addition to this, DGNPs are shown to be 
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excellent electrode materials for biosensing owning to their stability, facile faradaic charge transfer, 

amenability to functionalization procedures and enlarged surface area for biorecognition element 

loading. The avidin-biotin biorecognition pair is used as proof-of-concept, which can be further 

extended to the detection of cancer biomarkers, microorganisms and DNA strands. The specific 

limit of detection is c.a. 2.3 µg/mL and the specific quantification of avidin was achievable from 14 

µg/mL up to 1000 µg/mL. All these turn DGNPs as excellent materials for in-vitro bioplatforms 

able to efficiently and reliably perform sensing and actuating tasks.  

  

v. Do these materials pose any challenges or restrictions when considering the fabrication of 

miniaturized devices? 

 
Yes in the cases of NCD-CNTs and DGNPs, no in the case of GDHs.   

The RIE patterning of NCD-CNTs is not straightforward and is time consuming. Moreover, 

complex microstructure fabrication is difficult due to the high roughness levels, which leads to 

poor lithographic definition. Most likely, this constituted the cause of the lack of response from 

NCD-CNTs microelectromechanical resonators fabricated using standard lithographic techniques; 

nevertheless, this is the first attempt to produce such structures from well-intercalated mixtures of 

NCD and CNTs obtained simultaneously via MPCVD growth.  

Whilst the patterning process of DGNPs is also challenging and time-consuming, better 

lithographic precision and process uniformity is attainable, owning to the much more uniform 

morphostructural nature of DGNPs. Still, the comparison with NCD-CNTs is not straightforward 

because of the obvious difference in complexity of a freestanding vibrational structure and a beam 

electrode. Hence, the extremely fine patterning and/or more complex devices might pose some 

constraints in the usage of DGNPs in certain miniaturized functional devices. This matter still 

needs to be addressed. 

Finally, GDHs are far easier materials to pattern compared to the previous. This is reflected in 

the extremely reproducible I-V characteristics of the fabricated beams, also confirming the 

reproducible simultaneous synthesis of graphene and nanodiamond. Still, the process needs to be 

further assessed for GDHs having an increased concentration of NCD clusters.  
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Appendix A: TEM Observation of NCD-

CNTs Hybrids 
 

In order to further analyze the NCD and CNTs phase linkage, the porous-like NCD-CNTs 

hybrids grown at low MW power regime (growth regime B, Fig. 2.1.2b) were subject to TEM 

measurements (JEOL 2200FS instrument). The preparation of a thin specimen was accomplished 

via tripod method and Ar ion milling. Bright field images of an NCD-CNTs hybrid specimen are 

depicted in Fig. A.1. 

CNTs and NCD clusters are seen in close proximity (Fig. A.1), but no deep analysis was 

possible regarding the NCD and CNTs linkage due to sample instability at higher magnifications. 

Also, the presence of excessive a-C content prevented a clear observation of the interface between 

the two phases. The presence of a-C was denounced by excessive blurring of SAD patterns taken in 

several regions of the specimen (not shown). It is well known that transition metal catalyst assisted 

CNT growth leads to the formation of a-C to some extent [1–4]. It is also worthwhile noting that 

besides the natural a-C present in the specimen, the ion milling process is known to induce some 

amorphization [5,6]. 

 

 

 
Fig. A.1: Bright field TEM image of a MWCNT surrounded by and in close proximity with NCD 
particles. 
 

Nano 
particle 
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Appendix B: Microfabrication Process 

Flow of NCD-CNTs Resonators 
 

1. SiO2 Sacrificial Layer Deposition 

 

Substrate: Si wafer 

Equipment: Electrotech Delta Chemical Vapor Deposition System 

Thickness: 1 µm 

Time: 150 s 

 

Parameters 

RF Power: 428 W 

Pressure: 697 mTorr   

N20 Flow: 2499 sccm 

SiH4 Flow: 127 sccm 

Substrate Temperature: 300 ºC 

 

2. NCD-CNT Hybrid Structural Layer Deposition 

 

Pre-treatment: Mechanical abrasion with diamond nanopowder, 5 min. 

Holder: Mo + Graphite susceptor 

 

Growth 
Step 

Duration 
(min) 

MW power 
(kW) 

Pressure 
(torr) 

H2 Flow 
(sccm) 

CH4 Flow 
(sccm) 

N2 Flow 
(sccm) 

Catalyst 
amount (mg), 

size grade 
(µm) 

Temperature 
(ºC) 

1 40 1.60 55 400 24 2 
10 or 20, 
100-200 

700-800 

2 7 1.75 65 300 36 2 
10 or 20, 
100-200 

800-900 

3 30 1.60 55 400 24 2 N.A. 700-800 

 

NOTE: In between step 2 and 3, remove Fe impurities by immersing samples in 

HCl(37%):H2O2(30%):H2O solution at the 1:3:4 proportion, 30 min, 50 ºC. 
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3. Sputtering of TiW Adhesion Layer 

 

Equipment: Nordiko 7000 Magnetron Sputtering System 

TiW Thickness: 1500 A 

 

Step Description 
1 500 A, 0.5 kW 
2 Cooldown 3min 
3 500 A, 0.5 kW 
4 Cooldown 3min 
5 500 A, 0.5 kW 

 

Parameters 

P = 0.5 kW Ar flow = 50 sccm 
V = 342 V N2 flow = 0 sccm 
I = 1.48 A Pressure = 3 mTorr 
 

4. Sputtering of Al Hard Mask 

 

Equipment: Nordiko 7000 Magnetron Sputtering System 

Al Thickness: 2000 A 

 

Parameters 

P = 1.98 kW  
V = 395 V  
I = 5.12 A 

Ar flow = 50.2 sccm 
N2 flow = 0 sccm 
Pressure = 3 mTorr 

 

 

5. Vapor Prime 

 

Coating of the sample with HDMS, which promotes photoresist adhesion. 

Equipment: HDMS Oven 

 

Step Conditions 

Wafer Dehydration 
Vacuum, 10 Torr, 2 min 
N2 inlet, 760 Torr, 3 min 
Heating to 130 ºC 
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HDMS Priming 
Vacuum, 1 Torr, 3 min 
HDMS, 6 Torr, 5 min 

HDMS Exhaustion 
Vacuum, 4 Torr, 1 min 
N2 inlet, 500 Torr, 2 min 
Vacuum, 4 Torr, 2 min 

Pressure Equalization N2 inlet, 3 min 

 

6. Photoresist Spin Coating 

 

Equipment: SVG Track 

Photoresist: PFR 7790G 

Photoresist Thickness: 1.5 µm 

 

Steps Conditions 
1 Dispense photoresist on the sample and spinning at 800 rpm for 5 s 
2 Spin at 2500 rpm for 30 s to obtain c.a. 1.5 µm thickness 
3 Soft bake at 85 ºC for 60 s 

 

7. Laser Exposure: Structural Layer Definition 

 

Equipment: Lasarray DWL 2.0 Laser Stepper. 

AUTOCAD Mask: rmrp_hyble1.dwg/rmrp_ncdle1.dwg; Layer: structures 

 

8. Photoresist Development 

 

Equipment: SVG Track 

Developer: MA 238 WA 

 

Steps Conditions 
1 Bake at 110 ºC for 60s 
2 Cool for 30s 
3 Developer for 60s 

 

NOTE: Overdevelop as necessary. 
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9. Wet Etching of the Al Hard Mask 

 

Equipment: Wet bench 

Etchant: Gravure Aluminium Etchant Micropur MOS (Technic, France) 

Time: 10 min 

Temperature: Ambient temperature (22 ºC) 

Agitation: Manual 

 

NOTE: After the aluminium removal (wet etching), wash with plenty of water, IPA and then water 

again. Blow N2 dry. 

 

10. RIE Removal of the TiW Adhesion Layer 

 

Equipment: LAM Research Rainbow Plasma Etcher 

Etch Depth: 150 nm 

Etch Time: 400 s (overetch) 

Parameters (Setpoint) 

RF Power: 200 W 

Pressure: 275 mTorr 

Substrate Temperature: 2 ºC 

SF6 Flow: 50 sccm 

CHF3 Flow: 50 sccm 

 

NOTE: Stop etching at about 250 s and see by eye if the TiW (reflective) is still there or not. If it 

is, continue etching. 

 

11. RIE Patterning of the NCD-CNTs Structural Layer 

 

Equipment: LAM Research Rainbow Plasma Etcher 

Etch Depth: c.a. 3 µm 

Etch Time: c.a. 70 min 

 

Parameters  

RF Power: 400 W 

Pressure: 275 mTorr 
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Substrate Temperature: 50 ºC 

O2 Flow: 100 sccm 

CF4 Flow: 2 sccm 

 

NOTE: Stop sometimes to see if you can still see the diffraction patterns of the NCD/CNT film or 

not. Decide how much time you will need. The O2 plasma also removes the photoresist. 

 

12. Wet Etching of the Al Hard Mask 

 

Equipment: Wet bench 

Etchant: Gravure Aluminium Etchant Micropur MOS (Technic, France) 

Time: 10 min 

Temperature: Ambient temperature (22 ºC) 

Agitation: Manual 

 

NOTE: After the aluminium removal (wet etching), wash with plenty of water, IPA and then water 

again. Blow N2 dry. 

 

13. RIE Removal of the TiW Adhesion Layer 

 

Equipment: LAM Research Rainbow Plasma Etcher 

Etch Depth: 150 nm 

Etch Time: 400 s (overetch) 

 

Parameters (Setpoint) 

RF Power: 200 W 

Pressure: 275 mTorr 

Substrate Temperature: 2 ºC 

SF6 Flow: 50 sccm 

CHF3 Flow: 50 sccm 

 

NOTE: Stop etching at about 250 s and see by eye if the TiW (reflective) is still there or not. If it 

is, continue etching. 
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14. Sputtering of TiW Electrodes/Contacts 

 

Equipment: Nordiko 7000 Magnetron Sputtering System 

TiW Thickness: 1500 A 

Recipe: TiW 1500A lowpower 

 

Step Description 
1 500 A TiW 0.5 kW 
2 Cooldown 3 min 
3 500 A TiW 0.5 kW 
4 Cooldown 3 min 
5 500 A TiW 0.5 kW 

 

Parameters 

P = 0.5 kW Ar flow = 50 sccm 
V = 342 V N2 flow = 0 sccm 
I = 1.48 A Pressure = 3 mTorr 
 

15. Sputtering of Al Electrodes/Contacts 

 

Equipment: Nordiko 7000 Magnetron Sputtering System 

Al Thickness: 6000 A 

 

Parameters 

P = 1.98 kW  
V = 395 V  
I = 5.12 A 

Ar flow = 50.2 sccm 
N2 flow = 0 sccm 
Pressure = 3 mTorr 

 

 

16. Vapor Prime 

 

Coating of the sample with bis(trimethylsilyl)amine (HDMS), which promotes photoresist 

adhesion. 

Equipment: HDMS Oven 

 

Step Conditions 

Wafer Dehydration 
Vacuum, 10 Torr, 2 min 
N2 inlet, 760 Torr, 3 min 
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Heating to 130 ºC 

HDMS Priming 
Vacuum, 1 Torr, 3 min 
HDMS, 6 Torr, 5 min 

HDMS Exhaustion 
Vacuum, 4 Torr, 1 min 
N2 inlet, 500 Torr, 2 min 
Vacuum, 4 Torr, 2 min 

Pressure Equalization N2 inlet, 3 min 
 

17. Photoresist Spin Coating 

 

Equipment: SVG Track 

Photoresist: PFR 7790G 

Photoresist Thickness: 1.5 µm 

 

Steps Conditions 
1 Dispense photoresist on the sample and spinning at 800 rpm for 5 s. 
2 Spin at 2500 rpm for 30 s to obtain c.a. 1.5 µm thickness. 
3 Soft bake at 85 ºC for 60 s. 

 

18. Laser Exposure: Electrode Patterning 

 

Equipment: Lasarray DWL 2.0 Laser Stepper. 

AUTOCAD Mask: rmrp_hyble1.dwg/rmrp_ncdle1.dwg; Layer: contact 

DWL File: rmrp_hyble1_2/rmrp_ncdle1_2 

 

19. Photoresist Development 

 

Equipment: SVG Track 

Developer: MA 238 WA 

 

Steps Conditions 
1 Bake at 110 ºC for 60s 
2 Cool down to 30s 
3 Develop for 60s 

 

NOTE: Overdevelop as necessary. 
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20. Wet Etching of the Al (definition of electrodes) 

 

Equipment: Wet bench 

Etchant: Gravure Aluminium Etchant Micropur MOS (Technic, France) 

Time: 30 min 

Temperature: Ambient temperature (22 ºC) 

Agitation: Manual 

 

NOTE: After the aluminium removal (wet etching), wash with plenty of water, IPA and then water 

again. Blow N2 dry. 

 

21. RIE Removal of the TiW Adhesion Layer (definition of electrodes) 

 

Equipment: LAM Research Rainbow Plasma Etcher 

Etch Depth: 150 nm 

Etch Time: 400 s (overetch) 

 

22. Vapor Prime 

 

Coating of the sample with HDMS, which promotes photoresist adhesion. 

Equipment: HDMS Oven 

 

Step Conditions 

Wafer Dehydration 
Vacuum, 10 Torr, 2 mi. 
N2 inlet, 760 Torr, 3 min 
Heating to 130 ºC 

HDMS Priming 
Vacuum, 1 Torr, 3 min 
HDMS, 6 Torr, 5 min 

HDMS Exhaustion 
Vacuum, 4 Torr, 1 min 
N2 inlet, 500 Torr, 2 min 
Vacuum, 4 Torr, 2 min 

Pressure Equalization N2 inlet, 3 min 
 

23. Photoresist Spin Coating 

 

Equipment: SVG Track 
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Photoresist: PFR 7790G 

Photoresist Thickness: 1.5 µm 

 

Steps Conditions 
1 Dispense photoresist on the sample and spinning at 800 rpm for 5 s 
2 Spin at 2500 rpm for 30 s to obtain c.a. 1.5 µm thickness 
3 Soft bake at 85 ºC for 60 s 

 

24. Laser Exposure: Photoresist Protection Layer Definition 

 

Equipment: Lasarray DWL 2.0 Laser Stepper. 

AUTOCAD Mask: rmrp_hyble1.dwg/rmrp_ncdle1.dwg; Layer: sacrificial 

 

NOTE: This mask has holes on the area of the structures, to confine the HF attack during the 

release procedure. 

 

25. Photoresist Development 

 

Equipment: SVG Track 

Developer: MA 238 WA 

 

Steps Conditions 
1 Bake at 110 ºC for 60 s 
2 Cool for 30 s 
3 Developer for 60 s 

 

26. Dicing: Cut Sample Into Individual Dies 

 

Equipment: Disco DAD Dicing Saw 

Die Dimensions: 4.2 x 7.8 mm 

Wash sample with pressurized water and air after cut. Do not remove the photoresist layer. 

 

27. Release of the Structures 

 

Chemical Solution: HF (49%) in a 1:1 DI water solution 

Temperature: 25 ºC  

Time: 15 s 
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NOTE 1: Do not let the samples dry after taking them from the HF solution. To take the samples 

out of the HF follow the next steps, in order to mitigate stiction problems: 

 

 

 

NOTE 2: If you are not sure if the structures are already released, do not put the sample in 

Microstrip, pass directly to IPA and let it be in IPA for a short time (1 min maximum) and then n-

hexane. After that, see in the microscope if the structures are already released or not. If not, 

calculate the fraction of silica that was removed, estimate how much time is needed and immerse 

again in HF. If the structures are released, put briefly in HF and follow the entire process, including 

microstrip. 

 

28. Mount Dies on Chip Carriers and Perform Wirebonding 

 

Equipment: Huges wire bonding system 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HF      Water      Microstrip      IPA      n-hexane 
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Appendix C: Microfabrication Process 

Flow of GDH Beams 
 

1. GDH synthesis  

 

Substrate: 25 x 25 mm2 Cu squares 

Pre-treatment: Mechanical polishing plus immersion in diluted acetic acid solution  

Equipment: ASTeX AX 6350 (6 kW) PDS-18 MPCVD System 

Thickness: 2 nm 

 

Parameters 

MW Power: 600 W 

Pressure: 15 Torr  

Substrate Temperature: c.a. 1085 ºC 

Time: 2 min 

Holder: Mo/Zr spacer 

 

Step MW power Pressure (torr) H2 (sccm) CH4 (sccm) Time (min) 
1 (warm-up) 1.3 kW 15 Torr 400 0 3 
2 (growth) 1.3 kW 15 Torr 195 25 2 

3 (cooldown) - - 200 0 10 
 

 

2. SiO2 Insulating Layer Deposition 
 

Substrate: Si wafer 

Equipment: PECVD (SPTS Technologies).  

Thickness: 1 µm 

 

Parameters 

RF Power: 1000 W 

Pressure: 1000 mTorr 

N20 Flow: 3000 sccm N2O 
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SiH4 Flow: 105 sccm 

Substrate Temperature: 300 ºC 

 

3. Photoresist Spin Coating 

 

Equipment: Laurell spin coater 

Photoresist: AZ 2070 

Photoresist Thickness: 7.5 µm 

 

Steps Conditions 
1 Dispense photoresist on the sample and spin at 2500 rpm, 900 rpm/s acceleration, for 50 s 
2 Soft bake at 100 ºC for 9 min 

 

4. UV Exposure: Contact/Electrode Definition 

 

Equipment: SUSS mask aligner MA8 

Exposure dose: 300 mJ.cm-2 

 

5. Photoresist Development 

 

Developer: AZ726 

Steps Conditions 
1 Bake at 110 ºC for 3 min 
2 Develop for 3 min 
3 Immerse in DI Water 

 

6. Electrode PVD Deposition  
 

Equipment: Lesker PVD 75 

Base Pressure: 5x10-7 Torr 

Ar Flow: 139 sccm 

 

Step Layer Thickness (nm) 
1 Ti 50 
2 Al 400 
3 Ti 50 
4 Au 30 
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7. Resist Strip and Electrode Lift-Off 
 

Stripping solution: Acetone 

Temperature: 22 ºC 

Liftoff duration: 45 min 

Agitation: Manual 

 

NOTE: Exchange the acetone solution near the end of the liftoff for a cleaner result.  

 

8. GDH Transfer  

 

Steps Description 
1 Spin PMMA 
2 Bake at 180 ºC, 15 min 
3 Electrochemical peel-off at 12 V DC vs. graphite 
4 PMMA removal with acetone, 12 h, followed by DI water, ethanol and DI water again. 
5 Cut the GDH sheets and transfer to contact-patterned Si/SiO2 wafers 
6 Bake at 200 ºC for 15 min for improved adhesion. 

 

9 .  G D H / E l e c t r o d e  A n n e a l i n g 
 

Equipment: Rapid thermal annealing (RTA) 

 

Parameters 

 

Substrate Temperature: 400 ºC 

Time: 10 min 

Ramp: 180 s 

Ar flow: 50 sccm 
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1 0 .  P h o t o r e s i s t  S p i n  C o a t i n g 
 

Equipment: Laurell spin coater 

Photoresist: AZ6632 

 

Steps Conditions 
1 Dispense photoresist on the sample and spin at 300 rpm, 150 rpm.s-1 acceleration, for 10 s 
2 Spin at 3000 rpm, 500 rpm.s-1 acceleration, 45 s 
3 Bake at 105 ºC for 4 min 

 

11. UV Exposure: GDH Structural Layer Definition 

 

Equipment: SUSS mask aligner MA8 

Exposure energy: 200 mJ.cm-2 

 

12. Photoresist Development 

 

Developer: AZ726 in DI Water (2:1) 

Photoresist Thickness: 7.5 µm 

 

Steps Conditions 
1 Develop for 1 min 
2 Immerse in DI Water for 30 s and agitate manually 
3 Check at the microscope and overdevelop as necessary 

 

13. RIE Patterning of the GDH Structural Layer 

 

Equipment: Oxford Plasma Lab 80 Plus RIE system 

Etch Depth: c.a. 2 nm 

Etch Time: 45 s 

 

Parameters 

RF Power: 50 W 

Pressure: 75 mTorr 

Substrate Temperature: 22 ºC 

O2 Flow: 50 sccm 
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14. Post-RIE Annealing 
 

Equipment: Rapid thermal annealing (RTA) 

 

Parameters 

Substrate Temperature: 350 ºC 

Time: 5 min 

Ramp: 180 s 

Ar flow: 50 sccm 

 

15. Final Cleaning 
 

Temperature: 22 ºC 

Duration: 15 min 

Agitation: Manual 

 

NOTE: Clean in alternate Di Water/IPA solution, ending with the former.  Do not use 

ultrasonication. 

 

16. Mount Dies on XYZ Stage and Perform I-V Measurements 

 

Equipment: SMU/Optical microscope bench 

Voltage sweep parameters: -0.5 to 0.5 V, 0.01 V step. 
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Appendix D: GDH XPS C1s spectra 
 

As discussed in Section 3.1, the sp2 to sp3 ratio is a critical factor for the field emission from 

nanocarbon surfaces. In order to get more insights on this matter and to complement the Raman 

analysis, XPS measurements were conducted on samples with different cluster density (GDH6 and 

GDH60).  

XPS measurements were performed in an ultra-high vacuum system with a base pressure of 

2x10–10 mbar, equipped with a HSA (SPECS Phoibos 150), a delay-line detector and a 

monochromatic AlKα (1486.74 eV) X-ray source. High-resolution spectra were recorded at normal 

emission takeoff angle and with a pass-energy of 20 eV, which provides an overall instrumental 

peak broadening of 0.5 eV. The results are depicted in Fig. D.1.  

 

 

 
Fig. D.1: XPS spectra of the GDH6 and GDH60 samples (blue and green lines, respectively). The step 
was 0.1 eV, the pass energy was set to 20 eV and energy resolution is c.a. 0.5 eV.  

 

 

Regardless a slight shift in peak maxima, the results are inconclusive regarding the sp2/sp3 

content. Both peaks present the same asymmetric tail towards higher binding energies; whilst this 

can be inherent to the GDHs (e.g. interaction with surface plasmons), it could also be due to 

convoluted sp2 and sp3 contributions. Indeed, the sp2 and sp3 C1s peaks are separated by c.a. 0.5 to 

0.7 eV, with sp3 carbon at higher binding energy, as seen back in Section 1.4. Those values are 
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close to the energy resolution of the system used in this work, c.a. 0.5 eV, thus rendering it almost 

impossible to perform a precise quantification in such convoluted spectra. Additionally, the 

unavoidable surface hydrogenation produced by the MPCVD technique contributes with XPS 

features, which further complicates the quantification. Other methods should therefore be 

considered to estimate the sp2 to sp3 ratio in the GDH samples. Secondary ion mass spectroscopy 

(SIMS) and/or EELS measurements might shed some light on this matter, allowing further 

correlations to the field emission characteristics of these nanocarbon hybrids.  
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Appendix E: Microfabrication Process 

Flow of DGNP Beams 
 

1. NCD Layer Deposition 

 

Substrate: 1 x 1 cm2 Si squares 

Pre-treatment: Mechanical abrasion with diamond nanopowder, 5 minutes 

Equipment: ASTeX AX 6350 (6 kW) PDS-18 MPCVD System 

Thickness: c.a. 2 µm 

Holder: Mo 

 

Parameters  

MW power: 3 kW 

Pressure: 100 Torr 

H2 flow: 400 sccm 

CH4 flow: 36 sccm 

N2 flow: 2 sccm 

Substrate Temperature: 900 ºC 

Time: 25 min 

 

2. DGNP Structural Layer Deposition 

 

Substrate: 1 x 1 cm2 Si/NCD squares 

Equipment: ASTeX AX 6350 (6 kW) PDS-18 MPCVD System 

Thickness: c.a. 3 µm 

Time: 25 min 

Holder: Mo + graphite susceptor 

 

Parameters  

MW power: 2.5kW 

Pressure: 90 Torr 

H2 flow: 200 sccm 

CH4 flow: 36 sccm 
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N2 flow: 30 sccm 

Substrate temperature: c.a. 1000 ºC 

Time: 25 min 

 

3. Photoresist Spin Coating 

 

Equipment: Laurell spin coater 

Photoresist: AZ 2070 

Photoresist Thickness: 2 µm 

 

Steps Conditions 
1 Dispense photoresist on the sample and spin at 2500 rpm, 900 rpm.s-1 acceleration, 50 s 
2 Soft bake at 100 ºC for 9 min 

 

4. UV Exposure: Structural Layer Definition 

 

Equipment: SUSS mask aligner MA8 

Exposure dose: 300 mJ.cm-2 

 

5. Photoresist Development 

 

Developer: AZ726 

 

Steps Conditions 
1 Hard bake at 110ºC for 3 min 
2 Develop for 3 min 
3 Immerse in DI Water 

 

6. PVD Deposition of Al Hard Mask 

 

Equipment: Lesker PVD 75 

Base Pressure: 5x10-7 Torr 

Ar flow: 139 sccm 

Al thickness: 400 nm 
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7. Al Lift-off/Resist Strip 

 

Stripping solution: acetone 

Temperature: 22 ºC 

Sonication: continuous 

Liftoff duration: 1h  

 

8. RIE Patterning of the DGNP Structural Layer 

 

Equipment: Oxford Plasma Lab 80 Plus RIE system 

Etch Depth: c.a. 3 µm 

Etch Time: c.a. 60 min 

 

Parameters  

RF Power: 400 W 

Pressure: 275 mTorr 

Substrate Temperature: 50 ºC 

O2 Flow: 100 sccm 

CF4 Flow: 2 sccm 

 

NOTE: Stop sometimes to see if you can still see the interference fringes of the underlying NCD 

film or not. Decide how much time you will need. The O2 plasma also removes the photoresist. 

 

9. Hard Mask Wet Etching  

 

Equipment: Wet bench 

Etchant solution: H3PO4:NHO3:CH3COOH:H2O (37:1:2:12)  

Time: 10 min 

Temperature: Ambient temperature (22 ºC) 

Agitation: Manual 

 

NOTE: Dip into pure DI water every minute to remove etch product gas bubbles adsorbed to 

the etch surface. After 10 minutes, check at the microscope for brighter Al particles against the 

darker DGNP background. After complete Al removal, wash with plenty of water, IPA and then 

water again. Blow N2 dry. 
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10. Photoresist Spin Coating 

 

Equipment: Laurell spin coater 

Photoresist: AZ 2070 

Photoresist Thickness: 7.5 µm 

 

Steps Conditions 
1 Dispense photoresist on the sample and spin at 2500 rpm, 900 rpm/s acceleration, for 50  
2 Soft bake at 100 ºC for 9 min 

 

11. UV Exposure: Electrode Patterning 

 

Equipment: SUSS mask aligner MA8 

Exposure dose: 300 mJ.cm-2 

 

12. Photoresist Development 

 

Developer: AZ726 

Steps Conditions 
1 Hard bake at 110ºC for 3 min 
2 Develop for 3 min 
3 Immerse in DI Water 

 

13. Electrode PVD Deposition  

 

Equipment: Lesker PVD 75 

Base Pressure: 5x10-7 Torr 

Ar Flow: 139 sccm  

Step Layer Thickness (nm) 
1 Ti 50 
2 Al 400 
3 Ti 50 
4 Au 30 

 

14. Resist Strip and Electrode Lift-Off 

 

Solution: Acetone 

Temperature: 22 ºC 



 263 

Sonication: Continuous 

Liftoff duration: 1h 

NOTE: Exchange the acetone solution near the end of the liftoff for a cleaner result.  

 

15. Final Cleaning 

 

Temperature: 22 ºC 

Agitation: Continuous ultrasonication 

Duration: 15 min. 

 

NOTE: Wash in alternate IPA/ Di Water, ending with the latter. Blow N2 dry.  

 

16. Annealing 

 

Equipment: Rapid thermal annealing (RTA) 

 

Parameters 

Substrate Temperature: 175 ºC 

Time: 15 min 

Ramp: 180 s 

Ar flow: 50 sccm 

 

17. Mount Dies on XYZ Stage and Perform I-V Measurements 

 

Equipment: SMU/Optical microscope bench 

Voltage sweep parameters: -0.5 to 0.5 V, 0.01 V step. 
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