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Preface

Diamond, as a wide bandgap semiconducting material, has been extensively studied
for years. For more than 25 years, diamond has been known as a perfect material for
mechanical, optical, thermal, and electronic applications due to its excellent
physical and chemical properties. High temperature electronic devices, radiation
detectors, high voltage switches, X-ray windows, audio speaker diaphragms, and
protective coatings are examples of diamond-based devices. In the initial stage of
diamond research, natural diamond crystals and single-crystalline diamond syn-
thesized by the high-temperature/high-pressure (HPHT) were mostly utilized.
About 30 years ago, the realization of the low-pressure chemical vapor deposition
(CVD) of diamond triggered novel aspects of diamond research in laboratories and
in industries all over the world. CVD-grown diamond films offer advantages for
electronic applications with respect to crystal purification and doping for p-type or
n-type conductivity. For example, the diamond films become electrically conduc-
tive when they are heavily doped with boron. Such boron-doped diamond films
possess wide potential window, low background current, and long stability. They
are, therefore, recognized as the perfect electrodes in the fields of electroanalysis,
pollution degradation, electrosynthesis, electrochemical biosensing, and so on.

This book is dedicated to presenting reviews of novel aspects in diamond
research and technology, which were realized and appeared very recently. These
novel topics and technologies accelerate the breakthrough of diamond research in
fundamental studies as well as in industrial applications. In this book, five aspects
have been selected: CVD diamond growth (Chaps. 1 and 2), surface chemistry of
diamond (Chaps. 3 and 4), surface nanostructuring of diamond (Chaps. 5 and 6),
applications of diamond for energy and power devices (Chaps. 7 and 8), and
diamond based electrochemical sensing devices (Chaps. 9 and 10).

Chapter 1 deals with the growth of diamond using chemical vapor deposition
(CVD) techniques, emphasizing the technologies for the homoepitaxial growth of
high-quality single-crystal diamond films with atomically flat surfaces. The growth
mechanism and control of homoepitaxial diamond growth is discussed. Chapter 2
summarizes the preparation, properties, and applications of diamond composite
films with β-SiC. Control of the crystallinity, orientation, and phase distribution of
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diamond and SiC are shown. This composite film possesses advantages of both
diamond and β-SiC. Their applications as a DNA biosensing platform are
demonstrated.

Chapter 3 focuses on the effect of adsorbed species on the chemical and
electronic properties of diamond. Theoretical modeling and mathematic simulation
clarify the roles of surface terminations of diamond on its surface reactivity,
surface processes including surface stability, modification, and functionalization.
Growth mechanisms of thin diamond film and surface electrochemistry of dia-
mond are discussed. Chapter 4 reviews surface chemistry of nanodiamonds, which
is tunable via surface terminations and surface charges of diamond nanoparticles.
The link between surface chemistry, surface charge, and colloidal properties of
nanodiamonds is particularly emphasized. Developments of bio-applications of
nanodiamonds are summarized. The challenges for nanodiamond-based biomedi-
cine are discussed.

Chapter 5 summarizes various synthetic methods to prepare diamond nano-
wires. The mechanical, electron field emission, structural stability, electrochemical
properties of such one-dimensional diamond nanowires are reviewed. Several
physical and electrochemical applications of diamond nanowires have been dem-
onstrated. Chapter 6 presents surface nanostructuring via depositing different
nanoparticles. Two types of structured diamond electrodes are demonstrated:
nanoparticle-modified diamond electrodes and detonation nanodiamond-based
electrodes. Their construction, modification, and physical characteristics are
reviewed. The discussion about the progress on the interactions between metals
and diamond at nanoparticle-based electrodes is highlighted.

Chapter 7 summarizes the electrochemical applications of diamond films for
energy storage and conversions. The techniques used for surface modification of
diamond materials are summarized. The applications of such electrode systems
for proton exchange membrane fuel cells (methanol and ethanol oxidation) are
shown. The production of porous diamond films and their applications for elec-
trochemical capacitors are described. Chapter 8 reviews the electron emission
properties of hydrogen-terminated diamond surfaces with a negative electron
affinity. The recent development of electron emitters based on diamond PN and PIN
junctions and their application for a high voltage vacuum power switch are
presented.

Chapter 9 overviews the technologies to fabricate and characterize diamond
microelectrode, ultramicroelectrode, and nanoelectrode, and their arrays. The
beneficial characteristics of individual micro-/nano-electrodes and arrays are dis-
cussed. Their applications such as sensitive detection of dopamine, surface sensitive
detections are demonstrated. Chapter 10 takes the device of diamond microelec-
trode as an example to demonstrate diamond-based devices for in vivo biosensing
applications. The development of boron-doped diamond as electrode material leads
to significant improvement toward sensitivity, reproducibility, and stability during
the in vivo monitoring of electroactive species. The most recent developments in
monitoring of dopamine and glutathione using diamond microelectrodes are
described.
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It is hoped that these chapters present novel aspects of diamond researches
achieved and appeared recently. We believe that this book will simulate more
researchers from universities, research institutions, and industrials to contribute and
promote diamond related researches in different fields.

Siegen, Germany Nianjun Yang
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Chapter 1
Homoepitaxial Diamond Growth
by Plasma-Enhanced Chemical Vapor
Deposition

Norio Tokuda

Abstract Both carbon and silicon are group IV members, but carbon has the
smaller atomic number. Diamond, with the same crystalline structure as that of
silicon, is expected to act as the basic material for the next generation of high-power
electronic, optoelectronic, bio/chemical electronic, quantum computing devices,
etc. This is because diamond exhibits electrical properties similar to those of silicon,
while having superior physical properties. In this chapter, the author reviewed and
discussed the homoepitaxial growth of high-quality single-crystal diamond films
with atomically flat surfaces, by using plasma-enhanced chemical vapor deposition
(PECVD).

1.1 Introduction

Growth of diamond films by chemical vapor deposition (CVD), which has been
studied since the 1950s, must be conducted under nonequilibrium conditions. This
is because under normal conditions, graphite is a more stable phase of carbon than
diamond. Furthermore, during the CVD process, hydrogen radicals (atomic
hydrogen) must be present to remove nondiamond carbon, including graphite which
is formed on the diamond surface. The hydrogen radicals are generated either by
thermal dissociation on a hot filament of W or Ta, or in plasma by electron impact,
collisional energy transfer, etc. In plasma, the external energy input couples directly
to free electrons, producing hydrogen radicals via

H2 þ e� ! 2Hþ e�: ð1:1Þ
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Methane is commonly used as the carbon source for CVD diamond growth.
Activated CHx (x = 0, 1, 2, 3) species are formed by hydrogen abstraction reac-
tions; for example, hydrogen radicals may produce methyl radicals from methane:

Hþ CH4 ! CH3 þ H2: ð1:2Þ

Then, recombination of the methyl radicals induces to form activated C2Hy

(y = 0, 1, 2, 3, 4, 5, 6) species:

CH3 þ CH3 þM ! C2H6 þM ð1:3Þ

C2Hy þ HþM $ C2Hy�1 þ H2 þM; ð1:4Þ

where M is a third body. The CHx and C2Hy radicals are regarded as precursors for
diamond growth during the CVD process, as shown in Fig. 1.1 [1–8]. Thus, radicals
play an important role in CVD diamond growth; this differs from the other semi-
conductor films’ growth conducted by nonplasma processes such as thermal CVD
and molecular beam epitaxy.

Hot-filament CVD has been applied to large-scale industrial processes because
of its simple system configuration and ability to coat large areas and complex
shapes. However, hot-filament CVD of diamond films must be carried out at lower
gas temperatures and pressures than those of plasma CVD because of the upper
temperature limit of the filament materials and the low production rate of hydrogen
radicals. This leads to relatively low growth rates of diamond films compared to

Substrate

Diffusion

H2 + e- 2H + e-

Plasma

H + CH4 CH3 + H2

C2Hy + H C2Hy-1 + H2

Surface reactions

•
•
•

H2 + CH4

Radical generation

Fig. 1.1 Schematic of CVD
diamond processes
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diamond growth by plasma-enhanced CVD (PECVD). Recently, homoepitaxial
diamond growth rates of >100 μm/h by PECVD have been reported [9–15].
Additionally, both p- and n-type diamond films have been reproducibly grown by
PECVD [16–42]. Therefore, the diamond films used in diamond electronic devices
were grown by PECVD [43–75].

In this chapter, recent studies on homoepitaxial diamond growth by PECVD are
reviewed. Additionally, impurity doping into diamond and the growth of atomically
flat diamond surfaces are described.

1.2 Growth Mechanism

More than a decade has passed since PECVD of diamonds was established. Since
then, many experimental and theoretical studies have been reported. Diamond
growth by PECVD is not driven by thermodynamics but by the chemistry and
kinetics of vapor phase and surface reactions. To elucidate the diamond growth
mechanism during PECVD, both vapor-phase and surface reactions need to be
understood. Evaluations of the vapor phase have been based on optical emission
spectroscopy (OES) and mass spectrometry (MS) [76–83]. Here, as described in
Sect. 1.1, the production and diffusion of hydrogen, CHx radicals, and C2Hy rad-
icals are key processes, as shown in Fig. 1.1. Recently, the distributions of the
radical, gas, and electron temperatures in plasmas have been simulated [84–94].
The simulation results provide some information on vapor-phase reactions in the
CVD diamond process, but microscopic experimental results are still needed. Those
radicals that arrive at diamond surfaces migrate and react with hydrogen, termi-
nating the surface and/or carbon. It is extremely challenging to identify the involved
processes because of the difficulty of conducting in situ characterizations in plasma
environments. In this section, the author reviewed only those aspects of diamond
surface chemistry that pertain to chemical reactions of hydrogen radicals and dia-
mond precursors (CHx and C2Hy radicals).

1.2.1 Hydrogen

During diamond growth by PECVD, the diamond surfaces are continuously
bombarded with hydrogen radicals. While under typical growth conditions, the
hydrogen concentration is 95 % or higher (the hydrogen concentration is defined as
the ratio of hydrogen flow rate to total gas flow rate). Consequently, most diamond
surfaces are terminated by hydrogen and cannot react with diamond precursors.
However, hydrogen radicals abstract the hydrogen from terminated diamond sur-
faces, Cd–H, to form an active site, Cd•:

1 Homoepitaxial Diamond Growth by Plasma-Enhanced … 3



hydrogen abstractionð Þ Cd � Hþ H ! Cd� þ H2: ð1:5Þ

Then, the active site contributes to the diamond growth, but there is also a large
possibility that, the active site again reacts with a hydrogen radical and is terminated
again with hydrogen.

hydrogen adsorptionð Þ Cd� þ H ! Cd � H: ð1:6Þ

During diamond growth by PECVD, the fraction of active sites is determined by
the dynamic equilibrium between chemical reactions (1.5) and (1.6). The diamond
surfaces after the hydrogen plasma treatment and diamond growth by PECVD are
terminated by hydrogen, as shown in Fig. 1.2.

Hydrogen radicals also play a role in the growth of high-quality diamond films by
removing nondiamond carbon. Diamond is etched by reactions with hydrogen rad-
icals, although the etching rate is lower than that of nondiamond carbon. The diamond
etching rates by hydrogen radicals depend on the structures on the diamond surface:
monohydride (CH), dihydride (CH2), and trihydride (CH3). Chen et al. proposed that
the diamond etching rates, R, by hydrogen radicals are Rmonohydride < Rdihydride < Rtri-

hydride [95]. They also reported that {111}-oriented facets form on both single-crystal
diamond {110} and {100} surfaces by anisotropic etching. Thus, diamond growth by
PECVD is accompanied by the reactions of hydrogen abstraction (1.5) and adsorption
(1.6) and by anisotropic etching on diamond surfaces, which limits chemisorption of
diamond precursors and diamond nucleation.

1.2.2 Carbon

As described in Sect. 1.2.1, diamond surfaces are nearly fully terminated by
hydrogen during diamond growth by PECVD. Chemisorption by diamond pre-
cursors occurs not at hydrogen-terminated sites but at active sites, which are
hydrogen-abstracted sites:

CH3 radical chemisorptionð Þ Cd� þ CH3 ! Cd � CH3: ð1:7Þ

The chemisorbed structure is a trihydride, which is readily etched by hydrogen
radicals. Structures composed of monohydrides and/or dihydrides may need to
nucleate on diamond surfaces during PECVD. Observation of the growth surface is
crucial for elucidation of the growth mechanism because the growth process
influences the structure of the growth surface. Scanning probe microscopy (SPM),
low-energy electron diffraction (LEED), Fourier transform-infrared spectroscopy
(FT-IR), and electron energy loss spectroscopy (EELS) provides physical and
chemical information on surfaces at the atomic level, and are powerful tools for the
study of diamond CVD growth. Results from such techniques reveal that as-grown
diamond {100} and {111} surfaces have 2 × 1:H reconstructed structures with
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carbon dimer rows and 1 × 1:H structures, respectively [96–108]. Nevertheless, at
present, the mechanism of diamond growth by PECVD is still not well-understood
because of the difficulty of in situ observations.

1.3 Growth Modes

To realize diamond-based electronics, a growth technique is needed for producing
device-grade diamond films. As described in Sect. 1.2, the growth mechanism of
diamond films by PECVD remains poorly understood because of the difficulty of
in situ characterization in plasma environments [109]. Additionally, the control
of dynamic characterizations on well-defined surfaces, such as a scanning electron

H

C

H

C

H

C

(a)

(b)

(c)

Fig. 1.2 Hydrogen-
terminated diamond {100},
{110}, and {111} surfaces.
a H-terminated diamond
{100} surface.
b H-terminated diamond
{110} surface. c H-terminated
diamond {111} surface
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or probe microscope-molecular beam epitaxy system used for Si [110], GaAs [111],
and GaN [112], is needed to elucidate the growth mode of PECVD diamond films.

Figure 1.3 illustrates a simplified model for the determination of growth modes
by an alternative to in situ characterizations [113, 114]. Figure 1.3 illustrates the
surface steps present on an ideal surface of an as-received diamond substrate after
the formation of a mesa structure due to a misoriented angle between the basal
plane and polished surface. Then, homoepitaxial growth is carried out under a
lateral growth mode without 2D nucleation on terraces, as described below. Each
atomic step on the mesa surface grows laterally. Under ideal conditions in which
2D terrace nucleation is completely suppressed, there would be no further growth
perpendicular to the basal plane. Finally, a step-free surface is formed over the mesa
surface, leaving the basal plane surface. In 2D island growth, new steps are formed
by nucleation on the terraces during lateral growth. Finally, a surface with single
atomic steps and atomically flat terraces is formed on the mesa surface. The interval
between the formed islands is wider than the terrace width estimated from the
misoriented angle of the substrate. In 3D growth, the interval between the formed
islands is narrower than the terrace width estimated from the misoriented angle. As
a result, the surface is very rough. In addition, this mesa structure eliminates the
influence of abnormal growth, such as spiral growth induced by screw dislocations
from trench bottoms. Thus, diamond growth modes can be determined from ex situ
surface observations of diamond films grown on mesa surfaces.

Figure 1.4 shows atomic force microscopy (AFM) images of diamond {111}
mesa surfaces before and after homoepitaxial growth by PECVD. For diamond
growth at low methane concentrations (0.005–0.025 % CH4/(H2+CH4) ratio), a
step-free surface, that is, a perfectly flat surface without any atomic steps, was
formed on the mesa. This result shows that the growth mode of the homoepitaxial
diamond {111} films was an ideal lateral growth without 2D terrace nucleation. For
diamond growth at middle methane concentrations (0.05–0.25 % CH4/(H2+CH4)
ratio), equilateral-triangular islands and/or single bi-atomic layer step/terrace
structures on atomically flat surfaces were formed on the mesa. This shows that the
growth mode of the homoepitaxial diamond {111} films is 2D island growth with
2D terrace nucleation and lateral growth. Additionally, the formation of equilateral-
triangular islands shows that the diamond growth had extremely high selectivity.
For diamond growth at high methane concentrations (>0.25 % CH4/(H2+CH4)
ratio), the film surface, whose RMS value was 0.84 nm, is much rougher than the
initial surface before growth (RMS = 0.44 nm). This shows that the growth mode
for the homoepitaxial diamond {111} films is 3D growth.

Variations in methane concentrations give rise to different fluxes of hydrocarbon
precursors arriving at the surface. This is because growth rates increase with
methane concentration. Since the substrates used for growth have the same miso-
riented angle, the concentrations of adatoms on terraces increase with higher
methane concentrations. When the flux is low, adatoms on a terrace remain below
the critical size for 2D terrace nucleation. Adatoms, which are adsorbed precursors
on the diamond surface, arriving at steps crystallize, resulting in step-edge growth
(no 2D terrace nucleation).
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In the middle methane concentration region, the adatom concentration increases
and passes the critical value needed for 2D nucleation. Adatoms can cluster more
easily on terraces because of their higher population. This causes 2D nucleation on
terraces. As the methane concentration is increased further (into the high methane
concentration region), adatoms form clusters as soon as they land on surfaces from
the gas phase. This causes surface roughening because of 3D growth. This growth
mechanism is a common process in thermal CVD and MBE. Despite the extremely
short migration length, the common mechanism may also apply to PECVD dia-
mond {111} growth because of the formation of atomically flat surfaces of diamond
films.

1.4 Doping

For the realization of diamond-based electronic devices, doping acceptor and donor
impurities into diamond is necessary to control the carrier type and concentration
and to control the electrical resistivity of diamond semiconductors. Nitrogen is the
most common impurity in diamond. Nitrogen is likely to form several types of
complexes with vacancies. Recently, the nitrogen-vacancy (N–V) center in dia-
mond has attracted much attention as a promising solid-state spin system for
quantum information and sensing applications [71, 115–123]. However, as a donor,
nitrogen in diamond has a high activation energy of 1.7 eV, which is higher than the
bandgap of silicon (1.1 eV). The resistivity of nitrogen-doped diamond is extremely
high at room temperature because of the extremely low concentration of thermally
activated electrons. Generally, boron and phosphorus are used as p- and n-type
dopants of diamond semiconductors, respectively. The activation energies of boron-
and phosphorus-doped diamond are 0.37 and 0.57 eV, respectively, which are
lower than that of nitrogen-doped diamond. However, compared with boron- and
phosphorus-doped silicon, the resistivity of doped diamond is still too high, as
shown in Fig. 1.5. Although other dopants with lower activation energies have been
investigated, reproducibility has not yet been obtained.

Doping into diamond is carried out by HPHT, PECVD, and ion implantation
[124–129]. Recently, Bormashov et al. reported that boron-doped {100} diamond
without any extended defect. It was synthesized by HPHT and showed the high Hall
hole mobility of 2,200 cm2/V s at 300 K and 7,200 cm2/V s at 180 K [130]. For
device fabrication, doped diamond films are mostly grown on HPHT or CVD dia-
mond substrates by PECVD because doping by PECVD provides both p- and n-type
diamond with controlling concentrations of impurities. During homoepitaxial dia-
mond growth by PECVD boron and phosphorus doping is carried out by introducing
diborane (or trimethylboron) and phosphine (or tertiarybutylphosphine) gases,
respectively. The highest Hall hole and electron mobility of PECVD diamond films
are 1,860 cm2/V s at 290 K [131] and 660 cm2/V s at 300 K [34], respectively.
Carrier mobility decreases with increasing boron or phosphorus concentrations in
diamond films, reducing the resistivity of diamond. For [B] < 1019 cm−3, conduction

1 Homoepitaxial Diamond Growth by Plasma-Enhanced … 9



is dominated by free holes in the valence band. At higher doping concentrations,
variable-range hopping conduction appears, and then the metal-insulator transition
and superconductivity arise around 3 × 1020 B atoms/cm3 [132–138]. The resistivity
of heavily boron-doped diamond {100} film with 3 × 1020 B atoms/cm3 is 10 mΩ cm
or less at room temperature [132, 139–141]. In contrast, the resistivity of heavily
phosphorus-doped diamond {111} film with 1020 P atoms/cm3 is around 70 Ω cm at
room temperature [142]. These can lead to the fabrication of chemical/bio and
electronic devices, such as Schottky barrier diodes, pn-junction diodes, Schottky pn
diodes, JFETs, and bipolar transistors.

1.5 Growth of Atomically Flat Diamond

To realize electronic devices with proper performance characteristics, one of the
most important issues is the roughness of surfaces and interfaces in semiconductor
materials. Device applications of diamond semiconductors require sharp interfaces
at diamond homo- and hetero-junctions. Generally, growth of p- and n-type dia-
mond semiconductors for Schottky contacts and pn junctions, etc., is carried out by
boron and phosphorus doping, respectively, during homoepitaxial diamond growth.
However, growth hillocks, which are macroscopic defects, are often observed on
as-grown diamond surfaces after homoepitaxial diamond growth by PECVD, as
shown in Fig. 1.6. In most cases, even macroscopic flat surfaces excluding hillocks
are not atomically flat, as shown in Fig. 1.7. Therefore, surface flattening of
homoepitaxial diamond films is extremely important.
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p-Si (Dopant: B)

n-Si (Dopant: P)

Fig. 1.5 Room-temperature
resistivities of Si and diamond
as functions of impurity
concentration. The
resistivities of p- and n-type
diamond were calculated
when the compensation ratio
was zero and mobility was
constant
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Surface flattening can be carried out by a polishing process. For example, defect-
free Si wafers with surface flatness at the atomic level can be obtained by chemi-
cal–mechanical polishing. However, as-received diamond substrate surfaces are not
atomically flat; instead, they have a roughness of several nanometers or more after
mechanical polishing, as shown in Fig. 1.8. Compared with as-received Si wafer
surfaces after chemical–mechanical polishing, as shown in Fig. 1.9, diamond sur-
faces are much rougher. Recently, a new technique for diamond surface polishing
has been reported [143–145]. It is expected that surface roughness of diamond
substrates will be reduced to that of Si wafers via some breakthrough diamond
polishing technique. In this section, the author describe the growth of hillock-free,
atomically step/terrace, and step-free diamond films.

20 µm 20 µm

(a) (b)

Fig. 1.6 OM images of hillocks formed on diamond surfaces after homoepitaxial growth by
PECVD. a Quadrangular hillocks were observed on diamond {100} surfaces and b triangular
hillocks on diamond {111} surfaces

10 [nm]

0

5 [µm]

10 [nm]

0

5 [µm]

(a) (b)

Fig. 1.7 3D AFM images of diamond surfaces, excluding hillocks, after homoepitaxial growth by
PECVD. a The surface roughness (RMS) of the homoepitaxial diamond {100} film was 0.54 nm.
b The surface roughness (RMS) of the homoepitaxial diamond {111} film was 1.68 nm

1 Homoepitaxial Diamond Growth by Plasma-Enhanced … 11



1.5.1 Hillock-Free Surfaces

Growth hillocks are often observed on homoepitaxial diamond {100} and {111}
surfaces, as shown in Fig. 1.6. A growth hillock is formed by spiral growth centered
on a screw dislocation core, as shown in Fig. 1.10 [114, 146], and the diamond
surface is increasingly roughened by the growth of hillocks. The spiral growth rate
at a screw dislocation is higher than the normal growth rate on the surface,
excluding such crystal defects. Generally, growth hillocks make device fabrication
difficult; hillocks are related to dielectric breakdown and current leakage in elec-
tronic devices such as pn junctions, Schottky contacts, and MIS structures.
Therefore, it is extremely important to eliminate hillocks from epitaxial diamond
films. The most effective method for achieving hillock-free diamond is to com-
pletely eliminate dislocations from single-crystal diamond. However, dislocation-
free diamond substrates are very expensive compared to common single-crystal
diamond substrates with dislocation densities of 104–105 cm−2. Alternatively, it is

4 [nm]

0

1 [µm]

Fig. 1.8 3D AFM image of as-polished single-crystal diamond surface after acid treatment. The
surface roughness (RMS) was 0.44 nm

4 [nm]

0

1 [µm]

Fig. 1.9 3D AFM image of as-polished single-crystal Si surface after modified RCA cleaning.
The surface roughness (RMS) was 0.16 nm
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possible to eliminate hillocks by homoepitaxial lateral growth on highly misori-
ented diamond substrates. Figure 1.11 shows a simple model for suppressing the
growth of hillocks [141]. The mechanism of hillock formation during diamond
growth is considered to be as follows. The origins of hillocks have a growth rate
higher than those of other areas. A local increase in growth rate due to the defects
observed by transmission electron microscopy, which are dislocations [147] and
twinning structures [148], has been reported. Hence, growth at the origins of hill-
ocks could be suppressed when the growth rate of a normal epitaxial area exceeds
that of hillocks, indicating an enhancement of lateral growth.

200 nm
0

3.5

[nm]

Fig. 1.10 AFM image of spirally grown diamond {111} film due to screw dislocation. Each step
height was approximately 0.21 nm, which is consistent with the single BL step height of {111}
diamond

Hillock growth

Lateral growth

Hillock suppression by lateral growth

Hillock origin

Step

Step

Lateral growth

Lateral growth

Hillock origin

(a)

(b)

Fig. 1.11 Simplified models of hillock growth and suppression on samples having (a) low and
(b) high misorientation angles θ by lateral growth
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Figure 1.12 shows the optical microscopy (OM) images of homoepitaxial dia-
mond films grown on diamond {001} substrates with (a) θ = 0.2° and (b) θ = 2.2°.
Hillocks were observed to spread over the entire surface of the low-θ sample, as
shown in Fig. 1.12a. The density and size of the hillocks were 2 × 103 cm−2 and
below 200 μm, respectively. The Hillock size increases with film thickness, and
thus, the film surface becomes rough macroscopically. This roughening is a fatal
issue for the additional growth of homoepitaxial diamond films intended for device
fabrication. However, suppression of hillock growth can be achieved by increasing
θ to above 2° [141]. The OM image of the high-θ sample is shown in Fig. 1.12b.
Judging from this image, a hillock-free diamond film with a macroscopically flat
surface was obtained over the entire surface by homoepitaxial lateral growth on
highly misoriented substrates.

1.5.2 Step/Terrace Structures

As described in Sect. 1.5.1, it is possible to obtain a hillock-free diamond film with
a macroscopically flat surface by homoepitaxial lateral growth on a highly miso-
riented substrate. In most cases, the homoepitaxial lateral growth of diamond films
accompanies 2D terrace nucleation. Therefore, macroscopically flat diamond sur-
faces, excluding hillocks, after homoepitaxial growth are not atomically flat but
roughened because of 2D terrace nucleation, as shown in Fig. 1.7. Therefore, it is
necessary to suppress 2D terrace nucleation during homoepitaxial growth by
PECVD.

1 mm 1 mm

(a) (b)

Fig. 1.12 OM images of homoepitaxial diamond film surfaces on single-crystal diamond {100}
substrates with (a) low and (b) high misorientation angles, θ. The low and high values of θ were
0.2 and 2.2, respectively. The homoepitaxial diamond films were grown under the same conditions
(1,200 W, 50 Torr, 0.6 % CH4/(H2+CH4) ratio, 1.6 % B/C ratio, 70 h) [141]
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Watanabe et al. successfully formed an atomically flat diamond {100} film over
the entire substrate by homoepitaxial lateral growth at extremely low CH4/H2 ratios
[149]. Figure 1.13 shows an AFM image of an atomically flat diamond {100}
surface by such a growth. The step heights were approximately 0.1 nm, which is
consistent with the single atomic step of {100} diamond (0.089 nm), or 0.2 nm,
which is consistent with the bi-atomic step of {100} diamond (2 × 0.089 nm). The
average interval between steps (66 nm) is consistent with the estimated terrace
width from the misorientation angle of the diamond {100} substrate (65 nm).

Atomically flat diamond {111} surfaces were also formed by homoepitaxial
lateral growth, as shown in Fig. 1.14. The step height was approximately 0.2 nm,
which is consistent with the single atomic step of {111} diamond (0.206 nm). The
atomically flat diamond {111} surfaces with step/terrace structures were selectively
formed by lateral growth on a diamond {111} substrate with mesa structures
[150, 151].

200 nm

0

0.4

[nm]

Fig. 1.13 AFM image of
atomically flat diamond
{100} surfaces after
homoepitaxial lateral growth
at a low methane
concentration (0.05 %)

200 nm

0

0.8

[nm]

Fig. 1.14 AFM image of
atomically flat diamond
{111} surfaces after
homoepitaxial lateral growth
at a low methane
concentration (0.05 %)
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1.5.3 Atomically Step-Free Surfaces

Much effort has been expended on flattening the surfaces of Si, GaAs, SiC, and GaN
at the atomic level; those efforts have led to the achievement of perfectly flat surfaces
without any atomic steps (atomically step-free surfaces) through step-flow growth
without 2D nucleation on terraces [152–156]. The aluminum nitride (AlN)/diamond
heterostructure is expected to combine the features of both wide-bandgap materials,
thereby providing a new scheme for both nitride and diamond devices because they
have opposite tendencies in doping characteristics [157–161]. Hirama et al. reported
that single-crystal AlN {0001} growth on a diamond {111} surface was achieved
[160], but the AlN layer on a diamond {100} surface had a multidomain structure
consisting of tilted and rotated domains [162]. To realize useful devices, high-quality
AlN films on {111} diamond and sharp AlN/diamond {111} interfaces are essential.
For GaN/SiC heterostructures, previous studies have revealed that surface steps
promote extended crystal defects in heteroepitaxial films grown on SiC [163–165].
Bassim et al. reported that very low dislocation densities were achieved in GaN films
on step-free SiC mesa surfaces [166], and ultraviolet luminescence of GaN
pn-junction diodes fabricated on the step-free SiC {0001} surfaces was improved
relative to that on atomically flat SiC surfaces with atomic steps [167]. Thus, the
formation of step-free diamond surfaces is a promising technique for improving the
performance of devices that use diamond heterostructures.

Two methods for the formation of step-free surfaces have been proposed, as
shown in Fig. 1.15. Both methods utilize an ideal lateral growth mode without 2D
terrace nucleation. In method I, a mask, which is not etched and on which no
nucleation occurs in the growth environment, is used for selective growth. Method II,
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Fig. 1.15 Simplified models of step-free surface growth using a mask and b maskless processes.
The step-free surfaces of GaAs and GaN were grown using the mask process, while Si, SiC, and
diamond were grown using the maskless process
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in which a mesa structure is used, is a maskless process. Method II should be utilized
for diamond growth by PECVD because, in plasma environments, most materials do
not meet the conditions necessary for the mask. Figure 1.16 shows an OM image of a
{111} diamond substrate surface after mesa fabrication. The array formation of
50 × 50 µm2 mesas on single-crystal diamond substrates was carried out through a
conventional lithographic technique. Figure 1.17 shows an OM image of a diamond
{111} surface after homoepitaxial lateral growth by MPCVD. The mesas exhibit one
of the following two characteristics in the OM observations shown in Fig. 1.17: (1)
the surface was featureless; or (2) the surface contained at least one hillock, which
grew spirally on the substrate, as shown in Fig. 1.10. The hillock was induced by a
screw dislocation, as shown in Fig. 1.18 [114, 146]. The featureless mesa surface is
an atomically step-free surface, as shown in Fig. 1.19a. Additionally, the diamond
{111} films with step-free surfaces contained no dislocations, as shown in Fig. 1.20.
Recently, the growth of a 100 × 100 µm2 step-free diamond {111} surface has been

500 µm

Fig. 1.16 OM image of single-crystal diamond substrates with 50 × 50 µm2 mesas

500 µm

Hillock

Feature
-less

Fig. 1.17 OM image of diamond {111} films on single-crystal diamond substrates with
50 × 50 µm2 mesas after homoepitaxial lateral growth
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reported [113, 114]. This indicates the possibility of forming a step-free diamond
surface over a substrate if the substrate contains no dislocation. The author is also
sure that this growth technique will be a key to realize high-quality diamond wafers
which will allow manufacturing high quality interfaces and devices, e.g. high power
devices, deep ultra-violet light-emitting diodes, bio/chemical sensors, quantum
devices, etc.

500 nm

DislocationProtect film

Homoepitaxial 
diamond film

Fig. 1.18 Cross-sectional transmission electron microscope (XTEM) image of homoepitaxial
diamond {111} film obtained from the mesa with hillock

1 µm

0

2

[nm]

1 µm

(a) (b)

2D islandsstep-free  

Fig. 1.19 AFM images of a atomically step-free diamond {111} surface and b atomically flat
diamond {111} surface with 2D islands. The 2D islands were composed of atomically flat surfaces
and a single BL step
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1.6 Conclusions

In this paper, the mechanism and control of homoepitaxial diamond growth by
PECVD was reviewed. Recently, homoepitaxial diamond films have been used to
fabricate many diamond devices. Judging from the reported performance of such
devices, the technology of homoepitaxial diamond growth seems to have reached a
certain level. However, because of the difficulty of in situ characterization in plasma
environments, the growth mechanism remains unclear at present, especially
regarding formation of precursors and their surface reactions. In the future, further
developments of epitaxial diamond growth technology, including impurity doping
and defect control, will be necessary to realize diamond-based electronics.
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Chapter 2
Diamond/β-SiC Composite Thin Films:
Preparation, Properties and Applications

Xin Jiang and Hao Zhuang

Abstract Diamond/β-SiC composite films have been fabricated using chemical
vapor deposition techniques. The ultimate goal is to create a superior material with
combined advantages of both diamond and β-SiC for a wide range of applications,
such as tribological and biological coatings, sensors, windows for harsh environ-
ment, and electronic devices etc. In this chapter, the recent processes made in the
synthesis, characterization and applications of the diamond/β-SiC composite films
are reviewed.

2.1 Introduction

Driven by the ambition to technologically harness both diamond and β-SiC’s
numerous outstanding properties, the fabrication of diamond/β-SiC composite films
was firstly launched using chemical vapor deposition technique in 1992 [1]. The
ultimate goal of this activity is to create a superior material with combined advan-
tages of both diamond and β-SiC for a wide range of applications. During the course
of the time, good control over the crystallinity, phase distribution and orientation of
both diamond and β-SiC phases have been achieved. The composite films have been
applied to enhance the adhesion of diamond film on various technologically
important substrates, as well as for the fabrication of DNA biosensors. This chapter
will start from the basic knowledge of synthesizing diamond/β-SiC composite films,
and then move on to present the main approaches in controlling their orientation,
phase distribution and crystallinity. In the end of this chapter, the application of the
composite film as coating for cutting tools and biosensors will be introduced.

X. Jiang (&) � H. Zhuang
Institute of Materials Engineering Department of Mechanical Engineering,
University of Siegen, 57076 Siegen, Germany
e-mail: jiang@lot.mb.uni-siegen.de

© Springer International Publishing Switzerland 2015
N. Yang (ed.), Novel Aspects of Diamond, Topics in Applied Physics 121,
DOI 10.1007/978-3-319-09834-0_2

31



2.2 Basics of Synthesizing Composite Films

The feasibility of the fabrication of diamond/β-SiC composite films was revealed via
a simple thermal dynamic calculation [2]. The co-deposition of diamond and β-SiC
phases was predicted to be possible by the addition of tetramethylsilane (TMS) during
the diamond growth [2]. However, it is only possible in a narrow temperature region.
Too high or too low substrate temperatures result in the growth of only pure β-SiC
films. Under this guidance, the diamond/β-SiC composite films have been success-
fully synthesized by microwave plasma chemical vapor deposition (MWCVD) and
hot filament chemical vapor deposition (HFCVD) techniques. Similar to the pure
diamond thin film deposition, a surface pretreatment process, which is normally done
by bias enhanced nucleation [3], abrasion of the substrate surface using diamond
powder [4] or ultrasonic seeding [5] etc., is required to enhance the diamond
nucleation density on the target substrates prior to the deposition. The pretreated
substrates are then transferred to the reactor chamber for deposition. The deposition
conditions of composite film are similar to those of the diamond deposition (substrate
temperature of 700–1,000 °C, CH4/H2 = 0.5–2%). Themain differences lay in the gas
phase composition: a very low concentration of TMS (125–500 ppm) is added into
the gas phase for the co-deposition of β-SiC phase along with diamond. To achieve
such low concentration, diluted TMS (1 % in H2) is supplied. In this context, if the
total gas flow rate is fixed at 400 sccm, the supply of 5 sccm TMS corresponds to a
TMS concentration of 125 ppm in the gas mixture.

Figure 2.1 shows the typical SEM in-lens mode images of the nanocrystalline
diamond/β-SiC composite films deposited in MWCVD reactor with a microwave
power of 700 W [6]. The films consist of brighter and darker regions corresponding
to the diamond and β-SiC phases, respectively. The observation of such phase

Fig. 2.1 “In-lens” mode SEM morphology of nanocrystalline diamond/β-SiC composite films
deposited with a 0, b 2.5, c 5, d 10, e 15, and f 20 sccm TMS gas flow rates, respectively [6]
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contrast is not surprising. The in-lens SEM mode detects the secondary electrons
directly produced by the primary electrons, which is, therefore, very sensitive to the
surface conditions of the films. Since H-terminated diamond surface has very high
secondary electron yield [7] compared with β-SiC, the diamond phase is much
brighter in the “in-lens” mode SEM images. With increasing TMS flow rate, it is
easy to observe that the β-SiC/diamond ratio in the composite film increases. A
quantitative determination of the volume fraction of β-SiC phase in the film with
different TMS flow rates has been done through the calculation based on the
electron probe microanalysis (EPMA) of the composite film. As shown in Fig. 2.2
[6], a linear relationship is clearly observed, showing the composition of the film is
determined by the TMS flow rate when the other parameters (substrate temperature,
microwave power, gas phase pressure, total gas flow rate, methane concentration)
are kept constant. Almost 100 % volume fraction of β-SiC can be achieved with a
TMS flow rate of 20 sccm.

To understand the growth mechanism of the composite films, the growth process
of the films has been carefully monitored by observing their cross-section. It reveals
that there exists a space competition between diamond and β-SiC to occupy the
spaces available on the substrate during growth [8]. Figure 2.3a shows the cross-
sectional SEM images of one composite film. The schematic illustration of the initial
nucleation and growth process is shown in Fig. 2.3b [8]. At the initial growth stage,
islandlike diamond and layerlike β-SiC crystals grow. This is because, at this stage,
diamond can only grow on the sites where there are diamond seeds or surface defects,
and form three dimensional (3D) clusters; whereas β-SiC prefers to grow on virgin Si
surface by a layered growth, even though it can also grow on diamond seeds, defects
etc. [8]. With increasing growth time, the diamond clusters expand and the layered
β-SiC region becomes narrower and narrower. This process continues until the dia-
mond/β-SiC surface ratio reaches certain critical value at the given methane/TMS
ratio. β-SiC then starts to nucleate and grow on some of the diamond clusters. At this
point, an equilibrium in the diamond/β-SiC ratio in the composite film is reached,
which continues till the TMS gas supply is changed [8]. Finally, the films exhibit
structures shown in Fig. 2.1. Therefore, the volume ratios of β-SiC in the composite
films are determined by the different TMS/CH4 ratios in the gas mixture.

Fig. 2.2 Variation of β-SiC
volume fraction (%) with
TMS flow rate [6]
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While talking about the TMS/CH4 ratio, it is interesting to notice that, the
volume of CH4 and TMS is at a great disparity in the feed gas even at high TMS
flow rate (for TMS flow rate of 20 sccm, the TMS/CH4 ratio is only 0.08). To
achieve further control of the synthesis, a microscopic level understanding on the
gas phase reaction is required. In this context, theoretical calculations were carried
out at the CCSD(T)/6-311 + G**//MP2/6-31 + G** level of theory [9]. It reveals
that in the plasma environment, the Si–C bond in TMS breaks by atomic hydrogen
(H), described by the following reactions [9]:

ðCH3ÞnSiHð4�nÞ þ H ! ðCH3Þn�1SiHð4�nÞ þ CH4 ðn ¼ 1�4Þ ð2:1Þ

Si sources like SiHn−1 (n = 1−4) are produced by breaking the Si–H bond of
TMS with the assistance of H radicals, described by the following reactions:

SiHn þ H ! SiHn�1 þ H2 n ¼ 1�4ð Þ ð2:2Þ

CH4 can also go through a similar process to produce CHn−1 (n = 1−4), as
shown in the following:

CHn þ H ! CHn�1 þ H2 n ¼ 1�4ð Þ ð2:3Þ

Among the various CHn and SiHn (n = 1−4) radicals, CH3 and SiH3 are the
main ones contributing to the growth of both diamond and β-SiC crystals [9].

Fig. 2.3 a SEM cross-sectional structure of a diamond/β-SiC composite film deposited with a
constant TMS content of 0.025 % in the gas phase. TMS supply was cut off after 6 h followed by
the deposition of pure diamond top layer. b Schematic of the initial nucleation and growth process
during the deposition of diamond/β-SiC composite film: i. The Si substrate is uniform seeded by
diamond seeds after pretreatment process; ii. Beginning of the nucleation and growth of diamond
on the diamond seeds via adsorption of diamond growth precursors from the activated gas phase
and simultaneous nucleation and growth of β-SiC on “blank”Si surfaces; iii. Nucleation of β-SiC
crystallites on diamond surfaces in the diamond rich regions and a equilibrium of the diamond/
β-SiC raio in the composite film is reached. Reprinted with permission from [8]. Copyright (2006)
American Institute of Physics
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Nevertheless, they have slight differences in their structures which results in their
different reactivities: the SiH3 radicals remain as a good sp3 hybridized structure,
whereas the CH3 radical change to an sp2 planar structure, as shown in Fig. 2.4.
When these species contribute to the growth of diamond and β-SiC composed by sp3

carbon and Si atoms, such differences in the ion structure lead to different attaching
rates of the species, which, in turn, results in the different growth rates of diamond
and β-SiC. Moreover, the activation energies (ΔEa) of Reaction (2.2) are much lower
than those of Reaction (2.3); and reaction heats (ΔHf) of Reaction (2.2) are more
negative than those of Reaction (2.3). Such a result indicates that the occurrence of
Reaction (2.2) is much easier than that of Reaction (2.3). In combination with the
good sp3 hybridized structure of SiH3, a much higher concentration of methane
than that of TMS in the gas phase is required to obtain comparable diamond content
in the final composite film.

2.3 Controlling the Orientation, Crystallinity, and Phase
Distribution

In the composite films shown in Fig. 2.1, only nanocrystalline diamond and nano-
crystalline β-SiC phases are observed. This is due to the random reaction of Si- or
C-containing species with diamond or β-SiC surfaces, which interrupts the growth
of both phases, resulting in nanocrystalline composite films. This argument is
supported by the detection of trace Si content in the diamond region by EDX
measurement [8]. Nevertheless, owning to the different surface properties, the
reactivities of CH3 and SiH3 species with different diamond facets are different.
Using frontier orbital theory, the reaction occurrence of CH3 and SiH3 species with
different facets of diamond can be analyzed. The analysis is done by judging the
energy differences between the frontier molecular orbitals (FMOs) of the reactants
diamond and CH3/SiH3 [10]. Figure 2.5 shows the energy levels of FMOs and other
nearby orbitals of CH3, diamond nanoparticle (C54H56), and SiH3, determined at HF/
6-31G** level of theory. The diamond nanoparticle, expressed by the fomular
C54H56, has a tetragonal pyramid shape with its four (111) facets on the side and one
(100) facet at the bottom. Owning to the H-rich atmosphere during the diamond
growth, its surface dangling bonds are saturated by H. It can be observed from
Fig. 2.5 that the highest occupied molecular orbitals (HOMO) of diamond is closer
to that of SiH3 than CH3, implying the higher probability of the reaction occurrence

Fig. 2.4 Geometrical structures of SiH3 and CH3 [9]
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between diamond and SiH3. Moreover, {111} diamond facets show denser isosur-
face compared with the {100} facets. In this regard, the {111} facets are easier to
react with the SiH3 species in the gas phase than {100} facets. This leads to the
conclusion that, the secondary nucleation is easier to occur on the {111} diamond
facets. Such a result provides us a possibility to obtain a (100)-textured growth of
diamond phase in the composite film, which is then realized experimentally
(Fig. 2.6).

Figure 2.6 shows the SEM and TEM surface images of the composite film with
large (100) oriented diamond crystals deposited at relatively low substrate tem-
perature (600–700 °C). The film is deposited with the TMS addition of 0.05 % to

Fig. 2.5 The energy levels of FMOs and other nearby orbitals of the reactants of CH3, diamond
nanoparticle (C54H56), and SiH3. Reprinted with permission from [10]. Copyright (2008)
American Institute of Physics

Fig. 2.6 a SEM and b TEM surface images of the composite film with (100) diamond crystals.
Reprinted with permission from [10]. Copyright (2008) American Institute of Physics
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H2 and CH4 (corresponding to a TMS flow rate of 20 sccm). It exhibits significant
[001] texture of the diamond grains. The {100} facets of the crystals are restric-
tively parallel to each other and to the substrate surface. The TEM image shown in
Fig. 2.6b depicts that, most of the grain boundaries of the diamond crystals are
parallel to the {110} planes, even though some of them are parallel to the {100}
planes. In the {111} growth zone along the grain boundaries, defects, such as
dislocations, twins and stacking faults, exist. Nevertheless, the dark β-SiC phase
domains composed by nanocrystals are formed between the (001) diamond facets
and/or cover the (111) diamond facets. On the surface ({100} facets) of the dia-
mond crystals, no obvious defects are observed. In this regard, the growth of (100)
orientated diamond crystals in the composite film by the selective deposition of Si
containing species on the non-{100} facet has been achieved.

Even though the growth of large (100) orientated diamond crystals is possible
from the above, it only happens locally and the rest of the diamond phase as well as
the β-SiC are still nanocrystalline. It is well understood that, there exists amorphous
carbon phase in the grain boundaries of both diamond and β-SiC crystals, which
deteriorates the intrinsic properties of both diamond and β-SiC phases, i.e. thermal
conductivity, electrical resistivity, transparency, etc. In order to minimize such
negative effects, it is essential to obtain high quality microcrystalline diamond and
β-SiC phases in the whole composite film. The main factor that hinders us to achieve
this goal is the high density of defect sites induced by the random reaction of Si or
carbon containing species on diamond and β-SiC crystals. These defect sites act as
secondary nucleation sites and limit the size of the crystals. Therefore, in order to
obtain high quality composite films, it is essential to minimize the occurrence of the
secondary nucleation process. For the growth of pure diamond films, the concen-
tration of atomic hydrogen ([H]) is believed to be a crucial factor in the determi-
nation of its phase quality. An increasing [H] will increase the etching rate of
graphite and other defect centers on diamond, and hence impede secondary nucle-
ation of diamond, resulting in an increased film quality and growth rate [12, 13].
Therefore, a similar effect was also expected in the context of composite film

Fig. 2.7 a Surface and b cross-sectional SEM images of the composite film deposited at high [H].
The film is deposited at TMS flow rate of 5 sccm, methane flow rate of 4 sccm and substrate
temperature of 800 °C. Reprinted with permission from [11]. Copyright (2011) Pergamon
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deposition. In order to obtain a high [H], a high microwave power density (MWPD)
was applied. Figure 2.7 shows the SEM images of the composite film deposited at
MWPD of 33 W/cm3 (2,250 W, 55 Torr), which is more than 3 times higher than the
MWPD used to deposit the composite films shown in Figs. 2.1 and 2.6 (10 W/cm3 at
microwave power of 700 W with a gas phase pressure of 25 Torr). According to
Gicquel et al.’s theoretical calculation, the [H] increases by a factor of more than 10
for an increase in the MWPD by a factor of 3 [14]. Micrometer sized diamond
(*1 µm) and β-SiC (*0.5 µm) grains are clearly observable, indicating an
improved quality of the film. As for the β-SiC phase, it even shows a highly (100)
orientated characteristics: a pyramidal shape with (111) side planes meeting at a
common point. The cross-sectional image (Fig. 2.7b) of the film depicts a columnar
structures of diamond and β-SiC crystals, connoting the independent growth of the
diamond and the β-SiC phases. Furthermore, the textured growth characteristics of
the β-SiC phase can also be seen in the image (marked in red for indication). Since
the deposition conditions of this film, i.e. gas phase composition, substrate tem-
perature, gas flow rate etc., are identical to those of the nanocrystalline composite
films shown in Fig. 2.1, the high [H] generated by the high MWPD is believed to be
the main reason for the improved film crystallinity: at high [H], the defects sites
formed on diamond and β-SiC crystals by the random reaction of SiH3 and CH3

radicals can be very efficiently etched away, and the surface dangling bonds are then
saturated with hydrogen for further reaction until they bond with the “correct”
radicals. As a result, the secondary nucleation rate becomes slow on both diamond
and β-SiC crystals, and micrometer sized diamond and β-SiC grow. In this context, a
“hydrogen induced selective growth model” was proposed to elucidate the mecha-
nism, as shown in Fig. 2.8 [11].

(1) The excited plasma contains several reactive species, namely, H2, H, CH3, and
SiH3, which are responsible for the etching the defects, diamond growth and
β-SiC growth. The diamond and β-SiC surfaces at any stage are terminated by
H. Certain surface is activated by surface abstraction by the impingement of
the plasma species, thus providing free unsaturated sites for further growth
(Fig. 2.8a). Subsequently, the SiH3 and CH3 species bond with the activated
surface sites by incorporation of SiH3 and CH3, respectively (Fig. 2.8b).

(2) The bonded SiH3/excess CH3 is not that stable on the diamond/β-SiC surface.
At high [H], the high energy atomic H will immediately etch defect sites away
and saturate the surface again with H bonds (Fig. 2.8c). At the same time,
more surfaces are activated and bonds with correct species.

(3) The above two processes continuously take place and result in a layer-by-layer
growth of the diamond and β-SiC crystals (Fig. 2.8d).

Following this growth model, it can be easily inferred that it is difficult for the SiC
phase to form on pure diamond at high [H] during the composite film growth. In
other words, a composite film will not even grow on a pure diamond area at relative
high TMS flow rates. This offers the opportunity to control the lateral distribution of
diamond and β-SiC phases to obtain patterned diamond/β-SiC composite films. It
can be achieved by the deposition of composite film on patterned diamond
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substrates, as illustrated in Fig. 2.9. In this context, a thin patterned diamond film is
essentially required, which can be done by either dry etching [15, 16] or selective
area deposition techniques [17–26]. Figure 2.10 shows two patterned diamond thin
films deposited using a micro-contact-printing of nano-diamond particles followed
by diamond growth in MWCVD [26]. On these two samples, the growth of patterned
composite film has been achieved, which is depicted in Fig. 2.11. The boundaries of
two phases are well defined by the previous selective area deposition, which leads to
the conclusion that no β-SiC was able to grow on the already existing diamond

Fig. 2.8 Hydrogen induced selective growth model for the deposition of high quality diamond/β-
SiC composite films at high [H]. The growth is illustrated on a (111) diamond and (111) β-SiC
surfaces (see text for details)

Fig. 2.9 Schematic illustration of the growth of patterned diamond/β-SiC composite film.
Reprinted with permission from [11]. Copyright (2011) Pergamon
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phase. Due to the prolonged growth time, the over growth of the diamond phase is
clearly observed. The edges of the diamond pattern become not as sharp as the
original printed pattern (see Fig. 2.10). Moreover, the thickness of diamond phase is
a little bit higher than that of the β-SiC phase, which might be due to the pre-growth
of diamond phase and the differences in the growth rate of both phases. Nevertheless,
the successful deposition of the patterned composite film not only proves the validity
of the “hydrogen induced selective growth” model, but also opens the door to
numerous appealing electrical and mechanical based applications of the composite
film owning to the excellent electric and mechanic properties of diamond and β-SiC.

Fig. 2.10 Diamond film with different pattern sizes. a *5 μm; b *50 μm [26]

Fig. 2.11 Patterned diamond/β-SiC composite films deposited on the samples shown in Fig. 2.9.
a *5 μm pattern. b Magnified image of (a). c *50 μm pattern. d Magnified image of (c)
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2.4 Properties and Applications of the Composite Films

2.4.1 Improvement of the Film Adhesion

Even though diamond thin films possess excellent mechanical properties, their
application as protection layer has been hampered by the poor adhesion on the
technologically important materials. The main obstacle is the large residual stress at
the film/substrate interface, which is caused by the significant differences in the
thermal expansion coefficient and hardness between the coating and the substrates.
Take the widely used cutting tool material—WC-6 % Co—for example. Its thermal
expansion coefficient and hardness are 4.6 × 10−6 K−1 and 17 Gpa, respectively,
which are significantly different from those of the diamond films (thermal expan-
sion coefficient and hardness are 1 × 10−6 K−1 and 60–100 GPa), making it difficult
to directly obtain well-adhesive diamond coatings on it. In this context, a graded
interlayer with its properties vary smoothly from the substrate material to top
diamond layer presents an excellent candidate in solving the above problem. Dia-
mond/β-SiC composite film fulfills the above requirements: (1) its properties are
dependent on the composition (see Fig. 2.12 for the hardness change of the com-
posite film with increasing β-SiC content); (2) its composition can be tuned in situ
by controlling the gas phase composition and can range from β-SiC rich to diamond
rich; (3) the thermal expansion coefficient (4 × 10−6 K−1) and the hardness (30 GPa)
of the β-SiC rich composite film are closer to those of WC-6 % Co. While applying
such graded composite film as interlayer, the residual stress in the composite film as
well as in the top pure diamond layer is expected to be drastically reduced [27],
resulting in the improved adhesion of the film. Nevertheless, a basic understanding
of the influence of composite interlayer on the overall film properties is required
before applying it onto the cutting tools. Therefore, researches have been firstly
carried out to apply the gradient composite interlayer on the standard substrates, i.e.
Si, W, and Mo.

The deposition of the gradient composite interlayer is straightforward. It can
be obtained by continuously reducing the TMS flow rate from a high value

Fig. 2.12 Berkovich
hardness of the composite
film with different TMS flow
rates (different diamond/β-SiC
ratio)
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(i.e. 20 sccm) to 0 sccm during deposition. Continuing the process when the TMS
flow rate reaches 0, a pure diamond top layer forms. Therefore, the growth of pure
diamond top layer and the gradient composite interlayer can be done in just one
process. Figure 2.13 shows the cross-sectional image of one gradient composite
film with pure diamond top layer on Si substrate. Owning to gradual release of
residual stress in the gradient layer, the top diamond layer is nearly stress-free, as
characterized by Raman spectroscopy [27]. Similar results have also been observed
on metallic substrates. The stress test shows that the diamond films grown on
gradient composite layers on W and Mo substrates exhibit 25 % less residual biaxial
stress than those without an interlayer [28]. The reduced residual stress implies the
improve film adhesion. To confirm this, the Brinell indentation test has been carried
out and the results are shown in Fig. 2.14 [28]. In the case of the pure diamond film
direct coated on W and Mo, an indentation load of 62.5 kgf is sufficient to induce a
significant film delamination. When a gradient interlayer was introduced, the film

Fig. 2.13 a SEM cross-sectional morphology of the gradient composite film deposited on Si and
b the corresponding backscattered electron image. The brighter spot like regions in (b) represent
β-SiC phase. Reprinted with permission from [27]. Copyright (2009) Elsevier S.A

Fig. 2.14 SEM images of the indentations zones that resulted by applying an indentation load of
125 kgf on different films. a Delamination of a diamond film directly coated on the substrate.
b Crater with lateral cracks of a diamond top layer on a gradient composite film. Reprinted with
permission from [28]. Copyright (2007) Elsevier S.A
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delamination didn’t occur up to a normal load of 100 kgf. Even though a load larger
than 100 kgf initiate the formation of crack, the film remained attached to substrate.
These results strongly indicate that the gradient composite film interlayer can be a
very promising candidate in improving the adhesion of diamond film on techno-
logically important substrates.

After the above basic understanding, the gradient composite interlayer is then
applied to improve the adhesion of diamond film on the WC-6 % Co cutting inserts.
A successful improvement of the lifetime of the cutting inserts is observed by
cutting AlSi20 material. For the uncoated tool, it can only machine an area of
75 cm2 before failure. Coating of the tool with pure diamond (without interlayer)
can improve its machining area to 300 cm2. When a gradient composite interlayer is
introduced between the diamond layer and the cutting tool, the machining area can
be further improved to 400 cm2 before failure, indicating the improved adhesion of
the film in the existence of the gradient interlayer [29, 30].

2.4.2 Biosensor Application

The good biocompatibilities and diverse sensing abilities of diamond and β-SiC
[31–35], make the diamond/β-SiC composite film also qualify as a good candidate for
biosensor applications. However, while fabricating thin film based biosensors, the
surfaces are more than often chemically or physically treated to make them clean and
highly active [36–38], aiming at enhancing the adhesion of the chemical or bio-
chemical species on the solid surface while minimizing the nonspecific adsorption of
those species which disturbs the sensing process [39, 40]. In this context, the wet-
tability of the thin film surface is important to explain its interactions with chemicals
or biological species. It has been illustrated that different bio-technological applica-
tions require different surface hydrophilicities or hydrophobicities [41–46]. There-
fore, to fabricate the composite films based biosensors, it is essential to firstly
understand and modify the surface status of the films. For the diamond/β-SiC com-
posite films produced above, a tunable surface wettability has been observed by
varying its composition, making them suitable for diverse biotechnological activities
which require different surface wettability [47]. This is achieved by selective H-
termination of diamond phase and OH-termination of β-SiC phase in the composite
film. It is well known that diamond can be easily H-terminated in the H2 plasma
treatment, while the β-SiC surface is known for its difficult H-termination. The
conventional methods used for diamond (H2 plasma) and Si (HF etching) H-termi-
nation don’t work on SiC surface, leaving OH-terminated surface. Therefore, the
simultaneous H-termination of diamond and OH-termination of β-SiC in the com-
posite films can be easily done by oxidizing the whole composite film (i.e. treated in
oxidizing mixture of boiling H2SO4 and KNO3) followed by H2 plasma treatment.

Figure 2.15a shows the water contact angle variation on the composite film
surfaces before and after chemical treatment. Because of the H2 rich atmosphere
during deposition, the “as deposited” composite films are all H-terminated with
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water contact angle higher than 70°. Nevertheless, a slight decrease of the contact
angle is also observed, which is due to the slight oxidation of the β-SiC phase in the
air. After chemical treatment, the water contact angle drastically decreases from
92.6 ± 2.5° to 32.7 ± 2.8° with increasing TMS flow rate indicating an increase in
hydrophilicities. The surface status of the composite films was elucidated by SIMS
measurement [47], which shows the oxygen content on the surface increases
drastically with increasing β-SiC content. Since the diamond phase can be easily
H-terminated under H2 plasma, the increasing oxygen content on the surface is
attributed to the increasing OH-terminated β-SiC phase after the chemical treat-
ment. The surface termination status of the composite film before and after chemical
treatment is shown schematically in Fig. 2.15b along with the photo illustration of
the water contact angle.

Based on the above discussions, if the diamond/β-SiC ratio on the same surface
can be controlled, a thin film surface with gradient wettability and thereby the
surface energy can be fabricated. Such kind of surface is highly desired in the
application of bio-microfluid devices. To obtain such kind of surface, a good
control in the growth process is required. It is previously discussed that a space
competition exists between diamond and β-SiC phases during the composite film
growth which leads to the formation of composite films with different diamond/
β-SiC ratios. Therefore, by controlling the lateral diamond nucleation density over
the substrate surface, a gradient diamond/β-SiC composite film can be obtained.
Figures 2.16a–e show the SEM plane view images of the composite film surface
with a gradient nature from the left edge to the right edge over a length of 15 mm.
The left part of the film is dominated by diamond phase (see Fig. 2.16a), while the
right edge of the film is dominated by β-SiC phase (see Fig. 2.16e). The variation of
water contact angle on this surface is shown in Fig. 2.16f. A decrease in the water

Fig. 2.15 a Water contact angle variation on the composite films surfaces. b Contact angle photo
illustration along with the surface termination schematic of the as deposited and chemically treated
composite films. Reprinted with permission from [47]. Copyright (2010) American Chemical
Society
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CA from 86.7° to 25.1° is clearly observed. Such a surface has comparable contact
angle values as the self-assembled-monolayer (SAM) modified surfaces [48–50].
However, its much higher stability in electrolyte solution makes it more promising
for biological applications.

Because of the OH-terminated β-SiC phase, the surface of the chemically treated
composite films is charged in solutions with different pH values [40, 42]. While
considering a modified thin film surface for the biosensoric applications, this
implication is very important, since the biomolecules are also charged in the
solutions. If the charge of the surface is of the opposite sign with respect to that of
the biomolecules to be sensed, non-specific adsorption of the biomolecules onto the
substrate surface will take place. This will drastically reduce the specificity and
sensitivity of the sensor [40]. On the OH-terminated β-SiC phase in the composite
films, the ionized bonds are present as C–O−, Si–O− or C�OHþ

2 Si�OHþ
2 in

solution, as shown in the following equation [40, 42]:

C�OHþ
2 þ Si�OHþ

2 $ C�O� þ Si�O� þ 4Hþ ð2:4Þ

Therefore, the surface will be negatively charged at high pH (majority of the
hydroxyl groups exist as C–O and Si–O−) and positively charged at low pH
(majority of the hydroxyl groups exist as C�OHþ

2 and Si�OHþ
2 ). In this context,

Fig. 2.16 A surface with gradient hydrophilicities. a–e SEM images of the composite film, the
surface morphologies of the gradient film from the left edge (high diamond nucleation density) to
the right edge (low diamond nucleation density). f The contact angle change. Reprinted with
permission from [47]. Copyright (2010) American Chemical Society
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the surface charge status of the film at given pH can be determined by the deter-
mination of its pH of the point of zero charge (PZC). According to Cerivic et al., the
surface charge density σ can be expressed as [40, 51]:

r=F ¼ cL
2:303 RT

� d cos hð Þ
d pHð Þ ð2:5Þ

where F is the Faraday constant, γL is the surface tension of probe solution, R and T
are the gas constant and absolute temperature, respectively; and θ is the contact
angle. By plotting cosine of the contact angle versus pH, the pH of PZC can be
obtained. Figure 2.17 shows the plot of cosθ versus pH for the ‘treated’ samples. It
can be observed that for all the ‘treated’ surfaces, the PZC is at pH * 4. This is not
surprising because only the OH-terminated β-SiC phase will be influenced by the
pH change, and the PZC of the composite films are determined by the PZC of
β-SiC. At pH = 7.5–8.5, which is most suitable pH for DNA hybridization activities
[52], the composite surfaces will be negatively charged enhancing the sensitivity of
the DNA sensor [40].

The advantages mentioned above motivated the fabrication of the composite
films as DNA biosensors. Since both diamond and β-SiC phases in the film are
chemically inert, surface functionalization is essentially required to make the film
bio-active prior to the attachment of biomolecules. In this context, photochemical
method was used to link allylamine—a three carbon chain unsaturated amine—onto
the composite film surface. Figure 2.18 shows the schematic illustration of the main
procedures in the functionalization process. To prevent the oxidation of the amine
group under UV illumination, it is protected by trifluoroacetic acid group before
functionalization. After the attachment, the sample is washed to remove any non-
specifically attached allylamine. Then the amine group is deprotected and linked to
a single stranded DNA for further detection of the DNA in the solution which
contains fluorescence dye for the indication of successful hybridization process.

Fig. 2.17 Plots of cosine of
the contact angle on the
‘treated’ composite film
surfaces versus pH. The PZCs
of the films were pH * 4.
Reprinted with permission
from [47]. Copyright (2010)
American Chemical Society
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Figure 2.19 shows the fluorescence microscopy images of the functionalized and
unfunctionalized areas on the same sample. Clear contrast on the fluorescence
signal can be observed: high intensity fluorescence signal is observed in the
functionalized area. The above observation indicates that DNA has been attached
onto the composite film surface through the allylamine linkage and it is still
bioactive. Such an observation not only shows the suitability and possibility of the
bio-surface functionalization of the composite film, but also opens the application
of composite film as DNA biosensors.

2.5 Conclusions and Feature Aspects

Diamond/β-SiC composite films have been successfully synthesized via MWCVD
and HFCVD processes. Till date, good control in the crystallinity, orientation and
phase distribution have been achieved. The films show good adhesion to the cutting

Fig. 2.18 Schematic illustration of the main procedure in the photochemical functionalization of
diamond/β-SiC composite films for DNA biosensor applications

Fig. 2.19 Fluorescence microscopic images of DNA functionalized composite film surface:
a unfunctionalized area; b functionalized area
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tool materials and have drastically improved their life time. The surface status of the
composite film has been systematically studied, which shows high potential in
biological applications. In this context, a composite film based DNA sensor is
fabricated. However, to fully explore the potential of the composite films, it would
be helpful to address the following aspects of diamond/β-SiC composite film sys-
tems in future studies.

The achievement in the controlled synthesis of composite films offers us the
possibility in designing the growth of composite films with complex 3D structures
to improve the toughness and wear resistance of diamond films on various sub-
strates. However, to obtain these structures, a high resolution in the selective growth
of diamond or likewise β-SiC on a surface along with (ii) the ability to process-wise
define and steer the structural properties like grain size and possibly crystallo-
graphic orientation of the phase(s) growing at the selected spot(s) and throughout
the deposition process is needed. This requires a deep understanding in the growth
process, especially at high microwave power densities which induce the selective
growth of the composite films. At the same time, a systematic analysis at film/
substrate interface and diamond/β-SiC boundary etc. under different loadings or
environments is also of great importance.

The successful growth of patterned composite films opens the door to numerous
composite films based electronic device applications. In this regard, doping of the
composite film is essential. Boron is expected to be a good dopant, as diamond and
β-SiC can be both easily doped by boron to a high level. Nitrogen would be another
promising candidate: β-SiC can be easily doped with nitrogen, whereas the nitrogen
doping in diamond is known to be difficult. By employing nitrogen as the dopant,
the selective doping of β-SiC in the composite film, leaving the diamond phase
undoped, will be possible. This produces the conductive β-SiC electrode embedded
in insulating diamond films. Combined with the good stability of both diamond and
β-SiC, such kind of electrode would be very suitable for harsh environment
applications as well as biosensor applications. Nevertheless, the influence of the
addition of boron or nitrogen containing species on the co-deposition of diamond
and β-SiC is still unknown and requires systematic study. For example, it will affect
the growth rates and defects evolution of diamond and β-SiC crystals, which might
result in the disappearance of either phase in the composite film. Moreover, when
boron is employed, owning the great disparity of the volume of methane and TMS
in the gas phase, the doping level of diamond and β-SiC phases would also be
different in the composite films.

The composite films have been successfully applied for the fabrication of DNA
biosensor via the linkage of allylamine. However, the linkage of allylamine onto
diamond and β-SiC is expected to have different reaction rates, owning to its
different reactivities with diamond and β-SiC. Therefore, it is reasonable to expect
that before allylamine fully covers one phase, its full coverage on the other phase
has been already achieved and the cross-polymerization of allylamine has already
started. As a result, inhomogeneity of the surface amine layer exists, and this will
have a strong impact on the electrical detection of biomolecules. If the amine layer
coverage is low, the signal from the DNA hybridization will possibly be too low for
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detection. If the amine layer coverage, on the other hand, is too high or even cross-
polymerized, the electric response of the DNA hybridization event will be blocked.
Therefore, special attention will have to be given to achieve a relatively homoge-
neous amine layer on the composite film surface. The surface wettability studies of
the composite films show that the H-termination of the diamond surface and the
OH-termination of the SiC surface are possible simultaneously. Different surface
termination allows for selective surface reactivity with respect to the diamond and
SiC phases. For example, the OH-terminated SiC surface reacts with organosilanes
while the H-terminated diamond is not able to do so. Consequently, it is possible to
exploit the selective functionalization of diamond and SiC by utilizing two different
functional groups (i.e. diamond-NH2, SiC–COOH), respectively. These functional
groups are, in turn, able to react and link with two different kinds of DNAs featuring
different end groups, respectively. Due to the homogeneous distribution of diamond
and SiC phases in the composite film, the detection range of the biosensor chip
would be doubled. In order to achieve this, a strategy will have to be evaluated
which allows to functionalize one phase while leaving the other phase unaffected.
However, this still requires additional dedicated research.

References

1. X. Jiang, C.P. Klages, Synthesis of diamond β-SiC composite films by microwave plasma
assisted chemical vapor. Appl. Phys. Lett. 61(14), 1629–1631 (1992). doi:10.1063/1.108458

2. V.V.S.S. Srikanth, V.B. Trindade, T. Staedler, X. Jiang, Thermodynamic aspects of diamond/
β-SiC composite films. Chem. Vapor Deposit. 14(3–4), 78–84 (2008). doi:10.1002/cvde.
200706673

3. X. Jiang, C.P. Klages, R. Zachai, M. Hartweg, H.J. Fusser, Epitaxial diamond thin-films on
(001) silicon substrates. Appl. Phys. Lett. 62(26), 3438–3440 (1993). doi:10.1063/1.109041

4. C. Niu, G. Tsagaropoulos, J. Baglio, K. Dwight, A. Wold, Nucleation and growth of diamond
on Si, Cu and Au. J. Solid State Chem. 91(1), 47–56 (1991). doi:10.1016/0022-4596(91)
90056-N

5. O.A. Williams, O. Douheret, M. Daenen, K. Haenen, E. Osawa, M. Takahashi, Enhanced
diamond nucleation on monodispersed nanocrystalline diamond. Chem. Phys. Lett. 445(4–6),
255–258 (2007). doi:10.1016/j.cplett.2007.07.091

6. V. Srikanth, T. Staedler, X. Jiang, Structural and compositional analyses of nanocrystalline
diamond/beta-SiC composite films. Appl. Phys. Mater. Sci. Process. 91(1), 149–155 (2008).
doi:10.1007/s00339-007-4388-8

7. D.P. Malta, J.B. Posthill, T.P. Humphreys, R.E. Thomas, G.G. Fountain, R.A. Rudder, G.C.
Hudson, M.J. Mantini, R.J. Markunas, Secondary electron emission enhancement and defect
contrast from diamond following exposure to atomic hydrogen. Appl. Phys. Lett. 64(15),
1929–1931 (1994). doi:10.1063/1.111745

8. V. Srikanth, M.H. Tan, X. Jiang, Initial growth of nanocrystalline diamond/β-SiC composite
films: a competitive deposition process. Appl. Phys. Lett. 88(7), 073109 (2006). doi:10.1063/
1.2175478

9. Y.L. Zhao, R.Q. Zhang, V. Srikanth, X. Jiang, Possible gas-phase reactions of H2/CH4/
tetramethylsilane in diamond/β-SiC nanocomposite film deposition: an ab-initio study. J. Phys.
Chem. A 111(18), 3554–3559 (2007). doi:10.1021/jp070014s

2 Diamond/β-SiC Composite Thin Films: Preparation, Properties and Applications 49

http://dx.doi.org/10.1063/1.108458
http://dx.doi.org/10.1002/cvde.200706673
http://dx.doi.org/10.1002/cvde.200706673
http://dx.doi.org/10.1063/1.109041
http://dx.doi.org/10.1016/0022-4596(91)90056-N
http://dx.doi.org/10.1016/0022-4596(91)90056-N
http://dx.doi.org/10.1016/j.cplett.2007.07.091
http://dx.doi.org/10.1007/s00339-007-4388-8
http://dx.doi.org/10.1063/1.111745
http://dx.doi.org/10.1063/1.2175478
http://dx.doi.org/10.1063/1.2175478
http://dx.doi.org/10.1021/jp070014s


10. X. Jiang, V.V.S.S. Srikanth, Y.L. Zhao, R.Q. Zhang, Facet dependent reactivity and selective
deposition of nanometer sized β-SiC on diamond surfaces. Appl. Phys. Lett. 92(24), 243107
(2008). doi:10.1063/1.2944143

11. H. Zhuang, L. Zhang, T. Staedler, X. Jiang, Highly selective diamond and β-SiC crystal
formation at increased atomic hydrogen concentration: a route for synthesis of high-quality
and patterned hybrid diamond/β-SiC composite film. Scr. Mater. 65(6), 548–551 (2011).
doi:10.1016/j.scriptamat.2011.06.023

12. D.G. Goodwin, Simulations of high rate diamond synthesis—methyl as growth species. Appl.
Phys. Lett. 59(3), 277–279 (1991). doi:10.1063/1.105620

13. S.J. Harris, Mechanism for diamond growth from methyl radicals. Appl. Phys. Lett. 56(23),
2298–2300 (1990). doi:10.1063/1.102946

14. F. Silva, A. Gicquel, A. Tardieu, P. Cledat, T. Chauveau, Control of an MPACVD reactor for
polycrystalline textured diamond films synthesis: role of microwave power density. Diam.
Relat. Mater. 5(3–5), 338–344 (1996). doi:10.1016/0925-9635(95)00428-9

15. Y. Kawabata, J. Taniguchi, I. Miyamoto, XPS studies on damage evaluation of single-crystal
diamond chips processed with ion beam etching and reactive ion beam assisted chemical
etching. Diam. Relat. Mater. 13(1), 93–98 (2004). doi:10.1016/j.diamond.2003.09.005

16. S. Kiyohara, Y. Yagi, K. Mori, Plasma etching of CVD diamond films using an ECR-type
oxygen source. Nanotechnology 10(4), 385–388 (1999). doi:10.1088/0957-4484/10/4/304

17. X. Jiang, E. Boettger, M. Paul, C.P. Klages, Approach of selective nucleation and epitaxy of
diamond films on Si(100). Appl. Phys. Lett. 65(12), 1519–1521 (1994). doi:10.1063/1.112030

18. Y.C. Chen, Y. Tzeng, A.J. Cheng, R. Dean, M. Park, B.M. Wilamowski, Inkjet printing of
nanodiamond suspensions in ethylene glycol for CVD growth of patterned diamond structures
and practical applications. Diam. Relat. Mater. 18(2–3), 146–150 (2009). doi:10.1016/j.
diamond.2008.10.004

19. A. Kromka, O. Babchenko, B. Rezek, M. Ledinsky, K. Hruska, J. Potmesil, M. Vanecek,
Simplified procedure for patterned growth of nanocrystalline diamond micro-structures. Thin
Solid Films 518(1), 343–347 (2009). doi:10.1016/j.tsf.2009.06.014

20. O. Babchenko, T. Izak, E. Ukraintsev, K. Hruska, B. Rezek, A. Kromka, Toward surface-
friendly treatment of seeding layer and selected-area diamond growth. Phys. Status Solidi B
247(11–12), 3026–3029 (2010). doi:10.1002/pssb.201000124

21. S.K. Lee, J.H. Kim, M.G. Jeong, M.J. Song, D.S. Lim, Direct deposition of patterned
nanocrystalline CVD diamond using an electrostatic self-assembly method with nanodiamond
particles. Nanotechnology 21(50), 505302 (2010). doi:10.1088/0957-4484/21/50/505302

22. N.A. Fox, M.J. Youh, J.W. Steeds, W.N. Wang, Patterned diamond particle films. J. Appl.
Phys. 87(11), 8187–8191 (2000). doi:10.1063/1.373516

23. J.L. Davidson, C. Ellis, R. Ramesham, Selective deposition of diamond films. J. Electron.
Mater. 18(6), 711–715 (1989). doi:10.1007/BF02657523

24. S. Mirzakuchaki, M. Hajsaid, H. Golestanian, R. Roychoudhury, E.J. Charlson, E.M.
Charlson, T. Stacy, Selective area deposition of diamond thin films on patterns of porous
silicon by hot filament chemical vapor deposition. Appl. Phys. Lett. 67(24), 3557–3559
(1995). doi:10.1063/1.114920

25. Y. Sakamoto, M. Takaya, H. Sugimura, O. Takai, N. Nakagiri, Fabrication of a micro-
patterned diamond film by site-selective plasma chemical vapor deposition. Thin Solid Films
334(1–2), 161–164 (1998). doi:10.1016/S0040-6090(98)01136-5

26. H. Zhuang, B. Song, T. Staedler, X. Jiang, Microcontact printing of mono-diamond
nanoparticles: an effective route towards patterned diamond structure fabrication. Langmuir 27
(19), 11981–11989 (2011). doi:10.1021/la2024428

27. V.V.S.S. Srikanth, T. Staedler, X. Jiang, Deposition of stress-free diamond films on Si by
diamond/beta-SiC nanocomposite intermediate layers. Diam. Relat. Mater. 18(10), 1326–1331
(2009). doi:10.1016/j.diamond.2009.07.007

50 X. Jiang and H. Zhuang

http://dx.doi.org/10.1063/1.2944143
http://dx.doi.org/10.1016/j.scriptamat.2011.06.023
http://dx.doi.org/10.1063/1.105620
http://dx.doi.org/10.1063/1.102946
http://dx.doi.org/10.1016/0925-9635(95)00428-9
http://dx.doi.org/10.1016/j.diamond.2003.09.005
http://dx.doi.org/10.1088/0957-4484/10/4/304
http://dx.doi.org/10.1063/1.112030
http://dx.doi.org/10.1016/j.diamond.2008.10.004
http://dx.doi.org/10.1016/j.diamond.2008.10.004
http://dx.doi.org/10.1016/j.tsf.2009.06.014
http://dx.doi.org/10.1002/pssb.201000124
http://dx.doi.org/10.1088/0957-4484/21/50/505302
http://dx.doi.org/10.1063/1.373516
http://dx.doi.org/10.1007/BF02657523
http://dx.doi.org/10.1063/1.114920
http://dx.doi.org/10.1016/S0040-6090(98)01136-5
http://dx.doi.org/10.1021/la2024428
http://dx.doi.org/10.1016/j.diamond.2009.07.007


28. V.S.S. Srikanth Vadali, H.A. Samra, T. Staedler, X. Jiang, Nanocrystalline diamond/β-SiC
composite interlayers for the deposition of continuous diamond films on W and Mo substrate
materials. Surf. Coat. Technol. 201(22–23), 8981–8985 (2007). doi:10.1016/j.surfcoat.2007.
04.018

29. V.V.S.S. Srikanth, X. Jiang, A. Koepf, Deposition of diamond/beta-SiC nanocomposite films
onto a cutting tool material. Surf. Coat. Technol. 204(15), 2362–2367 (2010). doi:10.1016/j.
surfcoat.2010.01.008

30. V. Srikanth, Deposition and Characterization of Nanocrystalline Diamond/β-SiC Composite
Film System (Shaker Verlag, Aachen, 2008)

31. N. Yang, H. Zhuang, R. Hoffmann, W. Smirnov, J. Hees, X. Jiang, C.E. Nebel,
Nanocrystalline 3C-SiC electrode for biosensing applications. Anal. Chem. 83(15),
5827–5830 (2011). doi:10.1021/ac201315q

32. S. Santavirta, M. Takagi, L. Nordsletten, A. Anttila, R. Lappalainen, Y.T. Konttinen,
Biocompatibility of silicon carbide in colony formation test in vitro—a promising new ceramic
THR implant coating material. Arch. Orthop. Trauma Surg. 118(1–2), 89–91 (1998). doi:10.
1007/s004020050319

33. C.M. Zettetling (ed.), Process Technology for Silicon Carbide Device (Institution of Electrical
Engineers, London, 2002)

34. R.S. Sussmann (ed.), CVD Diamond for Electronic Devices and Sensors (Wiley-VCH,
Weinheim, 2009)

35. L. Tang, C. Tsai, W.W. Gerberich, L. Kruckeberg, D.R. Kania, Biocompatibility of chemical
vapor deposited diamond. Biomaterials 16(6), 483–488 (1995). doi:10.1016/0142-9612(95)
98822-V

36. R.T.W. Popoff, H. Asanuma, H.Z. Yu, Long-term stability and electrical performance of
organic mono layers on hydrogen-terminated silicon. J. Phys. Chem. C 114(24), 10866–10872
(2010). doi:10.1021/jp101595w

37. W.S. Yang, O. Auciello, J.E. Butler, W. Cai, J.A. Carlisle, J. Gerbi, D.M. Gruen, T.
Knickerbocker, T.L. Lasseter, J.N. Russell, L.M. Smith, R.J. Hamers, DNA-modified
nanocrystalline diamond thin-films as stable, biologically active substrates. Nat. Mater. 1(4),
253–257 (2002). doi:10.1038/nmat779

38. B. Sun, P.E. Colavita, H. Kim, M. Lockett, M.S. Marcus, L.M. Smith, R.J. Hamers, Covalent
photochemical functionalization of amorphous carbon thin films for integrated real-time
biosensing. Langmuir 22(23), 9598–9605 (2006). doi:10.1021/la061749b

39. V. Vermeeren, S. Wenmackers, M. Daenen, K. Haenen, O.A. Williams, M. Ameloot, M.
Vandeven, P. Wagner, L. Michiels, Topographical and functional characterization of the
ssDNA probe layer generated through EDC-mediated covalent attachment to nanocrystalline
diamond using fluorescence microscopy. Langmuir 24(16), 9125–9134 (2008). doi:10.1021/
la800946v

40. S. Kuga, J.H. Yang, H. Takahashi, K. Hiirama, T. Iwasaki, H. Kawarada, Detection of
mismatched DNA on partially negatively charged diamond surfaces by optical and
potentiometric methods. J. Am. Chem. Soc. 130(40), 13251–13263 (2008). doi:10.1021/
ja710167z

41. S.A. Hanifah, L.Y. Heng, M. Ahmad, Biosensors for phenolic compounds by immobilization
of tyrosinase in photocurable methacrylic-acrylic membranes of varying hydrophilicities.
Anal. Sci. 25(6), 779–784 (2009). doi:10.2116/analsci.25.779

42. H. Barhoumi, A. Maaref, N. Jaffrezic-Renault, Experimental study of thermodynamic surface
characteristics and pH sensitivity of silicon dioxide and silicon nitride. Langmuir 26(10),
7165–7173 (2010). doi:10.1021/la904251m

43. S. Zhang, H.J. Du, S.E. Ong, K.N. Aung, H.C. Too, X.G. Miao, Bonding structure and
haemocompatibility of silicon-incorporated amorphous carbon. Thin Solid Films 515(1),
66–72 (2006). doi:10.1016/j.tsf.2005.12.037

44. B. Janczuk, A. Zdziennicka, A study on the components of surface free-energy of quartz from
contact-angle measurements. J. Mater. Sci. 29(13), 3559–3564 (1994). doi:10.1007/
BF00352063

2 Diamond/β-SiC Composite Thin Films: Preparation, Properties and Applications 51

http://dx.doi.org/10.1016/j.surfcoat.2007.04.018
http://dx.doi.org/10.1016/j.surfcoat.2007.04.018
http://dx.doi.org/10.1016/j.surfcoat.2010.01.008
http://dx.doi.org/10.1016/j.surfcoat.2010.01.008
http://dx.doi.org/10.1021/ac201315q
http://dx.doi.org/10.1007/s004020050319
http://dx.doi.org/10.1007/s004020050319
http://dx.doi.org/10.1016/0142-9612(95)98822-V
http://dx.doi.org/10.1016/0142-9612(95)98822-V
http://dx.doi.org/10.1021/jp101595w
http://dx.doi.org/10.1038/nmat779
http://dx.doi.org/10.1021/la061749b
http://dx.doi.org/10.1021/la800946v
http://dx.doi.org/10.1021/la800946v
http://dx.doi.org/10.1021/ja710167z
http://dx.doi.org/10.1021/ja710167z
http://dx.doi.org/10.2116/analsci.25.779
http://dx.doi.org/10.1021/la904251m
http://dx.doi.org/10.1016/j.tsf.2005.12.037
http://dx.doi.org/10.1007/BF00352063
http://dx.doi.org/10.1007/BF00352063


45. S.C.H. Kwok, W. Jin, P.K. Chu, Surface energy, wettability, and blood compatibility
phosphorus doped diamond-like carbon films. Diam. Relat. Mater. 14(1), 78–85 (2005).
doi:10.1016/j.diamond.2004.07.019

46. B. Menaa, M. Herrero, V. Rives, M. Lavrenko, D.K. Eggers, Favourable influence of
hydrophobic surfaces on protein structure in porous organically-modified silica glasses.
Biomaterials 29(18), 2710–2718 (2008). doi:10.1016/j.biomaterials.2008.02.026

47. H. Zhuang, B. Song, V.V.S.S. Srikanth, X. Jiang, H. Schönherr, Controlled wettability of
diamond/β-SiC composite thin films for biosensoric applications. J. Phys. Chem. C 114(47),
20207–20212 (2010). doi:10.1021/jp109093h

48. Y. Ito, M. Heydari, A. Hashimoto, T. Konno, A. Hirasawa, S. Hori, K. Kurita, A. Nakajima,
The movement of a water droplet on a gradient surface prepared by photodegradation.
Langmuir 23(4), 1845–1850 (2007). doi:10.1021/la0624992

49. A. Shovsky, H. Schonherr, New combinatorial approach for the investigation of kinetics and
temperature dependence of surface reactions in thin organic films. Langmuir 21(10),
4393–4399 (2005). doi:10.1021/la046967o

50. S.V. Roberson, A.J. Fahey, A. Sehgal, A. Karim, Multifunctional ToF-SIMS: combinatorial
mapping of gradient energy substrates. Appl. Surf. Sci. 200, 150–164 (2002). doi:10.1016/
S0169-4332(02)00887-5

51. L.S. Cerivic, S.K. Milonjic, M.B. Todorovic, M.I. Trtanj, Y.S. Pogozhev, Y.
Blagoveschenskii, E.A. Levashov, Point of zero charge of different carbides. Colloids Surf.
A 297(1–3), 1–6 (2007). doi:10.1016/j.colsurfa.2006.10.012

52. J. Zhang, H.P. Lang, G. Yoshikawa, C. Gerber, Optimization of DNA hybridization efficiency
by pH-driven nanomechanical bending. Langmuir 28(15), 6494–6501 (2012). doi:10.1021/
la205066h

52 X. Jiang and H. Zhuang

http://dx.doi.org/10.1016/j.diamond.2004.07.019
http://dx.doi.org/10.1016/j.biomaterials.2008.02.026
http://dx.doi.org/10.1021/jp109093h
http://dx.doi.org/10.1021/la0624992
http://dx.doi.org/10.1021/la046967o
http://dx.doi.org/10.1016/S0169-4332(02)00887-5
http://dx.doi.org/10.1016/S0169-4332(02)00887-5
http://dx.doi.org/10.1016/j.colsurfa.2006.10.012
http://dx.doi.org/10.1021/la205066h
http://dx.doi.org/10.1021/la205066h


Chapter 3
Surface Chemistry of Diamond

Karin Larsson

Abstract The diamond material possesses very attractive properties, such as
superior electronic properties (when doped), in addition to a controllable surface
termination. During the process of diamond synthesis, the resulting chemical
properties will mainly depend on the adsorbed species. These species will have the
ability to influence both the chemical and electronic properties of diamond. All
resulting (and interesting) properties of a terminated diamond surface, make it clear
that surface termination is very important for especially those applications in which
diamond can function as an electrode material. Theoretical modeling has during the
last decades been proven to become highly valuable in the explanation and pre-
diction of experimental results. Simulation of the dependence of various factors
influencing the surface reactivity, will aid important information about surface
processes including surface stability, modification and functionalization. Other
examples include thin film growth mechanisms and surface electrochemistry.

3.1 Introduction

The diamond material possesses very attractive properties, such as high transpar-
ency, high thermal conductivity at room temperature, radiation hardness, as well as
an extreme mechanical hardness. In addition, diamond also exhibits superior
electronic properties (including high carrier mobility), large electrochemical
potential window, low dielectric constant, controllable surface termination, and a
high breakdown voltage. Furthermore, when considering the well-known combi-
nation of chemical inertness and high degree of biocompatibility [1], diamond
became recently a promising candidate for applications like artificial photosynthetic
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water-splitting, where interfaces between a photo-electrode surface and a redox
protein is of utterly importance [2]. Boron-doped diamond surfaces, with attached
Pt nanoparticles as the catalytic surface, are nowadays working as a new class of
electrode materials. The boron-doped diamond electrode is a semiconducting
material with very promising properties like (i) a wider potential window in
aqueous solution (approximately −1.35 to +2.3 V versus the normal hydrogen
electrode), (ii) low background current, and (iii) corrosion stability in aggressive
environments [3].

More generally, the intrinsic reactivity of a surface atom (for a solid material)
depends of various factors, such as (i) number of binding atoms, (ii) surface
reconstructing, (iii) type and degree of chemisorption to the surface, and (iv) ele-
mental doping into the upper surface region. The number of bonding atoms to a
surface atom (factor i) is always smaller than the binding situation for a bulk atom.
Moreover, a surface atom has the driving force to become more bulk-like (i.e., the
more preferred surrounding electron density is the one for a bulk atom). This is one
explanation to the larger surface reactivity relative the bulk. Factors (ii)–(iv) do all
represent changes in the surrounding electron density for the surface atoms, of
which all are different from the situations for the bulk atoms.

It must here be stressed that the solid surface reactivity is not identical to the
surface energy. When creating a surface by, for example, breaking the bonds along
a specific crystallographic orientation (e.g., when breaking a thin Si substrate into
smaller pieces by exerting a force onto the substrate), a certain number of Si–Si
bonds (N) have to be broken in the formation of two surfaces. Let us now assume
that the bond density is ρN Si–Si/cm2. The energy/cm2 that is needed for this Si
wafer to be cracked into two pieces is thereby ρN × (Si–Si)bond energy, with a
corresponding surface energy (γ) of ρN × (Si–Si)bond energy/2 kJ/mol for the surface
of one of the resulting pieces. The (Si–Si)bond energy is a direct measure of the
surface reactivity. Hence, the surface energy considers both the reactivity and
density of the surface atoms, whilst the surface reactivity only takes into consid-
eration the atomic reactivity.

Theoretical modeling based predominantly on Density Functional Theory (DFT)
has during the last decades proven to become highly valuable in the explanation
and prediction of experimental results. The simulation and theoretical analysis of
surface reactivity has been shown to aid important information about thin film
growth mechanisms, as well as about surface reconstruction, modification and
functionalization.

3.2 Methods and Methodologies

Theoretical modeling and simulations are tools that are often necessary in (i) the
interpretation of experimental results, (ii) within precursor design of interface
materials (i.e. the prediction of experimental parameters), and (iii) for theoretical
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“experiments” where it is not possible to perform practical experiments. First-
principle DFT calculations have become a useful tool for many inorganic materials
of practical importance. It is well known that electronic structures and, especially,
band gaps are sensitive to choice of theoretical method.

Moreover, chemical reactions where bonds are formed and/or broken need
methods that consider the electrons in the system. Hence, the quantum mechanical
DFT method is very useful for studies of e.g. surface stability, termination, func-
tionalization and other types of surface (or interfacial) chemical processes.

The DFT calculations done for solid surfaces are most often performed under
periodic boundary conditions. More specifically, ultrasoft pseudopotential [4]
plane-wave approaches are most often used, based on the Perdew-Wang (PW91)
generalized gradient approximation (GGA) [5] for the exchange-correlation func-
tional. The GGA method usually gives a better overall description of the electronic
subsystem, compared to the more simple LDA (local density approximation) cor-
rections. The reason is that LDA, which is based on the known exchange-correlation
energy of a uniform electron gas, is inclined to overbind atoms and to overestimate
the cohesive energy in the system under study. On the contrary, GGA takes into
account the gradient of the electron density, which gives a much better energy
evaluation [6]. The total energy obtained from a DFT-calculation, and for a specific
model, can further on be used in e.g. the calculations of reaction energies.

The atomic charges and bond electron populations (i.e. electron densities within
the bond), might be estimated by using the methods of Mulliken analysis, which
can be performed by using a projection of the plane wave states onto the localized
basis by a technique described by Sanchez-Portal et al. [7]. The calculated atomic
charges, electron density (ρ), Fukui function and information about bond electron
populations are important tools in the interpretation of the underlying causes to the
observed surface reactivities, and the resulting surface properties.

The Fukui functions of the surface area generally used in visualizing the surface
reactivity. Parr and Yang [8, 9] improved the frontier orbital theory introduced by
Fukui [10, 11], whereby it became possible to calculate the so-called Fukui
functions:

f rð Þ ¼ dq rð Þ
dN

� �
V

ð3:1Þ

where N is the total number of electrons in the system, and q(r) is the electron
density at a certain position and at a fixed external potential, V. There is three Fukui
functions defined as f 0, f+, and f−, which correspond to a surface reactivity towards
radical, electrophilic and nucleophilic attack, respectively. Previous work has
shown that this f0 function can be very useful in studying the surface reactivity of
diamond [12]. The atomic charges can also be carefully estimated to give infor-
mation about degree of ionic bond strengths, whilst the bond populations contribute
with covalent bond strength information.
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3.3 Reactivity of Different Diamond Surface Planes

One of the factors that are decisive for the surface reactivity of diamond is the
number of binding atoms for a surface atom. The resulting chemical properties will
mainly depend on the number of unpaired electrons at the surface (i.e., dangling
bonds). A bulk diamond C atom has four covalently binding C neighbors in sp3

hybridization. For the most commonly observed diamond facets, the (111) surface
atoms will only have three binding neighbors whilst the (100) atoms have two
(Fig. 3.1a, b). When instead describing the situation in terms of dangling bonds, a
(111) surface atom has only 1 dangling bond whilst the (100) counterpart has 2.

Hence, the (100) surface should be more reactive. However, the presence of
dangling bonds will also most often result in surface reconstruction, solely with the
purpose to lower the surface energy. Therefore, the diamond (100) surface will
most often undergo a surface reconstruction forming a 2 × 1 surface structure
(Fig. 3.1c). As a matter of fact, also the more ideal (111) surface will at higher
temperatures be transferred to a 2 × 1 reconstruction, called the Pandey chain
structure (Fig. 3.1d).

The relative energies for these surface structures have earlier been calculated
theoretically using careful DFT methods [13]. It was shown that the 2 × 1 recon-
struction of the bare diamond (100) surface will result in a stabilization of the total
energy by 1.85 eV per surface C. The corresponding energy stabilization for the
bare diamond (111) surface (i.e. to the Pandey chain structure) was 0.54 eV per

Fig. 3.1 Final structures of 1 × 1-reconstructed diamond (111) and (100) surfaces (a, b), in
addition to bare 2 × 1-reconstructed diamond (111) and (100) surfaces (c, d)
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surface C (see Fig. 3.2). These stabilization energies will not, however, say any-
thing about the kinetics of the transfer from, e.g., the ideal diamond (100)−1 × 1
structure to diamond (100)−2 × 1. However, the barrier of energy for the transfer
between these phases has also been calculated earlier, using very careful DFT
calculations.

As can be seen in Fig. 3.3, a very small barrier of energy (of 0.32 eV) was found
for the transfer from a bare (111)−1 × 1 surface to the slightly more stable Pandey
chain structure—(111)−2 × 1. This tiny activation energy has recently been justified
by the usage of ab initio molecular dynamic (MD) simulations in heating up the
diamond (111)−1 × 1 surface to a temperature of about 500 K [14].

3.4 Effect of Co-adsorption on Diamond Surface Reactivity

3.4.1 General

Generally, the chemisorption of atoms (or molecules) to the diamond surface will
lower the surface energy values. The reactivity of the remaining surface radical C
sites will decrease, which most probably will have an effect on both chemical
surface processes, as well as on the properties of the surface. Chemical surface

Fig. 3.2 Adsorption energies for various terminating species (H, OH, O, F and S) onto (1 × 1)-
and (2 × 1)-reconstructed diamond (100) (a) and (111) (b) surfaces [13]. Reprinted with
permission from Journal of Physical Chemistry C. Copyright 2008, American Chemical Society
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processes is a very broad term that include processes like growth, functionalisation
and anchoring to larger molecules (just to mention a few).

Despite the efficiency in upholding the cubic structure of the diamond surface,
different types of surface termination species have been shown to change the
properties of the diamond surface region (e.g., by inducing surface electronic
conductivity and interfacial charge transfer properties). Another example of prop-
erties that may be affected by chemisorption is the field emission characteristics.
The electronegativity of the chemisorbed species will thereby influence the emis-
sion current and threshold voltage [15]. The phenomena of diamond surface ter-
mination have experimentally also been observed to significantly influence the
broad-band infrared reflectivity [16]. Hydrogen-terminated diamond surfaces have
been found to be hydrophobic [17], and to show unique p-type surface electronic
conductivity [18]. On the other hand, oxygen-terminated diamond surfaces gener-
ally show hydrophilic properties [17], and exhibit positive electron affinity [19]. In
addition, OH-terminated surfaces can be formed during etching in a mixture of
oxygen and water vapor [20]. Fluorine-termination will, compared to H-termina-
tion, result in even more strongly hydrophobic diamond surfaces, and have also
recently been found to enhance the sp3 characteristics of the diamond upper C layer
(thereby improving the geometrical structure of this surface [21]). All these inter-
esting properties of terminated diamond surfaces make it clear that surface termi-
nation is very important for especially those applications were diamond can
function as an electrode material.

Fig. 3.3 Calculated activation energies for transformation between diamond (111) (1 × 1) and
(2 × 1) structures as a function of surface termination with H and O, respectively [13]. Reprinted with
permission from Journal of Physical Chemistry C. Copyright 2008, American Chemical Society
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3.4.2 Energetic Stability of Surface Termination

3.4.2.1 General

The adsorption energies for gaseous species, chemisorbed onto the diamond (111)
and (100) surfaces at different surface coverage, are presented in different plots
where the adsorption and stabilization energies are shown over the whole range
(0–100 %) of surface coverage (see Figs. 3.4, 3.5 and 3.6). Starting from 100 %
hydrogen coverage, these plots show the successive adsorption energies as
hydrogen are replaced with oxygen, or hydroxyl groups.

The stabilization energy is defined as the adsorption energy for all species on the
diamond surface compared to the total adsorption energy for a 100 % H-terminated
surface. A surface configuration with negative relative stabilization energy is hence
more favorable than the situation with a 100 % H-terminated surface.

3.4.2.2 Hydrogen-Termination

A clean surface was the starting point for the hydrogen adsorption studies. As can
be seen in Fig. 3.4, the clean (111)−2 × 1 surface is energetically more favorable
than the corresponding 1 × 1 reconstruction. However, when 5/16 of the surface

Fig. 3.4 The adsorption profiles for the (i) successive hydrogen chemisorption to bare diamond
(111) and (100) surfaces, and the (ii) successive hydrogen replacements by oxygen (both bridged
and on-top positioned) and OH groups. Left axis is the stabilization energy that relates the
adsorption energy (right axis) to a 100 % H-terminated surface [13]. Reprinted with permission
from Journal of Physical Chemistry C. Copyright 2008, American Chemical Society
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Fig. 3.5 The adsorption profiles for the successive hydrogen replacements by oxygen (both
bridged and on-top positioned) and OH groups. Left axis is the stabilization energy that relates the
adsorption energy (right axis) to a 100 % H-terminated surface [13]. Reprinted with permission
from Journal of Physical Chemistry C. Copyright 2008, American Chemical Society

Fig. 3.6 Calculated stabilization and adsorption energies, for both diamond (111) and (100)
surface, for the situation when surface-terminating H species are successively replaced with O in
either on top or bridge positions [13]. Reprinted with permission from Journal of Physical
Chemistry C. Copyright 2008, American Chemical Society
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becomes H-terminated, both the partially H-terminated 1 × 1 and 2 × 1 surfaces show
identical energies. The (111)−1 × 1 is more favorable for hydrogen coverage above
30 %. In fact, a small number of hydrogen atoms on the diamond surface may
reconstruct the (111)−2 × 1 to the 1 × 1 configuration [22]. A LEED pattern showed
that 0.05 ML would effectively reconstruct the (111)−2 × 1 surface to the 1 × 1
reconstruction. The unfavorable adsorption energy for a 100 % H-terminated (111)
−2 × 1 is coherent with other DFT studies [23, 24]. A 100 % hydrogen-terminated
(111)−2 × 1 surface was shown to be stable towards reconstruction, but with lower
adsorption energies compared to the 1 × 1 surface (+0.69 eV per H). Hence, hydrogen
stabilizes the carbon atoms of the Pandey chain less compared to the 1 × 1 surface. A
plausible explanation may be that the delocalized π-bonds of the Pandey chain are
weakened. Hence, the electron configuration that stabilized the clean Pandey chain
becomes perturbed. However, the value of the adsorption energy for hydrogen on the
diamond (100) 1 × 1 surface is surprisingly high (−6.96 eV). Two hydrogens per
carbon atom, were chemisorbed onto the surface to saturate the two dangling bonds
per surface carbon atom. Hence, hydrogenmust be present on the (100)−1 × 1 surface
to uphold the sp3 configuration and to prevent the 2 × 1 reconstruction.

This dihydride configuration has been under much speculation [25–29], but it is
generally accepted [30] that it does not occur during CVD growth conditions.
Nevertheless, a very successful model attempting to describe growth mechanisms
has been based on this dihydride configuration [31]. The very favorable adsorption
energy for the dihydride surface configuration is probably not seen experimentally
due to the favorable (and spontaneous) 2 × 1 reconstruction. Hence, two hydrogen
atoms, per surface carbon, adsorbed onto the diamond (100)−1 × 1 surface are not
realistic due to the faster reconstruction to the 2 × 1 surface. The adsorption energy
for hydrogen on the (100)−2 × 1 surface (−4.30 eV) is in excellent agreement with
experimental investigations [32]. The adsorption energy for H on an otherwise
100 % H-terminated (111)−1 × 1 (and 2 × 1) surface has in two different studies
been calculated to −4.15 (−3.45) [24] and −4.98 (−4.34) [23] eV, respectively. The
results obtained in the former study (using molecular dynamics based on LDA) are
more in agreement with these observations; −4.53 (−3.29) eV.

3.4.2.3 Oxygen-Termination

Oxygen atoms often stabilize a hydrogen-terminated surface. In addition, due to the
divalent nature of oxygen and its strong electronegativity value, it may break the
C–C double bonds and induce a surface reconstruction. As presented in Fig. 3.5, a
high coverage of oxygen (in both the on-top and bridge positions) yielded a
reconstruction of the (100)−2 × 1 surface into a bulk-equivalent 1 × 1 configuration.
The most favorable position for oxygen on the (100) surface seems to be the bridge
position which is supported by other experimental and theoretical studies [32–34].
In addition, the surface morphology will change and yield more oxygen in the
on-top positions at elevated temperatures. An initial H–C–O–C–H surface config-
uration has been proposed as a plausible oxidation mechanism [35]. However, other
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studies have shown that the on-top position is more likely to occur, but with a rather
small difference in adsorption energy [36].

The spontaneous reconstruction from (100)−2 × 1 to (100)−1 × 1 was observed
in Fig. 3.4. This implies that no activation barrier can be present, since DFT is a 0 K
method. Conversely, no surface reconstruction was observed because of oxygen
adsorption on the (111)−2 × 1 surface. Hence, the fully oxygen-terminated (111)
−2 × 1 to (111)−1 × 1 reconstruction is associated with an activation energy.
Furthermore, the on-top and bridge oxygen atoms were not stable for the 2 × 1 and
1 × 1 reconstruction, respectively. An oxygen coverage above 50 % on the (111)
−2 × 1 surface resulted in a removal of the ether configuration and an introduction
of rather strong O–O bonds. Although the total adsorption energy continued to
decrease, the adsorption energy per species increased (i.e., became unfavorable)
from −5.74 to −4.37 eV. In fact the adsorption energy per species of the eight
oxygen atoms on the Pandey chain was found to be more favorable than for the
situation with the 1 × 1 surface (−5.74 vs. −5.68 eV), even though the resulting
order of energies became reversed at 100 % coverage (−4.37 vs. −6.21 eV) [13]. In
addition, experimental results have shown that CO desorption from the (111)−2 × 1
surface involves 50 % of the surface carbon, i.e., a 50 % oxygen coverage was
expected [23].

3.4.2.4 Hydroxyl-Adsorption

The adsorbed OH-groups showed both adsorbate-adsorbate interactions through
hydrogen bonding (energy stabilization) and steric repulsion (energy de-stabiliza-
tion). The hydrogen bonding is noticeable at low OH coverage, whereas steric-
repulsion dominates at higher coverage. However, OH-groups may not induce a
surface reconstruction due to the mono-valent character of the oxygen atom in the
hydroxyl species. The amount of electrons that may be withdrawn, and reallocated,
is larger for oxygen atoms compared to hydroxyl groups. The destabilization of
hydrogen- terminated surfaces due to hydroxyl group adsorption, is supported by an
experimental study that reports small number of hydroxyl groups present on an
oxygenated (100) surface [32]. Hydrogen bonding enthalpies of −0.15 eV were
reported. The adsorption energies for the hydroxyl groups on the Pandey chain are
unfavorable up to a 30 % coverage (see Fig. 3.6). A severe weakening of the π-bond
chain, as well as absence of hydrogen bonding, is probably responsible for this
effect. A nine carbon cluster MP2-calculation on OH-terminated diamond (100)
surfaces resulted in an adsorption energy of −3.3 eV per OH for a 100 % surface
coverage. This value is somewhat higher compared to −4.1 eV found in this work
[37]. Another DFT study for the diamond (111) surface has reported on OH
adsorption energies of −4.2 (−4.0) eV for the 1 × 1 (and 2 × 1) reconstruction.
Hence, the adsorption energies are in good agreement for the 1 × 1 surface (0.1 eV
difference), but the 2 × 1 Pandey chain shows much larger adsorption energies
compared to the results presented herein [23].
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3.4.2.5 Fluorine-, Sulfur- and Chlorine-Adsorption

The adsorption of hydrogen, fluorine, sulfur and chlorine onto diamond (100) and
(111) in their most common surface reconstructions, 1 × 1 and 2 × 1, was studied in
[13]. Only 100 % terminated surfaces were considered, and the resulting adsorption
energies are shown in Fig. 3.2. Fluorine is the termination species that most
resembles hydrogen; mono-valent with a rather small covalent radius. Moreover,
due to the strong anti-bonding occupancy of the electrons within the fluorine
molecule, the F–F bond enthalpy is very low compared to Cl–Cl; 159 versus
243 kJ/mol. Conversely, the bond enthalpy of HF is greater than for HCl (574 vs.
431 kJ/mol). Hence, fluorine molecules may more readily dissociate into atoms than
chlorine molecules. The large HF bond enthalpy may induce a fluorine desorption
process and, hence, yield additional radical sites for diamond growth precursors.
Hence, fluorine may be involved both in the gas phase and on the surface in
diamond growth. Fluorine has been found to be strongly adsorbed to all of the
studied diamond surfaces (−5.53, −6.33, −4.56 and −4.56 eV for the (100)−1 × 1,
(100)−2 × 1, (111)−1 × 1 and (111)−2 × 1 surfaces, respectively). Although the
diamond (100)−1 × 1 surface has two unpaired electrons, two fluorine atoms per
carbon (difluoride configuration) atom was in [13] found to be highly unstable. Half
of the fluorine-carbon bonds were severely weakened with C–F bond-lengths of
more than 2 Å. The diamond (100)−1 × 1 surface reconstructs to a 2 × 4 pattern due
to the mono-valent F, i.e., C–C bonds formed and F atoms were aligned in a perfect,
bulk diamond equivalent, 1 × 1 pattern. Sterical repulsions between the adsorbed
fluorine atoms as well as the electron withdrawal power of fluorine, rendering
underlying C–C bonds less rigid compared to e.g., monohydride (100)−2 × 1
surface, are plausible reasons for this reconstruction.

Sulfur atoms could be adsorbed onto the surface, but showed small adsorption
energies despite the divalent character of sulfur. Sulfur is probably too large for
strong C–S bonds to occur and steric S–S repulsions became pronounced. Note-
worthy, the most favorable sulfur adsorption energies are observed at the (100)
surface, and especially for the 2 × 1 surface reconstruction. This is expected due to
the larger intrinsic reactivity of the (100) surface compared to the (111) surface. The
larger adsorption energy for the (100)−2 × 1 surface reconstruction is probably
influenced by the formation of sulfur-sulfur bonds on this surface. The geometry of
the (100)−2 × 1 surface will probably allow a better orbital overlap compared to
other surfaces, except for the Pandey chain, where comparable S–S bond lengths
were found. However, the S–C bonds lengths present on the Pandey chain surface
were found to be very long, and, thus, weak. Conversely, a stable 100 % coverage
of chlorine could only be found for the Pandey chain. However, the adsorption
energy is very weak (−0.18 eV) and desorption is expected at higher temperatures.
Some chlorine was desorbed for the (100)−1 × 1 and (111)−1 × 1 surface as a result
of geometry optimization. Hence, no adsorption energy for a full coverage could be
obtained.

As seen in Fig. 3.2, the general trend in adsorption energy strength is
S < Cl < OH < H < F < O. Oxygen and fluorine atoms form very strong bonds with
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the carbon atoms on the diamond surfaces. However, fluorine does not induce any
larger reconstructions, except for the (100)−1 × 1 surface as described above. The
adsorption energies for the OH-groups indicate that C–O bonds are more favorable
than C–O–H bonds, despite potential hydrogen bonding. Sulfur atoms at 100 %
coverage generally bind very weakly to the (111) surfaces (−2.61 eV and
−1.54 eV), compared to the (100) surfaces (−3.32 eV and −3.12 eV). As described
above, chlorine shows no, or very little, tendency to cover the surface totally due to
the size of the chlorine.

3.5 Size Effects

It is a well-known effect that surface chemical properties will be affected by the
combination of surface plane and termination (e.g. H-termination gives surface
conductivity). Nano-crystalline diamond has a large amount of (111) and (100)
morphologies (i.e. terraces). Hence, the size effect of adsorption energies of H has
just recently been calculated for various diamond planes, and various nano-
crystalline particle sizes [38]. It was shown the DFT and the semi-empirical VAMP
methods are most successful in modeling the H adsorption energy (as compared to
Tight-binding DFT (DFTB+)). For a diamond particle diameter of 7 Å, the
adsorption energies for the adsorption of H are −390, −438, and 658 kJ/mol for
VAMP, DMol3 and DFTB, respectively. The experimental value is −413 kJ/mol.
Hence, it is here assume that the DFT method is accurate enough to be used in the
present type of investigation.

In studying the size effect for one-dimensional confinement (i.e., in studying thin
films of various thicknesses), it was shown that a thickness greater than approxi-
mately 7 Å will give a constant surface reactivity towards chemisorption of H onto
diamond (111) or (100) (see Fig. 3.7 for diamond (100)).

Fig. 3.7 Effect of film
thickness, on the absolute H
adsorption energy, for the
diamond (100) surface. The
(111) surface show an almost
identical trend
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Three-dimensional confinement has shown that the adsorption energy of H will
decrease with size, reaching a more or less constant value at a particle diameter of
7–10 Å. Hence, diamond particle sizes of more than 1 nm in diameter, will not
show any size dependency when it comes to chemical adsorption of species to the
surface. In other words, it is possible to model these larger particle sizes by using
periodic modeling of terraces.

3.6 Doping Effects

3.6.1 General

Although diamond has been proven to be a genuine multifunctional material,
thereby useful for quite many applications, it is still quite expensive to grow it using
vapor phase methods like CVD. However, it has been experimental proven that e.g.
N doping will enhance the diamond growth rate, and thereby reduce the production
costs. The influence of nitrogen on the deposition rate has already been reported for
both poly- and mono-crystalline diamond [39–42]. Recently, the catalytic effect by
N on the CVD diamond growth rate enhancement has been studied using laser
reflection interferometry [43]. In addition, gaseous N concentrations as low as a few
ppm, were found to strongly boost up the crystal growth rate in the (100) orien-
tation. As an explanation to this observation, Bar-Yam and Moustakas proposed a
defect-induced stabilization of diamond [44]. However, this model does not explain
the crystal orientation dependence of the increase in growth rates. More recently,
Frauenheim et al. suggested an alternative model, in which donor electrons origi-
nating from sub-surface N will lead to a lengthening of the (100) surface recon-
struction bond [45].

Nitrogen (with its extra electron compared to C) is a well-known n-type dopant,
with a very deep donor level in diamond (1.7 eV below the lower edge of the
conduction band) [46]. In choosing a suitable donor for diamond one has, however,
not only to consider its donor level but also its solubility and mode of incorporation
(e.g., incorporation during growth by in-diffusion or by ion implantation). Impu-
rities have been shown to become introduced into diamond during CVD or HPHT
growth [47]. Several reviews have, in addition, been reporting doping by implan-
tation [48]. A substitutional n-type doping of diamond during growth has been of a
special interest to study in the present investigation. The resulting substitutional
doping will, hence, depend not only on the solubility of the impurity, but will also
depend on the kinetics of the growth. Kinetic trapping may then be possible
although the final n-type doped product is thermodynamically somewhat
unfavorable.

The Chemical Vapor Deposition (CVD) of diamond is a very complex and
dynamic process. The growing surface has to be terminated with e.g. H atoms, since
it will otherwise collapse to the graphitic phase. However, these terminating species
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must be abstracted away from the surface to leave room for a growth species (e.g.
CH3). However, in the initial part of the diamond growth process, the abstraction of
two surface H (terminating the surface and one of the H ligands on CH3) has to take
place before any surface migrating can take place, ending with a final incorporation
at a step edge. Hence, the process of H abstraction is a very important reaction step
during the overall diamond growth mechanism. Since it is an endothermic reaction
(or close to), whilst the adsorption of e.g. CH3 highly exothermic (−40 to +17 vs.
−348 kJ/mol), it is here assumed that the H abstraction is one of the rate-limiting
steps for the diamond growth process.

It is experimentally very difficult to determine in which form N will be efficient in
the diamond growth process. To be more specific, it is experimentally not possible to
discriminate between the effect of nitrogen in the form of an N-containing species
adsorbed on the surface, or as N substitutionally positioned within the upper part of
the diamond surface. For this purpose, high-level DFT calculations have been
proven to be most useful. In addition to the growth enhancement effect of the N
doping, it has also been shown possible to steer towards the growth of diamond
(100) [49].

3.6.2 H-Abstraction Rates for Growth of Non-doped
Diamond

The H abstraction process has been found to take place in two steps; (1) adsorption
of H to a surface-terminating H species, and (2) desorption of molecular H2 [50].
The energy barriers for these steps were thereby calculated for three different
H-terminated diamond planes; (100)−2 × 1, (110) and (111). When studying step 1
in the abstraction process, the numerical values of the respective energy barriers
became quite different for the various surface planes (12, 6 vs. 5 kJ/mol). Despite
of the variations in energy evolution for the incoming H radical to the surfaces,
each of these three planes showed a final energy minimum at a distance of
1.2–1.4 Å from the surface-binding H species. At this distance, the H radical is
interacting with the H adsorbate, but to various extents depending on surface plane
(as can be seen in Fig. 3.8).

Fig. 3.8 Structural geometries at the energy minima for an approaching H radical to a surface-
terminating H species, on the following different diamond planes; (100)−2 × 1, (110) and (111)
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When the approaching H comes close enough to the adsorbed H, an electron
population will be observed between the approaching H and the terminating one,
being a strong indication of an H–H interaction in the form of bond covalency. For
the (110) surface, this bond population will continue to increase as the H–H distance
becomes smaller (with a simultaneous decrease in bond population for the C–H
bond), with the final formation of gaseous H2 (see Fig. 3.8b). The resulting value of
bond population for H–H in H2 is much larger than the electron bond population for
the final C–H entity (0.73 vs. −0.04), indicating the C–H bond has been broken
completely. However, it is only the approach of a radical H to the diamond (110)
surface that will immediately result in the release of H2. For the other two planes, the
energy minima correspond to electron populations in both the H–H and C–H
“bonds”. As will be discussed below, an energy barrier has to be overcome for the H2

molecule to be able to leave the diamond (111) and (100)−2 × 1 surfaces.
Step 2 in the abstraction process, which involve the removal (i.e. desorption) of

H2 from the surface, was found to take place with either zero energy barrier (for
diamond (110) since the approaching H radical will directly induce the removal of
H2 from the surface), or with a smaller energy barrier as compared with step 1;
(111)—3 versus 5 kJ/mol, and (100)−2 × 1—6 versus 12 kJ/mol. It is thereby
obvious that the barrier energies for desorption of H2 (step 2 in the desorption
process) are smaller than for the adsorption of the approaching radical H (step 1).
Hence, it is only the adsorption part of the abstraction process which will be the
dominating one in determining the H abstraction reaction rate.

In addition to the barrier energies for the different H abstraction processes,
Table 3.1 gives information about the relative growth rates (with respect to the
slowest one) under the assumption that H abstraction is a rate limiting growth step.
It is thereby only the barrier for the approaching H radical that has been used for the
rate estimations. The Arrhenius relation has been used in order to make a careful
estimation of the growth rate (v = v0∙e

−ΔΕ/RΤ), under the assumption that the pre-
exponential factor, v0, is almost identical for the different surface planes. T is the
temperature during diamond growth; R is the universal gas constant, and ΔΕ is the
barrier of energy for the abstraction process. The relative H abstraction rate, and
thereby relative diamond growth rate, can be rewritten as v1=v2 = e DE2�DE1ð Þ=ðRTÞ.

In addition to calculated values, also experimentally determined growth rates for
the various diamond planes are presented in Table 3.1. Chu et al. investigated the
growth of different diamond planes, and also presented different kinetic curves for

Table 3.1 Comparison between experimental and theoretical growth rates for the surface planes
(110), (111) and (100), respectively

Plane Growth
rate (μm/h)

Relative growth
rate (experimental)

Energy barrier
(kJ/mol)

Relative growth
rate (theoretical)

110 0.24 1.9 4.73 2.4

111 0.19 1.4 6.06 2.0

100 0.13 1.0 11.83 1.0

All values are related to the smallest growth rate (i.e. for (100))
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each plane [51]. For this purpose, they used a hot-filament CVD technique at a
substrate temperature of 600–1,000 K, together with a methane mole fraction of
0.4 %. Chu et al. used surface kinetic control during CVD growth of diamond,
which means that the diamond growth rate will be determined by the activation
energy of the rate determining step. This circumstance makes it ideal to add the-
oretical modeling and simulations for support and explanations. As can be seen in
Table 3.1, the experimental diamond growth rates at 700 °C were found to be 0.13,
0.19 and 0.24 μm/h for diamond (100), (111) and (110), respectively. These
absolute values correspond to the relative numbers 1.0, 1.4 versus 1.9.

As can be seen in Table 3.1, the experimentally observed trend in diamond
growth rate is identical to the order of H abstraction rates, as carefully estimated
from our theoretical calculations; (100) < (111) < (110). There are though some
minor differences when comparing the experimental and theoretical relative rates
strictly numerically. However, considering the large number of parameters that may
influence the growth rate experimentally, these small differences are acceptable.
Moreover, the large similarity in relative H abstraction rates with relative experi-
mental growth rates, will strongly support the conclusion that H abstraction is
indeed a rate-determining step in the growth mechanism of diamond (111), (100)
and (110). When comparing experimental results with calculated ones, the identity
in trends and large similarity in numerical values will furthermore justify the the-
oretical method and methodology used.

3.6.3 H-Abstraction Rates for Growth of N-Doped Diamond

3.6.3.1 General

As was presented above, the introduction of nitrogen into the CVD reaction
chamber has been found to induce an increased diamond growth rate. For instance,
Dunst et al. was studying the effect of diamond growth by introducing nitrogen into
a microwave plasma-activated CVD reactor in depositing single crystalline dia-
mond (100) at 800 °C [40]. The results of that study as that the introduction of N2

will improve the diamond growth rate with a factor of approximately 2.5 at a CH4

concentration of 2 %. However, the underlying cause to this growth improvement
was not clear; Did N has this effect when incorporated into the diamond lattice, or
was the effect induced by chemisorbed N-containing species? The main advantage
with theoretical DFT calculations is that surface processes, including the breakage
and formation of bonds, will be most carefully simulated. A deeper level of
knowledge, about the influence by nitrogen onto the diamond growth rate, can
thereby be obtained. The nitrogen dopant was, in [50], either substitutionally
positioned into the upper diamond lattice, or chemisorbed onto the surface in the
form of NH or NH2 (the former being a radical).
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3.6.3.2 N Substitutionally Positioned into Various C Atomic Layers

The effect by substitutionally positioning N within different C atomic layers close to
the surface, were also evaluated in [50]. For this purpose, both the H adsorption
energy and surface H abstraction energy were calculated for both diamond (111)
and (100)−2 × 1 surface planes. As can be seen in Fig. 3.9, these two surfaces show
completely different behavior. However, the trends for H adsorption energy
(Fig. 3.9a) and H abstraction energy (Fig. 3.9b) show, as expected, similar, but
mirrored, results. For the (100)−2 × 1 surface, there are peaks in the adsorption
curves for the position of N within C layers 2 and 3 in the upper diamond surface.
Hence, the H adsorption process becomes less energetic feasible, whilst the H
abstraction becomes much more exothermic.

Two different factors have in the present study been found to be responsible for
this effect. When positioning N within the second, or third, atomic C layer in an
otherwise completely H-terminated diamond (100)−2 × 1 surface, the extra electron
in N will occupy the anti-bonding state within one N–C bond. This will result in the
breakage of the N–C bond, which, however, will re-bind again after the H
abstraction from the surface (with the formation of an electron pair at the vacant
surface position). This rather severe surface reconstruction is not possible to take
place when positioning N further down in the diamond surface (from the fourth
atomic layer, and deeper below). From this explanation it is clear that N naturally
will improve the abstraction process, and to show a negative effect on the adsorption
process. For the H adsorption process, the values are the following; −458 (non-
doped) to −319 (N in 2nd layer) kJ/mol. The corresponding values for the surface H
abstraction process are −41 (non-doped) to −138 (N in 2nd layer) kJ/mol.

For the diamond (111) surface, it is obvious that the N element will have a strong
effect for the C surface layers 2–5. Numerically, these dopant effects are of the same
size for all layers. For the H adsorption process, the values are the following; −434
(non-doped) to −349 (N in 2nd layer) kJ/mol. The corresponding values for the
surface H abstraction process are 19 (non-doped) to −165 (N in 2nd layer) kJ/mol.
For this specific diamond surface, the only dopant effect is the electron transfer
towards the C(surface)–H bond, thereby weakening it. As was also the situation
with the (100)−2 × 1 surface, an electron pair will be formed on the radical C atom
as a result of the H abstraction process. There is a clear indication that this effect
also will become less pronounced with an increase in distance from the surface.

3.6.3.3 N Substitutionally Positioned Within the C Atomic Layer 2

Nitrogen, substitutionally positioned within the second C layer of various diamond
surface planes, was in [50] chosen since it was found that this is a position that has a
large effect on the H abstraction reaction, and hence on the surface reactivity in
general. To analyze this effect on the surface reactivity, Fukui function calculations
were performed with the intention to localize the surface sites that are most sus-
ceptible towards a radical attack. As can be seen in Fig. 3.10, there is a major effect
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by the substitutionally positioned N dopant on the radical susceptibility of the
surfaces (100)−2 × 1, (110) and (111), respectively. This effect is more delocalized
for the (110) surface, whilst the others show a more local, but still very strong,
effect (local means close the N dopant).

Based on the Fukui function calculations, the position of H radical attack onto
the H-terminated diamond surfaces, were determined from Fig. 3.11. An identical
methodology, as for the non-doped diamond surfaces, was followed in trying to
estimate the energy barriers for the H abstraction processes. The values of H
abstraction energy barrier for the different diamond surface planes, and for different

Fig. 3.9 Variation in H adsorption energy (a), and surface H abstraction energy (b), when
positioning N in different atomic C layers. The zero value represents a non-doped diamond surface
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kinds of nitrogen-doping, are shown in Table 3.2. The most interesting result is
obtained for substitutionally nitrogen doping in the second C atomic layer, for
which there is no energy barrier (for the approaching H radical) for any of the
surface planes investigated.

Fig. 3.10 Isosurface maps, showing the Fukuji functions for the distribution of radical
susceptibility on the diamond surfaces [(100), (110), (100)−2 × 1], and for various dopant situations
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The question is now to explain this theoretical observation. Nitrogen has an extra
valence electron compared to carbon, and it is at first very important to get infor-
mation about where this extra electron density will be positioned. Spin electron
density calculations have shown that the density from this extra electron will be
more globally distributed amongst the bonds in the vicinity to N for the diamond
(100)−2 × 1 surface (see Fig. 3.11a).

Electron deformation densities have also been calculated with the purpose to
investigate the effect of N dopants on the individual bonds within the H-terminated
diamond surface (i.e., atom-atomic interactions) within the systems. As can be seen
in Fig. 3.12a, the bond population analysis supports these results, showing that the
extra spin will cause a weakening of both the N–C(layer 1) (0.55) and C–H (0.63)
bonds. The former one is to be compared with the N–C(layer 3) bonds: 0.60 versus
0.65. And the later with the C–H bonds for non-doped diamond: 0.88. It is thereby
obvious that the extra electron in the N dopant (positioned in the 2nd C atomic
layer) will weaken the absolute upper surface part of the diamond (100) surface, and
it is assumed that this is also the case for diamond (111) and (110).

Fig. 3.11 Demonstration of the electron spin density for diamond (100)−2 × 1, with N
substitutional positioned within the 2nd C atomic layer (a), or chemisorbed in the form of a radical
NH species (b)

Table 3.2 Effect of N on the surface H abstraction energy and relative growth rate (in relation to
the respective non-doped surface planes); (110), (111) versus (100)−2 × 1

Energy barrier (kJ/mol) Relative growth rate

110 Non-doped 4.7 1.0

N in 2nd layer 0 1.7

NH2 adsorbate 5.7 0.9

111 Non-doped 6.1 1.0

N in 2nd layer 0 1.9

NH2 adsorbate 6.0 1.1

100 Non-doped 11.8 1.0

N in 2nd layer 0 3.7

NH2 adsorbate 8.2 1.5
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The electron deformation densities were also calculated for the approaching H
radical at a so called transitions state (TS) distance from the diamond (100)−2 × 1
surface (i.e., identical to the TS distance for non-doped diamond). As can be seen in
Fig. 3.12b, there is a strong interaction between the incoming H and the surface H.
There is an electron density between these two atoms (0.18), indicating an electron
orbital overlap. In addition, there has been a partial electron transfer to the
approaching H radical, and there is a weakening of the C–H bond (from 0.90 to
0.72). All of these values do strongly support the zero-level barrier energy value for
abstraction of H from the three different diamond surfaces.

3.6.3.4 N Chemisorbed onto the Surface in the Form NH or NH2

Since it was not experimentally clear in what form nitrogen will aid for the
improved diamond growth rate, nitrogen was attached to the surface in the form of a
radical NH group (i.e., chemisorbed onto the diamond surface). As can be seen in
Fig. 3.11b, the non-paired electron will stay locally at the adsorbate NH place. This
local position of the extra electron is further supported by the deformation density
results in Fig. 3.12b. The extra electron in NH does not show any tendency to

Fig. 3.12 Electron density difference maps, showing the induced weakening by the N dopant in
the lattice (a), and the interaction between the approaching H and the surface H atom (b)
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interact with the surface in weakening bonds by filling anti-bonding orbitals. Due to
this reason, the barrier energy for the H abstraction is expected to be very similar as
for the non-doped diamond surfaces, and these calculations have hence no been
included in the present study.

However, when nitrogen is chemisorbed in the form of NH2 onto the diamond
surface, the situation becomes more complex (even though NH2 is not a radical
species when adsorbed to the diamond surface). For the (100)−2 × 1 surface plane,
the reactivity of the surface hydrogen in the vicinity to one of the hydrogen atoms
within the NH2 group is enhanced. The situation with the (110) plane is quite
different in that the reactivity close to NH2 becomes weakened. For the situation
with the (111) plane, it will be similar to the situation for the (100)−2 × 1 plane.
The reactivity of the surface hydrogen closest to the hydrogen atom in the NH2

group will be reinforced while the one closest to the nitrogen atom will decrease in
reactivity. However, these changes in surface reactivity are apparently not large
enough to affect the H abstraction barrier energy (see Fig. 3.10 and Table 3.2). The
usefulness with these Fukui maps is that they are visualizing the most reactive
surface H atoms, whereto the gaseous H shall be approached.

Similar to the situation with NH adsorbates, the nitrogen doping in the form of
NH2 adsorbed do not show any larger effect as compared to the non-doped scenario.
To be more specific, the H abstraction energy barriers for the diamond (100)−2 × 1
and (111) planes were observed to decrease, whilst the barrier for the (110) plane
increased; NH2-doping (8, 6, 6) versus non-doping (12, 6. 5 (see Table 3.2).
However, it must be stressed that these difference are marginal for diamond (111)
and (110). There is also a correlation observed between these changes in activation
energy and the effect by NH2 doping on the surface reactivates. The Fukui function
maps for the diamond (100)−2 × 1 and (111) planes show a slight improvement in
surface reactivity, whilst the corresponding one for the (110) plane show a decrease
in reactivity (see Fig. 3.10). However, as stated above, these effects are relatively.

3.6.3.5 Theoretical Versus Experimental Results Regarding Growth
Improvement by N Doping

As was the situation in Table 3.1 for non-doped diamond, the energy barrier values
for the various N doping situations can be used in forming ratios of diamond growth
for the various diamond surface planes (see Table 3.2). In the Arrhenius relation
used for this purpose, the temperature, T, was set to 1,073 K since this is the
substrate temperature that was used in the experimental work that the present study
is referring to [21]. Moreover, that experimental work did only consider the effect
by N-doping on the diamond (100)−2 × 1 growth. A comparison with experimental
results for the situation with N doping can, hence, only be done for this specific
surface. It is also in Table 3.2 assumed that the H abstraction step is the rate
determining one in the growth of diamond, which in [50] has been shown to be a
very realistic conclusion.
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As is quite clear from Table 3.2, there is a remarkable increase in growth rate
when introducing N within the 2nd C atomic. This is especially the situation for the
diamond (100)−2 × 1 surface, where a growth enhancement has been calculated
with a factor of 3.7, compared to the non-doped scenario. The experimental growth
rate enhancement for diamond (100)−2 × 1 was found to depend on the combi-
nation of N2 and CH4 concentration in the MWPA-CVD reaction chamber, with a
maximum value of 3.5 [21]. Hence, there is an almost perfect resemblance between
the here calculated factor and the experimentally observed one. This result is first of
all a justification of the theoretical methods and methodology used in the present
study. Secondly, it also strongly supports the general assumption that the H
abstraction process from the diamond surface is the rate limiting step in the com-
plete diamond growth mechanism. At last, the very good correspondence between
theory and experiments confirm the experimental observation, and takes a step
further in making the assumption that it is most probably N, incorporated in the
lattice, that is responsible for the observed growth rate enhancement.

An issue that has to be high-lighted is the catalytic effect by the N dopant. The
problem is that a very low concentration of N dopants shall be able to give a more
pronounced effect on the overall diamond growth rate. However, it has earlier been
shown that the surface hydrogens are very mobile on the diamond surface [52].
Hence, the desorption of an H species nearby the N dopant, will immediately be
replaced by a neighboring H species on the surface, causing radical surface C sites
at longer distances from the N dopant.

3.7 Surface Electrochemistry

3.7.1 General

Even though diamond is a wide band gap material, the material can get different
energy states by using selective doping and/or by modifying the surface (e.g., by
terminating the surface). Thin film diamond has shown to have prominent possi-
bilities as an electrode material for environmental and energy applications, as well
as for sensor application and for quantitative analysis of various compounds [3, 53].
The high sensitivity of diamond towards red/ox reactions, together with its
exceptional large potential window, will increase its potential for pH sensor
applications [54].

Intrinsic diamond is an insulator, whereas B-doped (of p-type) and N-doped (of
n-type) diamond gives surface states in the band gap which increases the electronic
conductivity within the bulk material. Different types of surface termination species
has been shown to change the properties of the diamond surface region (e.g., by
inducing surface electronic conductivity and interfacial charge transfer properties).
It has already shown possible to use diamond thin films in high power and high
frequency field-effect transistors (FETs) applications [55]. The induced surface
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conductivity by specific surface termination of the diamond film, is basically an
induced surface doping phenomenon. Landstrass and Ravi showed that both natural
diamond and CVD grown diamond films show an increase in charge conductivity
of several orders of magnitude when subjected to hydrogen plasma [54]. This
observation has later on been verified by other groups [55]. The explanation to this
enhanced conductivity was not clear in the beginning. A hypothetical acceptor-like
surface state was proposed by Kawarada et al. [56], whereas Hayasi et al. [57]
proposed very shallow hydrogen induced subsurface acceptor state inside diamond.
Later, Takeuchi et al. [58] and Ristein et al. [59] continued to investigate the
location of the acceptors. Though their result could be explained by assuming
acceptor-states on the surface, their results showed a very unrealistic high surface
defect density and a very sharp subsurface acceptor level.

Another mechanism, including an atmospheric environment, was proposed by
Maier et al. [60] Supporting result were shown by Ri et al. [61], which were later
confirmed by Foord et al. [62], and Vittone et al. [63]. According to this proposed
mechanism, an H-terminated diamond surface requires an atmospheric adlayer for
p-type surface conductivity to occur. Foord et al. [62] proposed that electron transfer
takes place from the upper part of the valence band to an oxidative species in the
physisorbed adsorbate. This type of charge transfer can be regarded as an electro-
chemical process where the upper diamond will be oxidized and the adlayer species
reduced. This mechanism has recently been supported and further explained in some
theoretical investigations by Larsson et al. [64–66]. The effect of both various sur-
face termination species (H, Oontop, Obridge, OH and NH2), as well as of various
oxidative species in the adlayer (water, water + oxygen, water + H3O

+ + oxygen,
water + ozone, water + H3O

+ + ozone), were then focused upon.

3.7.2 Electronic Transfer Over the Diamond//Atmospheric
Adlayer Interface

The combination of (i) diamond surface termination, (ii) atmospheric adlayer
chemical composition, and (iii) geometrical structures, are decisive for the surface
electronic states, as well as for the molecular orbitals states of the adlayer. In turn,
these parameters will strongly affect the tendency for chemical interactions and
electron transfer across the diamond//adlayer interface. The degree of electron
transfer over the interface can be identified by performing various theoretical
analysis calculations. In [66], electron population analyses were made by projecting
the electron density on atomic orbitals in a Mulliken atomic approach [7]. The
individual atomic charges could thereby be estimated from which information about
eventual partial electron transfer over the interfaces could be obtained.

The degree of electron transfer over the diamond (100)//atmospheric adlayer
interface, was in [66] calculated for various surface termination species (H, Oontop,
Obridge, OH and NH2), as well as for various oxidative species in a very thin
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atmospheric adlayer (water, water + oxygen, water + H3O
+ + oxygen,

water + ozone, water + H3O
+ + ozone). As can be seen in Fig. 3.13, the presence of

oxidative species in the adlayer is of utterly importance for an electron transfer to
take place. Hence, a neutral water adlayer give no observable degree of charge
transfer. In addition, O-terminated surfaces, in the form of Oontop and Obridge,
showed very similar results in that an insignificant degree of electron transfer was
observed to occur between the surface and the adlayer. When adding O3 and H3O

+

to the water adlayer (resulting in a very oxidative environment), it is though only
the Obridge scenario that show any appreciable degree of electron transfer over the
interface; 0.40.

For the H-, NH2- and OH-terminated diamond surfaces, the degree of electron
transfer from the diamond (100) surface to the adlayer was, with an exception for a
neutral water adlayer, found to be much more pronounced (see Fig. 3.13). The
presence of adlayer oxidizing agents like O2 and O3 was found to increase
the degree of electron transfer (from the surface to the adlayer). The addition of
H3O

+ ions in the adlayer was found to enhance the electron transfer even more. The
degree of electron transfer increased from 0.08 to 0.95 e in the presence of O2

within the adlayer. Extra addition of H3O
+ was found to enhance the charge transfer

even more (to 1.70 e). As was the situation with O2 in the adlayer, the addition of
O3 resulted in a partial electron transfer of 0.81 e, which was further enhanced to
0.92 e when adding H3O

+ to the same system.
The NH2-terminated diamond (100) surface showed a similar trend. However, the

degree of electron transfer over the surface//adlayer interface was here found to be
much larger (as compared with H-termination). The only exception is for a neutral
water adlayer, which still will not induce any electron transfer from the surface:
0.03 e (NH3) versus 0.08 e (H). The presence of O2 in the water adlayer was found to
increase the charge transfer to 1.21 e (NH3) versus 0.21 e (H). The relative increase

Fig. 3.13 Degree of electron
transfer (in unit e) from an
x-terminated (x = Oontop,
Obridge, OH, H or NH2)
diamond (100)−2 × 1 surface,
to an atmospheric water
adlayer containing different
types of oxidative species
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with O3 in the adlayer was though not that high; 1.04 e (NH3) versus 0.81 e (H).
When adding hydronium to the systems, the following results were obtained: 1.76 e
(NH3) versus 1.70 e (H); Type v: 1.72 e (NH3) versus 0.92 e (H).

For the situation with an OH-terminated diamond (100) surface, all adlayers
containing species other than water were found to give a significant degree of
electron transfer from the surface to the adlayer. There is an extra feature observed
for this type of termination. In the presence of H3O

+ ions within the adlayer, there
will be a transfer of H+ from the surface OH groups to the adlayer hydronium ions,
forming water and hydrogen molecules. As can be seen in Fig. 3.12, for the situation
with O2 and H3O

+ in the water adlayer, the numerical value of the partial electron
transfer was 1.44 e. However, as there will also be a proton transfer occurring in the
same direction, the resulting negative charge transfer was found to be 0.90 e from
the diamond surface to the water-based adlayer. The situation is identical for a water
adlayer containing O3 and H3O

+. The numerical value of the partial electron transfer
is 1.22 e, whilst the overall charge transfer will be 0.22 e. The result for the
OH-termination was otherwise being very similar to the NH2 scenario. There was a
minor partial electron transfer for neutral water (0.10 e vs. 0.3 e). Moreover, O2 or O3

in the water adlayer were found to induce a larger degree of electron transfer, being
unexpectedly somewhat lower for the more oxidative O3 species; 1.15 e versus
1.21 e (O2), and 1.04 e versus 0.69 e (O3). However, as expected, H3O

+ ions in the
adlayer were observed to increase the degree of electron transfer; from 1.15 e to
1.44 e (O2), and from 0.69 e to 1.22 e (O3).

In summary, is it apparent from Fig. 3.13, that Oontop- and Obridge-termination will
not render any measurable electron transfer from the diamond (100) surface to the
water-based adlayer. This is also the situation for the neutral water adlayers, attached
to H-, OH- and NH2-terminated diamond (100) surfaces. However, the presence of
the oxidative species O2, O3, and H3O

+, are proven to induce measurable partial
electron transfer from the diamond surface to the atmospheric adlayer.

3.7.3 Adhesion Energies for the Attachment of Atmospheric
Adlayers

The calculations of the adhesion processes for the attached atmospheric adlayer to
the diamond surfaces will generally give an indication of the bond strengths, and
eventual also of the type of interactions between the surface and the adlayer. Those
systems that show a significant amount of electron transfer are expected to expe-
rience a stronger interaction of an electrostatic type. On the other hand, a smaller (or
insignificant) degree of electron transfer over the interface must have a weak
electrostatic binding across the interface. The adhesion energies between the surface
and the respective adlayers have in [66] been calculated as the difference of the total
energy of the interfacial system and the individual energies of the adlayer and the
surface, respectively.
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The adsorption energies for various terminations, and adlayer situations, are
shown in Fig. 3.14. It is clear that only H- and NH2-termination show a more
pronounced interfacial bond, and hence a larger degree of hydrophilicity (the
OH-termination situation has been excluded in these calculations since there are
situation where the OH adsorbate will donate an H species to the adlayer). The lower
adhesion energies for the Oontop- and Obridge-terminations are well correlated with
the loss of electron transfer over the interface (see Fig. 3.13). For the H-termination,
pure water will give bonding, with an adhesion energy of −95.6 kJ/mol, even though
it is well known that an H-terminated diamond surface is hydrophobic. However,
this is the situation for liquid water. The situation here is that we use a very thin
atmospheric adlayer which behaves completely different in contact with a surface.
The presence of an oxidative agent in the water adlayer will, though, change the
situation completely. The adhesion processes are exothermic, and the numerical
values are between −138.8 and −215.9 kJ/mol for the super cell. These larger
adhesion energies are very well correlated with larger degrees of electron transfer;
from 0.81 to 1.70 electrons over the super cell (see Fig. 3.13).

The NH2-terminated surfaces results in rather strong bonding situations over
the diamond-adlayer interface, and for all investigated adlayer types. As was the
situation with the H-terminated surface, there is a correlation with the adhesion
energies and the degree of electron transfer for all adlayer situations, except for pure
water. The exothermicity for this type of surface termination is most probably
caused by the probability to form hydrogen bonds between the NH2-adsorbates
and the adlayer molecules (e.g. H2O molecules). In summary, a clear correlation
between type of surface termination and degree of electron transfer was observed in
[66].

Fig. 3.14 Adhesion energy
for an attached atmospheric
water adlayer (containing
various oxidative species) and
x-terminated diamond (100)
−2 × 1 surfaces (x = Oontop,
Obridge, OH, H or NH2)
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Chapter 4
Surface Modifications of Nanodiamonds
and Current Issues for Their Biomedical
Applications

J.C. Arnault

Abstract Combining numerous unique assets, nanodiamonds are promising
nanoparticles for biomedical applications. The present chapter focuses on the current
knowledge of their properties. It shows how the control of their surface chemistry
governs their colloidal behavior. This allows a fine tuning of their surface charge.
Developments of bioapplications using nanodiamonds are summarized and further
promising challenges for biomedicine are discussed.

4.1 Introduction

Nanoparticles (NPs) are currently designed and developed for nanomedecine
applications which constitute an emerging research field [1]. Among the main
stakes, cancer therapy expands with three main paradigms: drug delivery, bio-
markers for diagnosis and therapeutics.

The main interest to use NPs for drug delivery is the ability to target cancer cells.
Indeed, some tumors present a higher vascularisation which could favor a passive
targeting of NPs via the EPR effect (Enhanced Permeability and Retention) [2]. The
targeting can also be active when a specific grafting of NPs with specific markers is
performed [3]. The use of NPs can enhance the treatment efficiency allowing the
delivery of higher doses while it reduces significantly side effects. Polymeric NPs
[4] and liposomes are currently the most used NPs to encapsulate drugs. The
polymer degradation permits their progressive delivery.

Second, NPs can also act as biomarkers for tumor imaging or tracking via their
optical properties as quantum dots [5] or gold NPs via surface plasmon resonance
[6]. However, some of these luminescent probes are limited either by their
photostability or their cytotoxicity. Inorganic NPs can be used as contrast agents for
magnetic resonance imaging [7, 8]. Lastly, C14 grafting on carbon nanotubes was
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reported conferring radiolabeling properties for exploration of the in vivo biodis-
tribution and pharmacokinetics [9].

Third, NPs can have therapeutic roles if they could be activated by an external
stimulus. For example, under an external magnetic field, metallic NPs can generate
temperature elevation called hyperthermia leading to cell death [10]. This activation
can also be performed thanks to optical properties i.e. phototherapy for graphene
oxide nanosheets [11, 12] or metallic NPs [13]. Efficiency of radiotherapy treat-
ments can be enhanced by coupling with NPs. This constitutes a promising way to
treat resistant tumors. Such approach may permit the delivery of lower doses for the
same efficacy. A radiosensitization effect can be obtained under irradiation pro-
ducing Reactive Oxygen Species (ROS) in cells. For this application, gold [14],
platinum [15] or rare earths [16] NPs are used due to their high ratio of Auger
electrons generated under irradiation.

The current trend which associates therapeutic and diagnostic properties is called
theranostics [17, 18]. For this purpose, hybrid nanoparticles are designed com-
bining properties of their core and shell: for example, superparamagnetic NPs
embedded in mesoporous silica [19] or gold NPs in liposomes [20].

Nanodiamonds (NDs) constitute promising NPs for biomedicine applications.
They possess many unique assets. They are scalable with sizes ranging from 100 nm
down to 5 nm. One can expect the elimination by kidney for the smaller NDs
(diameter lower than 6 nm) [21]. Nanodiamonds are also available in large quantities
at reasonable prices (< $1/g). Several studies reported their very low toxicity related
to the high chemical inertia of diamond [22–25]. Recent research demonstrates they
are even biocompatible with advantages for drug delivery or fluorescence labels
[26, 27]. NDs enable covalent grafting of various chemical moieties on their surfaces
[28] resulting in stable colloidal aqueous solutions. Covalent chemistry works
similar way on NDs as for organics.

Their surface charge can be tuned allowing the electrostatic adsorption of
biomolecules such as siRNA [27, 29]. They have been used for drug delivery
applications [30–32].

Moreover, NDs can act as biomarkers for diagnosis. Indeed, color centers can be
generated from nitrogen present in the diamond core by electron or helium irra-
diation [33] followed by a thermal annealing. Under green illumination, produced
nitrogen-vacancy (NV) centers emits in the red wavelength region, they are highly
photostable presenting neither photoblinking nor photobleaching [34].

Potential therapeutic behaviors of NDs related to their specific surface properties
are currently under investigation.

Investigations of nanodiamonds for biomedical applications started quite recently.
Numerous parameters remain partially controlled such as their different surface
chemistry, their surface charge, their colloidal stability and the role of facets in their
surface properties. The present chapter summarizes the current knowledge and the
assets of NDs for nanomedecine. First, the different ways to produce nanodiamonds
will be briefly presented (Part 4.2). Then, the characterization tools of their core
and surface will be detailed focusing on the most relevant characterization methods
(Part 4.3). The main surface modifications performed using different approaches
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(chemical, physical or plasma treatments) will be reviewed (Part 4.4). Electronic
properties of modified nanodiamonds will be presented as well as their colloidal
behaviors in water (Part 4.5). Finally, main assets of NDs for biomedical applications
will be discussed before giving some future promising challenges (Part 4.6).

4.2 Production of Nanodiamonds

According to thermodynamics, graphite is the stable carbon form at ambient con-
ditions while diamond is metastable [35, 36]. Since 1950s, synthetic diamond can
be obtained by high pressure high temperature (HPHT) method using hydraulic
press which reproduces the conditions of natural diamond formation [37]. In 1980s,
chemical vapor deposition (CVD) diamond was discovered and developed [38].
Different techniques are presently used to fabricate nanodiamonds: either NDs
could be obtained by milling of HPHT/CVD diamond or NDs could be synthetized
using explosives or laser ablation of graphite precursors [39, 40].

Monocrystalline nanodiamonds with size down to 20 nm can be obtained by ball
milling of micron-sized HPHT diamonds. High Resolution Transmission Electron
Microscopy (HRTEM) revealed faceted shapes with sharp edges corresponding to
fractured crystallographic planes. In few cases, quasi spherical nanodiamonds smaller
than 10 nm were obtained by HPHT milling [41, 42]. More recently, 70–80 nm
nanodiamonds were also produced from polycrystalline CVD diamond by bead
assisted sonic disintegration (BASD) [43].

Alternatively, nanodiamonds could be synthetized by several dynamic processes
from molecules of explosives and different carbon precursors [44] (Fig. 4.1). Three
methods could be distinguished: the direct transformation of graphite by an external
shock wave, the detonation of graphite mixed with explosives (hexogen/RDX) or
the detonation of high energy explosives (TNT/hexogen/RDX). For detonation
synthesis, the key parameters governing the yield of nanodiamonds are the heat
capacity, the content and the reactivity of the medium, the cooling of detonation
products [45]. Nanodiamonds produced by detonation usually exhibit smaller
diameters ranging typically from 2 to 20 nm. Several models were proposed to
explain their formation by detonation synthesis [45]. More details about ND syn-
thesis by detonation methods could be found in previous reports [45, 46].

After detonation, the collected soot contains metals, metal oxides and carbides.
In addition to carbon, its elemental composition reveals hydrogen, nitrogen and
oxygen species. Indeed, nitrogen is initially present in HPHT diamond and in
explosives used in the detonation synthesis. In most cases, a-C and/or sp2 carbon
are surrounding the diamond core. Detonation NDs are extracted after purification
procedures using liquid oxidants to remove non-diamond carbon. Indeed, diamond
and non-diamond carbon have different stability to oxidants. The efficiency of an
ozone treatment was also reported to eliminate the non-diamond carbon [46]. Then,
liquid-phase oxidation using HCl or other high boiling acids is applied to eliminate
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the non-carbon impurities. The resulting surface chemistry of detonation nanodia-
monds will be described in the next paragraph (Part 4.3).

Diamond nanoparticles have been classified according to their size [44].
Nanocrystalline particles (10–100 nm) could be either monocrystalline (HPHT
milling) or polycrystalline after shock-wave compression of graphite or detonation
of carbon/explosives mixture. Ultrananocrystalline NDs (2–10 nm) are mainly
produced by detonation or laser ablation. Smallest particles behave to the family of
diamondoids. Higher diamondoids (1–2 nm) are extracted from petroleum with
hydrogen termination [47]. The smallest specie of cubic diamond, the adamantane,
contains 10 carbon atoms (C10H16).

4.3 Characterization Tools

Depending on their synthesis methods (Part 4.2), nanodiamonds can behave different
core-shell structures, morphologies and surface chemistry. Experimental and theo-
retical works reported multi-shell structures based on a diamond core which could be
surrounded by defective diamond, amorphous carbon and/or several onion like
outer-shells [48, 49]. According to calculations, this structure constitutes the most
stable energetic form for sp3 nanometric clusters [50]. Characterization methods
were developed to specifically probe the crystalline structure as well as the chemical
composition of diamond core, outer shells and surface of nanodiamonds. The most
relevant techniques to assess these characteristics are presented in Table 4.1.

Fig. 4.1 The different natures of NDs [44] courtesy of O. Shenderova, International Technology
Center, USA
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4.3.1 Diamond Core

Its crystalline structure can be accurately investigated by high resolution trans-
mission electron microscopy (HRTEM) in bright field mode. The signature of
diamond lattice is also confirmed in the diffraction mode. Moreover, structural
defects as twins or dislocations within diamond lattice can be resolved especially
for nanodiamonds produced by detonation method [51]. The spherical or faceted
shape of nanodiamonds which could greatly influence their reactivity could be
characterized at the nanoscale using HRTEM. As an illustration, (111) facets with
(100)-type truncations were identified even for detonation NDs of 2 nm [51]
(Fig. 4.2). More recently, modern HRTEM instruments were developed to operate
at low electron energy down to 40 keV. Lens aberrations are reduced allowing
image resolution down to 50 pm [52]. In these experimental conditions, the
graphitization of NDs which may occur under electron beam is completely avoided.
Diamond core structure and size of nanodiamonds can be also investigated by X-ray
Diffraction (XRD) [53] or Small Angle X-ray Scattering (SAXS) [54]. Contrary to
XRD which is limited by diffraction effects leading to physical broadening, SAXS
give access to sizes very close to HRTEM. Size distributions can even be extracted
from SAXS data assuming a shape for NDs.

The concentration of chemical impurities (N, O, H, metals remaining from
synthesis) within diamond core and their location in the diamond lattice is another
important issue. For example, the nitrogen presence could confer optical properties
to nanodiamonds via the formation of luminescent nitrogen vacancy (NV) centers.
Atomic concentrations of impurities (excepted hydrogen) could be assessed from
X-ray Photoemission Spectroscopy (XPS). Typically, the detection limit for oxygen
and nitrogen is close to 0.5 at% [55]. Very few techniques such as SIMS or NMR
are sensitive to hydrogen. During synthesis of nanodiamonds, hydrogen is likely to
be inserted into diamond core. Indeed, hydrogen diffusion was previously reported
in bulk diamond [56]. There is a crucial need to probe hydrogen into diamond core
because it could confer new properties to nanodiamonds.

Table 4.1 Characterization tools of nanodiamonds

Diamond core

Particle size, crystalline structure HRTEM, XRD, SAXS

Morphology and shape HRTEM

Structural defects HRTEM

Chemical impurities XPS, EELS/STEM

Local environment NEXAFS, ESR, NMR, ELNES

NV centers Time resolved PL, confocal PL

Outer shells and surface

a–C, sp2 carbon Raman, HRTEM, XRD, XPS

Surface chemistry and grafting FTIR, XPS, TDMS
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Electron spin resonance (ESR) is the most sensitive method to detect nitrogen
(1012 spins) [57, 58]. Indeed, single nitrogen in substitution in diamond lattice is
paramagnetic [59]. Core loss electron energy loss spectroscopy (EELS) profiles can
also probe light elements as nitrogen, oxygen, boron or carbon. Energy loss near
edge structures (ELNES) technique provides a signature of the local binding of
impurities. For example, the tetrahedral configuration can be deduced from the
nitrogen K edge structure [51, 60]. Recent work shows this technique permits to
confirm the tetrahedral insertion of boron atoms in diamond leading to p-doping
[61, 62]. EELS combined with scanning TEM (STEM) can even provide mapping
or profiles of impurities with an atomic resolution [63–65]. Near-edge X-ray
absorption fine structure (NEXAFS) technique could probe the local bonding
environment [66]. Nuclear Magnetic Resonance permits to probe hydrogen (1H),
nitrogen (15N) and carbon (13C) spins [67].

Photoluminescence (PL) spectroscopy can reveal signature of structural imper-
fection of diamond lattice (defects, impurities). Luminescent NV centers composed
by a nitrogen atom in substitution combined with a neighbouring vacancy are
characterized by PL. Under excitation at 531 nm, emission wavelengths at 575 and
638 nm are detected corresponding to different charge states NV0 and NV−,

Fig. 4.2 HRTEM pictures of detonation nanodiamonds, scale bar 2 nm [51] courtesy of S. Turner,
University of Antwerp
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respectively [57]. NV centers exhibit a high stability without any photo-blinking or
photo-bleaching. Recently, the influence of NDs surface chemistry on NV lumi-
nescence was shown, especially a quenching of the NV− luminescence when
nanodiamond surface is hydrogenated [68].

4.3.2 Outer Shells and Surface Chemistry

Surface chemistry of nanodiamonds is strongly dependent on their synthesis
method and the purification treatments (Part 4.2). For pristine NDs, the diamond
core is usually coated with non sp3 carbon. These carbon outer-shells could be
structured as onion-like shells [69] or could exhibit an amorphous structure (a–C)
[70]. The nature of outer shells must be well characterized because it strongly
affects the surface reactivity of nanodiamonds. Raman spectroscopy gives access to
composition and structure for bulk carbon phases [71]. A signature at 1332 cm−1 is
obtained for diamond while D and G bands at 1410 and 1590 cm−1 originate from
amorphous and graphitic carbon, respectively. Nevertheless, a specific Raman
interpretation is needed for detonation nanodiamonds (size lower than 6 nm) taking
into account a phonon confinement leading to a downshift and an asymmetry of the
diamond Raman peak [72, 73]. Some features like the one located at 1640 cm−1 are
still a matter of debate [36]. XPS is also sensitive to sp2 and sp3 hybridization of
carbon, it was recently used to monitor the surface graphitization of nanodiamonds
[55]. However, artefacts due to nanomaterials especially the high fraction of surface
versus bulk must be taken into account in the data interpretation [74, 75]. Auger
Electron Spectroscopy (AES) is even more sensitive to carbon hybridization
because two valence electrons are involved in the C KVV transition [70]. Using low
loss EELS, a–C or graphite could also be discriminated [76]. HRTEM imaging
provides the structure of the outer-shells at atomic scale [51, 75].

After their synthesis, nanodiamonds underwent oxidizing treatments to clean
metallic impurities (Part 4.2). This leads to a heterogeneous surface chemistry
involving different carbon-oxygen groups. To investigate the surface chemistry of
nanodiamonds after purification or functionalization, Fourier Transformed Infra-
Red (FTIR) Spectroscopy is a powerful technique as diamond core is transparent to
IR. It is sensitive to the vibrations of carbon-hydrogen (C–Hx) [77] and the different
carbon-oxygen bonds (O–H, C–O, C–O–C, C=O). Moreover, it could detect C–N
or N–H vibrations [78]. Although FTIR is usually done in transmission mode, a
diamond-coated ATR prism for infrared absorption spectroscopy was recently used
to characterize surface-modified diamond nanoparticles [79]. Raman spectroscopy
performed under UV light could provide signature of C–H surface bonds for
hydrogenated diamond surface [80, 81]. High resolution electron energy loss
spectroscopy (HREELS) can probe the surface bonds of the first atomic plane with
a resolution of 5 meV. It was recently used to characterize the surface chemistry of
hydrogenated nanodiamonds [76]. NMR experiments are sensitive to ozone-treated
or hydroxylated nanodiamonds as well as functionalization with fluorine (19F) [67].
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Finally, as an indirect surface chemistry probe, let cite the thermal desorption
mass spectrometry (TDMS) analysis which is a continuous measurement of the
mass spectra of gases released from a sample under programmed heating [82, 83].
This technique permits a fine identification of functional groups according to their
specific desorption temperature and gives information concerning their thermal
stability. As an illustration, TDMS spectra can help to understand the anhydrides
desorption from ozone purified NDs [46] (Fig. 4.3).

4.4 Surface Modifications of Nanodiamonds

Nanodiamond surface appears highly heterogeneous exhibiting different carbon-
oxygen functional groups (ether, hydroxyl, carbonyl, carboxyl,…), a–C and/or sp2

carbon. This scattered surface chemistry is mainly related to purification steps (Part
4.3). Surface treatments were developed to get homogeneous chemistry allowing

Fig. 4.3 Two possible desorption mechanisms of anhydrides on ozone treated NDs for two
temperatures from TDMS [46] courtesy of O. Shenderova, International Technology Center, USA
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more efficient further graftings [28] either by chemical, thermal or plasma
approaches. In addition, these controlled surface chemistries help to stabilize NDS

in aqueous suspension limiting aggregation (Part 4.5). Indeed, detonation NDs tend
to aggregate while many applications require isolated primary NDs [36]. Milling or
BASD procedures [84] were successfully applied for deaggregation. Nevertheless,
these treatments can induce either chemical contaminations or surface graphitiza-
tion. The efficiency of surface treatments such as oxidation in air [85] or plasma
hydrogenation [86] was reported. Indeed, tuning the surface chemistry can confer
intrinsic electronic properties to NDs surface having consequences on their
aggregation and colloidal behavior (Part 4.5). Thermal treatments permit to create
hybrid nanoparticles constituted by a diamond core surrounded by sp2 recon-
structions [75]. Table 4.2 presents the major reported terminations and their uses.

4.4.1 Surface Hydrogenation of Nanodiamonds

The aim is to generate homogeneous C–H bonds at nanodiamond surface. Hydro-
genated intrinsic diamond surface behave specific electronic properties characterized
by a negative electron affinity (NEA) [102]. After air exposure, it presents a surface
conductivity by a transfer doping involving adsorbed species [103]. Hydrogen atoms

Table 4.2 Surface terminations of NDs vs treatments

Surface terminations Treatments Objectives

Hydrogenated H2 plasma [70, 87] positive ZP with SCL
graftingannealing at 500 °C under H2 [88]

Oxidized Carboxylated different acid treatments [28] negative ZP
disaggregation
grafting of peptides

air annealing at 400–430 °C [89]

ozone treatment at 150–200 °C
[46]

Hydroxylated borane reduction [90] grafting
silanizationFenton reagent [91]

milling with beads [69, 92]

photochemistry [93]

Fluorinated F2/H2 exposure at 150–470 °C [94] grafting

CF4 plasma [95]

Aminated Cl-term NDs in gaseous ammonia
[96]

positive ZP
grafting

covalent grafting of amine deriva-
tive [84, 97, 98]

Surface graphitised annealing at 750 °C under vacuum
[55, 99, 100]

positive ZP by oxygen
hole doping
hybrid propertieslong beads milling [101]
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may also diffuse into the diamond lattice where they are preferentially trapped on
structural defects or chemical impurities [56].

Annealing treatments under H2 flow at 850–900 °C were reported for diamond
particles bigger than 100 nm [104, 105]. Nevertheless, this temperature range is
very close to the one leading to graphitization for smaller nanodiamonds. Recent
reports demonstrated that surface graphitization started at 750 °C for 5 nm deto-
nation NDs [55, 99]. Similar treatments performed at lower temperature (typically
500 °C) seem to produce an efficient deaggregation of detonation NDs after cen-
trifugation. Nevertheless, HRTEM reveals that onion like shells are still present
after the annealing [88]. FTIR shows a partial coverage by C–H bonds conferring a
hydrophobic behavior to treated nanodiamonds [88, 106]. These results suggest
hydrogen is more likely bonded to sp2 carbon. Another method for hydrogenation
would use organic chemistry with metal catalyst such as Pd, Pt or Ni [107, 108].
However, in that case, catalysts must be further eliminated.

An interesting alternative consists to expose NDs to H2 CVD plasma. Under
microwave field or thermal cracking [97, 109], dihydrogen molecules are efficiently
dissociated into atomic hydrogen. This specie has a high reactivity towards carbon
and etches sp2 carbon easier than sp3 carbon [110]. Thus, its interaction with nan-
odiamonds may allow the loss of non-diamond carbon, the reduction of oxygen
species at the surface and the formation of C sp3-H bonds. This surface hydroge-
nation by CVD plasma is widely used for diamond layers to get hydrogen-terminated
boron doped diamond for electrochemistry [111, 112]. Optimized CVD conditions
for hydrogenation were determined for detonation nanodiamonds using a Micro-
wave Plasma Chemical vapor Deposition (MPCVD) reactor connected to a UHV
set-up [70]. Nanodiamonds were deposited on multilayer Silicon On Insulator (SOI)
substrates by drop-casting and samples were analyzed without air exposure. A XPS
sequential study allows the monitoring of the oxygen removal after MPCVD
exposure. A temperature threshold of 700 °C is needed to fully remove oxygen from
detonation NDs. The hydrogenation efficiency is closely related to the concentration
of atomic hydrogen produced in the MPCVD plasma [70].

Proper conditions were then used in a home-made set-up allowing plasma
hydrogenation of NDs in powder (Fig. 4.4). Nanodiamonds located in a quartz tube
are directly treated in the gas phase [87]. A rotation of this tube allows the exposure
of their whole surface to atomic hydrogen. This method is able to treat simulta-
neously a large amount of NDs (hundreds mg) which is a prerequisite to a mean-
ingful surface functionalization. Both HPHT and detonation nanodiamonds which
differ by their size and the graphitic shells surrounding the sp3 core, have been
hydrogenated.

The surface chemistry of hydrogenated nanodiamonds (H-NDs) was then
characterized using XPS and FTIR (Fig. 4.4b). For dried H-NDs, FTIR spectra well
exhibit signals located around 2900 cm−1 [87]. These bands have been previously
assigned to C–H stretching on hydrogenated NDs surfaces [77].

The surface reactivity of HPHT H-NDs (50 nm) was investigated applying
several surface modifications [93]: a selective oxidation under UV exposure and
functionalization with alkenes and diazonium moieties. These reactions are common
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on hydrogenated diamond films towards efficient biological functionalizations
(DNA, proteins grafting) [113–115] so their use on NDs may also lead to promising
developments. However, the chemical mechanisms involved in these grafting routes
require specific surface properties, involving charge transfer, which is only provided
to the diamond surface by C–H hydrogen terminations [116].

On H-NDs, the oxidation procedure under UV gives rise to a surface hydrox-
ylation as shown by the FTIR bands at 1050 and 3300 cm−1. In addition, a new
component appears in the XPS C1s core level [93]. A similar modification of the
C1s peak was reported for a diamond surface after UV oxidation [117]. This
oxidation treatment appears selective on H-NDs as neither carboxyl nor carbonyl
groups were evidenced by XPS or FTIR. An inversion of the Zeta potential was
measured after UV oxidation +30 mV compared to −45 mV for as received NDs.
The origin of this positive Zeta potential will be discussed in the Part 4.5.

HPHT NDs were also reacted with pure undecylenic acid under 254 nm UV
irradiation. This alkene was chosen for its long alkyl chain and its acid group, both
functionalities easily identifiable by FTIR analysis with characteristic structures at
2800 cm−1 and 1700 cm−1 respectively (Fig. 4.5). Furthermore, the vinyl function
is evidenced by a peak located around 900 cm−1. For comparison, the same reaction
was also conducted on as-received NDs.

The different signatures of undecylenic acid are observed only on the FTIR
spectra for hydrogenated HPHT NDs (Fig. 4.5). Moreover, the essential role of UV
light in the mechanisms of grafting was demonstrated. On diamond layers,
numerous studies report that C–H strongly enhances chemical reaction [116]
leading to the formation of covalent C–C bonds between the diamond surface and
the grafted moiety. Indeed, hydrogenated terminations confer to the diamond layers
specific electronic surface properties, such as a superficial conductive layer (SCL)
[118] and a negative electron affinity (NEA) [102, 119]. The latter is usually
highlighted to explain the reactivity of hydrogenated diamond layers towards
alkenes, by the mean of photo-excited electrons allowed to propagate out of the
diamond into the nearby liquid phase, even with sub-bandgap excitation [120, 121].
Authors agree that hydrogen terminations are required for this reaction, and that

Fig. 4.4 a Set-up for plasma hydrogenation; b FTIR spectra of hydrogenated HPHT NDs [87]
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electron transfer arises from sp3 surfaces and not from grain boundaries and/or sp2

species at the interface. This constitutes a strong indirect proof of the efficiency of
hydrogen plasma on NDs.

The spontaneous grafting of a diazonium salt on hydrogenated HPHT NDs was
also demonstrated [93]. On a diamond surface, this arises from specific electronic
properties conferred by C–H terminations [122]. The covalent bonding goes through
the creation of a phenyl radical by the mean of an electron transfer from the diamond
surface to the aryldiazonium salt. This electron transfer is related to the presence of a
superficial conductive p-type layer. The commonly accepted mechanism, so-called
transfer doping [118] describes an accumulation of holes due to an electron transfer
from the valence band and a redox couple adsorbed on the surface when the diamond
surface is exposed to wet atmosphere or immersed in an electrolyte. This phe-
nomenon is only possible on hydrogenated layers which exhibit a low ionization
potential, matching with the chemical potentials of the adsorbates.

These different surface modifications of hydrogenated HPHT NDs suggest their
chemical reactivity is very similar to the one of hydrogenated diamond surfaces. In
the Part 4.5, surface properties of hydrogenated nanodiamonds will be discussed.

4.4.2 Oxidation of Nanodiamonds

The surface chemistry of pristine nanodiamonds is highly heterogeneous (Part 4.3).
The selective formation of C–O bonds at the surface by applying specific treatments
is a major challenge to obtain more efficient graftings.

Among C–O groups, carboxylic acid termination has a specific interest. Indeed,
its basic form (COO−) confers a negative charge to the NDs over a wide pH range
in water [75]. This ensures stable colloidal suspensions (Part 4.5). Surface of NDs
could be saturated with carboxyl functions using nitric (HNO3), sulfuric (H2SO4) or
perchloric (HCl) acids. A mixture of these acids in equal amounts reveals powerful

Fig. 4.5 FTIR spectra on (left) as received HPHT NDs (right) HPHT H-NDs [93]
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[45, 89, 123]. “Piranha” water (sulfuric acid and hydrogen peroxide) constitutes an
efficient alternative [124]. Air annealing of NDs at 400–450 °C leads to the for-
mation of acid functions mainly carboxylic and to the etching of non-diamond
carbon [89, 125, 126]. A quantitative analysis of COOH groups was performed
using Boehm titration after acid treatment [127]. The mean amount corresponds to
0.85 COOH groups par nm2 of ND surface. Recently, ozone purification treatment
was reported leading to the formation of anhydrides [46].

Starting from pristine nanodiamonds, several procedures inducing hydroxyl
terminations were reported. First, chemical reduction can be performed with borane
(BH3) or hydrides (LiAlH4) starting from COOH [128, 129]. Second, C-OH bonds
can also be formed using the “Fenton reaction” which takes place in a mixture of
hydrogen peroxide and iron sulfate in strong acid solution [91, 130]. Third, a
significant amount of hydroxyl groups can be generated during milling [69] or
BASD [84] of NDs in water. More recently, a photochemical oxidation under UV
was performed on NDs previously hydrogenated [93].

A recent review provides more details on the different oxidation procedures [28].

4.4.3 Amination, Fluorination or Chlorination
of Nanodiamonds

Several attempts to generate fluorine, amine or chlorine terminations at NDs surface
by annealing under controlled atmosphere were reported [36, 94, 131, 132]. Nev-
ertheless, annealing temperatures are usually limited to avoid surface graphitization
(Part 4.4.4). As a consequence, some oxidized groups and non-diamond carbon
may remain at the surface. The selectivity of these gaseous treatments is often
limited: after heating in ammonia flow, aminogroups, C≡N and C=N-containing
groups were identified at ND surface [132, 133]. In order to create more reactive
species, a CF4 atmospheric pressure plasma was used [95]. Chlorination of NDs
was also successfully achieved by photochemical reaction of gaseous chlorine with
NDs previously hydrogenated [96]. The interaction of these chlorinated NDs with
ammonia led to the formation of NH2 groups.

4.4.4 Surface Graphitization of Nanodiamonds

Diamond graphitization can be induced by different mechanisms: via thermal
treatment under vacuum [134, 135] or exposure to reactive gas under ambient
atmosphere [136–138]. It can be also obtained by beam irradiation (electron, ion,
laser, gamma-ray) [139–141]. Finally, the graphitization could be catalyzed by
metals as Fe or Co [142–144].

A recent review was devoted to diamond phase transitions at nanoscale [145]. For
nanodiamond, the graphitization process can lead to a full transformation into onion
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like carbon (OLC) structures formed by concentric closed graphitic shells. Corre-
sponding kinetics were extensively studied experimentally by annealing at tem-
peratures included between 1100 and 1900 °C in different atmospheres (vacuum,
oxygen, argon, hydrogen) [100, 111, 146–150]. Formations of curved graphite like
structures and concentric-shells fullerenes on nanodiamonds were theoretically
investigated [151–153]. For nanodiamonds 4–5 nm in size, the evolution of carbon
bulk density measured by a gamma-ray attenuation method drops from 3.1 to 2.2 g
cm−3 in the 900–1300 °C temperature range [154]. By comparison, the diamond/
graphite transition occurs above 1600 °C for bulk diamond [154, 155]. Starting from
detonation nanodiamonds, HRTEM revealed the formation of fullerene like shells
after an annealing at 1100–1300 °C [146]. At 1500 °C, nanodiamonds are com-
pletely converted into OLC structures while polygonal hollow onions are formed at
temperatures higher than 1870 °C (Fig. 4.6). OLC have promising properties for
energy storage, catalysis or composites [147–149, 156].

The graphitization mechanism is strongly sensitive to the presence of non-dia-
mond carbon at the NDs surface [145]. Indeed, detonation NDs underwent purifi-
cation procedures which can differ from a supplier to another (Part 4.2). This can
explain the wide dispersion for the onset temperature of nanodiamonds graphiti-
zation reported in the literature, it varies from 670 to 1000 °C [157, 158]. The
selective desorption of oxygen groups has also a significant effect on the graphi-
tization onset. For HPHT NDs, a size effect is expected with a higher temperature
suitable to initiate graphitization. Graphitization kinetics for submicron diamond
and NDs were compared, different graphitization rates were determined [154].

Fig. 4.6 Transformation of NDs into onion like carbon [146] courtesy of Y.V. Butenko, ESTEC,
The Netherlands
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Moreover, the previous report demonstrates that activation energies differ for {110}
and {111} crystallographic facets [145, 159].

Recently, several groups focused on the early stages of surface graphitization of
detonation NDs using XPS, HRTEM, Raman or NMR characterizations [55, 75, 99,
160, 161]. The aim is to control the formation of hybrid nanoparticles with a sp2

organized surface covering a sp3 core, thus avoiding the graphitization of the
diamond core. Such hybrid NPs may have promising properties linked to fullerene
or graphene assets as radiosensitization or photothermal therapy [162, 163]. In
addition, surface graphitized nanodiamonds exhibit electrical conductivity sufficient
for electrochemical applications [164, 165].

Surface graphitization of detonation NDs by annealing under UHV was moni-
tored using XPS [55]. The evolution of the carbon core level (C1s) shows the
existence of two regimes according to annealing temperature T (Fig. 4.7). For T
included between 700 and 900 °C, surface graphitization is initiated from non-
diamond carbon present at ND surface. Fullerene like reconstructions (FLRs) are
formed as shown by HRTEM [75]. On the other hand, for T > 900 °C, the diamond
core starts to graphitize leading to the formation of bucky diamond. It is thus
possible to generate FLRs at the surface without altering the diamond core. The
stability of FLRs at the NDs surface was previously demonstrated by ab initio
calculations confirmed by x-ray absorption and emission [152]. The selective
synthesis of a thin graphitic layer on the ND surface by annealing under vacuum at
temperature lower than 900 °C gives rise to hybrid nanocarbons combining the
intrinsic core properties of diamond with the surface reactivity of sp2-based
nanomaterials. These results were recently confirmed by a Raman study of the sp3

to sp2 conversion for detonation NDs [160]. NMR and EPR investigations detect
the early stages of graphitization for annealing temperatures included between 600
and 800 °C [161].

Proper conditions determined for surface graphitization were then reported in a
set-up where nanodiamonds are annealed under vacuum in a crucible. Annealed
NDs are dispersable in water, their colloidal properties will be discussed in the Part
4.5. HRTEM observations confirm the structure modifications previously described
showing FLRs formation [75]. A specific chemical reactivity was reported for
detonation NDs after annealing at 750 °C exhibiting FLRs structures allowing
arylation reactions [99].

In conclusion, surface chemistry of nanodiamonds can be tuned by thermal
annealing, plasma exposure or chemical reactions. Hydrogenated and carboxylated
NDs are currently well controlled whereas hydroxylation remains more difficult to
achieve. These terminations are particularly suitable for the grafting of biomole-
cules or drugs on NDs [28, 36]. Sp2 reconstructions can be generated at detonation
NDs surface without altering the diamond core [55]. Arylation reactions allow their
functionalization with complex organic moieties for bioapplications [99]. On the
other hand, further progresses are needed to control the selectivity of amination,
fluorination and chlorination of NDs.

The control of NDs surface charge is essential for electrostatic loading of drugs
[27, 31]. Moreover, it greatly influences the interaction with cell membrane and the
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internalization pathways of NDs into cells [166]. The control of surface terminations
allows a tuning of NDs surface charge in suspension from negative to positive versus
pH. Colloidal properties of modified nanodiamonds in water will be now presented
(Part 4.5). The link between their Zeta potential and their surface electronic prop-
erties will be investigated in details.

4.5 Colloidal Properties of Modified Nanodiamonds

The colloidal stability of nanodiamonds in biologic media is of major interest for
their biomedical applications. It strongly depends on their surface charge which
controls hydrophilic/hydrophobic interactions with other NDs and moieties. More-
over, in the biological media, proteins adsorption leads to the formation of a corona
[167] surrounding nanoparticles. The nature of proteins forming the corona is a key
parameter for cell internalization pathways which occur by their specific recognition.
In liquid media, nanodiamonds tend to form aggregates, this may be favored by
opposite charged facets [168] or by graphitic carbon present at NDs surface
[69, 128]. Several experimental methods were developed to reduce aggregation and
obtain monodisperse colloidal suspensions. Bead assisted sonic disintegration
(BASD) was performed using ceramic microbeads, nevertheless, it can produce

Fig. 4.7 C1s XPS spectra of NDs after sequential annealing treatments of 3 h at 700, 900, 1100 °C.
Fitting components CI (red), CII (green), CIII (blue), related to sp2 carbon-carbon bonds, sp3

carbon-carbon bonds, and defects, respectively, are plotted under the experimental curves.
Evolution of the fractional peak areas versus annealing time [55]
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chemical contaminations or surface graphitization [84, 169, 170]. Dry milling using
salts and sugars avoiding contamination was also reported [171]. Modifications in
NDs surface chemistry like plasma hydrogenation [86], surface graphitization [99],
oxidation in air [85] or borane reduction [128] have also proved their efficiency for
de-aggregation.

The behavior of nanoparticles in liquid media could be investigated by Dynamic
Light Scattering (DLS). From diffused intensity signal, this technique provides the
measurement of the hydrodynamic diameter of stable NPs. This diameter is higher
than the real one because it includes the solvated layer of adsorbed ions which is
solvent and ionic force dependent [172]. The Zeta Potential (ZP) is defined from the
double layer model (Stern and Gouy-Chapman layers) which describes the counter-
ions adsorption. ZP is the potential at the surface of the electrical double layer
called slipping plane. It is obviously related to the surface charge of NDs, very
different values are obtained versus surface chemistry and size [24]. Zeta Potential
is calculated from the electrophoretic mobility measured in DLS. Its evolution
versus pH must be investigated. Indeed, functional groups present at NDs surface
can switch from protonated to deprotonated states according to their pKa value. The
colloidal stability will be then dependent on pH value. Indeed, the ZP governs
the electrostatic repulsive interactions in liquid medium. Stable NPs in colloids
usually exhibit ZP potential absolute value higher than 30 mV [173, 174].

The control of ND surface charge is essential for drug or biological moieties
adsorption [27, 29, 31] it can also play a major role in internalization pathways and
interactions with negatively charged cell membrane [166]. In this part, the surface
reactivity of modified NDs will be discussed. Especially, stable NDs in aqueous
suspensions exhibiting positive or negative ZP will be considered, mechanisms
such as charge transfer leading to these specific charges will be also discussed.

4.5.1 Surface Reactivity of Modified NDs

The hydrophilicity of detonation nanodiamonds from the same origin was inves-
tigated versus their surface chemistry after plasma hydrogenation, air oxidation and
surface graphitization [86]. Water adsorption isotherms measured by BET revealed
a significantly higher hydrophilicity for H-NDs and sp2-NDs compared to COOH-
NDs. Taking into account the specific surface area and assuming a monomolecular
adsorption, hydrophilic sites were estimated to 2.2, 1.7 and 1.4 sites/nm2 for
sp2-NDs, H-NDs and COOH-NDs, respectively. These hydrophilic sites on H-NDs
and sp2-NDs are likely to facilitate the dispersion in water of otherwise hydrophobic
NDs (Part 4.5.2).

This high affinity of hydrogenated and surface graphitized NDs with oxygen is
supported by XPS analysis performed after air exposure. Oxygen atomic concen-
trations of 6.5 at% and 4.0 at% were measured for sp2-NDs and H-NDs after air
exposure [86] while it was completely removed after plasma hydrogenation or
annealing under vacuum (Part 4.4) [55, 70].
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4.5.2 Solubility, Stability in Colloids

Stable suspensions of individual detonation NDs in water were achieved by suc-
cessive sonication and centrifugation [88, 92]. Sonication allows the breaking of
Van der Waals interactions between aggregated NDs. This is an important issue for
biomedical applications because detonation nanodiamonds (<10 nm) are expected
to be easily eliminated by kidney (Part 4.6) [21]. The colloidal stability is closely
related to surface charge of NDs because of electrostatic repulsive interactions.
Indeed, these interactions can also promote aggregation as discussed previously.
Among the literature, positive [129, 98] or negative [45, 88, 175–177] ZP were
reported for nanodiamonds in suspension depending on their surface chemistry.
These colloidal properties constitute an important asset for nanodiamonds com-
pared to other carbon nanomaterials. Fullerenes or carbon nanotubes exhibit
hydrophobic behavior and their stability in water suspension can only be obtained
after their functionalization [178–180]. These colloids of NDs in water were also
used to obtain homogeneous seeding of substrates for CVD growth of thin diamond
films [181, 182]. Some groups used surfactants like sodium oleate [98] or oleyl-
amine [183] to improve the colloidal stability of NDs. Nevertheless, aqueous
suspensions are more suitable for bioapplications such as drug delivery.

4.5.3 Negatively Charged NDs

Carboxylated nanodiamonds obtained after annealing in air (Part 4.4.2) exhibit a
strong negative Zeta potential included between −30 and −50 mV when dispersed
in water for pH > 5 [45, 75]. The origin of this negative potential is related to the
presence at the surface of carboxylate groups (COO−) the basic form of COOH.
Below pH = 5, the formation of mainly carboxylic groups (COOH) leads to a drop
of Zeta potential. This threshold pH value is close to the pKa of COOH/COO−

couple [184].
Several studies [69, 88, 185] reported a similar behavior i.e. negative ZP for

pristine NDs. This has been explained by the presence of carboxylate groups at the
NDs surface formed during purification treatments (Part 4.4).

4.5.4 Positively Charged NDs

Other “as received” nanodiamonds from different suppliers were stabilized in water
suspensions exhibiting a positive Zeta potential (> + 30 mV) [45, 175]. The origin
of this positive ZP is not yet clearly understood. In the literature, colloidal aqueous
suspensions of positively charged NDs (ZP > 30 mV) were also reported after
different surface modifications: reduction with borane or LiAlH4 [18, 129], UV
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hydroxylation [93], annealing under hydrogen flow [88], plasma hydrogenation
[86] or surface graphitization [75]. These charge modifications may be related to
graphitic carbon surrounding NDs core or to protonation of some chemical func-
tional groups or lastly to intrinsic properties of hydrogenated diamond surface.
Different likely mechanisms have been previously proposed in the literature and
will be now discussed.

4.5.5 Presence of Graphitic Carbon at the NDs Surface

Gibson et al. reported positive Zeta potential for detonation nanodiamonds after two
oxidization treatments CrO2/H2SO4 followed by NaOH/H2O2 [177]. Authors
attributed this positive ZP to electrostatic interactions between pyrone groups and
π-electrons from sp2-carbon present at NDs surface corresponding to protonation of
pyrone structures. Theoretical investigations supported this effect leading to carbon
basicity [186, 187].

Williams et al. obtained a positive Zeta potential for detonation NDs exposed to
hydrogen flow at 500 °C then dispersed into water solution [88]. Authors claimed it
originates from the interaction of OLC structures (π bonding) remaining at NDs
surface with oxonium ions (H3O

+) present in water suspension at acidic pH. Their
HRTEM pictures support the presence of OLC on hydrogen treated NDs. By
analogy with carbon black, authors proposed an electron-donor-acceptor complex
may be formed [188]. In both previous studies, a charge exchange between species
from aqueous solution and sp2 carbon remaining at NDs surface is involved.

More recently, positive Zeta potential was measured at pH < 8 on detonation
NDs on which FLRs were intentionally generated by annealing under vacuum
before their dispersion into water (Fig. 4.8) [75]. The origin of the positive charge
was linked to the formation of endoperoxide groups by cycloaddition of O2 mol-
ecules on FLRs. BET and XPS measurements well emphasize the high reactivity of
sp2-NDs toward oxygen species after air exposure [86]. In situ XPS analysis after
UHV annealing suggests a reversible oxidation similar to the one observed on
graphene [189]. Moreover, after in situ desorption, the FTIR spectrum exhibits an
intense band at 1100 cm−1 well corresponding to C–O stretching of ether or epoxy
groups [190]. This last result supports the formation of endoperoxide groups on
FLRs structures. The protonation of these endoperoxides may be the explanation
for oxygen hole doping [75].

4.5.5.1 Chemically Induced Positive ZP

Ozawa et al. reported on a positive Zeta potential switching after hydroxylation of
carboxylated detonation NDs by a borane reduction [191]. Hydroxyl groups probed
on their NDs by FTIR measurements, allowed further silanization coupling.
Shenderova et al. obtained positive ZP for detonation NDs initially carboxylated
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after LiAlH4 reduction [129]. Girard et al. also observed a ZP inversion (+30 mV at
pH = 7 compared to −45 mV initially) after UV photochemical treatment of HPHT
nanodiamonds [93]. Hydroxyl groups were identified from FTIR and XPS inves-
tigations. Nevertheless, any previous work provides an explanation for this positive
charge and no link between positive ZP and hydroxylation has been currently
established.

Finally, positive ZP potential (25 mV for pH between 2 and 3) was measured for
nanodiamonds grafted with ethylenediamine (EDA) [176]. According to authors,
protonation of amino groups may explain the basic properties in acidic environment.

4.5.5.2 Specific Surface Properties of Hydrogenated Nanodiamonds

Stable aqueous suspensions of detonation nanodiamonds previously plasma
hydrogenated were recently reported [86]. Measured ZP is included between +45
and −50 mV for pH values in the range of 4–9 (Fig. 4.8). The experiment was carried
out on initially negatively or positively charged NDs. According to authors, a
transfer doping occurs onto 5 nm diamond nanoparticles suspended in water based
on the semi-conductive behavior of the NDs core. These experiments show that an
electrochemical exchange between residual CO2 takes place between aqueous
solution and hydrogenated diamond surface leading to holes accumulation similarly
to the one observed for micro-sized diamond particles [192]. The key role played by
oxygen was underlined by nitrogen flushing which provokes flocculation of H-NDs.
A transfer doping similar to the one occurring on diamond surfaces also occurs onto
5 nm NDs suspended in water [86]. This effect was not obvious at nanoscale. Indeed,
the band bending inducing the hole accumulation layer is of the same order of
magnitude than the particle diameter. This transfer doping at the hydrogenated ND
surface was recently confirmed by resistivity measurements [193]. Resistivity drops
from 107 to 105 Ω · cm for detonation nanodiamonds heated in hydrogen gas

Fig. 4.8 a Zeta potential of H-NDs, COOH-NDs and sp2-NDs dispersed in water versus pH
b Colloidal suspensions of sp2-NDs and COOH-NDs in water
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(600–900 °C). Oxidation of the hydrogenated sample at 300 °C recovers resistivity
to its original value.

To conclude, Zeta potential of nanodiamonds can be tuned over a wide pH range
applying different surface modifications. This behaviour is highly suitable for bio-
applications. According to the literature, ZP switching can be explained by charge
exchanges between NDs surface and species from aqueous suspensions. Some
works emphasized the role played by sp2 carbon at NDs surface. Other studies were
performed using surface cleaned nanodiamonds i.e. Fenton reaction which clearly
consumes a part of NDs or plasma hydrogenation. In the latter case, positive Zeta
potential of H-NDs is due to specific surface properties of hydrogenated diamond
surface. Neither chemical functional groups nor graphitic structures seem to be
involved. This suggests mechanisms of different natures could explain this positive
surface charge.

4.6 Nanodiamonds and Biomedical Applications

4.6.1 NDs Assets

Nanodiamonds (NDs) combined many required assets for biomedical applications:
extremely low cytoxicity and genotoxicity, carbon chemistry allowing covalent
grafting, photoluminescent color centers, tunable size (down to 5 nm). Let us
discuss these advantages.

4.6.1.1 NDs Toxicity and Biodistribution

Several long-term in vitro [22, 194] and in vivo [195–197] previous studies dem-
onstrated that NDs are non-cytotoxic, better tolerated by cells than other nanocarbon
materials [198]. NDs introduced into Caenorhabditis elegans worm did not cause
any detectable stress to worms [198]. In mice, intravenous injection of 50 nm NDs
led to long-term entrapment in the liver and the lung [195], but no mice showed
any abnormal symptoms. Similarly, subcutaneous and intraperitoneal injection of
100 nm NDs in rats led to accumulation of NDs in retention organs over 1 month
with no impact on the rats’ viability [197]. However, a slight surface-dependent
genotoxicity of NDs was recently reported on embryonic stem cells [199].

Until now, no extensive study combining cytotoxicity and genotoxicity of NDs
was reported. A recent study [25] focuses on in vitro cytotoxicity and genotoxicity
of HPHT NDs perfectly characterized in terms of size (20 nm and 100 nm) and
surface chemistry. The cellular induced effects of two sets of NDs were investigated
in six human cell lines: HepG2 and Hep3B (liver), Caki-1 and Hek-293 (kidney),
HT29 (intestine) and A549 (lung). The screening of ND cytotoxicity was carried
out by measuring cell impedance (xCELLigence). This technique permits real-time
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monitoring of NPs effects on cell morphology, proliferation, adhesion and mem-
brane potential [200]. Flow cytometry allowed the discrimination of viable cells,
containing or not NDs, and dead cells. Finally, using immunofluorescence detection
of nuclear γ-H2Ax foci, considered the most sensitive method for detecting DNA
double-strand breaks [201], genotoxicity was also analyzed. According to the
results, NDs do not induce any significant toxic effect on the six cell lines up to an
exposure dose of 250 mg/mL (Fig. 4.9). As a comparison, 25 nm SiO2 NPs are 9
times more genotoxic at a 10 times lower concentration [25].

4.6.1.2 Grafting of Biological Moieties

We have previously underlined surface charge of NDs suspended in aqueous solution
can be tuned over a wide pH range (Part 4.5) thanks to specific surface modifications
(Part 4.4). Efficient surface treatments also permit to conjugate ND surfaces with
fluorescent molecules [202–205], with DNA [206], siRNA [27], proteins [207, 208],
lysozymes [208], growth hormones [209], antibodies [210, 211], anti-cancer drugs
[30–32], as well as with dopamine derivatives [212].

Either covalent or non-covalent graftings were performed depending on expected
bio-applications. These attempts have been recently reviewed in details [28]. The
non-covalent grafting of large biomolecules based on electrostatic interactions was
performed from well controlled NDs surface charge (Part 4.5). Cytochrome c [98]
and bovine insulin [213] were immobilized on nanodiamonds. Furthermore, lyso-
zymes [34, 214, 215] and apoobelin [216] were attached. Anticancer drugs like
doxorubicine [217, 218], paclitaxel [30] or HCPT [32] were non-covalently adsorbed
and then delivered. Some polymer coatings like polyethylenimine (PEI) have been
also carried out on NDs to confer cationic surface charge for siRNA adsorption and
delivery for gene therapy (Ewing’s sarcoma) [27, 29, 206, 219]. In most cases, the
functionality of biomolecules is preserved [214, 220] although significantly less
efficiency has sometimes been observed. Cumulative effects were even obtained as
lysozyme adsorption is combined with cytochrome c [215]. Depending on the

Fig. 4.9 a Cell index real-time monitoring of HepG2 cells exposed 24 h to 20 nm NDs; b Raman/
photoluminescence image on a HepG2 cell [25]

106 J.C. Arnault



functionality of the biologic unit, covalent grafting via organic chemistry could be
suitable to get a specific binding site on the ND or to avoid modifications of the
biomolecule conformation. Grafting routes which may involve a linker molecule
could be performed from different surface terminations of NDs [28].

4.6.1.3 Photoluminescent NV Centers

Color centers could be efficiently generated in HPHT nanodiamonds by high-energy
particle beam irradiation (He+ or electrons) leading to vacancy creation [124, 203].
During annealing, vacancies combinedwith nitrogen atoms to formNV centers which
could be characterized by Photoluminescence (Part 4.3). HPHT NDs exhibited stable
photoluminescence without bleaching or blinking in the red and near-infrared region
corresponding to transmission window of tissues for size down to 7 nm [221]. These
properties allowed the long-term tracking of fluorescent NDs into cells localized at
subcellular scale by fluorescence and TEM microscopies. Expected applications
concern biomedical imaging [203] and fluorescence energy transfer (FRET) with
other fluorophores [222]. For detonation NDs, the limited nitrogen amount, the
nanometric size (<5 nm) and structural defects present at the surface and in the
diamond core prevent the observation of stable photoluminescence [65, 68].

4.6.1.4 Tunable Size

Nanodiamonds are scalable nanoparticles down to few nanometers [92]. For
smallest NDs, in vivo clearance or kidney elimination could be expected according
to the size of kidney capillarities. This constitutes an essential advantage for drug
delivery or biomarkers applications. In addition, size effects on photoluminescence
were reported which tune the wavelength of emitted photons [223].

4.6.2 Some Current Challenges

According to the previous assets, several challenges appear highly relevant and
promising for the development of future bio-applications involving nanodiamonds:
their labeling, their use for safer by design or their developments as a multifunc-
tional platform for drug delivery.

4.6.2.1 Labeling

Labeling is inescapable for biodistribution and pharmacokinetics studies, for devel-
opment of biomarkers or targeted drug delivery. Although NV centers are promising
for in vitro imaging applications [203, 224, 225], their limited photoluminescence
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intensity is an obstacle to their detection in the body. In the literature, several
groups reported the efficient tracking of NDs into cells by grafting of fluorophores
[24, 98, 202, 226]. Bright blue luminescence was even obtained by octadecylamine
covalently attached to NDs-COOH [227]. The main stake concerns the stability of
fluorophores in cellular environment. An interesting alternative for tracking consists
to combine NDs with contrast agents currently used for magnetic resonance imaging
(MRI). The rich surface chemistry of NDs (Part 4.4) allows the covalent grafting of
amine-functionalized Gd(III). Gd(III)-NDs conjugates exhibited ten times higher
relaxivity and can be well detected by MRI [228]. Finally, contrary to carbon
nanotubes [9], any radioactive labeling has been yet reported for nanodiamonds. This
constitutes a major challenge because radioactive imaging is ordinarily used for bio-
distribution and pharmacokinetics studies of NPs.

4.6.2.2 Safer by Design

An important issue for drug delivery concerns the conception of safer nanoparticles
[229, 230]. For this purpose, NPs physicochemical determinants such as size,
shape, composition, surface chemistry or coating nature which may be critical for
cytotoxic and genotoxic effects must be investigated. In vitro screening for
assessing the possible reactivity, biomarkers of inflammation and cellular uptake
can provide precious indications to chemists and physicists to design “safe”
nanomaterials. According to their extremely weak in vitro toxicity [25], nanodia-
monds constitute excellent candidates to study the specific effects of physical and
chemical parameters on toxicity.

4.6.2.3 Multifunctional Platform for Drug Delivery

Nanodiamonds combine biocompatibility, scalability and stability in aqueous solu-
tion (Part 4.5). Moreover, several studies reported their ability to carry and deliver
different classes of drugs [30–32] or nucleic acids like siRNA [26, 27, 29, 219]. To
build such platform, a stable labeling is required to allow tracking of NDs. Another
important issue is related to the specific targeting of proteins or DNA. A recent study
[184] reports on 20 nm HPHT NDs covalently grafted with peptide nucleic acids
(PNA). The original functionalization route is based on an optimized amidation of
ND carboxylic acids groups. ND-PNA conjugates were validated through a suc-
cessful recognition of complementary DNA in a mixture, showing their efficiency
toward nucleic acid detection (Fig. 4.10). Such nucleic acid functionalized NDs
open the way to a wide range of biomedical applications towards genetic diseases,
genomic research or early cancer diagnosis.
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4.7 Conclusion

Nanodiamonds can behave very different surface properties according to their tun-
able surface chemistry. The current state of art of controlled surface terminations was
summarized in this chapter. The link between surface chemistry, surface charge and
colloidal properties of NDs was particularly emphasized. Indeed, it appears highly
relevant for biomedical applications because it is a key parameter for drug adsorption
or interactions with cell membrane. Among the potential surface chemistries,
hydroxyl and halogen terminations (F, Cl, Br) offer specific reactivity. However,
experimental protocols must be further improved to reach a higher selectivity.

Some NDs characteristics related to the diamond core remain also partially
understood at the present state. In particular, it is essential to further investigate the
impact of structural defects or chemical impurities on NDs properties. The presence
of different crystallographic facets on HPHT and some detonation NDs should also
significantly influence their surface reactivity. Moreover, consequences of hydrogen
incorporated in nanodiamonds especially during detonation synthesis (Part 4.2)
must be better understood. According to previous works performed on bulk dia-
mond, hydrogen should be trapped by structural defects or chemical impurities [56].

Among further main challenges for biomedecine, the radioactive labeling
appears as a priority to investigate in vivo the biodistribution and pharmacokinetics
on NDs. Such achievement has not been yet reported. Mechanisms of drug
adsorption/desorption on NDs must be deeper understood to achieve a controlled
release. These phenomena are highly sensitive to size and surface chemistry. The
combination of NDs with NV centers can permit novel developments in biology
like the probing of ion channels in cells or the neuron imaging. Finally, the syn-
thesis of hybrid NDs is also an essential challenge. For example, surface graphitized
NDs may possess surface properties linked to fullerene or graphene assets required

Fig. 4.10 Fluorescence of
ND-PNA conjugates
compared to ND-COOH after
DNA hybridization observed
at λexc = 550 nm and λem =
570 nm [184]
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for radiosensitization or photothermal therapy. In conclusion, according to their
multiple assets, nanodiamonds constitute excellent candidates to be used as active
NPs with therapeutic behaviors for biomedical applications.
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Chapter 5
Diamond Nanowires: Fabrication,
Structure, Properties and Applications

Yuan Yu, Liangzhuan Wu and Jinfang Zhi

Abstract Diamond is a wide band gap semiconductor exhibiting a combination of
superior properties, such as negative electron affinity, chemical inertness, high
Young’s modulus, the highest hardness and room-temperature thermal conductivity,
etc. It is possible to control and enhance the fundamental properties of diamond by
fabricating 1D diamond nanowires, due to the giant surface-to-volume ratio
enhancements of 1D nanowires. Although theoretical comparisons with carbon
nanotubes have shown that diamond nanowires are energetically and mechanically
viable structures, reproducibly synthesizing the crystalline diamond nanowires has
remained challenging. In this chapter, we present a comprehensive, up-to-date
review for the diamond nanowires, wherein we will give a discussing for their
synthesis along with their structures, properties and applications.

5.1 Introduction

Nanowires fabricated from metals, polymers, and semiconductors using top-down
and/or bottom-up procedures are new kind of nanostructured materials. They have
characteristics of low weight with sometimes extraordinary mechanical, electrical,
thermal, and multifunctional properties [1, 2]. Nanowires can be used for tunable
transport of electrons with electronic properties strongly influenced by little per-
turbations on the surface, for giant surface-to-volume ratio enhancements.

Diamond is a material of extremes. It is the hardest, the most conductive ther-
mally, the highest hardness, the greatest in atomic density of any known material
and stable in single-photon emission even at room temperature [3, 4]. Diamond can
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be doped n- and p-type, from insulating, semiconducting, to metallic, respectively.
The electrochemical background current of BDD in phosphate buffer is ten times
lower than that of gold electrode and 400 times lower than that of glassy carbon
electrode. In addition, diamond shows strongest bonding stability to deoxyribo-
nucleic acid (DNA) [5]. Applications of diamond electrodes in electrochemistry
[6–8] and in biosensors [9–11] have been well demonstrated.

The synthesis of diamond nanowires (DNWs) is an interesting research since
new approaches pave the way to nanoscale and atomic precision of material growth
as well as to the search of new forms of carbon. The DNWs precursor of porous
diamond films was successfully fabricated by reactive ion etching in O2 and CF4
plasma [12], thereafter, nanostructured diamond honeycomb films were prepared by
oxygen plasma etching with porous anodic alumina mask [13]. Very recently,
DNWs of 80–100 nm in length were synthesized in ultra-nanocrystalline diamond
(UNCD) films which was deposited by microwave plasma enhanced chemical-
vapor deposition (MPECVD) system with an introduction of nitrogen in the mixture
gas [14, 15].

As a result of the numerous efforts, many synthetic methods of diamond
nanowires have been developed. However, the synthesis of these diamond nano-
wires has proven to be a low probability event and very difficult to reproduce,
despite the many attempts we and others have put in, and despite the their potential
applications, such as its high efficiency single-photon emission at room tempera-
ture and high-brightness low-threshold electron field-emission as well as high-
performance nano-electromechanical switches and biosensors, etc. This challenge is
an attractive one although reproducibly synthesizing the crystalline diamond
nanowires has remained challenging,

This review is presented in the hope that it will help generate more interest and
more effort to address this challenge. We will present a comprehensive, up-to-date
review of the diamond nanowires, wherein we discuss their synthesis along with
their structures, properties and applications. We highlight some of the most
important synthetic routes that underpin the synthesis of diamond nanowires, then
discuss the structures and properties of the diamond nanowires from the reported
theoretical and experimental results, finally, summarize the applications of the
diamond nanowires [16, 17].

5.2 Synthetic Strategies of Diamond Nanowires

Numerous efforts have been directed to develop the synthetic methods of diamond
nanowires, such as reactive-ion-etching (RIE) [18–23], plasma post-treatment
carbon nanotubes [24, 25], transfer fullerene to diamond nanowires at high tem-
perature and high pressure [26], template or catalyst assisted CVD method
[26, 27], etc.
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5.2.1 Plasma-Assisted Reactive Ion Etching (RIE) Route

Reactive-ion etching (RIE) is an etching technology used in top-down micro- and
nanofabrication. As shown in Fig. 5.1, it uses chemically reactive plasma to remove
material deposited on wafers. High-energy ions from plasma attack the surface of
the sample and react with it forming desired nanostructures [28]. The first realization
of diamond nanowires by RIE was performed by Shiomi [12], who demonstrated the
formation of porous diamond film through oxygen plasma RIE. Later, the plasma-
assisted RIE technologies have been widely developing for the top-down fabrication
of diamond nanowires. In the process, a planar nanocrystalline or microcrystalline
diamond film was first deposited, and then nanowires or nanorods arrays film was
fabricated by the etching of planar film. Depending on whether the mask is used, the
plasma-assisted RIE technologies for diamond nanowires consist of two types,
mask-need and maskless ones.

5.2.1.1 Mask-Needed Plasma-Assisted RIE Technology

Diamond nanowires are generally obtained by etching of various planar diamond
films through various masks including metal nanoparticles, oxides nanoparticles,
and diamond nanoparticles. These nanoparticles used as masks were a few nano-
meters in diameter, and the density of the as-prepared diamond nanowires was
depended on the size of the masks.

Metal-Masked Plasma-Assisted RIE Technology

The first realization of diamond nanowires was performed in 1997 by Shiomi [12],
who demonstrated the formation of porous diamond film through oxygen plasma
RIE by using Al as mask. Numerous columnar diamond nanowires of approximately

Fig. 5.1 A diagram of a
common RIE setup. An RIE
consists of two electrodes
(1 and 4) that create an
electric field (3) which can
accelerate the ions (2) toward
the surface of the samples (5)
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300 nm in length and 10 nm in width have been made by etching CVD polycrys-
talline diamond films in O2 plasma. Subsequently, Hatta [29] and Ando [20]
achieved aligned polycrystalline diamond nanowires through radio frequency (RF)
RIE of planar diamond film (obtained from CVD) in Ar/O2 or CF4/O2 plasma by the
assistance of the patterned Al mask. The patterned Al masks were formed on dia-
monds by conventional photolithography. The as-prepared polycrystalline diamond
nanowires have the disadvantages of the existence of grain boundaries, impurities,
and large stress in the films. Recently, Liao [30] had successfully fabricated single-
crystal diamond nanowires through Al-masked RIE method, and the fabrication
process was shown in Fig. 5.2.

The fabrication of single-crystal diamond nanowires began from the high-
pressure high-temperature (HPHT) type Ib-diamond substrate, which was implanted
with carbon ions [31]. A homoepitaxial boron-doped p-type diamond was grown on
the substrate by a microwave plasma chemical vapor deposition (MPCVD) appa-
ratus at 930 °C. After growth, the diamond epilayer was annealed at 900 °C for 3 h
in a UHV chamber (base pressure 10−7 Pa). A graphite layer with thickness of
200 nm was formed after the high-temperature processing. Conventional photoli-
thographic and electron beam (e-beam) lithographic processes were employed to
define the cantilevers or bridge structures. An aluminum layer with a thickness of
150 nm was deposited on the patterned diamond epilayer as a mask for reactive ion
etching. After that, the sample was treated in a boiling HNO3/H2SO4 acid solution
to remove the Al and graphite, and single-crystal diamond nanowires were
obtained. Besides Al, other metals, such as Mo [21, 32], Ni [22, 23], Au [33, 34],

Fig. 5.2 Fabrication of single-crystal diamond nanowires. a Ion implantation into tybe-Ib
diamond substrate by carbon ions at an energy of 180 keV and a dose of 1016 cm−2. b Microwave
plasma chemical vapor deposition growth with boron doping (concentration of 1018 cm−3). During
the chemical vapor deposition growth, a graphite-like layer with a thickness around 200 nm was
formed below the diamond surface, which acted as the sacrificial layer. c E-beam lithography of
the diamond. d Aluminum deposition and lift-off. e Nanowires formation by RIE. f Finally,
removal of the Al and graphite by boiling in an acid solution. Reproduced from [30]. Copyright
2010 John Wiley
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have been successfully used as masks to oxygen plasma etch undoped or boron-
doped diamond (BBD) nanowires. Recently, through de-wetting various metal
films, i.e., Al, Ti, Co, Ni, Cu, Pd, Pt and Au film, metal masks of 5–50 nm in
diameter were obtained. Gheeraert [35] systematically investigated the effect of
metal film types and thicknesses on surface density, shape and size of the resulting
metal masks.

Oxides-Masked Plasma-Assisted RIE Technology

Fujishima et al. reported a technique for the preparation of periodic diamond nano-
wires arrays by means of reactive ion etching with oxygen plasma using two-
dimensional (2D) arrays and monodisperse solid SiO2 particles as masks [36, 37]. In
the planar diamond surface, fine SiO2 particles [38] are packed in high-density, highly
oriented layers over a wide surface area by water evaporation and lateral capillary
forces [39]. After preparation of the 2D array, reactive ion etching (RIE) was carried
out with oxygen plasma through the SiO2 arrays in a plasma etching apparatus.
Finally, the SiO2 particles were removed from the diamond with the HF-HNO3

solution, and the periodic diamond nanowires arrays was obtained. Afterward, some
oxides nanoparticles, such as SiO2 and Al2O3, have been successfully used as mask
for realizing synthesis of diamond nanowires in both single crystal and polycrystalline
diamond by Hausmann [40]. Drop-casted nanoparticles (Au, SiO2 and Al2O3) as well
as electron beam lithography defined spin-on glass and evaporated Au have been used
as an etch mask. Al2O3 nanoparticles were found to be the most etch resistant. At the
same time, the flowable oxides (FOx) e-beam resist (spin-on glass) proved to be a
suitable etching mask for fabrication of ordered arrays of diamond nanowires.

Diamond Nanoparticles-Masked Plasma-Assisted RIE Technology

Yang et al. realized vertically aligned diamond nanowires from metallically boron
doped single crystalline CVD diamond film by using of diamond nanoparticles as
mask [19, 41–43]. The fabrication process of vertically aligned diamond nanowires
was illustrated in Fig. 5.3. First, metallically boron-doped (p-type) diamonds with
atomically smooth surfaces are grown by homoepitaxy on Ib diamond substrates
[44]. Then, an etching mask from diamond nanoparticles is deposited. The diamond
nanoparticles of about 8–10 nm in diameter are dissolved in water by ultrasonifi-
cation to form a pseudo-stable suspension [45–47]. Then the planar diamond film is
immersed into the suspension and sonificated to seed diamond nanoparticles on the
diamond surface. The diamond nanoparticle layer is dense and depends on sus-
pension quality and time of sonification. After deposition of diamond nanoparticles,
reactive ion etching (RIE) in an O2 (97 %)/CF4 (3 %) gas mixture is applied.
Vertically aligned diamond nanowires arise where diamond nanoparticles have
been deposited.
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5.2.1.2 Maskless Plasma-Assisted RIE Technology for Highly Doped
Diamond Nanowires

As mentioned above, 1D nanostructured diamonds are generally fabricated by
etching through various masks such as anodic alumina, SiO2 ordered arrays, Au
nanodots, molybdenum, nanodiamond particles, and other materials. However, these
methods suffer from certain limitations and are unfavorable for large-scale fabrica-
tion. For example, some masks need be removed by additional chemical or physical
processes, or an etching mask needs be intentionally deposited by pre-preparation
processes. Fujishima et al. reported a RIE technology for heavily B-doped diamond
(the boron doping level is 2.1 × 1021 B cm−3) nanowires using oxygen plasma
without any additional mask assistance [48]. It is assumed that boron oxides form on
the surface at boron-rich nanometer-scale locations, and they are less volatile than
the reaction products, i.e., CO and CO2. In the initial stage of etching, the boron
dopant atoms at the diamond surface contribute to the small, nanometer-scale
structures. As the etching progressed, the boron species, including oxides, are
removed together with carbon atoms, and then they appear to redeposit near the tops
of the nanowires and continue to serve as an etching mask. The boron dopant atoms
in the diamond act as the mask during plasma etching, so avoiding the complicated
pre-preparation processes involved in using an intentional mask or removal of the
template by using additional processes. The formation sites of the nanowire array
depend greatly on the boron distribution. Figure 5.4 shows the SEM images of the
microstructure of a BDD nanowire arrays. This straightforward method displays
several advantages as it does not require any complicated processing steps such as
mask deposition and removal. Until now, this maskless RIE method has been widely
used to realize diamond nanowires [18, 49–53].

5.2.2 Chemical Vapor Deposition Method (CVD)

Vapor phase growth is extensively useful bottom-up method to produce nanowires.
Starting with the simple evaporation technique in an appropriate atmosphere to

Fig. 5.3 Schematic plots of fabrication of diamond nanowires. Here d is the diameter of
nanodiamond particles, and a is the distance between particles. Reproduced from [19]. Copyright
2008 John Wiley
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produce elemental or oxide nanowires, vapour–liquid–solid, vapour–solid and other
processes are also used [54–57]. Depending on whether the template is used, the
CVD technologies for diamond nanowires consist of two types, template-assisted
and template-free ones.

5.2.2.1 Template-Assisted CVD Method

Template-assisted CVD synthesis is a convenient and versatile method for gener-
ating 1D nanostructures [58–61]. The template serves as a scaffold against which
other materials with similar morphologies are synthesized. The in situ generated
material is shaped into a nanostructure with a morphology complementary to that of
the template. Templates could be nanoscale channels within mesoporous materials,
such as porous alumina or polycarbonate membranes, etc.

Nanowires-Templated CVD for Diamond Nanowires

One of the most important methods for inorganic nanowire synthesis is template-
assisted CVD. The semiconductor nanowires derived from non-colloidal synthesis
makes them convenient templates for gas phase synthesis including both physical
coating as well as chemical transformation. Nanowires-templated CVD method for
diamond nanowires usually consists of two steps. One is the synthesis of various
nanowires templates, and the other is conformal coating of the nanowires templates
with nanodiamond forming polycrystalline diamond nanowires by CVD method.
The size of the as-prepared diamond nanowires is dependent on the size of the
nanowires templates. The possibility of deposition of layered microdiamond coat-
ings onto tungsten wires by the CVD method was demonstrated for the first time by
May et al. [62]. Afterward, many others reported successful the coating of mic-
rodiamond onto a variety of substrate wires including silicon carbide, copper,

Fig. 5.4 SEM images of a BDD nanowire arrays at a low resolution and b high resolution.
Reproduced from [48]. Copyright 2009, Royal Society of Chemistry
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tungsten, and titanium [63–65]. Singh et al. reported two-step method for synthesis
of high-density nanocrystalline diamond fibers (nanowires). This method includes
the synthesis of templates (silica (α-SiO2) nanofibers) by a conventional vapor–
liquid–solid method and the conformal coating of the nanofibers with 15–20 nm
sized NCD grains by a microwave plasma enhanced chemical vapor deposition
technique in hydrogen-deficient conditions [66–68]. The as-prepared diamond
nanowires showed good electron field emission properties [67, 68]. Furthermore,
our group also reported a Si nanowires-templated hot filament chemical vapor
deposition method for fabrication boron-doped diamond nanowires arrays and 2D
diamond nanowires network [69, 70]. The synthesis process of boron-doped dia-
mond nanowires arrays is illustrated in Fig. 5.5. First, silicon nanowires were
synthesized using the electroless metal deposition (EMD) method [71] on a p-type
silicon wafer substrate. The substrate was then pretreated ultrasonically in a sus-
pension of diamond nanoparticles for 20 min. Finally, the BDD nanowires arrays
film was prepared by depositing a boron-doped diamond nanocrystals onto the
as-fabricated Si nanowires (SiNWs) by HFCVD technology. A large amount of
boron-doped diamond nanorods standing vertically on a silicon wafer can be
observed. These nanowires possess rough and irregular surface and present poly-
crystalline morphology.

AAO-Templated CVD

Porous anodic aluminum oxide templates played a dominant role in the preparation
of highly ordered nanowires [72, 73] with controllable size. Masuda et al. reported
the preparation of well-aligned polycrystalline diamond nanocylinders (nanowires)
and diamond-like carbon (DLC) nanotubes on anodic aluminum oxide templates by
microwave plasma-assisted chemical vapor deposition (CVD) [74]. The alumina
templates [75, 76] for diamond deposition were prepared by electrochemical
anodization of aluminum sheet. As shown in Fig. 5.6, prior to deposition, the
alumina templates were nucleated with 50 and 5 nm diamond particles for the
deposition of diamond nanocylinders and diamond-like nanotubes, respectively.
For the growth of nanowires arrays, the 50 nm particles were nucleated at the
bottom of the alumina membrane pores possessing the same diameter (Fig. 5.6a).
This enables the growth of diamond cylinders along the length of the pores. For the
growth of nanotubes, smaller diamond nanoparticles (5 nm) were ultrasonically

Fig. 5.5 Plots of fabrication of the boron-doped diamond nanowires arrays. Reproduced from
[69]. Copyright 2009, American Chemical Society

130 Y. Yu et al.



dispersed on the pore walls by keeping the templates in particle suspensions
(Fig. 5.6b). The growth of diamond nanowires or nanotubes was carried out by
plasma-assisted CVD. The deposition of diamond initially proceeds along the
alumina pores and continues to grow on the membrane to yield a continuous film,
which acts as a support for the nanostructures. The resulting nano-fibers were
released from the alumina membrane by immersion in concentrated phosphoric acid
at 250 °C.

Fig. 5.6 Schematic diagram of fabrication process for cylindrical diamond and tubular structures.
a The cylindrical structures were prepared by nucleating with 50 nm diamond particles at the
bottom of the membrane holes, followed by microwave plasma CVD for 3 ± 4 h using acetone as
the carbon source. b Tubular structures were fabricated by nucleating with 5 nm particles on the
pore walls of the membrane followed by microwave plasma CVD. Reproduced from [74].
Copyright 2001, John Wiley
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5.2.2.2 Template-Free CVD for Diamond Nanowires

The growth of nanowires via a gas phase reaction involving the vapor–liquid–solid
(VLS) and vapor–solid (VS) processes has been widely studied. The experimental
observations suggest that there are three growth stages: metal alloying, crystal
nucleation and axial growth in the CVD growth of a nanowire. More recently, the
enhanced CVD methods, such as microwave or plasma enhanced CVD methods for
diamond nanowires were widely investigated.

Microwave Plasma Enhanced CVD (MPCVD) Method

Valsov et al. reported on the MPCVD synthesis and characterization of new hybrid
diamond-graphite nanowires, formed via ultra-nanocrystalline diamond (UNCD)
film deposited with adding nitrogen gas [77]. The UNCD films were deposited on
Si substrates in a microwave plasma CVD reactor in Ar/CH4/H2/N2 mixtures [78].
Scanning electron microscopy (SEM) images show that the morphology of the
UNCD film surface undergoes essential changes when 25 % of nitrogen is added in
the gas mixture: wire-like structures appear along with diamond nano-grains. The
Raman spectra show the as-prepared nanowires are hybrid diamond-graphite
nanowires. The DNW cores are 5–6 nm in diameter and grow along the [110]
direction. The experimental results showed that the N2 play an important role on the
growth of wire-like diamond grains, which is consistent with the results of Arenal’s
[14]. It is suggested that the low concentration of hydrogen and the introduction of
nitrogen into the plasma are two favorable conditions for synthesis of one-
dimensional diamond nanostructures by CVD [79]. According to theoretical models
nanocrystalline diamond may be structurally stable both in quasi-zero dimension
(nanograin) [80, 81] and in one dimension nanowires [82, 83]. However, in UNCD
films grown without nitrogen only the diamond nanograins are observed. The high
renucleation rate provided by the presence of C2 dimers in the plasma suppresses
the extension of the one-dimensional diamond nanostructures, this way limiting
the grain size within the range of diamond phase stability, which is about 5 nm. The
introduction of nitrogen in the plasma stimulates the formation of CN molecular
species reducing the renucleation rate. This creates favorable conditions for an
increase of the grain size and the formation of one-dimensional diamond
nanostructures.

Shang et al. reported the growth of ultrathin diamond nanorods (UDNRs) by a
MPCVD method (in N2/CH4 plasma) [84]. As-deposited UDNRs have a length of
50–300 nm and a thin diameter of 2.1 nm, less than the theoretical minimum value
(2.7 nm) for energetically stable UDNRs [82, 83]. The growth of UDNRs is sug-
gested to follow a heterogeneous self-catalytic vapor liquid mechanism. Recently,
Sobia et al. reported the effect of nitrogen on hydrogen incorporation in diamond
nanorods thin films obtained through MPCVD method (in Ar/H2/CH4/N2 plasma).
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The results showed that the addition of nitrogen in gas phase has been utilized to
increase the nondiamond content in the films. The increase in incorporated amount
of hydrogen is related to the low crystalline quality of the film due to increase in
non-diamond content [85]. More recently, Shalini et al. reported the synthesis of
diamond nanowires films using the MPCVD (in Ar–N2/CH4 plasma) [86, 87]. The
experimental results showed that the electrical conductivity and the fraction of sp2

bonding in the diamond nanowires film grain boundary (π states) increased pro-
portionally with the amount of nitrogen incorporation [86].

In conclusion, during the DNW growth process of MPCVD, the N2 play an
important role on the growth of wire-like diamond grains. The introduction of
nitrogen in the plasma stimulates the formation of CN molecular species reducing
the renucleation rate provided by the presence of C2 dimers in the plasma, which
creates favorable conditions for an increase of the grain size and the formation of
one-dimensional diamond nanostructures. In addition, the incorporation of hydro-
gen in the diamond nanowires was found to increase with increasing the addition of
nitrogen in the feed gases in deposition chamber, which leads to the fraction of
sp2 bonding in the diamond nanowires film grain boundary (π states) increased
proportionally with the amount of nitrogen incorporation, since the hydrogen
incorporated in DNW can lower the crystalline quality of DNW. Therefore,
MPCVD induced high N2-incorporated DNW usually display good electrochemical
properties, which is accounted for by increase in sp2 content, new C–N bonds at the
diamond grains, and increase in the electrical conductivity at the diamond grain
boundary [87].

Hot Cathode Direct Current Plasma Chemical Vapor Deposition Method
(HCDC-PCVD)

Nanocrystalline diamond films with different grain sizes, surface smoothness and
quality have been prepared on Si substrate by changing the composition of CH4/Ar/
H2 gas mixture using hot cathode direct current chemical vapor deposition (HCDC-
PCVD) method [88]. HCDC-PCVD method is an effective method for the depo-
sition of diamond films (including nanocrystalline, microcrystalline diamond films,
etc.), and diamond films can be deposited uniformly with large area and high
growth rate. Zeng et al. reported (111) diamond microcrystals and (100) diamond
microcrystals and nanorods were synthesized on Si substrate by HCDC-PCVD
method in CH4/H2 gas mixture [89]. The results showed that the high-temperature
(1,223 K) and low CH4 concentration led to the growth of (111) microcrystalline
diamond films, but the low temperature (1,098 K) and high CH4 concentration can
lead to the growth of (100) diamond microcrystals and nanorods. Furthermore, the
low reactor temperature and high CH4 concentration decreased the grain sizes,
purity, and quality of diamond films but increased the transmittance of diamond
films.
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Catalyst-Assisted Atmospheric-Pressure Chemical Vapor Deposition

As mentioned above, techniques for growing crystalline diamond have evolved
from the high-temperature high-pressure (HTHP) method [90] to plasma enhanced
chemical vapor deposition (PECVD) techniques [86, 87]. Diamond microwires
with 25 μm diameter and 400 μm length were synthesized in 1968 using a radiation
heating unit developed from a superhigh-pressure xenon tube [91]. However, the
fabrication of long, single crystalline diamond nanowires using conventional
thermal CVD methods has so far proven elusive, despite the potential benefits. Until
to 2010, by chance, Hsu et al. synthesized diamond nanowires in an atmospheric
pressure chemical vapor deposition method without plasma or energy radiation
used during the CVD growth [26]. As shown in Fig. 5.7a, b, the as-prepared
diamond were straight, thin and long, and longitudinally uniform in exterior
diameter (60–90 nm) along the entire lengths of tens of micrometers and the
structure of the nanowire indeed consists of a diamond core is encased within a
graphitic shell. HRTEM image (Fig. 5.7c) of one of these nanowires reveals a
crystalline diamond wire structure. Micro-Raman spectra (Fig. 5.7d) further verified
the core-shell structure of the diamond nanowires. Hydrogen plays an important
role in the formation of the diamond nanowires since it can facilitate the trans-
formation of sp and sp2 bonds into sp3 bonds [92]. Meanwhile, transition metals (Fe
in this experiment) are known to facilitate the dissociation of hydrogen molecules

Fig. 5.7 a Electron microscopy of diamond nanowires encased within a carbon nanotube shell.
Diamond core enclosed in a CNT sheath, typically tens of microns in length and 60–90 nm in
exterior diameter. b An SEM micrograph showing laser-stripping of a portion of the graphitic shell
of a CVD grown core-shell diamond nanowire. c High resolution transmission electron microscope
(HRTEM) images and selective area electron diffraction (SAED) pattern of a single diamond
nanowire indicating a crystalline cubic diamond (c-diamond) structure. d Raman spectroscopy of
the diamond nanowire. Reproduced from [27]. Copyright 2010, American Chemical Society

134 Y. Yu et al.



into atomic hydrogen at significant low hydrogen dissociation barrier [93, 94].
The authors summarized their achievement in a mini-review, and gave a possible
formation process of the diamond nanowires [95]. They rationalized that the dia-
mond nanowire growth process begins with the conventional synthesis of either
diamond stud or graphitic tubes with a vapor–liquid–solid (VLS) process and is
then followed by in situ nucleation and growth of diamond wires, fuelled by the
subsequent hydrogen flow in the presence of solid and vapor carbon feedstock.

5.2.3 Diamond Nanowires Realized from sp2 Carbon and sp3

Diamondoid

The transformation of graphite to diamond nanocrystals has been one of the most
challenging problems of material science for many decades. Generally, high pres-
sures and high temperatures are needed to induce this transformation, and catalysts
are used to increase the yield of diamond. Research has revealed that carbon
nanotubes could also transform to diamond nanocrystals under different processing
conditions—laser induced transformation [96], chemical vapor deposition by
nanotube coating [97], shock wave [98], and direct transformation under high
pressures and high temperatures (HPHT) [99–101]. The mechanism of transfor-
mation from carbon nanotubes to diamond was proposed to be nanotubes–carbon
onions–diamond [102]. The last step had been identified to be critical in the
nucleation and growth of diamond nanocrystals in the centers of spherical carbon
onions under intense electron irradiation at high temperatures. However, transfer-
ring sp2 carbon to 1D diamond nanowires is still a challenging.

5.2.3.1 Hydrogen Plasma Post-treatment of Multiwalled Carbon
Nanotubes (MWCNTs) for Diamond Nanowires

Sun et al. provided a simple way for the transformation from CNTs to nanocrys-
talline diamond, that is, hydrogen plasma induced structural transformation from
CNTs to nanodiamond [103]. Only by prolonging the hydrogen plasma treatment
time, diamond nanowires with diameters of 4–8 nm and with lengths up to several
hundreds of nanometers were obtained [24, 25]. The nanowires form a core-sheath
structure. Moreover, the vapor–liquid–solid (VLS) growth mechanism of 1D
nanomaterials seems to be unlikely for the present diamond nanowires growth,
since there is no metal catalysts used in the synthesis process. The author proposed
a three-step process for diamond formation and growth under the hydrogen plasma
treatment of MWCNTs, including clustering, crystallization, growth, and faceting,
which is similar to that proposed by Singh [104] for diamond nucleation, crystal-
lization, and growth from amorphous carbon precursors. Figure 5.8 shows the
proposed model for the formation of nanodiamonds, and the growth of diamond
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nanowires. Amorphous carbon clusters are formed in step I, the crystallization of
diamond begins in the core of the carbon clusters(step II), followed by the diamond
growth and faceting stage (step III), after the diamond nanocrystallites are faceted,
diamond nanowires begin to grow at the nanowire tips (step IV). The amorphous
carbon layers that sheathe both the diamond nanoparticles and nanowires are
important for the 1D growth of diamond nanowires, by preventing the lateral
growth of diamond and providing the carbon source for diamond nanowires
growth.

5.2.3.2 Diamond Nanowires Grown from Fullerene (C60)

Dubrovinskaia et al. reported a bulk sample of nanocrystalline cubic diamond with
crystallite sizes of 5–12 nm which was synthesized from fullerene C60 at 20 GPa
and 2,000 °C using a multi-anvil apparatus [105]. The new material is at least as
hard as single crystal diamond. It was found that nanocrystalline diamond at high
temperature and ambient pressure kinetically is more stable with respect to
graphitization than usual diamond. Almost at the same time, they synthesized
aggregated diamond nanorods (ADNRs) from fullerene C60 at 20(1) GPa and
2,200 °C using a multi-anvil apparatus [26]. Individual diamond nanoroads are of
5–20 nm in diameter and longer than 1 µm. The measured density of ADNRs is
about of 0.2–0.4 % higher than that of usual diamond.

5.2.3.3 Diamond Nanowires from Diamondoids

Diamondoids have been found to have strong affinity towards compatible host
structures, such as cyclodextrins [106] and CNTs [107]. Analogous to the fabri-
cation of 1D sp2 CNTs from 0D sp2 fullerenes [108, 109], the diamondoids may
also fuse and transform into 1D sp3 diamond nanowires. Templated growth of these

Fig. 5.8 The proposed model for the formation of nanodiamonds, and the growth of diamond
nanowires under hydrogen plasma irradiation of multiwalled carbon nanotubes at high
temperatures. Reproduced from [103]. Copyright 2004, American Physical Society
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nanowires from 1D diamondoid assemblies confined in CNTs provides a probable
pathway through a “face-fused” reaction. However, the fusion reaction of ada-
mantane into diamond nanowires has been shown to be energetically unfavorable
[107]. Zhang et al. presented theoretical and experimental evidence for the feasibility
of a fusion reaction of diamondoid derivatives containing relatively reactive func-
tional groups, diamantane-4,9-dicarboxylic acid to 1D diamond nanowires inside
CNTs [110]. The bisapical diamondoid diacid is more reactive than the pristine
diamondoid, requiring milder reaction conditions. Unlike in 3D space, the dia-
mantine dicarboxylic acid molecules are pulled inside a CNT by an effective
“capillary force” that originates in the stabilization of the molecule inside the sur-
rounding nanotube. The fusion of diamantane-4,9-dicarboxylic acid under the
confinement of CNTs may be a promising choice to yield diamond nanowires. The
diamantane-4,9-dicarboxylic acid was sublimed and self-assembled into the quasi
1D space of double-wall CNTs (DWCNTs) by a vapor phase reaction. Since the
sublimation temperature of diamantane-4,9-dicarboxylic acid was at 300 °C under
air atmosphere, An encapsulation temperature of 280 °C was chosen for it at
10−6 Torr owing to its relatively low sublimation temperature in vacuo. Similar to
adamantane, the encapsulation of diamantane-4,9-dicarboxylic acid is highly
selective with respect to the CNT inner diameter (Dinner). There is no encapsulated
diamantane-4,9-dicarboxylic acid in DWCNTs which have Dinner < 0.8 nm
(Fig. 5.9a). However, the diamantane-4,9-dicarboxylic acid well aligned along the
axis of DWCNTs with compatible Dinner ≈ 1.0 nm (Fig. 5.9b), consistent with
computational results for diamondoid encapsulation [111]. Multiple arrays of
encapsulated molecules can often be found in CNTs with much wider Dinner

(Fig. 5.9c). As demonstrated in the diamond formation by chemical vapor deposition
(CVD) [112] and thermal annealing of adamantine inside CNTs [107], hydrogen
plays a crucial role in retaining the sp3 diamond cages. The as-produced diamondoid
1D assemblies in DWCNTs were annealed at 600 °C for 12 h under a flow
of hydrogen. Diamond nanowires (CNWs) are then found inside DWCNTs with
Dinner ≈ 1.3 nm. The rod-shaped product has a diameter about 0.78 nm, and it is very
stiff and straight. No nanowire structures have been observed in DWCNTs with a
smaller Dinner of around 1.0 nm.

5.3 Structures and Properties: Simulation and Experiments

5.3.1 Structural Stability of Diamond Nanowires

Diamond-based materials have been suggested to be the optimal choice for nano-
mechanical designs because of their high elastic modulus and strength-to-weight
ratio [113]. This has prompted a number of theoretical studies investigating various
aspect of diamond on the nanoscale. Results of these investigations have shown that
dehydrogenated C(111) octahedral nanodiamond surfaces are structurally unstable,
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with their presence inducing phase transitions from the sp3 structure of nanodia-
monds to the sp2 structure of carbon onions. However, the presence of cubic surface
facets has been found to promote stability. For example, whereas cuboctahedral
nanodiamond structures have exhibited preferential exfoliation of C (111) surfaces
over lower-index surfaces, increasing the C (100) surface area produces a more
stable nanodiamond structure and reduced surface graphitization.

Attention is now turning to 1D diamond nanostructures. Barnard et al. studied the
structural properties of dehydrogenated diamond nanowires using theVienna ab initio
simulation package (VASP) [83]. Three kinds of diamond wires, including dodeca-
hedral, cubic and cylindrical nanowires have been considered. The dodecahedral

Fig. 5.9 HRTEM and
simulated images, as well as
model structures of a empty
DWCNTs (Dinner < 0.8 nm),
b linear diamondoid arrays
inside DWCNTs
(Dinner ≈ 1 nm), c multiple
diamondoid arrays inside
DWCNTs (Dinner ≈ 1.3 nm),
and d optimized structure of
the diamantane-4,9-
dicarboxylic acid molecule;
C yellow, O red, H white.
Reproduced from [110].
Copyright 2013, John Wiley
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structures are bounded by (110) surfaces in all lateral directions, with a square
cross section, and have a principal axis in the [100] direction. The cubic diamond
nanowires are bounded by two C (100) surfaces and two C (110) surfaces in the lateral
directions, with a rectangular cross section, and have a principal axis in the [110]
direction. Finally, the three cylindrical nanowires considered here are bounded by two
C (100) surfaces and twoC (110) surfaces in the lateral directions, with a circular cross
section, and have a principal axis in the [100] direction. Changes in energy per atom
(ΔE), cross-sectional area (ΔA), and nanowire segment lengths (ΔL) resulted from the
relaxation of each nanowire’s morphology were shown in Table 5.1. It is apparent
from Table 5.1 that the remaining cubic nanowires still exhibit unusual structural
changes. t has been shown from the ab initio relaxation of diamond nanowires that
nanocrystalline diamond may be structurally stable in one dimension. Diamond
nanowires with dodecahedral and cubododecahedral morphology retained the dia-
mond structure upon relaxation but did exhibit significant relaxation involving
changes in the length and cross-sectional area. The stability, characterized by the
variation in these structural properties from that of bulk diamond, has been found to
be dependent on both the surface morphology and the crystallographic direction of
the principal axis of the nanowire. For example, nanowires having a principal axis in
the [110] direction do not represent an optimal choice for diamond nanowire
structures.

Barnard et al. presented a theoretical investigation of the relative phase stability
of 1D carbon nanostructures, including carbon nanotubes and diamond nanowires,
using an atomic heat of formation model [82]. The results of this study indicate that
carbon nanotubes represent the most energetically preferred form for fine 1D carbon
nanostructures, and the diamond nanowires occupy a “window” of stability. This
window ranges from approximately 2.7 nm to 3.7–9 nm in (lateral) diameter,
beyond which graphite is energetically preferred. The limits of this range are

Table 5.1 Changes in energy per atom (ΔE), cross-sectional area (ΔA), and nanowire segment
lengths (ΔL) resulting from the relaxation of each nanowire’s morphologya

Morphology Atoms ΔE (eV) ΔL (nm) ΔA (nm2)

Dodecahedral 75 −0.2271 +0.0883 −0.0428

Dodecahedral 144 −0.2150 +0.1051 −0.0578

Dodecahedral 196 −0.2057 +0.0722 −0.0586

Cubica 84 −0 9812 −0.0222

Cubic 132 −0.4847 −0.0034 −0.0265

Cubic 240 −0.4339 −00038 −0.0615

Cylindrical 63 −0.7063 +0.0199 −0.0336

Cylindrical 128 −0.5687 +0.0182 −0.0421

Cylindrical 228 0.2676 +0.0017 −0.0448
a Nonclassical nanotube
Reproduced from [83]. Copyright 2003, American Chemical Society
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sensitive both to the nanowire morphology, and the method used to scale the
graphite structures (required to ensure dimensional consistency). These results are
considered to be useful in estimating the size range for which diamond nanowires
may be expected during synthesis, and as a guide to the relative stability of some
sp2 and sp3 carbon in 1D nanostructures.

Tanskanen et al. studied the structural stability of the polyicosahedral diamond
nanowires obtained from icosahedral diamondoids and conventional diamond
nanowires superimposable with bulk diamond [114]. Molecular structures of three
icosahedral diamondoids, C20H20, C20@C80H60, and C20@C80@C180H120, together
with the corresponding polyicosahedral diamond nanowires are investigated. The
B3LYP-calculated energetics, HOMO–LUMO gaps, and band gaps are summarized
in Table 5.2. The strain energies suggest the 1D diamond nanowires (DNWs) to be
favored over the dodecahedral C20H20. The low structural strain of the DNWs
derived from the dodecahedrane is in agreement with previous studies on short
oligomers of dodecahedrane [115, 116]. To take the effect of thermodynamics into
account, the authors calculated the Gibbs corrected strain energies at T = 298.15 K
for dodecahedrane and its 1D counterparts. The Gibbs corrections make the

Table 5.2 Dimensions, strain energies, and HOMO–LUMO/band gaps of the icosahedral
diamondoids and their 1D counterparts

Stoichiometry No. of combined
cages

Diameter
(nm)

Length
(nm)

ΔE Gap
(eV)

C20H20 1 0.66 0.66 14.6 8.49

C35H30 2 0.64 0.87 13.8 8.26

C65H50 4 0.64 1.56 13.2 8.14

C125H90 8 0.64 2.95 13 8.05

C30H20 ∞ 0.64 ∞ 12.8 8.01

C20@C30H60 1 1.09 1.09 8.3 7.39

C175H90 2 1.09 1.59 8.7 7.26

C325H150 4 1.09 2.56 9 7.14

C625H270 8 1.09 5.04 9.1 7.11

C150H60 ∞ 1.09 ∞ 9.4 7.13

C2o@C80@C18OH120 1 1.52 1.52 6.3 7.01

C490H180 2 1.53 2.31 7 6.81

C910H300 4 1.53 3.92 7.5 6.68

C280H120 ∞ 1.53 ∞ 8.2 6.65

C80H20@C180H120 1 1.52 1.52 7.9 6.43

C450H220 2 1.52 2.3 8.7 6.04

C830H380 4 1.52 3.89 9.2 5.87

C380H160 ∞ 1.53 ∞ 9.9 5.75

Reproduced from [114]. Copyright 2008, American Chemical Society
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dodecahedrane slightly favored over its 1D counterparts. The differences are small,
however, suggesting the polyicosahedral DNWs to be thermodynamically viable.
With the exclusion of dodecahedrane, the strain energies increase, while only
slightly, as a function of length of the polyicosahedral diamondoid, suggesting the
preference for icosahedral structures. Combining the icosahedral diamondoids to
polyicosahedral DNRs reduces the number of strain-inducing pentagons. However,
connecting the cages introduce additional strain to the interface region due to fused
pentagons. Nevertheless, the strain energies are systematically lower for the polyi-
cosahedral DNRs than for the experimentally known dodecahedrane. The relative
proportion of the fused pentagons becomes reduced as a function of the diameter,
decreasing the strain energies of the polyicosahedral DNRs derived from the larger
icosahedral diamondoids [114]. Comparisons between the 1D diamond nanowires of
C20@C80@C180H120 and the corresponding hollow C80H20@C180H120 show the
filled structures to be energetically favored.

Representative examples of the hydrogenated conventional DNWs, i.e., DNWs
that are superimposable with bulk diamond, are investigated. The calculated strain
energies are clearly the lowest for those conventional DNWs that are parallel to the
[110] direction of bulk diamond. The highest stability of the [110] DNWs can
be understood to originate from surface hydrogenation. The H–H distance between
the surface hydrogen is around 2.5 Å for the [110] DNWs, while they are down to
2.0 Å for the [100] and [111] DNWs. The repulsion between the surface hydrogen
thus somewhat destabilizes the [100] and [111] DNWs, whereas the repulsion is
negligible for the [110] DNWs. The described preference for hydrogenated [110]
DNWs also has been experimentally observed, DNRs synthesized by hydrogen
plasma post-treatment of multi-walled CNTs preferring the [110] growth direction
[32]. Previously, dehydrogenated DNWs have been shown to prefer structures with
principal axis parallel to the [100] direction, while [110] DNWs have been reported
unstable [117]. Due to the impact of H–H interactions at the surface, the presence
(or absence) of hydrogen in the synthesis process of DNWs and DNRs may have an
effect on the orientation of the products.

5.3.2 Mechanical Properties of Diamond Nanowires

Shenderova et al. compared the stiffness and fracture force of hydrogenated dia-
mond nanorods with those of single-walled and multi-walled carbon nanotubes
[118]. It was determined that the mechanical properties of the nanorods depend on
both the diameter of the nanorod and the orientation of the principal axis. The
results of their molecular models indicate that diamond nanorods are energetically
competitive with nanotubes of a similar diameter and possess desirable mechanical
properties, making them a viable target for synthesis. The mechanical properties of
the polyicosahedral and the conventional DNWs, including Poisson’s ratios,
Young’s moduli, and shear moduli, were investigated by Tanskanen et al. [114].
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For a point of comparison, the elastic properties of a zigzag (22,0) CNT were
determined by periodic calculations. The elastic moduli increases as a function of
the length of the structure, as is clear from the calculated mechanical properties of
C20H20 and C20@C80H60 cages and their finite 1D counterparts. The Young’s
moduli increases because the stress caused by distortion from the equilibrium
becomes distributed among a larger number of C–C bonds. The increase in shear
moduli is due to larger shear surface.

In general, the Young’s and shear moduli follow the same trends. The calcu-
lations give the highest Young’s modulus for the CNT, included as a reference, a
value of about 900 GPa being in agreement with previous theoretical and experi-
mental work [119]. The studied conventional DNWs have Young’s moduli around
360–680 GPa, the moduli increasing as a function of the wire diameter. For
approximately the same cross-sectional area of the wire, the [100] DNWs have
clearly lower moduli than the [110] and [111] DNWs. At a cross-sectional area of
1.4 nm2 and beyond, the [111] DNWs have the highest Young’s moduli of the
studied conventional DNWs. This in agreement with previous calculations, sug-
gesting the [111] direction having the highest Young’s modulus for the low-index
orientations of bulk diamond [26]. The Young’s moduli of both hydrogenated
conventional DNWs and the polyicosahedral DNWs are presented in Fig. 5.10.
Similar to the conventional DNWs, the elastic moduli of the polyicosahedral DNWs
increases as a function of the cross-sectional area. Furthermore, their Young’s
moduli are even higher than those of the conventional DNWs. Accordingly, the
polyicosahedral DNWs, while being somewhat more strained than the conventional
DNWs, could turn out to be valuable in nanomechanical designs.

Recently, strain rate, temperature and size dependent mechanical properties of
[001] orientation diamond nanowires are investigated by Guo et al., using molec-
ular dynamics simulations [120]. It is found that, for the same cross-sectional areas,
strain rates have almost no effect on yield strength and Young’s modulus, provided

Fig. 5.10 Young’s moduli (Y) of the hydrogenated conventional and the polyicosahedral DNWs
as a function of the cross-sectional area of the structure. Reproduced from [114]. Copyright 2008,
American Chemical Society
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strain rates are within the range from 0.001 to 0.025 ps−1. The calculated results
have also indicated that, at the temperature ranging from 100 to 500 K, diamond
nanowires’ yield strength, Young’s modulus, fracture strength and fracture strain
are all decreasing with increasing temperature. Furthermore, at the temperature of
300 K, yield strength, Young’s modulus, fracture strength and fracture strain
increase dramatically with increasing cross sectional area. Finally, orientation
dependent diamond nanowires mechanical properties are studied. Three crystal
orientations DNWs have been considered, that is [111], [001] and [011] crystal
orientations. All DNWs cross-sectional areas considered here are about 4.58 nm2.
The relationships between crystal orientations and stress–strain responses for these
three crystal orientations DNWs are shown in Fig. 5.11. For [001] crystal orien-
tation DNWs, the yield strength is 63 GPa and the Young’s modulus is 688 GPa.
However, for [011] crystal orientation DNWs, Young’s modulus has a 74.7 % drop
and the yield strength has a 77.8 % drop, respectively. For [111] crystal orientation
DNWs, it will amount for 47.7 % in yield strength increase and 0.8 % in Young’s
modulus respectively. In particular, Young’s modulus in [111] crystal orientation is
significantly larger than in [001] and [011] crystal orientations. It has also indicated
that Young’s modulus in all DNWs considered here are lower than those of bulk
diamond.

5.3.3 Density and Compressibility Properties of Diamond
Nanowires

Dubrovinskaia et al., reported the synthesis of aggregated diamond nanorods
(ADNRs) from fullerene C60 at 20(1) GPa and 2,200 °C using a multianvil
apparatus [26]. Individual aggregated diamond nanorod is of 5–20 nm in diameter
and longer than 1 µm. The X-ray density of diamonds with natural abundances of

Fig. 5.11 Stress–strain
curves with DNWs in [111],
[001] and [011] crystal
orientations at 300 K. Also
shown are data of bulk
diamond computed in this
simulation. Reproduced from
[120]. Copyright 2011,
Elsevier
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isotopes is 3.515–3.519 g/cm3. The lattice parameter of ADNRs obtained from
X-ray powder diffraction is 3.5617(3) Å, and consequently, the X-ray density of the
material is 3.528(1) g/cm3, *0.2–0.4 % higher than that of usual diamond
[121, 122]. The samples synthesized in a multianvil apparatus have a cylindrical
shape that allows us to determine their volumes. The measured density of the
ADNRs bulk sample was found to be 3.532(5) g/cm3 in good correspondence with
X-ray data. This result is in agreement with theoretical calculations of the structural
relaxations of the diamond nanowires [83]. Although exact crystallographic con-
figuration realized for individual rods in ADNRs was not theoretically considered in
[83], the main conclusion, that the outerlayer contraction, characteristic for diamond
nanowires, causes shortening of the C–C bonds, may explain higher density of
ADNRs. ADNRs are more than by 11 % less compressible than normal diamond
that makes it, an incompressible form of carbon. It has also the lowest experi-
mentally determined compressibility [123].

5.3.4 Phonon Optical Mode and Electronic Structure
of Diamond Nanowires

The electronic structure of the polyicosahedral diamond nanowires and conven-
tional diamond nanowires were determined by Tanskanen through quantum
chemical calculations [114]. As shown in Table 5.2, comparing with the dia-
mondoids, the HOMO–LUMO gaps of polyicosahedral diamond nanowires is
smaller. The gaps are generally smaller for the polyicosahedral diamond nanowires
with larger diameters and longer length. For conventional diamond nanowires, as
shown in [114], the band gaps have the same trend as the band gaps calculated for
the polyicosahedral DNWs.
It is well-known that phonon properties play an important role in the considered
systems because of their significance for the analysis of various physical processes,
such as, charge and thermal transport, and optical transitions, hence phonon band
structures of Si and Ge nanowires have been investigated through DFPT (density
functional perturbation theory) [124, 125]. Recently, A local bond-polarization
model based on the displacement–displacement Green’s function and the Born
potential are applied to study the confined optical phonons and Raman scattering of
diamond nanowires (DNWs) by Trejo et al. [126]. Also, the electronic band
structure of DNWs are investigated by means of a semi-empirical tight binding
(TB) approach and compared with density functional theory (DFT) within local
density approximation (LDA). The results show that the highest-frequency Raman
peak shifts to lower frequencies as the nanowire width increases, due to phonon
confinement, in concordance with the experimental data [127]. The calculations of
electronic band structure from TB for DNWs with d = 0.50, 0.37, and 0.25 nm
have been solidly shifted by d = 4.58, 3.43, and 2.69 eV, respectively. It can be
seen that the good agreement continues for the VBM but the LDA band gap
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underestimation becomes greater when reducing size of DNWs. It is worth to
observe that DFT–LDA band gap is always direct. Meanwhile, the TB one is
indirect for all cases. The difference between the conduction bands could be due to
that the s* orbital has non d-wave symmetry and additionally the geometry opti-
mization is absent in the TB calculations. The calculation results also showed that
the almost linear decrease in the band gap when the width of the diamond nano-
wires is increasing, and the important contribution of hydrogen atoms to the
electronic states around the conduction band minimum (CBM).

5.3.5 Thermal Conductivity of Diamond Nanowires

On the basis of the high thermal conductivity of bulk diamond, DNWs may have
thermal conductivities that rival CNTs. Moreover, the thermal conductivity of
DNWs may be less sensitive to surface functionalization than modeling suggests for
CNTs [128], thereby providing a potentially important mode for enhancing heat
transfer within a nanocomposite via cross-linking. On the other hand, the nano-
meter-scale dimensions of DNWs may severely reduce their thermal conductivity
compared to bulk diamond. Experiments and theoretical analysis by Novikov et al.
[129], for example, show that thermal conductivity in polycrystalline diamond thin
films is severely reduced as grain sizes approach the nanometer scale due to phonon
scattering. Moreland et al., used simulations to characterize the thermal conduc-
tivity of a (10,10) CNT and a diamond nanowire [130]. They showed that the
conductivity of the diamond nanowire is significantly less than that of the CNT but
that the calculated values for the thermal conductivity for both structures depends
on the choice of thermostat. Padgeet et al. reported thermal conductivity calcula-
tions using classical trajectories of hydrogen-terminated and functionalized DNRs
with a [110] long axis, and cross sectional radii and lengths ranging from 0.578 to
1.606 nm and from 0.016 to 0.128 µm, respectively [131]. The simulations predict
that thermal conductivities for DNRs with hydrogen surface termination are about a
factor of 4 less than previously calculated values for pristine (10,10) CNTs. To
study the effect of surface functionalization on thermal conductivity, structures on
which attached phenyl groups replace surface hydrogen have been modeled. The
simulations indicate that the thermal conductivities of DNRs are much less influ-
enced by surface functionalization than are thermal conductivities of CNTs, sug-
gesting that DNRs are a viable alternative to CNTs for thermal management in
nanocomposites. The simulation results show a strong dependence of thermal
conductivity on length and radius of the DNRs for both the hydrogen-terminated
and surface functionalized structures. Guo et al. presented non-equilibrium
molecular dynamics simulations on geometry and temperature dependent thermal
conductivities of diamond nanowires [132]. The calculated results indicated that at
temperature 300 K, diamond nanowire thermal conductivities increase with increase
in length and cross-sectional areas. It is also found that at the same length,
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temperature and cross-sectional area, thermal conductivities of the [011] crystal
orientation DNWs are larger than those in the [001] and [111] crystal orientation
DNWs. All diamond nanowires thermal conductivities considered in this work are
smaller than those of the corresponding orientations bulk diamond. Additionally, in
the temperature range 0–1,000 K, diamond nanowire’s thermal conductivities ini-
tially increase with increasing temperature, and then decrease. Geometry and
temperature effects on diamond nanowires thermal conductivities can be explained
well by calculated densities of phonon states.

5.3.6 Electrochemical Properties of Diamond Nanowires

Planar boron-doped diamond (BDD) electrodes have been recognized as one of
the most promising electrode materials and sensing platforms due to the unique
physical properties of the diamond film. The diamond interface is chemically stable,
exhibits favourable biocompatibility and shows an enlarged potential window
together with a low background current, as compared to other electrode materials
such as gold or glassy carbon [133]. Boron-doped diamond (BDD) has been rec-
ognized as the best electrode material for electrochemistry, since diamond elec-
trodes have unique features like (a) high chemical stability, (b) no easy fouling,
(c) good biocompatibility, (d) low background current, and (e) wide potential
window [133], etc. The electrochemical background current of BDD in phosphate
buffer is ten times lower than that of gold electrode and 400 times lower than that of
glassy carbon electrode. In addition, diamond shows strongest bonding stability to
deoxyribonucleic acid (DNA) [5]. Applications of diamond electrodes in electro-
chemistry [6–8] and in biosensors [9–11] have been well demonstrated. The elec-
tronic and chemical properties can be tuned by changing the surface termination of
diamond [134]. BDD electrodes have been consequently used for a wide range
of electrochemical applications [6, 133]. In the past years, diamond nanowires was
motivated by increasing the surface area of the electrode to achieve higher sensi-
tivity and selectivity, as compared to planar BDD interfaces [41, 42], for giant
surface-to-volume ratio enhancements. For example, experimental results show that
the good biocompatibility and electron transportation ability of nanograss array
BDD greatly improve the direct electron transfer and can make it suitable for the
anode of high performance MFC [135]. The nanograss array BDD showed higher
electrocatalytic activity toward the catechol detection than did the as-grown BDD
planar electrodes [136]. BDD nanograss array can enhance the chemiluminescence
signals from the Ru(bpy)3

2+/TPA system, due to the superior properties of the BDD
nanograss array, such as improved electrocatalytic activity and accelerated electron
transfer [137]. In addition, nanotextured diamond nanowire surfaces are promising
to be applied as a novel platform to achieve direct electrochemistry of redox pro-
teins and to construct novel biosensors [138].
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5.4 Application of Diamond Nanowires

5.4.1 Field Emission from Diamond Nanowire

Diamond is a good candidate for solid-state electronics emitters because of its
negative or very low electron affinity [139]. Electron emitters can be used in
vacuum microelectronics such as Spindt-type emitters. Diamond has a negative
electron affinity (NEA) when the diamond [111] surface is terminated by hydrogen
[139, 140]. Nishimura et al. reported that the diamond [100] surface also exhibits
the NEA property [141]. NEA permits diamond to be a superior field emitter [142].
Defects at the diamond tip may further assist the emission by providing a focal
point for both field and current [143]. There are many reports concerning field
emission from chemical vapor deposited (CVD) diamond nanocrystals or diamond-
like carbon thin films. Up to now, a few examples on synthesis and field emission
studies from 1D nanowire diamond-based systems have appeared.

5.4.1.1 Electron Field Emission (EFE) from Planar Diamond Nanowire
Arrays Film

Electron field emission of nanodiamond emitter arrays was reported by Madaleno
and his coworkers [68]. The EFE was measured using a parallel plate diode structure
(Fig. 5.12). Emission starts abruptly when the applied field reaches 5.5 V/µm. This
type of phenomenon was also reported by Jiang et al. [144] and Gupta et al. [145] in
the case of NCD films. A small plateau can be observed in the current density,
between 5.5 and 7 V/µm. The emission does not increase even with the increase of
the applied field. A similar behavior was reported by Gan et al. [146] in the electron
emission from hydrogenated natural diamond. A high emission current density of
10 mA cm−2 at 12 V/µm has been obtained from NCD microtip arrays. This value is
comparable to those of high quality NCD diamond films deposited on silicon sub-
strates. The field enhancement factor β can be taken from the slope of the FN plot if
we assume a work function of 4.6 eV, typical for graphitic materials. The experi-
mental field enhancement factor is β = 2,000. This value is extremely high. Shang
et al. reported the growth of ultrathin diamond nanorods (DNRs) by a microwave
plasma assisted chemical vapor deposition method, using a mixture gas of nitrogen
and methane [84]. DNRs have a diameter as thin as 2.1 nm, which is not only smaller
than reported one-dimensional diamond nanostructures (4–300 nm) but also smaller
than the theoretical value for energetically stable DNRs. Together with diamond
nanoclusters and multilayer graphene nanowires/nano-onions, DNRs are self-
assembled into isolated electron emitting spherules and exhibit a low-threshold, high
current-density (flat panel display threshold: 10 mA/cm2 at 2.9 V/µm) field emission
performance, better than that of all other conventional (Mo and Si tips, etc.) and
popular nanostructural (ZnO nanostructure and nanodiamond, etc.) field emitters
except for oriented CNTs. Very recently, Sankaran et al. reported the synthesis of
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conducting diamond nanowires (DNWs) films by N2-based microwave plasma
enhanced chemical vapor deposition [147]. The EFE properties of the DNWs
encased by the highly conducting graphite were tested. The results show emission
current density, J, as a function of the applied electric field, E. It reveals a low turn-
on field of 4.35 V/μm at a current density of 3 μA/cm2. In addition, the current
density increases rapidly and reaches the large magnitude of ∼3.42 mA/cm2 at the
field of 9.1 V/μm. The DNWs film exhibits far more efficient EFE properties of
lowest E0 and highest Je values than that of other diamond related materials reported
previously [148–150]. This excellent EFE feature of DNWs films evidence a high
potential for flat panel display applications [151].

5.4.1.2 Electron Field Emission from a Single Diamond Nanowire

Hsu and Xu reported for the first time the measurement of the field emission from a
single diamond nanowire from the samples synthesized by catalyst-assisted atmo-
spheric-pressure chemical vapor deposition method [95]. The result, shown in
Fig. 5.13, is an I–V plot with a near-linear Fowler–Nordheim (F–N) relationship
and reveals an ultra-low threshold electron field emission. When taking ϕ = 5 eV
for diamond as Shiraishi suggested [152], it was found that the field enhancement
factor b reached *60,000. This is almost two orders of magnitude larger than the
factor reported for carbon nanotube field emitters (*1,000) [153]. It is also worth
noting the low threshold field (ETH). The threshold field is defined as the applied
field required for an emission of a certain current, which was set to be 100 nA. The
authors then compared their diamond nanowire to the field emission characteristic
obtained by a single 80 nm diameter carbon nanotube reported by Smith and Silva
[154]. The diamond nanowire’s threshold field of 1.25 Vμm−1 is four times lower
than the carbon nanotube’s 5 Vμm−1. The possible reasons for such a remarkable

Fig. 5.12 Schematic diagram representing electron flow from Si substrate until emission at the
fiber tip (left); and Plot of the emission current density versus external electric field of
as-synthesized NCD microtip array (right). Inset: corresponding FN plot. Reproduced from [68].
Copyright 2008, American Physical Society
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high field enhancement factor (sixty times higher) and low threshold field (four
times lower) of the diamond nanowire over carbon nanotubes are the negative
electron affinity, the greatly intensified field at the tip of a large curvature and the
possible defects at the nanowire tip, which itself is a “geometric singularity” [155].
Furthermore, the chemical inertness, high mechanical strength and high thermal
conductivity of the diamond nanowires allow them to endure a longer and more
intense emission. In addition, the wide band gap and the chemical inertness make
diamond nanowires suitable for applications in high temperature and aggressive
environments such as space or military applications.

5.4.2 Diamond Nanowires for Highly Sensitive Matrix-Free
Mass Spectrometry Analysis of Small Molecules

Diamond-like carbon (DLC), an amorphous carbon with mixed levels of sp3 and
sp2 hybridized carbons, has been successfully used for matrix-free laser desorption/
ionization mass spectrometry (LDI-MS) particularly for the analysis of small
metabolites such as carbohydrates, lipids, and low-molecular-weight peptides
[156]. More recently, Coffinier et al. reported, for the first time, on the use of boron-
doped diamond nanowires (BDD NWs) as an inorganic substrate for matrix-free
LDI-MS analysis of small molecules [51]. The diamond nanowires are prepared by
reactive ion etching (RIE) with oxygen plasma of highly boron-doped (the boron
level is 1019 B cm−3) or undoped nanocrystalline diamond substrates. The resulting
diamond nanowires are coated with a thin silicon oxide layer that confers a

Fig. 5.13 Field emission data obtained from an individual diamond nanowire in an SEM by a
nanomanipulator. The inset presents the emission current data plotted in Fowler–Nordheim
coordinates, demonstrating the field emission behavior of the diamond nanowire. Reproduced
from [95]. Copyright 2012, Royal Society of Chemical
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superhydrophilic character to the surface. To minimize droplet spreading, the
nanowires were chemically functionalized with octadecyltrichlorosilane (OTS) and
then UV/ozone treated to reach a final water contact angle of 120°. Figure 5.14a
shows the mass spectrum of the peptide mixture obtained on BDD NWs interface.
As it can be seen, all peptides have been detected with relatively high signal
intensity. As a control, the same experiment was performed on a planar nanocrys-
talline BDD, i.e., the same interface without any RIE step process etching. The
absence of peaks in the MS spectrum (Fig. 5.14b) clearly indicates that the presence
of nanostructures on the BDD substrate is mandatory for achieving D/I of biomol-
ecules. The signal to noise (S/N) ratio values obtained on BDD nanowires are 1,078,
431, 55 and 59.3 for [Des-Arg1]-bradykinin, angiotensin I, [Glu1]-fibrinopeptide B,
and neurotensin, respectively, whereas those obtained on UDD nanowires are 115,
44, 8.3 and 4.3. We can notice that the S/N ratio values obtained using the UDD
NWs are very low in comparison with those of BDD NWs, suggesting that to reach
an efficient D/I on diamond, the surface should be nanostructured with a dense layer
of wires and display antireflective properties. Boron-doped diamond nanowire
substrate was successfully used as an energy absorbing material under UV laser
irradiation, allowing D/I of small molecules and their mass spectrometry analysis.

5.4.3 Suspended Single-Crystal Diamond Nanowires (SCD)
for High-performance Nano-electromechanical
Switches

The current N/MEM switches based on silicon technologies are suffering from
problems of stiction, abrasion, and poor mechanical and tribological properties,
leading to the poor reliability of the electric contacts [134, 157]. In particular,

Fig. 5.14 MS spectra obtained for a peptide mixture (50 fmol uL−1) on BDD NWs (a) and
NcBDD starting material (b) substrates. Reproduced from [51]. Copyright 2012, Royal Society of
Chemical. a Boron-depod diamond nanowires. b Boron-doped diamond
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silicon-based switches are not able to work under extreme conditions such as high
temperature, environments with corrosive chemicals, high-speed/high-power
radiofrequency switches, etc. Diamond is the ideal material for high-performance
N/MEMS devices due to its outstanding properties such as its extremely high
Young’s modulus, the highest hardness, hydrophobic surface, low mass density, the
highest thermal conductivity, high corrosion resistance upon caustic chemicals, and
biocompatibility. However, all the reported diamond N/MEMS devices are based
on polycrystalline or nanocrystalline films, which have the disadvantages of the
existence of grain boundaries, impurities, and large stress in the films; difficulty in
electrical conductivity control; and poor reproducibility [158, 159]. Therefore,
N/MEMS devices made from these diamonds suffer from degradation in perfor-
mance and poor reproducibility.

Liao et al. demonstrate high-performance all-SCDNEM switches by developing a
batch fabrication process for suspended SCD nanowires with well-controlled
dimensions and by proposing a lateral device concept [30]. The SCDNEMS switches
utilize a unique concept of diamond (conductor)-on-diamond (insulator), different
from those of silicon-based technology. It is revealed that the SCD NEM switches
exhibit no stiction, high controllability, high reproducibility, high-temperature sta-
bility above 500 K, and repeated switching. This work not only opens a novel class of
NEM switches with all diamond, based on the concept of diamond-on-diamond, but
also has an extensive impact on the field of NEMS. The NEM switching devices
exhibit extremely low leakage current (<0.1 pA), which provides a high ON/OFF
ratio of more than six orders of magnitude. The power consumption of this device in
the OFF state is lower than 1 pW, which was calculated from the gate voltage and
source leakage current. High Young’s modulus of SCD nanowires provides a high
lateral resonant frequency for high-speed switching. For example, the lateral fun-
damental resonant frequency for the cantilever with a width of 400 nm and a length of
5 μm reaches around 50 MHz, corresponding to a maximum switching speed of
20 ns. The speed could be as fast as 3 ns if the cantilever length is reduced to 2 μm.
With the steady development of SCD wafer technology, accompanied by cost
reduction, the diamond NEM switch may rival Si-NEMS structures. In particular, the
resulting switches are powerful under harsh environments due to the all-SCD nature.
On the other hand, since no p–n junction is required for NEM switches, the challenge
of shallow doping in semiconductor diamond that has remained for decades can be
circumvented by using the electromechanically switching approach [160, 161].

5.4.4 Diamond Nanowires for Electrochemical Sensor

BDD electrodes have been consequently used for a wide range of electrochemical
applications [6, 133]. In the past years, diamond nanowires was motivated by
increasing the surface area of the electrode to achieve higher sensitivity and
selectivity, as compared to planar BDD interfaces [162–165].
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5.4.4.1 Diamond Nanowires for DNA Sensing

Yang et al. introduced for the first time the electrochemical application of vertically
aligned diamond nanowires for DNA sensing. Nanowires separated by approxi-
mately 11 nm were selected because anchoring DNAmolecules onto these wires will
result in a density of DNA of about 1012 cm−2, which is promising for DNA sensing
with high efficiency [19, 42, 43]. The tips of the nanowires were functionalized
electrochemically with phenyl groups. Such functionalized nanowires are used to
bond geometrically controlled oligonucleotide molecules to diamond. As DNA self-
aligns with the phenyl linker groups, functionalization of the nanowire tips produces
a pattern of dispersed DNA bonding governed by the nanowires’ structure. Sensi-
tivity curves for DNA hybridization were measured by varying the concentration of
complementary target DNA from 1 to 10 pM. Sensing with diamond nanowires is
about 100–1,000 times better than with smooth surfaces of Au or polycrystalline
diamond. To identify the sensitivity limit exactly, experiments with between 0 and
10 pm of complementary DNA were performed, and the results indicate a sensitivity
limit of around 2 pm. No degradation of the DNA on the nanowires was detected
over 30 cycles of DNA hybridization/denaturation, which is comparable with the
chemical stability of optical DNA biosensors from diamond [5].

5.4.4.2 Diamond Nanowires for Amperometric Glucose Biosensing

Our group [69] reported synthesis of boron-doped diamond nanowires arrays film
by hot filament chemical vapor deposition (HFCVD) method using Si nanowires as
template. This BDDNF electrode exhibits very attractive electrochemical perfor-
mance compared to conventional planar boron-doped diamond (BDD) electrodes,
notably improved sensitivity and selectivity for biomolecule detection. As shown in
Fig. 5.15a, it is clear that the electrochemical response to glucose at the BDDNF
electrode is very fast in reaching a dynamic equilibrium upon each addition of the
sample solution, generating a steady-state current signal within a short time (less
than 20 s). The calibration curve for the electrochemical responses of the BDDNF
electrode to glucose at 0.7 V (vs SCE) in the concentration range between 0 and
15 mM is shown in Fig. 5.15b. The response to glucose displays a linear range from
0 to 7 mM with a correlation coefficient (R) of 0.993 and a sensitivity of
8.1 uA mM−1 cm−2 (slope). The limit of detection was estimated at a signal-to-
noise ratio of 3 to be 0.2 ± 0.01 uM. The loss of the electrochemical activity was
about 8 % after 150 repetitive cycles, suggesting that the BDDNF electrode is
relatively stable owing to its inertness of the H-terminated diamond surface
(Fig. 5.15c). Moreover, BDDNF electrode is very favorable for the selective
determination of glucose in the presence of AA and UA.
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5.4.4.3 Diamond Nanowires for Tryptophan Sensing

Szunerits et al. reported on the fabrication and electrochemical investigation of
boron-doped diamond nanowires (BDD NWs) electrodes [50]. The nanowires were
obtained directly from highly doped polycrystalline diamond substrates using
reactive ion etching (RIE) with oxygen plasma. The interface with the most
favorable electrochemical response is investigated for the detection of tryptophan
using differential pulse voltammetry. A direct detection of tryptophan using
differential pulse voltammetry (DVP) was previously reported on polycrystalline
BDD by Zhao et al. [166]. A linear relation between the oxidative peak at
E ≈ 1.02 V/SCE and the concentration of tryptophan was observed with a detection
limit being 1 × 10−5 M. In this work, the authors used similar conditions for the

Fig. 5.15 a Current time responses of the BDDNF and BDD electrodes to a stirred solution
containing 0.1 M NaOH at an applied potential of 0.7 V (vs SCE). b Calibration curve of the
BDDNF electrode at a working potential of 0.7 V (vs SCE). c Long-term electrochemical cycling
stability of the BDDNF electrode for 1.5 mM glucose. Reproduced from [69]. Copyright 2009,
American Chemical Society
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electrochemical detection of tryptophan on oxidized BDD NWs interfaces. As
shown in Fig. 5.16, A detection limit of 5 × 10−7 M was obtained on BDD NWs.
This is significantly lower than on planar polycrystalline BDD [166], but an order
of magnitude higher than reported on glassy carbon electrodes modified with sin-
gle-walled carbon nanotube films [167].

5.4.4.4 Diamond Nanowires for Dopamine Sensing

Shalini et al. reported in situ detection of dopamine using nitrogen incorporated
diamond nanowire electrode [87]. DNW films were grown on planar Si substrates
using a microwave plasma enhanced chemical vapor deposition (MPECVD)
method. The N2-rich plasma lead to increase in sp2 graphitic phase and the nano-
wire-like structure could be responsible for outstanding electrochemical properties,
and exhibits a considerable degree of potential on the bio-sensing platform. The
N2-incorporated DNW film electrodes show excellent electrocatalytic activity
towards the oxidation of small molecules, such as AA, DA, and UA. The elec-
trochemical behavior of N2-incorporated conducting DNW films has been studied
by CV and DPV in both the absence and presence of AA and UA. The results of
DPV show that N2-incorporated DNW electrodes exhibit highly electro-catalytic
activity to the oxidations of AA and UA. High selectivity and reliable antifouling
ability may promote the DNW film electrodes to be an effective sensor for direct
determination of AA, DA, and UA in a real sample.

Fig. 5.16 a Differential pulse voltammograms of different concentrations of tryptophan (50, 25, 5,
0.5 uM) in Na2PO4/NaOH (pH 11) on oxidized BDD NWs; b calibration curve. Reproduced from
[50]. Copyright 2010, Elsevier

154 Y. Yu et al.



5.5 Conclusions and Outlook

Numerous efforts have been directed to develop the various synthetic methods to
prepare diamond nanowires, including reactive-ion-etching, plasma post-treatment
carbon nanotubes, transfer fullerene to diamond nanowires at high temperature and
high pressure, template or catalyst assisted CVD method, and so on. Template-
assisted synthesis may be an effective approach for realization of reproducible dia-
mond nanowires due to its unparalleled ability to produce highly controlled
nanostructures.

On other hand, simulation and experiments have verified that 1D diamond
nanowires possess excellent properties, including mechanical, electron field emis-
sion, structural stability, good electrochemical properties and so on. Many practical
applications, such as EFE device, high-performance nano-electromechanical
switches, and electrochemical biosensor etc., have been exploited. However, the
promise of the application of the diamond nanowires has not been fulfilled. For
example, despite the impressive progress in the development of BDD-based
amperometric biosensors, the promise of the application of these biosensors in real
biological systems has not been fulfilled, and there are still many challenges and
obstacles related to the achievement of a highly stable and reliable continuous bio-
molecules monitoring.

Future developments will rely upon large-scale synthesis of diamond nanowires,
and the close collaboration of analytical technology, electrochemistry, biological
engineering, nanoelectronics and other relative technologies to ensure its effective
application. Continued investigation into this area will likely yield many new
synthetic approaches and open up larger application space of diamond nanowires.
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Chapter 6
Nanoparticle-Based Diamond Electrodes

Geoffrey W. Nelson and John S. Foord

Abstract This chapter reviews the construction, modification, and physical char-
acteristics of two types of diamond electrodes: nanoparticle-modified diamond
electrodes (NMDE) and detonation nanodiamond-based electrodes (DNDE). These
particular types of diamond electrodes show great promise for improving the per-
formance of diamond electrodes via the incorporation of nano-scale chemistry at their
surfaces. The construction of both types of electrodes are reviewed, along with the
resultant physical and electronic effects. The methods reviewed here are particularly
applicable for electroanalytic and electrocatalytic applications of nanoparticle-based
diamond electrodes. A brief review of progress on the interactions between metals
and diamond at nanoparticle-based electrodes is also included. Finally, an outline of
the present state-of-the art research in this field is presented.

6.1 Introduction

Carbon based materials have the potential to be an important class of materials for
21st century technologies. One particular carbon-based material has rather extreme
properties—diamond. For several decades now, researchers have been excited by
its transparency, extreme hardness, high thermal conductivity, bio-compatibility,
and chemical resistance [1]. Examples of its utility abound. For instance, diamond
is made conductive when doped, thus creating an useful electronic material. In this
form, diamond can be used in biosensors, electroanalytical devices, and as a cat-
alytic support in fuel cells [1–4]. At the cutting-edge of diamond research are efforts
to investigate how nitrogen vacancies in diamond could be crucial to a functioning
quantum computing device [5, 6]. The present interest in diamond remains high, as
exemplified by the many reviews that describe the historical development, prop-
erties, and synthesis of this unique functional material [1, 7–12].
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There exist many types of diamond, both natural and synthetic. However, it is
the conductive forms of diamond which shows the most promise as a functional
material. Conductive diamond is counter-intuitive, as diamond is usually consid-
ered an insulator. However, when doped to a 1:1,000 ratio of an intentionally added
impurity (e.g. B or N), diamond can become a wide band-gap semiconductor [1]. In
1986, Fujimori et al. [13] were the first to develop a polycrystalline conductive
diamond film using chemical vapour deposition (CVD) and boron-doping. Since
then, boron-doped diamond (BDD) has become a commercially important material
(i.e. Element Six, U.K.) and his heavily used for electrochemical applications.

The p-type semiconducting properties of BDD have desirable electrochemical
properties, such as its low signal to background current ratio, wide potential win-
dow, robust nature, chemical resistance, and bio-compatibility [1]. BDD also does
not suffer from extensive surface corrosion, oxide formation, or have unwanted
electrical interactions with deposited catalyst, thus making it a useful substrate for
fundamental chemical studies of electrocatalysis [10]. Its most unfavourable trait is
its relative lack of electroactivity, compared to other carbon-based materials [14].
This is due to a reduced surface concentration of the following: sp2 carbon, delo-
calised electrons, and oxygenated species. These characteristics reduce its electro-
activity towards several chemical reactions of industrial and biological importance,
such as the methanol oxidation reaction (MOR), oxygen reduction reaction (ORR),
and neurotransmitter redox reactions. Thus, to make a practical diamond-based
device, some modification of the diamond surface or structure is needed.

Many of the physical, wet chemical, and electrochemical routes leading to
improved electrical properties are well-reviewed by others [4, 11, 14–16]. Of the
many possible modifications, the incorporation of nano-scale chemistry to the
surfaces and structure of diamond is of tremendous recent interest. The two most
interesting research pathways are the nanoparticle modification of diamond, and the
use of unmodified or modified diamond nanoparticles. An example of each type of
substrate and their modification is shown in Figs. 6.1 and 6.2.

Diamond could be modified by a film of metal or metal oxide, but this is an
expensive process. It is also a process which does not benefit from the well-known
catalytic properties of nano-particulate metals and metal oxides. For instance, bulk
gold is relatively inert, but in nanoparticle form it is highly catalytic towards certain
redox reactions, such as the ORR [17]. The properties of BDE make it an effective
and stable support for these NPs. The modification of BDE with metal and metal
oxide NPs has been recently reviewed by Toghill and Compton [14]. In their
review, they detail how BDE electrochemistry is enhanced by the high surface area,
improved reactivity, and zero-overlap of diffusion zones, thereby ensuring maxi-
mum mass transfer of analytes or molecules to the surface [14]. The adsorption of
reactants is different at nano-sized particles, compared to their macro-sized coun-
terparts [18]. Also, the exploitation of quantum effects to enhance electrochemical
reactions is possible on nanoparticles-based electrodes [18]. Consensus suggests
that sub-monolayer coverage of nano-sized metals or metal oxides are effective
catalysts for energy conversion and fuel cell applications.
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Alternatively, diamond can be made nano-sized via detonation of explosives in
oxygen-rich environments. Unlike its bulk counterpart, detonation nanodiamond
(DND) is electroactive in its undoped form. This remarkable property is due its
“giant” surface area, coupled with a surface chemistry rich in reactive oxygen spe-
cies, sp2 carbon, unsaturated carbon bonds, and delocalised electrons [19]. The redox

Fig. 6.1 SEM and AFM images of nanoparticles on boron-doped electrodes: SEM of BDD
electrodes with Au nanoparticles after potentiostatic deposition at −0.4 V for a 10 s and d 60 s.
AFM (tapping mode) of boron-doped diamond electrodes with Ni(OH)2 after potentiostatic
deposition in which Ni(OH)2 was electro-precipitated onto polycrystalline boron-doped diamond
electrode for b 1 s, c 15 s, e 30 s, and f 100 s. SEM images from Yamada et al. [218], with
permission from Elsevier (Copyright © 2008); AFM images reprinted with permission from [56],
Copyright (2011) American Chemical Society

Fig. 6.2 Images of detonation nanodiamond particles decorated with nanoparticles: a SEM image
of detonation nanodiamond powder surface decorated with Pt-RuOx deposited by the sol-gel
method; TEM (b) and HRTEM (c) images of DND powder decorated with Pt via microwave-
heating of ethylene glycol solutions containing H2PtCl6 and the detonation nanodiamond particles.
Figure adapted from Giancarlo et al. [67], with permission from Elsevier (Copyright © 2006) and
from Bian et al. [150], with permission from the International Journal of Electrochemical Science
(Copyright © 2012)
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behaviour of ND has been found to be “molecule-like”, with the reduction and
oxidation of the surface occurring at discrete electrochemical potentials [19]. This
relatively novel material is now used in advanced sensor and catalytical technologies.
Further information can be found in reviews by Holt [5] and others [20].

While there exist reviews on the topics of nanoparticle-modified diamond
electrodes (NMDE) [14] and DND-based electrodes (DNDE) [5, 11, 20], there are
no reviews detailing the progress made for their construction. If one wishes to
optimize the effects of nano-scale chemistry at diamond-based devices, it is clear
from the literature that the conditions of construction have a tremendous effect on
their physical and electrical properties. Thus, a review of the key considerations
required to create practical diamond electrodes is warranted.

Discussion will revolve around the use of these electrodes for electroanalysis and
electrocatalysis. These are the two most popular applications for boron-doped
diamond electrodes (BDE). Non-electronic or electrochemical applications will not
be discussed here; however, the methods discussed are applicable to the creation
of nano-composite materials in which diamond enhances their physical properties
(e.g. improved durability, coating technologies).

Of the many means to modify BDE, only those concerning the construction of
NMDE and DNDE will be discussed. These two types of modification have found
wide application in the fields of electroanalysis and electrocatalysis. The methods
used to construct them have a variety of chemical and physical consequences,
which need to be discussed in detail. Finally, we will briefly outline the present
state-of-the-art research concerning NMDE and DNDE.

6.2 Metal and Metal Oxide Nanoparticle Coated
Diamond Electrodes

6.2.1 Choice of Material

Metals, metal alloys and metal oxides have all been used in electroanalytical and
electrocatalytical applications [14], as summarized by Table 6.1 and seen in
Fig. 6.1, in the case of Ni(OH)2 and Pt deposition. Common reasons for choosing a
particular material include: chemical aim, chemical environment, compatibility with
deposition method, stability, and cost.

The chemical aim is the most important parameter. Metals, metal oxides, and
alloys/composites are useful in a variety of chemical systems, as listed in Table 6.1.
Notably, Au and Pt are popular materials due to their versatility and catalytic
properties. Metal oxides are useful in photocatalytic applications and as alternatives
to bimetallic alloys in direct methanol oxidation fuel cells [21]. Bimetallic alloys
have advantages compared to their single metal counterparts, whereby metal-metal
interactions (e.g. bifunctional mechanism, metal back-bonding) can increase
reaction rates and decrease poisoning of reaction sites of a single metal catalyst
(see Pt-based alloys in Table 6.1) [22–24]. Chemical aims may require other
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Table 6.1 Materials, methods, and applications of nanoparticles on BDE

Material Method References Applications

Metals

Pt Spontaneous wet
chemical

[57] H2O2 evolution, alcohol
oxidation, electroanalysis
(arsenite, enzymes), ORR.
fuel cell technologies

Wet chemical assisted [35]

Potential step [31, 105, 219]

CV/potential cycling [36, 54, 76]

Multi-step
electrodeposition

[76]

Potentiostatic [31, 36, 43,
105]

Microemulsion [101]

Sputtering/ion impact [40, 63, 64]

Thermal salt
decomposition

[105]

Electrochemical
deposition

Linear potential sweep [54]

Galvanostatic [104]

Pulsed galvanostatic [44]

Sol-Gel [68, 69]

Sb Potentiostatic [220] Electroanalysis of
heavy metals

Bi Potentiostatic [95] Electroanalysis of
heavy metals

Co Potentiostatic [79] H2O oxidation catalyst

Photoreduction [221]

Ni Potentiostatic [110] Alcohol oxidation,
biosensingMetal implantation [65, 66]

Fe Potentiostatic [222] H2O2 detection,
electroanalysis

Pb Potentiostatic [83] Electroanalysis of heavy
metals

Ir Metal implantation [64] Arsenic detection

Ag Spontaneous deposition [57] Perchlorate oxidation,
biosensing

Cu Spontaneous deposition [57] Nitrate detection,
biosensing, H2O2 detection,
CO2 reduction

Potentiostatic
Wet-chemical

[37]
[181]

Potentiostatic
cooulometry

[38]

Metal implantation [65]
(continued)
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Table 6.1 (continued)

Material Method References Applications

Au Spontaneous deposition [57] Biosensing (proteins,
neurotransmitters), ORR
catalysis, arsenite detection

Thermal salt
decomposition

[219]

Sputtering [61, 75]

Potentiostatic [55]

Self-assembly [27] See end of first column

Linear sweep
voltammetry

[77]

Electro-aggregation [223]

Pd Spontaneous deposition [57] Proton detection, hydrazine
detection, ORR catalysis,
neurotransmitter detection,
C=C and C–C bond
hydrogenation catalyst

Potentiostatic [50]

Bimetallic

Pt/Sn Microemulsion [74] Alcohol oxidation, pollutant
degradation

Pt-Ru Microemulsion [101, 102] Alcohol oxidation for fuel
cell technologiesPotential cycling [54]

Sequential and
Simultaneous
electro-deposition

[34]

Pt–Au Sputtering and
potentiostatic

[60] ORR

Metal Oxides

Pt-RuOx Sol-gel [33, 67] MOR catalysis, fuel cell
technologies

Pt-PrOx Multi-step potentiostat-
ic with electrogenera-
tion of oxide

[3] MOR catalysis, fuel cell
technologies

IrO2 Thermal salt
decomposition

[219] H2O2 detection, pH sensors

Potential pulsing [58]

Potential cycling [58]

Galvanostatic [58]

TiO2 Wet chemical
adsorption

[111] Solar cell technologies, H2

evolution, detection of
maleic acid, Ni2+, cyto-
chrome c, drinking water
purification

(continued)
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considerations. For instance, multi-step reactions may require more than one type of
nanoparticle, or the presence of a specific facet, shape or set of interfaces to be
present [25, 26]. The chemical effects or compatibility with stabilizers (e.g. Nafion),
conductive, and bio-compatible coatings (e.g. SAMs on Au) also need to be con-
sidered [27–30].

The chemical environment to which the electrode is exposed will dictate the type
of nanoparticles to be deposited. A crucial consideration is the use of toxic metals
(e.g. Pb, Ag) on an electrode to be used in biological environments. It may be better
to use a non-toxic metal, such as gold. The environment of fuel cells and batteries
can be either acidic or alkaline. The dissolution of metal nanoparticles in acids
makes their use in the former environment challenging. Metal oxides are an
alternative material, due to their increased stability in those harsh environments.
For biological applications, metal nanoparticles need to be modified with known
organo-metallic chemistry to render it more bio-inert and/or stable at the surface
(e.g. SAMs on Au, Ag).

The material must be compatible with the chosen deposition route. For instance,
metal nanoparticles are easily deposited using various electrochemical methods.
However, the deposition of metal oxides or alloys require more complex methods,
such as: multi-step electrochemical routes and sol-gel based methods [14]. The
deposition of metal oxides can occur by physical vapour deposition (PVD), with
recent advances promising to enable the deposition of core-shell metal oxides onto
surfaces (i.e. Mantis Deposition Ltd.).

Ideally, electrodes should be functional more than once. Therefore, the resultant
NP-modification must be stable, both physically and chemically. Some nanoparti-
cles, such as platinum, are known to have weak adhesion to diamond, thus moti-
vating the search for their increased stability at BDE [31, 32]. Stability is of utmost

Table 6.1 (continued)

Material Method References Applications

RuOx Sol-gel /electrostatic [88] Cl evolution, H2 evolution

FeOx Sol-gel [88] Oxidation of OH− to O2

Ni(OH)2 Electrogeneration of
OH at Ni particles

[56] Glucose, MeOH and EtOH
oxidation

PbOx Electro-deposition with
power ultrasound

[107] Ethylene glycol oxidation

Composites

Pt-Nafion Microemulsion with
Nafion

[102] Biosensing

Pt-Dendrimer Dendrimer
encapsulation

[219] Biosensing

Pt-
electropolymers

Electro-deposition/
polymerization

[28, 224] Biosensing (proteins,
neurotransmitters)
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importance in biological environments, where NPs are known to have inflammatory
properties in solution. The instability of metals can be resolved by using alternative
metal oxides, as exemplified by the replacement of Ti, Ta, Ti-Pd alloys on carbon-
based electrodes by RuO2 for electrocatalysis and chlorine evolution [33].

The cost of materials can be high, particularly those with the best catalytic
versatility and performance (e.g. Pt, Au). Although these materials have been
shown to be electroactive at extremely low loading rates (i.e. sub-monolayer), any
further reduction in cost, without sacrificing performance is attractive [14]. Many
strategies are used, including the use of cheaper materials (e.g. Ni, Pb, Sn, Fe, Cu,
Co) and the metal oxides [14], as outlined in Table 6.1. It is clear from this table
that these alternatives can be used for the same reactions as those of Pt and Au. The
use of an alternative material may offer superior performance, or reduce costs by
increasing nanoparticle stability and longevity.

6.2.2 Methods of Deposition

Ideally, nanoparticles should be deposited in a chemically active form, having small
size, uniform distribution, and low mass loading (<10 % of surface coverage); these
characteristics are associated with the best performing electrochemical and catalytic
diamond-based electrodes [14, 34]. The deposition method chosen is paramount to
achieving these results. The deposition methods in Table 6.1 can be generally
categorized by whether they utilise electrochemistry or not. These two general
approaches are discussed in this section.

6.2.2.1 Electrochemical Methods

Electrodeposition, in its various forms, is the most popular route towards metal
nanoparticle deposition. These methods share a common feature, with metal cations
from the appropriate salt (e.g. H2PtCl6) being reduced at the diamond electrode by
some applied potential (e.g. Fig. 6.1b) [14]. The deposition is further controlled by
the choice of electrochemical method, the deposition time, deposition potential,
metal ion concentration, scan rate, and number of deposition phases/stages [14].
The advantages and disadvantages of popular electro-deposition methods are
described here.

The potentiostatic method is most popular technique. This is certainly clear from
Table 6.1 and noted elsewhere [14]. Simply, it involves the exposure of the electrode
to a metal salt solution, followed by deposition at a fixed potential [14]. The depo-
sition conditions, such as applied potential, duration, and metal salt concentration are
easily tuned. For instance, it is accepted that deposition time is proportional to mass
loading for most nanoparticles [35–39]. An example of this phenomenon is dem-
onstrated by comparing Fig. 6.1a, d in the case of Pt deposition on BDE. The method
has disadvantages. As noted in several reports, potentiostatic deposition leads to poor
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particle adhesion, large particle size (cf. Fig. 6.1a, d), low mass loading, and
inhomogeneous distribution; all these characteristics could result in an impractical
diamond electrode, despite decent electrocatalytic performance [32, 40–42].

Changing the electrochemical method is often a useful strategy. Potential step
deposition methods, such as cyclic voltammetry (CV), linear sweep voltammetry
(LSV), potentiostatic step deposition (PSD), chronoamperometry, and galvanostatic
methods have all been used to control Pt deposition on diamond (see Table 6.1).
The first three alternatives lead to more uniform size and distribution of Cu and Pt
nanoparticles [35–39]. CV and LSV are slow techniques, but Welch et al. [38] have
noted that slowly increasing or decreasing the potential during deposition offers
better control over nanoparticle nucleation, growth, and mass loading. Chrono-
amperometry has the advantage of promoting high mass loading of Au particles via
enhanced mass transfer effects initiated by its use [42, 43]. Galvanostatic and pulsed
galvanostatic methods favour the growth of individual Pt particles, as these methods
minimize the overlap of reactant depletion zones [44]; lower pulse times and higher
applied currents lead to lower particle size and denser distribution [32, 44, 45].

Multi-step and/or multi-technique deposition is a successful means to minimizing
the disadvantages of any single method. The Foord group has shown that the
combination of potentiostatic and potentiostatic step deposition enables particles to
grow by both instantaneous and progressive nucleation stages [3]. Also, potentio-
static deposition followed by LSV increases and homogenizes particle size [37].
Combining electrodeposition with electropolymerization of a polymeric stabilizer
(e.g. Nafion) or conductive polymer (e.g. polyaniline) is an effective route towards
stabilizing nanoparticles on the diamond surface [46–48].

Deposition Conditions

The conditions at which deposition occur are extremely important. The most
important of which is that the potential applied to facilitate deposition must be
sufficient to drive the reduction of metal cations at the electrode [14]. The most
systematic studies have been conducted by the Compton group, notably their work
on Cu [38, 49], Pt, Pd [50, 51], Ag [49], Au [49], Ir [52] and other metals, as
reviewed here [14]. Vinokur et al. [53] demonstrated that the nucleation of Ag and
Hg on BDE depends on overpotential. The appropriate applied potential(s) can
provide a higher driving force for the deposition reaction, with the consequences of
higher nanoparticle nucleation rates, higher nanoparticle densities, and smaller sizes
[14, 41].

Caution and thought must be employed when choosing the applied potential(s).
Depositing at potentials near that of H2 or O2 evolution is problematic, as gas
bubbles can dislodge freshly deposited nanoparticles [41]. Also, the potential can
have desirable or undesirable chemical effects, such as H2 cleansing of Pt nano-
particles [41], the co-deposition of bimetallic alloys [54], the pre-concentration of
other ions at the interface (e.g. OH−, H+) [3], or the stripping of nanoparticles from
the electrode [38]. In addition, the choice of potential has been found to affect the
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shape of Au [55], Cu [37], and Pt [34] nanoparticles. Examples of these effects can
be seen by comparing Fig. 6.3a, c, as well as Fig. 6.3e, f pairwise. In the first pair, it
is clear that applied potential can affect shape, while in the second pair shows that
applied potential can affect particle size. For the deposition of metal oxides via an
electrochemical route, the choice of deposition potential is essential for the depo-
sition of the nanoparticle and the electro-precipitation of the oxide, due to local pH
changes at the nanoparticle surface during deposition [3, 56]. This can result in the
deposition of nanoparticles with controllable size and morphology compared to sol-
gel routes. An example of this electro-deposition is shown in Fig. 6.1a, for the case
of Ni(OH)2.

Other controllable conditions include the length of deposition, the scan rate, the
nature of the deposition solution. The length of deposition is generally proportional
to mass loading [3, 32] and is known to influence the morphology of deposition,
with longer times exploited to great larger particle sizes [32]. In the case of CV,
multiple scans can homogenize the size of nanoparticles, but not the particle

Fig. 6.3 Images of nanoparticles on diamond with electrodeposition influenced by applied
potential or concentration of metal salt in solution. (Top row) SEM images of gold nanoparticles
electrodeposited on boron-doped diamond surfaces: a Flower-like Au nanoparticles deposited at
+0.5 V versus Ag/AgCl in 0.2 M H2SO4 solution containing 2 mM HAuCl4; b Spherical nano-
gold deposited at +0.5 V versus Ag/AgCl in 0.2 M H2SO4 solution containing 0.2 mM HAuCl4;
c Convex polyhedron nano-gold prepared in same conditions as A, except at an applied potential
of −0.1 V versus Ag/AgCl. (Bottom Row) In situ tapping mode AFM images of cobalt grown on a
BDD surface from 10 mm Co(II) at potentials of e −1.05 V and f −1.15 V. Reprinted from Li et al.
[55] with permission from Elsevier (Copyright © 2006). Reprinted from Simm et al. [79] with
permission from Wiely-VCH (Copyright © 2006 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim)
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distribution [38]. Adjustment of the scan rate has been shown to promote facet
selective deposition of Pt on polycrystalline diamond [39]. At higher sweep rates,
particles preferred to deposit on the (111) facet, as dramatically shown in Fig. 6.4.
The sweep rate also affected shape and distribution, with the (111) facet having
more numerous and smaller particles than the (110) facet. Oxygenated surface
moieties are thought to concentrate on (111) facets. As mentioned in other sections,
the presence of oxygen functionality increases nanoparticle stability, nucleation,
and diamond is more electroactive in such regions [39].

The nature of the solution in which electrodeposition occurs is an important
consideration. The concentration of metal ions in solutions seems to affect the
nucleation pathway of Ag and Hg deposition [53]. In addition, concentration affects
nanoparticle shape. This is shown in Fig. 6.3, where a 10-fold dilution of HAuCl4
leads to spherical deposition, compared to “flower-like” shape at higher concen-
trations (see Fig. 6.3a, b) [55]. Adjusting concentration can have unusual effects. For
instance, the density of electrodeposited Ag nanoparticles is inversely proportional
to size, except at very dilute concentrations of the metal salt [57]. Other adjustments
to the type of solution and pH can be made. Additionally, the pH of the solution [27,
58] or local pH at the interface [3, 59] can affect electrodeposition. The latter has
been discussed in the previous section for the case of metal oxide deposition.

6.2.2.2 Non-electrochemical Methods

Non-electrochemical methods are used less frequently. They are often complex and
require advanced equipment, unavailable in most laboratories. Two of the more
common techniques are briefly discussed here.

Fig. 6.4 Scanning electron microscopy image of Pt nanoparticles on boron-doped diamond
deposited with potential cycling from −0.8 V to +1.6 versus Ag/AgCl in 0.5 M H2SO4 at a sweep
rate of 500 mV/s. The (111) facet edge is clearly visible. Reprinted with permission from
Gonzalez-Gonzalez et al. [21], Copyright (2009) American Chemical Society
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Physical vapour deposition techniques, such as ion impact and sputtering
depositions are effective in vacuo methods for depositing nanoparticles on diamond.
Both techniques vaporise metal from a source, but the former accelerates the ions
by 800 keV towards the sample, rather than merely coating the surface by physical
deposition [14]. Often, these techniques are used to modify CVD diamond films
during their creation. For instance, DC magnetron sputtering was used by the Swain
group to create Pt-sandwich electrodes, in which a Pt layer was sputtered between
two CVD grown layers, halfway through the CVD process [40]. Bimetallic depo-
sition is possible if two or more metal sources are in the vacuum chamber. Uniform
nanoparticle distribution is often the result of using a PVD method, as nanoparticle
deposition is relatively unaffected by the inhomogeneous distribution of boron at
BDE or by grain boundaries [42]. Heat treatment post-PVD deposition may be
necessary, as in the case of Au nanoparticles [60–62]. When conducting ion
implantation, the modified BDD must be heated by high temperature in the pres-
ence of ambient H2 not necessarily to modify the structure of deposited nanopar-
ticles, but to recover metastable diamond structures produced by the ion
bombardment itself [63–66]. By far the greatest advantage of PVD methods is
that the ultra-high vacuum conditions reduce unwanted physio-chemical effects
(i.e. oxidation, water) on nanoparticles due to solution or ambient conditions. Wide-
spread use of PVD techniques is not possible, due to the cost and complexity of the
UHV systems required.

The sol gel method is a popular means to deposit metal oxide nanoparticles on a
diamond surface [14, 67–69]. Generally, a metal precursor is stabilized as a colloid
in ethanol, or 2 propanol, and then coated onto the electrode by dip-coating, spin-
coating, or as a paste. Afterwards, a thermal heat treatment is sufficient to ensure
nanoparticle formation having the proper structure. For example, anatase TiO2 has
been deposited onto diamond via this route at thermal heat treatment at 400 °C [70].
While the sol-gel method typically leads to random and uniform distribution of
nanoparticles on diamond, it suffers from the disadvantages of large particle sizes
and particle aggregation. This is exemplified by the image of Fig. 6.2a, in the case
of nanoparticle deposition on diamond nanoparticles. A recently developed alter-
native to the sol-gel method is the aforementioned electro-precipitation of the oxide,
either during a single step [56] or as a coating for pre-deposited nanoparticles [3].
Results suggest that this method offers better control of nanoparticle deposition via
electrochemical parameters, the effects of which are discussed in some detail later.
Some of the state-of-the-art wet-chemical deposition routes are discussed in
Sect. 6.5.

6.2.2.3 Substrate

Thus far, conductive diamond has been referred to simply as BDE. In actual fact,
BDE are categorized by the method of their creation and by their crystallinity. More
detail than will be described here concerning the manufacturing of BDE can be
found in several reviews [1, 4, 9, 71, 72]. The chemical vapour deposition (CVD)
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method is most commonly used, and this has several consequences for the depo-
sition of metal and metal oxide nanoparticles on diamond substrates.

CVD diamond is made by ionizing hydrogen and methane with a thermal or
microwave source. The ions re-combine on a substrate—often silicon—to form a
sp3 carbon network. Boron doping can be introduced to the diamond film by having
a source of boron in vapour form during the CVD process. This manufacture
process can be adjusted to make a wide variety of diamond substrates, with different
distributions of B doping and crystallinity. The substrate does not affect the
nanoparticle growth or distribution tremendously when non-electrochemical
methods are used to deposit nanoparticles. Therefore, subsequent discussion con-
cerns itself with the affect substrate has on the electro-deposition of nanoparticles.

Metal nanoparticle nucleation occurs at the most electroactive sites on a diamond
surface, such as boron centres, grain boundaries, and defects [14]. Thus, the dis-
tribution of B and the dimensions of surface crystals are important factors to be
considered. The distribution of boron centres is inhomogeneous, thus partially
explaining the non-uniformity of nanoparticle growth when using electrodeposition
techniques [44, 45, 73]. This inhomogeneity can be seen in Fig. 6.5a–c. The grain
boundaries have increased surface concentrations of electroactive sp2 carbon and
oxygen moieties; thus, denser concentrations of nanoparticles tend to found in these
regions [64, 74, 75]. Further increases in nanoparticle density can be achieved by
depositing onto BDE with smaller grain sizes (i.e. macro > micro > nano), due to
their increased surface area [76]. This trend can be seen by comparing Fig. 6.5c, d.
It is thought that this trend explains the effectiveness of lower nanoparticle loadings
on micro-crystalline diamond electrode, compared to its macro counterpart [76].
Smaller grain sizes also help to reduce aggregation, reduce particle sizes, and make
distribution more uniform, as seen in Fig. 6.5d. This distribution and morphology
promotes hemispherical diffusion profiles, which are electrochemically favourable
[14, 76]. There is some debate whether metal nanoparticles deposit randomly or
non-randomly on polycrystalline diamond, with the work of the Macpherson group
suggesting is both random and uniform [43].

Pre-treatment of BDE prior to deposition has been shown to lead to improved
nanoparticle stability and electrode performance. Oxygen-terminated diamond
stabilizes metal nanoparticles better than hydrogenated diamond [33, 43]. One can
add oxygen functionality to the surface by a variety of means, including oxygen
plasma and anodic electrochemical treatment [77, 78]. However, passivation of the
diamond film by thick overlayers of oxygen is to be avoided. Pre-roughening of
the BDE surface can increase surface area, thereby improving nanoparticle adhesion
and uptake; this is shown to be effective by Hu et al. [32] who used nanodiamond
powder suspensions as the roughening medium.

Interestingly, the diamond surface alone may not necessarily have an effect, but
rather the material which supports it. Recently, Gao et al. [57] demonstrated that the
spontaneous deposition of Ag, Cu, Au, Pd, and Pt on diamond could be achieved in
HF, when the diamond surface was in ohmic contact with hydrogen-terminated
silicon. It is thought that this type of contact increases the surface electron energy of
diamond, thereby promoting the migration of excess electrons from the silicon/HF
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interface to the conductive diamond interface [57]. In this manner, the diamond
surface is made more reductive, thereby leading to the spontaneous reduction of
metal ions onto the diamond surface. Silicon dioxide was unable to achieve this
same effect, thus highlighting the importance of substrate choice to deposition
chemistry.

6.2.3 Surface Characteristics

6.2.3.1 Characterization Techniques

Surface characterization of NP-modified diamond films is necessary to both confirm
nanoparticle deposition and understand the fundamental surface chemistry of the
electrode. The size and morphology of deposited nanoparticles is best studied using

Fig. 6.5 SEM images of platinum deposited on (a, b) polished smooth boron-doped diamond
electrode, c as-grown large grain, and d small grain diamond substrates. Reprinted from Hu et al.
[31] with permission from Wiley-VCH, Copyright © 2009 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim
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atomic force microscopy (AFM), scanning electron microscopy (SEM), and
transmission electron microscopy (TEM). Notably, in situ studies of nanoparticle
nucleation and growth are possible using electrochemical AFM (EC-AFM)
[14, 79]. The surface chemistry of the deposited nanoparticles can be effectively
determined using X-ray photoelectron spectroscopy (XPS), time-of-flight secondary
ion mass spectroscopy (ToF-SIMS), and Raman spectroscopy. Crystal structure of
both the substrate and the nanoparticles can be determined using X-ray diffraction
(XRD). Finally, the electrochemical properties and mass loading of nanoparticles is
usually determined by cyclic voltammetry and stripping voltammetry.

6.2.3.2 Nanoparticle Distribution

The distribution of nanoparticles across an electrode can be modified to achieve a
given electrochemical or electroanalytic purpose. Higher current densities, higher
signal to noise ratios, and higher faradaic to non-faradaic current ratios, occur at
surfaces comprising widely-spaced and uniformly distributed nanoparticles [80,
81]. In this case, mass transport of reactants to the nanoparticles occur via fast,
three-dimensional, diffusion, as opposed to linear diffusion [76, 80]. These char-
acteristics are known to improve electroanalysis and electrocatalysis at nanoparti-
cle-based electrodes. In cases where macroelectrode performance must be realised
at reduced cost, one might distribute nanoparticles more densely (e.g. 50–100 nm
particle to particle spacing), to ensure that electron transfer is limited by mass
transport (i.e. planar diffusion) of the reactant to the surface, thereby lowering
electrode sensitivity [76, 80, 81]. In some cases, the kinetics of electrochemical
reactions are paramount; the location and distribution of reactive nanoparticles can
control or exploit the interplay between reactant mobility and adsorption [81].
Nanoparticle deposition near active sites, defects, and grain boundaries could be of
benefit if such sites are important to the electrochemical system. Finally, the pro-
motion of certain nanoparticle shapes requires preferential growth on certain grain
boundaries of diamond [39]. The degree to which particles distributed uniformly
can be determined by comparing experimental data to theoretical models [81, 82].

Non-uniform nanoparticle distribution on BDE is promoted by inhomogeneous
distributions of boron-centres, grain boundaries, high number of surface defects,
and high levels of sp2 contamination. These surface features are highly electroac-
tive, with nanoparticles nucleating and growing on these sites during electrode-
position [31]. This explains the difficulty of depositing homogeneous distributions
of NP by electrodeposition. More uniform distributions are obtained by reducing
the number of defects or grain boundaries (cf. Fig. 6.5c, d), and by making
the surface less electroactive by increasing the surface density of sp3 carbon [83].
Some reports do suggest that electrodeposition of nanoparticles can occur grain-
independently [43, 83].

Uniform nanoparticle distribution is produced, generally, by non-electrochemi-
cal methods of deposition [75]. An alternative is to functionalise the diamond and/
or nanoparticle surface prior to deposition, in order to promote uniform nanoparticle
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distribution. For example, two dimensional arrays of Au nanoparticles have been
created by covalent attachment of citrate-coated Au NPs to an amine terminated
diamond surface [84]. More simply, the pre-roughening of the diamond substrates
has been shown to promote uniform nanoparticle distribution [32].

6.2.3.3 Nanoparticle Adhesion and Stability

The dissolution of nanoparticles from a diamond support is not desirable, as it leads
to instable electrochemical performance and increases the cost of any electrical or
catalytical device. Moreover, the introduction of metal ions into biological systems
may have toxic effects. Therefore, the question of particle adhesion and stability is
crucial.

Better adhesion and stability may be realised by using alternative materials to an
initial choice. For instance, in acidic environments, metal nanoparticles can dis-
solve, therefore metal oxides should be considered for their stability in these
environments. Examples of successful replacements include: use of RuO2 instead of
Ti, Ta, Ti-Pd by RuO2 for chlorine evolution [33]; use of bimetallic or metal oxide
nanoparticles instead of Pt nanoparticles [32, 34, 41]. A consultation of Table 6.1
may inspire the search for alternative materials for a given application.

Sandwiching nanoparticles between layers of CVD diamond seems to be the best
method for retaining nanoparticles. The classic example is that of Swain et al. [40]
who sputtered Pt onto CVD diamond, followed by a period of further diamond
growth. The high stability of Pt nanoparticles was due to their being partially buried
by diamond overlayers or anchored to the surface by diamond growth around the
base of individual nanoparticles. Ion implantation achieves a similar level of sta-
bility as high energy metal ions are partially buried into the diamond substrate, as
demonstrated for Ni [65], Cu [65], Pt [63], and Ir [64] implantation into BDE. Ion
implantation offers 5 month stability, in the best case scenario [65, 85].

Other methods of deposition improve particle adhesion, as noted throughout this
chapter. Multi-step potentiostatic methods may be superior to single step poten-
tiostatic methods [3, 14, 76]. Potential pulsing leads to better IrOx adhesion and is
highly recommended for the deposition of metal oxides, compared to galvanostatic
or potential cycling methods [58, 86]. Novel wet chemical routes (discussed in
Sect. 6.5) also offer the potential for improved particle adhesion and stability [35].

Substrate pre-treatment can also improve particle adhesion and electrode sta-
bility. Increasing the surface density of oxygen moieties can improve nanoparticle
adhesion [39]. This can be accomplished by pre-treatment in acid, anodic electro-
chemical treatment, or O2 plasma [33, 43, 77, 78]. Sol-gel deposited metal oxide
nanoparticles and sputter deposited Au nanoparticles have improved adhesion after
a heat treatment [60, 62]. Thermal heat treatment can make BDE more hydrophilic,
which may be the cause of improved adhesion [87]. Deliberate hydrophilic treat-
ment of diamond lead to improved FeOx adhesion [58, 88] Ultrasonic pre-treatment
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of diamond in suspensions of diamond powders improves the adhesion of Pt
nanoparticles [32]. Finally, the careful choice of the type of diamond improves
particle adhesion. For instance, Pt nanoparticle modified micro-crystalline diamond
outperforms its macro counterpart, providing electroanalytical performance in
polluted tap and river water for 150 detection runs [76].

Poorly adhered nanoparticles do not necessarily leave the electrode, but can
agglomerate along grain boundaries during an electrochemical experiment. For
instance, Pt nanoparticles are stable on the (111) facet of BDD for a few hours
during methanol oxidation, but on the (110) facet, particles agglomerate [39].
Agglomeration causes particle size to increase, with the consequence of reduced
electrochemical selectivity and sensitivity to analytes, as nanoparticle diffusion
layers overlap [14]. It is thought that functional groups on the (111) surface, such as
sp2 carbon and oxygen functionality help to stabilize attached particles [39].

6.2.3.4 Nucleation

The nucleation of materials using electrochemical techniques is still poorly
understood and there is much controversy in the field. Hyde and Compton [89] have
reviewed some of this debate and recent progress in this area. Due to existing
controversy in the field, recent research is discussed in some detail.

Two types of nucleation processes are used throughout the literature on elec-
trodeposition: instantaneous and progressive. The former assumes that nuclei grow
slowly on a small number of active sites, simultaneously; the latter assumes that
nuclei grow quickly on many active sites, which become activated as the electro-
deposition proceeds [89–91]. There exist two methods of determining the nucle-
ation type. The first involves analysing current-time transient curves obtained by
chronoamperometry [31, 92]. The second involves the use of in situ EC-AFM [93].
In both cases, the results are most commonly compared to models by Scharifker and
Mostany [94]. These models assume a constant nucleation rate and that particle
growth is diffusion controlled; depending on the model chosen this can be planar or
hemispherical [31, 92, 93].

Diamond is a low energy surface and nucleation is most commonly instanta-
neous, as exemplified by the electrodeposition of Cu [37], Bi [95], Pt [31, 36, 92]
on non-polished, polycrystalline diamond. Instantaneous deposition is driven by
high overpotentials and the extent of such nucleation can be controlled by varying
the potential [92]. Also, instantaneous nucleation is prevalent on diamond with
smaller grain sizes [31, 57]. This can be seen in Fig. 6.5d. Characteristics of
instantaneous deposition include: the observation that the number of nucleation
sites is controlled by the applied potential [96]; an monotonically broader size
distribution during deposition [37], small particle size [37], small particle distri-
bution [41], and the formation of dendritic microstructures on grain boundaries and
surface defects [34]. These characteristics helped identify the nucleation type in the
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case of Pt and Pt-Ru deposition by sequential potentiostatic methods, compared to
deposition of Pt-Ru by simultaneous potentiostatic methods [34].

Progressive nucleation does occur on BDE as well. Platinum deposits onto
smooth, polished diamond by a progressive nucleation process, as shown in
Fig. 6.5a [31]. These particular nanoparticles are characterised by smooth, spherical
morphology with decrease electroactive surface area. By contrast, in the same
study, instantaneously nucleated Pt on small and large grain BDE had dendritic
structure and higher electroactive surface area (cf. Fig 6.5d). Others characteristics
of progressive nucleation include large particle sizes, clustering, and wide size
distribution [41, 53, 79]. Some deposition methods may only be capable of
progressive nucleation, such as the potential sweep method, in the case of simul-
taneous or sequential deposition of Pt-Ru onto polycrystalline diamond [34]. Pro-
gressive nucleation should be avoided if electrochemical performance is of utmost
importance, as instantaneously nucleated particles are more favourable for this
application [14].

It is commonly accepted that nucleation occurs most readily at grain boundaries,
surface defects, and electroactive sites on the diamond surface, as in the case of Ni
and Co [79, 97], Pt [26, 31, 32, 34, 36, 92], Pt-Ru [34], as well as other metal and
metal oxides [14]. This phenomenon can be seen in Figs. 6.1, 6.4, and 6.5. The
position of nucleation depends on the substrate, particularly the local electroactivity
of the surface [31, 32]. On smooth, polished BDE nucleation of Pt may be pro-
moted on the most electroactive facets of diamond [31]. For example, Pt is known
to deposit on the (111) facet of polycrystalline diamond (see Fig. 6.4). The size and
distribution of grains within the diamond substrate can affect nucleation. Pt nano-
particles are more homogeneously distributed on small grain BDE, compared to
large grain BDE (see Fig. 6.5) [31]. The authors attribute this to the higher density
of electroactive sites on small grain BDE. Higher boron doping levels make the
BDE more electrochemically active [73], and one surmises this would promote
instantaneous nucleation; however, to our knowledge this has not been systemati-
cally studied yet. Increasing the electroactivity of the BDE substrate is an effective
strategy to promote nanoparticle nucleation.

6.2.3.5 Size and Morphology

There is much evidence showing that the best electrochemical performance results
from the deposition of small particle sizes (5–10 nm) at low loading rates, with
small size distributions [1, 14, 57]. These characteristics ensure a high electroactive
surface area, hemispherical diffusion controlled electrochemistry, catalytically
active quantum size effects, and the availability of low co-ordinated facets at the
surfaces of small particles [14, 75, 98–100]. The above characteristics help ensure
the resultant electrode is effective.

Sizes reported in the literature range from 5 nm to 5 μm, with size being
controlled in a number of ways. The deposition method can affect the size.
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Microemulsion routes [101, 102], wet chemical deposition [57], and the various
electrodeposition techniques mentioned in Table 6.1 are capable of depositing
nano-sized particles on the order of 2–10 nm. Some PVD methods are capable of
depositing similarly sized particles [103]. The use of sol gel methods to deposit
metal oxides tends towards large particle sizes, on the order of 0.5–5 μm [67–69].
However, this technique does trend towards low loading rates, on the order of 1013

mol−1 cm2, [87] thereby minimizing diffusion zone overlap of particles [14].
Many electrodeposition methods have been evaluated for their ability to control

particle size, as noted by Hu et al. [31], including: chronoamperometry [43], cyclic
voltammetry [38, 54], galvanostatic [104], pulsed galvanostatic [44], potentiostatic
step [105], and potentiostatic cooulometry [38]. These methods were used to
control the size of various metal systems, including: Cu [38, 49], Pd [50], Ag [49],
Au [49, 77], Ir [52, 106], and Pb [107]; other systems of interest can be found from
Table 1.1 and in other reports [14].

Potentiostatic methods are better able to fine-tune the growth of metal nano-
particles [31, 32, 108]. For example, for the deposition of Cu2+, Ag2+, and Pb2+,

potentiostatic coolumetry is a superior method to cyclic voltammetry [38]. The
latter is known to incompletely strip metal sites, thus promoting uncontrolled
growth of metal nanoparticles on pre-existing metal on the surface. Metal is a more
energetically favourable deposition site than BDE [38, 109]. In potentiostatic
coolumetry, only nanoparticles on non-electroactive sites are incompletely stripped,
thus ensuring that particle growth is controlled by the electrochemistry of the
diamond substrate, alone [38].

Multi-step electrodeposition can be a useful means to achieve better size control,
by minimizing the disadvantages of any single method. For example, to adjust size
more quickly, the Foord group utilizes a two stage process. In the first stage, nano-
sized Pt nuclei are created by the slow increase of negative potential, followed by
the application of a fixed potential to enlarge the nuclei to the desired size [3]. The
size of metal oxides can be controlled in a third electrodeposition step, in which the
oxide is precipitated at the metal nuclei, as done for the case of Pt-PrOx [3].

Many deposition parameters are reportedly able to change the size of deposited
particles, including: overpotential [3, 31, 38, 76, 97], metal ion concentration in the
electrolyte [53, 57, 76, 110], deposition time [3, 31, 38, 76, 110], grain size of
diamond substrate [43], solution acidity [57] and number of electrodeposition steps
[76]. Of these parameters, the most important is overpotential, due to its influence
on the energetics of the electrodeposition process, nucleation, and mass transport to
electroactive sites on the substrate [14, 34]. Adjustment of the scan rates can
homogenize size distribution after initial deposition [37]. Those deposition
parameters which lead to instantaneous nucleation are typically those that create
the smallest particle sizes, as described earlier. Progressive nucleation leads to the
largest particle sizes [110].

There are several other parameters used to control size in the case of non-
electrochemical methods. Heat treatment is capable of changing the size of metals,
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such as Au, post-deposition [75]. Also, the facet to which the metal nanoparticle
adheres may influence size. For example, it has been shown that Pt nanoparticles on
(110) facets have larger particle diameter, while those on the (111) facet are smaller
in size (see Fig. 6.4) [39]. In this same study it was shown that merely changing the
sweep rate during deposition by cyclic voltammetry is sufficient to change
the preferred facet of deposition, and thus the particle size [39]. Figure 6.4 shows
the result of using the highest scan rate in that study.

6.2.3.6 Shape

Performance can be further enhanced by changing the morphology of deposited
nanoparticles. A number of different shapes and particle morphologies have been
made on diamond, including: convex polyhedron (see Fig. 6.3c), flower-like or
dendritic (see Fig. 6.3a), spheres (see Fig. 6.3b), clusters, and agglomerations. The
size of these features varies from the nano-scale to the micro-scale, depending on
the system studied. Shape can be controlled in a number of ways, including:
deposition type, nucleation type, overpotential, metal ion concentration, and linear
sweep rates. The shape can expose favourable facets of the nanoparticle to the
solution and increase the exposed surface area, both of which are desirable features
for a modified BDE [55].

There are several reports showing that deposition type can control particle shape.
Deposition from sol gels and microemulsion tend to form clusters and agglomerates
of metal oxides and metals at BDE [57, 67, 111]. Dendritic and smooth particles
result from potentiostatic and linear potential sweep methods, respectively [31, 54].
In multi-step methods, one might consider the effect of simultaneous versus
sequential deposition. For example, they lead to spherical and dendritic structure,
respectively, in the case of Pt-Ru deposition [34].

Other deposition parameters can be optimized to favour certain shapes. Flower
and dendritic growth is promoted by instantaneous nucleation, while spheres,
clusters and agglomerations are more prevalent during progressive nucleation [18,
34, 55, 75, 95]. The parameters which favour one or the other type of nucleation
have been discussed earlier. Dendrite formation requires prismatic growth in the
early stages of deposition and is related to overpotential [57, 112]. This may be due
to the fact that higher overpotentials cause near maximum mass transport limits
[113]. For example, at constant metal ion concentration, a simple change in over-
potential is capable of changing Au deposition shape from flower-like to a convex
polyhedron (cf. Fig. 6.3a, c) [55]. Also, heat treatment has been used to change the
shape of Au nanoclusters and does so by exposing the nanoparticles to the very
electroactive Au(111) plane, which promotes dendritic-like growth [75].

During the spontaneous deposition of Ag, Cu, Au, Pd, Hg, and Pt onto Si
supported BDE, it was found that metal ion concentration is key to particle shape
[57]. The authors note that dendritic, small spheres, and large spheres were related
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to high, low, and dilute concentrations, respectively. In the case of dilute concen-
trations it is more favourable for metals to deposit onto metal rather than the
underlying BDE electrode, thereby increasing particle size [57]. High and low
concentrations of HAuCl4 were found to lead to ‘flower-like and spherical nano-
particle shapes on BDE (cf. Fig 6.3a, b) [55].

6.3 Diamond Nanoparticles as an Electrode Material

Detonation nanodiamond (DND) is of emerging interest, with research finding it to
have a diverse set of applications, including biomedicine, catalysis, quantum
computing, nano-composites, and for the seeding of CVD diamond growth [5]. It
has a number of attractive features, including optical transparency, large surface
area, and a bio-compatible sp3 core structure. These characteristics make DND a
material of choice for use in bio-medical implants, nano-scale electrochemistry,
drug delivery, cell imaging technologies, and as a substrate for cellular growth
[5, 20, 114–117]. The myriad of applications of nano-scale diamond has been
reviewed by Holt [5] and Schrand [20].

6.3.1 Background on Detonation Nanodiamond

Lewis et al. [118] first found diamond nanoparticles in interstellar dust and mete-
orites. Since then, efforts have been made to create nano-scale diamond particles,
synthetically by the controlled combustion of explosives. Nanoparticles of diamond
are synthesized by the controlled combustion of explosives in high oxygen condi-
tions [20, 116, 119]. These particles undergo cleaning processes (i.e. acid treatment,
oxidation by Osswald method [120] to remove metal impurities and to reduce their
size to primary particles, they must undergo deaggregation [20].

The resultant material is comprised inner, sp3 diamond core of 4–5 nm and an
outer shell of non-diamond character, with complex surface chemistry [121]. This
outer shell of purified DND contains a mixture of sp2 and sp3 carbon [122] and
oxygen based functional groups (i.e. carboxylic acids, esters, lactones) [20]. If
desired, this surface chemistry can be changed by fluorination [123], hydrogenation
[124], and the attachment of alkyl, amino, and amino acid groups [123, 125]. The
physical and chemical properties of DND depend strongly on the size of the nano-
particles [124], with size control of the DND required for the stabilization of their
colloidal suspensions [126] or to ensure specific reactivity [127, 128]. The surface
area of primary sized DND is approximately 270–280 m2 g−1 [129], thus providing
greater surface area for nanoparticle attachment than conventional diamond films.
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6.3.2 Electrochemistry of Detonation Nanodiamond

DND is an undoped form of diamond. One normally associates undoped diamond
as being an insulator and impractical for use in an electronic device. Unlike the bulk
material, DND is electrochemically active in its undoped form. Like many mate-
rials, the nano-sized version exhibits different chemical properties than its bulk
form. This is due to its high surface area, multi-faceted nature, and its outer shell,
which contains reactive sp2 carbon and oxygenated functionality [126].

Commercial DND particles of primary particle size are redox active, but not in a
classical sense. The classical picture considers that H-terminated diamond is redox
active, if chemical potentials are below the valance band maximum [130, 131].
Also, it considers that p-type conductivity at the surface exists due to electron
transfer between H-termination and dissolved oxygen in aqueous environments
[132]. This is not true of DND, as determined by Holt and her colleagues in 2008
and 2009.

Our understanding of DND redox behaviour has been advanced by the Holt
Group who have conducted extensive electrochemical studies of commercial DND
(5 nm) [19, 133]. They found DND to have ‘molecule-like’ redox behaviour [19].
That is to say that the particles themselves undergo oxidation and reduction via
surface states at specific potentials [19]. It is easier to reduce DND particles than to
oxidise them [133]; this process is spontaneous and slow in the presence of certain
redox species without an applied potential [19, 133]. The electrochemical behaviour
may also be due to the presence of sp2 carbon, delocalised electrons due to oxi-
dation, and unsaturated bonding of surface atoms; all this gives DND surfaces a
semiconductor/metallic character [133]. Although doping of DND particles is
possible [134, 135], it is not required for the vast majority of its electrochemical
applications, due to its intrinsic redox behaviour.

6.3.3 Methods of Deposition/Incorporation
into Electrode Form

There are several methods available to make DND particles into a useful electrode.
DND particles have been placed on Au electrodes by drop coating from ethanol
suspensions [19] and on glassy carbon electrode by smearing a DND-mineral oil
paste on its surface [19, 136, 137]. The former method leads to non-uniform
coverage and DND agglomeration, while the latter method formed a thin uniform
layer on the electrode [19]. Thin coatings are particularly important, in order to
avoid electrochemical blocking effects by the DND particles on the glassy carbon
electrode [19]. A DND electrode can be manufactured by grinding DND powder
into the tip of a Pt wire sealed in a small pipette [136].

More sophisticated electrodes are in existence. For instance, DND has been
electrophoretically deposited as thin uniform layers [138]. As well, DND-polyaniline

186 G.W. Nelson and J.S. Foord



composites have been made by sequential and simultaneous deposition processes
[139–142]. Interestingly, these methods lead to the nanostructuring of PANI in one-
dimension, as the PANI oligimers aggregate under the influence of pi-pi stacking
[142]. This result hints that DND co-deposited with other materials can lead to novel
materials with interesting chemical properties. Non-contact microprinting [143] and
layer-by-layer self-assembly by a high pressure/high-temperature methodology
[144]. It has been theorised the DND can be electrodeposited onto electrodes [145],
but to our knowledge this has not been evaluated in practice.

One example of co-deposition is the modification of diamond with metal or
metal oxide nanoparticles, as discussed in this review. DND has also been modified
with nanoparticles in a similar way, for similar applications (see also Table 6.1).
Supporting catalysts on nanodiamond will benefit from the high surface area and
increased reactivity of nanodiamond, compared to its bulk form. Thus, lower
loading rates are required to make a practical electroanalytical or catalytical device,
based on nanodiamond powders. This promises to reduce device costs.

Ni [146, 147], Sn/Pb alloys [148], TiO2 [149], Pt [150], metal oxides [67], Pt/Ru
[34, 151, 152] have been supported on nanodiamond powder based electrodes.
Fruitful research can continue in this area, inspired by the work done on bulk
diamond. In addition, further optimisation of particle loading, stability, and elec-
troactivity of nanodiamond supported catalysts is necessary.

6.3.4 Characterization of Diamond Nanoparticle-Based
Electrodes

Nanodiamond powder films on surfaces have been characterized by SEM and AFM
[152, 153]. Nanoparticle layers form porous sub-micron structures, which enhances
its electroactivity compared to bulk films [152]. Holt et al. have characterized DND
films by FTIR, XPS, TEM, and Raman spectroscopy [19]. Graphite G and D bands
in Raman spectroscopy indicate the presence of surface sp2 carbon [19]. XPS shows
the oxygenated character of the nanodiamond surface [19]. Nanodiamond has also
been characterized by scanning electrochemical microscopy (SECM) [133]. Redox
behaviour at diamond nanoparticles has also be evaluated by in situ infrared
spectroscopy [154].

6.4 Interactions at the Metal-Diamond Interface

Interactions between diamond, in its various forms, and the nano-materials dis-
cussed in this review are key to the understanding of the stability and electronic
performance of these composite systems. Diamond has no native oxide, and
therefore the electronic behaviour of its surface is highly dependent on any surface
modification. Doping of diamond films with impurities which induce p or n-type
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doping transforms an otherwise insulating material into a semi-conductor. Redox
active species at diamond surfaces (i.e. COOH, C–O-C, lactones, ketones) are
known to facilitate electron transfer between the diamond interface, an electrolyte,
and metal ions [155]. The above are all well-known phenomenon; however, there is
a lack of systematic and fundamental research concerning other, more complex
phenomena at the metal-diamond interface [25, 156]. A review of some progress in
this area is presented here.

The manufacturing process, polishing, cleaning, and exposure to ambient
environments can introduce impurities to the diamond surface. In the case of DND
particles, the level of impurities can reach 10–12 % of the total surface area [157].
Examples of these impurities include sp2 carbon, organic-based functionality (O, N,
S, B), metal salts, and defects, among others [157]. Some impurities can lead to
favourable interactions. For example, metals with a preference for the +2 oxidation
state (e.g. Ni, Ti, Cu, Co, Fe, Al) are thought to be stabilized by interactions with
oxygen groups, such as carboxyls and hydroxyls [14, 97, 157–159]. These func-
tional groups, in close proximity to each other on DND particle surfaces have been
found to participate in ion exchange with metals in the +2 state, as determined by
1H and 13C NMR [159, 160]. This is evidence for non-covalent bonding between
oxygen-based impurities and metal nanoparticles. Covalent bonding is also possi-
ble, as in the case of Al bonding to DND nanocrystals via carboxyl terminations,
thereby leading to aggregation of DND in solution [157]. Carbide bonding, such as
that between diamond surfaces and Au/Ti, Al, and Ti are known to improve contact
resistance and mechanical properties, as determined by the circular transmission
line method (c-TLM) [161]. However, not all impurity-metal bonding has a purpose
or is favourable. For instance, metal bonding to sp2 carbon is known to interfere
with the electrical properties of the diamond electrode and it reduces the strength of
metal-diamond adhesion [162].

Electrostatic effects are thought to play a role in governing metal deposition and
stability on diamond-based electrodes. O-terminated and H-terminated DND par-
ticles have negative and positive zeta potential over a large pH range (up to pH 12)
[128, 157], and this may govern the dynamics of electropositive or negative metal
ions to their surfaces. Facet dependent deposition of metal and alloy nanoparticles
onto diamond thin films has been observed for a variety of systems (Au, Pt, and
their alloys) [39, 156]. The reason for this behaviour seems to lie in the differing
electrostatic properties of the various facets [39, 156]. This is supported by the
finding that for DND particles sp3 carbon (i.e. 100 orientation) is electropositive,
while sp2 carbon (i.e. 111 orientation) is electronegative [135].

Electronic interactions between diamond and metal nanoparticles have been
observed. For example, the electrical potential of DND nanoparticles are affected by
the substrate, size, height, and surface termination [163]. Stehilk et al. [163] observe
that the work function diamond interfaces are altered when an electric dipoles
(i.e. added metal nanoparticles) is added, thus changing the energy electrons require
to reach the vacuum level.

Metallization is a useful change in the electronic properties of conductive diamond,
as it improves charge transfer between diamond and any surface modifier [155].
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Calculations based on Density Functional Theory (DFT) and experimentation have
shown that the band gap is removed if modified by metals, O-terminated diamond,
and/or sp2 functionality [157, 164]. Also, the type of electrical contact improves
charge transfer. Ohmic contacts between metals and diamond have been associated
with better particle adhesion, higher bond strengths, and shorter bond lengths
[164, 165]. This is possible for Ti, V, and Ta deposition, but not for Au or Pd
deposition [115, 161]. Likely, charge density on carbon is facilitating backbonding
to some metals [164, 165], with metals having more unpaired d orbitals (i.e. V, Ta,
Ti) and filled d orbitals (Au, Pd) having stronger and weaker electronic interactions
with diamond, respectively [164, 165].

There are other lesser known, or studied, electronic interactions between metals
and diamond. These include: negative electron affinity [165–167], conductive
surface protrusions [168], non-diamond sp2 [167], conductive diamond to metal
backbonding [165], intrinsic structural effects [167, 169], charge trapping/transfer
[155, 163], and interpretations based on energy level confinement within quantum
dots for particles <7 nm in size [163]. Plana et al. [155] note that many of these
same reasons are applicable to the metal-diamond interface, in addition to elec-
trochemical (e.g. electrolyte, double layer) and nanostructural effects. Other subtle
effects are possible, such as quantum effects and metal-vacuum properties, as noted
by Tyler et al. [166] in their study on electron emission from diamond nanoparticles
on metal tips. The size of the metal or diamond nanoparticle is an important
parameter to consider when studying any of the above effects [163]. Quantum-
based and crystallinity-based arguments may have greater explanatory weight for
metal-diamond interactions involving sub-5 nm nanoparticle sizes [81, 127, 163].
More research in this sub-field is necessary to truly isolate the electronic effects at
the metal-diamond interface.

Some metal-diamond interactions have physical consequences. The catalytic
etching of nano-sized features in diamond surfaces occurs in H2 environments at
elevated temperatures (>700 °C) [170]. Annealing diamond thin films after it has
been modified with metal nanoparticles by ion bombardment can lead to the dif-
fusion of metal nanoparticles from the bulk to the surface [14]. Metal adatoms could
have preferred deposition sites, as suggested by DFT calculations of Ti on diamond
(100), whereby Ti prefers pedestal sites on top of carbon dimer rows [162].
Annealing of surfaces leads to metal-diamond aggregates involving DND particles,
which may be the result of covalent bonding between DND particles with metal
ions acting as linkers [157].

6.5 Modern State-of-the-Art and Outlook

Research on the modification of diamond electrodes with metal and metal oxides,
continues apace. Research in the past three years has beenmotivated by interest in fuel
cell technologies, photocatalysis and water-splitting, and biological applications.
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To our knowledge, two understudied areas of research concern the nanoparticle-
diamond interface: the effect of doping levels and the use of epitaxial diamond.
Most researchers use commercial BDE and do not investigate how doping levels,
doping elements, or type of doping affect nanoparticle deposition. Secondly, studies
of nanoparticle deposition on epitaxial diamond could prove fruitful. It is known
that the diamond (111) facet is preferred for nanoparticle deposition and such
deposition leads to enhanced electrochemistry. The fundamental chemistry of that
interface is important, but little understood. One group has attempted to study the
role of doping on epitaxial grown diamond [171]. However, more systematic
studies, such as that done by Holt et al. [73] on the effect of doping levels for
unmodified (i.e. H-terminated diamond) need to be made for the case of diamond
electrodes modified with nanoparticles.

Renewable energy technologies are of high interest in the 21st century and new
materials are sought to address challenges in environmental and energy technolo-
gies. The use of organo-metallic ligands to either aid in the deposition process or to
support nanoparticles at the surface, has led to novel electrodes. Porphyrin rings
stabilize the deposition of various metals, including Co and Ru, known to be
effective in dye-sensitized solar cells and CO2 reduction fuel cells [172–174]. The
deposition of TiO2 nanoparticles on BDE and DND is considered a promising
approach for photocatalysis, water-splitting, and water treatment based on solar
energy [149, 175–177]. Bimetallic nanoparticles deposition remains important for
alcohol oxidation in fuel cells (Pt-Ru [34, 151, 152]) and nitrate reduction (Cu-Sn
[178], Cu-Pd [178]). Nanoparticles which equal the effectiveness of Pt nanoparti-
cles, with better stability, have yet to be discovered. Therefore, much recent effort
has been expended in realizing the increased stability and reduction of fouling on Pt
nanoparticles for electrocatalytic applications [3, 31, 32, 34, 35, 39, 41, 92, 151,
152, 171, 179, 180].

Recently, there has been a resurgence of interest in wet-chemical routes towards
depositing metal nanoparticles on carbon-based materials. In particular, the
reduction of metal precursors to metal nanoparticles at a reducing agent attached to
an underlying carbon-based surface has emerged as a promising deposition route
[151, 181–183]. This method was first attempted at diamond thin films by the Nebel
group who seeded the substrate with Pt by reducing H2PtCl6 at diamond modified
by NaBH4 [35]. Surface coverage and size can be controlled by the number of
repetitions of the above process. Further control of size was possible via electro-
chemical growth processes [35]. The advantage of this approach is the realisation of
homogenous distribution of nanoparticles on diamond, which is difficult using non-
physical deposition techniques. This approach is likely to have wider application, as
exemplified by the modification of nanodiamond with nano-sized (2–5 nm), and
homogenously distributed, Pt and Pt-Ru particles [182]. Wet-chemical assisted
deposition of nanoparticles could be easily developed further, considering the
existing literature on wet-chemical routes for modifying diamond [184–186].

In the past ten years, many have recognized the potential for diamond-based
devices to be integrated into biological systems. This might be imagined as a direct-
connection (i.e. neurological stimulation [187, 188]), stimulation of bio-molecules
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(e.g. redox of proteins [189, 190]) or for biosensing [56, 179, 191–194]. Zirconia
has been used to modify diamond for DNA detection by the Foord group [195].
Several reports exist showing the effectiveness of nickel and nickel hydroxide
nanoparticles for glucose oxidase sensing [56, 196]. An array of self-assembled Au
nanoparticles has been able to engage in direct electrochemistry with a microbe,
thus suggesting more exotic use of diamond within microbial fuel cells [197]. Many
reviews exist on this topic, and a selection is provided here [4, 12, 15, 20, 72, 198].

The principle of introducing nano-scale materials to diamond is also applied
when proteins [189, 190, 199, 200], enzymes [191] or aptamers [201–203] are
attached to the surface. This aids the detection of redox events and molecules at the
diamond surface. Particularly exciting is the creation of a diamond FET-based
device for HIV For example, the attachment of cytochrome c on BDE enables
cyanide and arsenic to be detected [204]. The applicability of bio-modified dia-
mond-based electrodes to clinical HIV detection was recently shown by Rahim
Ruslinda et al. [201]. Diamond is poised to be a material of choice for the inte-
gration of solid-state and biological phenomena.

Nanoparticles of metals, metal oxides, or diamond can be easily damaged by
physical means. Moreover, their preparation time can be lengthy. Various attempts
are being made to address one or both of these issues by the following approaches:
nano-structuring diamond [205–208], synthesizing new diamond-based nanoparti-
cles (e.g. nanowires [209–211], nanograss [212]), grafting diamond nanoparticles
[213, 214], micro-contact printing of diamond nanoparticles to surfaces [143], and
the self-assembly of nanoparticles [197, 215–217]. The stabilization of nanoparti-
cles with electropolymers continues to be a fruitful area of research, particularly for
bio-applications [139–142, 193].

This chapter reviewed the methods used to construct boron-doped diamond
electrodes. The methods and principles discussed here are applicable to the reali-
sation of practical diamond-based electrodes which exploit the nano-scale, either
via the deposition of nanoparticles or by having nanoparticle form. By under-
standing the chemical and physical consequences of any given methodology, one
should be able better optimise diamond electrodes to address the biological, envi-
ronmental, and industrial challenges of the 21st century.
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Chapter 7
Modified Diamond Electrodes
for Electrochemical Systems for Energy
Conversion and Storage

Patricia Rachel Fernandes da Costa, Elisama Vieira dos Santos,
Juan M. Peralta-Hernández, Giancarlo R. Salazar-Banda,
Djalma Ribeiro da Silva and Carlos A. Martínez-Huitle

Abstract The aim of this chapter was to summarize the techniques used for surface
modification of BDD materials, improving their catalytic efficiency as supported
catalysts for PEM fuel cells (methanol and ethanol oxidation) as well as the studies
concerning to the production of electrochemical capacitors using BDD materials.
Also, the recent advances on the use of modified BDD materials for fuel cells will
be discussed.

7.1 Introduction

Petroleum is considered the main source of energy, but it has also caused consid-
erable amount of damages such as atmospheric pollution and global warming.
Nevertheless, the copious uses of petroleum as well as the demand of petrol in the
near future have motivated scientists around the world to develop new clean and
renewable energy sources. In this frame, the development of fuel technology has
received great attention because this technology consists in directly converting
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chemical energy into electricity. Direct Alcohol Fuel Cell (DAFC), fed by ethanol
and air (oxygen), is a very interesting option for such kind of energy production.

Several catalysts supported materials for energy storage and conversion have
been carried out in order to improve of kinetic of the anode and cathode reactions,
enhancing the activity for oxygen reduction, alcohols oxidation, avoiding mainly
the CO and intermediates poisoning on electrode surfaces [1]. The use of Pt-Ru
catalyst is considered the most promising approach as anode material. However,
owing to its recognized proprieties (wide potential window, low background cur-
rent, a high chemical and dimensional stability) the conductive films of boron-
doped diamond (BDD) have gained a renewed attention for many researches as an
outstanding electrode material for many electrochemical processes [2–10]. In the
case of fuel cells, Shao et al. [11] has indicated that BDD materials can be used as a
potential support in the Polymer Electrolyte Membrane (PEM) due to the
mechanical and chemical stability of BDD to be modified. The aim of this chapter
was to summarize the techniques used for surface modification of BDD materials,
improving their catalytic efficiency as supported catalysts for PEM fuel cells
(methanol and ethanol oxidation) as well as the studies concerning to the production
of electrochemical capacitors using BDD materials. Also, the recent advances on
the use of modified BDD materials for fuel cells will be discussed.

7.2 Modification of BDD Surface

The deposition of metal or metal oxide clusters on BDD surface, as nanoparticles,
has been used to improve the catalytic activity of such nanoparticles using very
small amounts compared to the conventional bulk material [12]. Therefore, a sig-
nificant effort, to improve particles adherence and dispersion, has been performed
by investigating several deposition techniques. These methods are well known to be
efficient ways to prepare particles and nanoparticles; however, the synthesis tech-
nique influences strongly the shape and size distribution of particles. The choice of
the material deposited depends on the intended application of the electrode and its
required stability under harsh working conditions.

Microemulsion synthesis A microemulsion is defined as a thermodynamically
stable isotropic dispersion of two immiscible liquids consisting of microdomains of
one or both liquids stabilized by an interfacial film of surface active molecules. The
microemulsion system is characterized by transparency (optical isotropic), droplet
size (from 6 to 80 mm) and thermodynamic stability [13, 14]. The synthesis of
inorganic nanoparticles is usually carried out in water/oil microemulsions (W/O).
The microemulsion method has been used as microreactors to produce nanoparti-
cles with narrow size distribution, since the first work described by Boutonnet et al.
[15]. Water-in-oil microemulsion is the coexistence of an excess water phase and
the surfactant molecules which aggregate in the oil phase in the form of reverse
micelle. The water core of these aggregates is surrounded by surfactant molecules

206 P.R.F. da Costa et al.



which have the non-polar part of their molecule towards the oil phase. In the water
core of this aggregate, electrolytes may be solubilized for instance metal salts.
These metals will be then transformed into inorganic precipitates by using an
appropriate reducing or precipitating agent. There are two main ways of preparation
in order to obtain nanoparticles from microemulsions: (i) by mixing two micro-
emulsions, one is containing the precursor and the other the precipitating agent and
(ii) by adding the precipitating agent directly into the microemulsion containing the
metal precursor.

Some publications have been presented in which the technique of microemulsion
has been conducted for the synthesis of metallic nanoparticles (Pt [16], Pt–Ru [17],
Pt–Sn [18], and Pt–Ru–Sn [19]) where the catalyst has been supported on BDD
surfaces (see Table 7.1). The choice of Pt and Pt-based particles was motivated by
its useful potential application in alcohol (methanol or ethanol) electrooxidation.

Siné et al. [16] obtained Pt-nanoparticles by reduction of chloroplatinic acid
(H2PtCl6) with hydrazine at room temperature in a water-in-oil (w/o) microemulsion
of tetraethyleneglycolmonododecylether (BRIJ-30)/n-heptane using two micro-
emulsion steps method. After microemulsion step, Transmission Electron Micros-
copy (TEM) was used to characterize nanoparticle sizes (2–5 nm). TEM micrograph
of Pt-nanoparticles synthesized by the microemulsion method is presented in
Fig. 7.1, where Pt-nanoparticles were deposited onto the BDD substrate and in order
to avoid detachment nanoparticles, Nafion® films were used to mechanically sta-
bilize the electrode. BDD-Pt-Nafion® was more active than BDD-Pt for methanol
oxidation.

Other bimetallic binary nanoparticles of Pt–Ru and Pt–Sn, and ternary Pt–Ru–Sn
nanoparticles supported on BDD substrates by mixing the microemulsion with solid
sodium borohydride as reducing agent, were synthesized by Sine et al. [17–19].
They also used TEM and X-ray Photoelectron Spectroscopy (XPS) techniques to
characterize particle sizes and morphology, and to determine the effective particle

Table 7.1 Survey of recent publications on metal/metaloxide particles from microemulsions
deposited onto boron-doped diamond (BDD) thin film electrodes with applications in fuel cells

Catalyst Microemulsion
system

Metal
precursor

Reducing/
precipitating
agent

Particle
diameter
(nm)

Catalytic
reaction

References

Pt Brij-30a/
n-heptane

H2PtCl6 NH2NH2 2–3 Methanol
oxidation

[16]

Pt/Sn Brij-301/
n-heptane

H2PtCl6,
SnCl2

NaBH4 2–5 Ethanol
oxidation

[17]

Pt/Ru Brij-301/
n-heptane

H2PtCl6,
RuCl3,

NaBH4 2–5 Methanol
and ethanol
oxidation

[18]

Pt/Ru/
Sn

Brij-301/
n-heptane

H2PtCl6,
RuCl3,
SnCl2

NaBH4 2–5 Methanol
and ethanol
oxidation

[19]

a Brij-30: Polyoxiethylene (4) lauryl ether (non ionic surfactant)
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compositions and the identification of oxidation states of metals in the different
samples, respectively. Pt/Ru nanoparticles of different compositions were synthe-
sized by mixing appropriate ratios of Pt and Ru precursors in the aqueous phase of
the microemulsion; and the size distributions obtained by them were similar for all
the samples and the size domain of the particles was approximately 2–3 nm of
diameter.

As showed in Fig. 7.2, cyclic voltammetry (CV) of Pt, Pt50Ru50, and Ru
nanoparticles deposited on BDD in pure supporting electrolyte (1 M HClO4)
achieved substantial decrements in the quality of the H adsorption–desorption
characteristic and increase in the background current in the double-layer region
when the Ru content in the particles was increased. Other syntheses were carried
out by the same authors in order to understand the effect of particles size and
morphology on the efficiency. Therefore, bimetallic Pt/Sn particles of several
compositions with theoretical atomic contents Pt80Sn20, Pt60Sn40, Pt50Sn50,
Pt40Sn60, and Pt20Sn80 were synthesized via the microemulsion method [18]. TEM
micrographs of Pt (A), Pt60Sn40 (B), and Pt20Sn80 nanoparticles (C) are presented in
Fig. 7.3. As can be seen, small isolated and well-spherical units of diameter in the
2–5 nm range were obtained by this method.

For Pt–Ru–Sn nanoparticles [19], the particle size measured by TEM ranging
from 2 to 5 nm. While the relative atomic amounts of Pt, Ru, and Sn in the
nanoparticles of Pt80Ru10Sn10 were determined by XPS analyses, were obtained
values of 90, 3, and 7 %, respectively. XPS Pt4f spectra for Pt/Ru, PtSn, and Pt/Ru/
Sn alloy nanoparticles are shown in Fig. 7.4. As can be seen, Pt4f binding energies
for the Pt/Ru and Pt/Sn alloy nanoparticles were lower than those for clean Pt
nanoparticles. This phenomenon was more marked in the case of Pt80Sn20 particles,

Fig. 7.1 TEM micrograph of
platinum nanoparticles
synthesized by the
microemulsion method.
Reprinted with permission
from [16]
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in which the Pt4f contribution appeared at lower binding energy than in Pt80Ru20.
The change in the electronic structure of the Pt component in the alloys (Pt/Sn and
Pt/Ru) could modify the Pt work function and thus weakens bonding of adsorbed
intermediates Pt-CO that could produce an enhancement in rates of methanol
oxidation.

Thermal deposition Appropriate precursors are dissolved in suitable solvents and
spread on a metallic support [20] before thermal decomposition. This method has
been used to deposit iridium oxide [17, 21], gold [17, 22] and platinum nanopar-
ticles [23] on BDD surfaces. The particle size, nonstoichiometry, and morphology
of the oxide layer depends on the nature of the precursor and the decomposition

Fig. 7.2 CV of
microemulsion-synthesized Pt
(a), Pt50Ru50 (b) and Ru
nanoparticles (c) deposited on
BDD. Recorded in N2-
saturated 1 M HClO4 solution
at 50 mV s−1 and 25 °C.
Reprinted with permission
from [17]
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temperature, therefore, these must be controlled during the procedure. Using only
lower amounts of Ir, Au and Pt, are produce modified BDD electrodes with the well
known properties of IrO2, Au, or Pt nanoparticles. However, long term stability is
not sufficient at the current state of development.

Deposition of IrO2 particles onto BDD mild hydrophilic surface by thermal
decomposition technique was studied by Duo et al. [21], observing that the oxygen
evolution reaction (OER) was dramatically enhanced with the surface modification.
Solutions of H2IrCl6 in 2-propanol was applied to the BDD surface (1 cm2). After
solvent evaporation at 80 °C, calcination was performed at 350 °C to oxidize the
precursor acid to IrO2. Different precursor concentrations of IrO2 were deposited on
BDD surface in order to vary the amount of deposited IrO2 [17]. From these results,
isolated IrO2 particles had a size of about 2–3 nm, being concentrated at the grain
boundaries of the diamond crystals; when low IrO2 loading were employed.

Fig. 7.3 TEM micrographs of Pt (a), Pt60Sn40 (b), and Pt20Sn80 (c) nanoparticles synthesized via
the microemulsion method. Reprinted with permission from [17]

Fig. 7.4 XPS chemical shift of the Pt 4f7/2 line of Pt0 in Pt-rich ternary and binary nanoparticles
supported on Au. The dashed vertical line represents the position of the signal in pure Pt
nanoparticles. Reprinted with permission from [19]
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Conversely, the particles were larger (10 nm) and their concentration at the grain
boundaries of the diamond crystals was significantly higher, when higher IrO2

loading were used. The CV curves obtained with BDD–IrO2 electrodes provided a
fingerprint of electrode surface transitions occurring during the potential scan of
2 V s−1 (Fig. 7.5a, curve 2). The high capacitive current is related to changes in the
oxidation state of the IrO2 surface during the potential scan. The two pairs of peaks,
seen at 0.40 and 0.95 V, can be related to the surface redox couples Ir(III)/Ir(II) and
Ir(IV)/Ir(III), respectively. The very low currents recorded at a BDD electrode were
certainly related to the absence of electroactive surface functionalities on the
electrode surfaces. Whereas, Fig. 7.5b shows that the voltametric charge increased
linearly with the IrO2 loading.

On the other hand, Au-nanoparticles deposited on BDD surface by using a
sputter deposition method with a heat treatment at 400–600 °C [17, 22]; exhibited
an extraordinary electrocatalytic activity to CO oxidation, catalytic hydrogenation
of unsaturated alcohols and aldehydes and O2 reduction [22]. The Au-nanoparticles
size depends on the amount of deposited gold, with an average size of 5–35 nm.

Fig. 7.5 a Cyclic
voltammograms: 1 BDD mild
electrode and 2 BDD–IrO2

electrode with G = 6.4
prepared at 450 °C.
Electrolyte: 0.5 M H2SO4.
Scan rate 2,000 mV s−1,
T = 25 °C. G = 1
corresponds to 1,015
molecules IrO2 cm

−2.
b Capacitance values
(E = 0.64, scan rate
20 mV s−1) as a function of
IrO2 loading on BDD
electrodes. Reprinted with
permission from [18]
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Figure 7.6 shows typical SEM images of Au-nanoparticles/BDD electrodes using
this technique.

Alternatively, Pt particles were deposited on p-Si/BDD substrate by thermal
decomposition procedure [23]. The application of 5 μL of 0.2–3 mM H2PtCl6 in
2-propanol on the BDD surface; evaporation of the solvent at 60 °C during 5 min,
and finally, thermal decomposition of the precursor by treatment in an oven at
350 °C during 1 h, was the procedure of production of Pt-nanoparticles. The
agglomeration of these platinum particles was related to the inhomogeneity of the
interfacial surface tension of the BDD support. The reaction of methanol oxidation
in acidic medium was used as reaction test of the prepared p-Si/BDD/Pt electrode,
obtaining poor efficiencies.

Electrodeposition The electrodeposition is one of the most widely used methods
for the preparation and deposition of particles on BDD. The modification of a BDD
electrode surface has been reported for a limited range of metal nanoparticles,
including Ag, Au, Pt, Pd, Cu, Bi, Ni, Hg, Pb, Co, Ir, Ru, Te, Ti, and Fe [24–28].

The advantages of electrodeposition include the fact that most compound
semiconductor is obtained at or near room temperature, which is considered low
temperature deposition. Electrodeposition also promotes controlled growth and it is

Fig. 7.6 SEM pictures of
gold deposits on
polycrystalline BDD substrate
heated at 600 °C as a function
of the deposited amount of
gold: a 9.6 × 1015, and
b 1.9 × 1016 gold atom per
cm2 geometrical surface area,
obtained with sputtering times
of 6 and 12 s, respectively.
Reprinted with permission
from [18]
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generally a low cost methodology when compared to the dry methods. The depo-
sition and co-deposition of the different metals on BDD have been the most studied
systems due to their high interest in electrocatalysis. Deposits in BDD received
great attention due to their applicability in fuel cell systems, being the methanol
oxidation the preferred test reaction [29]. The electrodeposition of Pt particles on a
BDD electrode is generally performed by applying a potential step to a deaerated
2 mM H2PtCl6 solution in 1 M HClO4. The potential is shifted from an equilibrium
potential (1 V, where no reduction of platinic ions takes place) to a potential at
which the reduction of Pt4+ to metallic Pt occurs (0.02–0.15 V). Several techniques
for characterization of electrodeposits on BDD are used. Figure 7.7 shows SEM
micrographs of a BDD–Pt electrode prepared by performing a potential step from 1
to 0.02 V in a 2 mM H2PtCl6 + 1 M HClO4 solution for 5 s. Spherical and isolated
particles are observed with a quite large size variation that covers the 40–700 nm
range. This is indicative of continuous formation of new nuclei during deposition
and it is in agreement with the progressive mechanism of nucleation of Pt on BDD.

A typical cyclic voltammogram for electrodeposited Pt particles on BDD is
shown in Fig. 7.8. This voltammogram exhibits the characteristic feature of Pt, i.e.
two distinctive H adsorption–desorption peaks between 0.05 and 0.35 V, followed
by a fine double layer region corresponding to metallic Pt. Although electrode-
posited Pt particles on BDD are efficient for methanol electrooxidation, their size
domain is so broad that they cannot be strictly classified as nanoparticles. The
literature attributes this heterodispersity to the inhomogeneous nature of the BDD
substrates [30], mainly to the presence of non-diamond sp2 impurities that act as
preferential deposition sites. Therefore, a ‘‘size-effect’’ cannot be reasonably
expected in this case, and some alternative synthesis techniques have to be
employed to deposit real Pt nanoparticles on BDD.

The best electrocatalyst for methanol oxidation is Pt–Ru binary metallic, being
oxidize according to a bifunctional mechanism [31]. Surface-sited Pt atoms oxi-
datively dehydrogenate the chemisorbed methyl moiety in consecutive steps to
yield a residual Pt–CO fragment that cannot be oxidized to CO2 at DMFC poten-
tials, Pt adsorbed CO is removed via an oxygen-transfer step from electrogenerated
Ru–OH. Ru transfers oxygen more effectively than Pt due to its ability to oxida-
tively absorb water at less positive potentials [32].

In this sense, polycrystalline BDD films were proposed by Gonzalez-Gonzalez
et al. [33] as the alternative material to obtain high-area carbon supports using
electrodeposition, with potential application for direct methanol fuel cell electro-
catalysts. The electrocatalytical behavior of Pt/BDD, Pt-Ru/BDD and BDD elec-
trodes towards the oxidation of methanol in acidic media was evaluated by CV in
Fig. 7.9. Thus, the maximum current densities obtained for methanol oxidation
were about 0.73 mA cm−2 for Pt and 0.94 mA cm−2 for Pt-Ru deposited on BDD.
However, as indicated by the authors, the fact that Pt-Ru exhibited lower potentials
than Pt may be expected in the basis of previous studies [34]; nevertheless, more
investigation is necessary to completely understand the composition and particle
size effects. The electrodeposition of Pt-Ru electrocatalytic particles was recently
studied by comparing simultaneous and sequential deposition on BDD supports
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using a potentiostatic method [35]. Smooth cluster morphologies were observed for
simultaneous deposition and a dendritic structure was observed for sequential
deposition from SEM studies (Fig. 7.10). The morphology of sequential deposition
was dominated by Pt deposition in the first step, while a change of aggregate
morphology due to the presence of Ru was observed for simultaneous deposition.
This different morphology and microstructure contributed to different electro-
chemical performance.

Sol-gel modification Surface modifications of BDD electrodes have been carried
out with several metal oxides and some mixed composites using the sol-gel method
[36, 37]. This technique is used for coating substrates to be applied for energy
storage materials and electrochemical devices; in either case, there are many
interfaces between components and many components that have to perform reliably
and safely. In some cases, the interfaces are the location of failure in an operating
fuel cell and problems due to chemical reactions and increased contact resistance
can occur. Also, elevated temperatures lead to microstructure changes, crystalli-
zation, thermal expansion mismatch and delamination. In these complicated

Fig. 7.7 SEM pictures at two
different magnification scales
of a BDD–Pt electrode
prepared by electrodeposition
with a single potential step
(60 s) from 1 to 0.02 V in a
N2-saturated 2 mM
H2PtCl6 + 1 M HClO4

solution. Reprinted with
permission from [23]
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materials systems, the use of sol-gel processing is well suited to the need for
accurate placement of critical materials [38].

The sol-gel method starts with a solution consisting of metal compounds, such as
metal alkoxides, and acetylacetonates as source of oxides, water as hydrolysis
agent, alcohol as solvent and acid or base catalyst. Metal compounds undergo
hydrolysis and polycondensation at room temperature, giving rise to sol, in which
polymers or fine particles are dispersed. Further reaction connects the particles,
solidifying the sol into wet gel, which still contains water and solvents. Vapori-
zation of water and solvents produces a dry gel (xerogel), an aerogel results from a

Fig. 7.8 Cyclic voltammograms of electrodeposited Pt particles on BDD electrode. Recorded in a
N2-saturated 1 M HClO4 solution at 50 mV s−1 and 25 °C. Conditions of electrodeposition: single
potential step (5 s) from 1 to 0.02 V in a N2-saturated 2 mM H2PtCl6 + 1 M HClO4 solution.
Reprinted with permission from [18]

Fig. 7.9 Study of cyclic
voltammetry of diamond films
with electrocatalyst
deposition on 0.1MeOH/
0.5 m H2SO4 at 50mVs−1:
a Pt/BDD, b Pt-Ru/BDD, and
c BDD
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supercritical drying process. Heating gels to several hundred degrees produces
dense oxides as products. Coating films can be made by dip coating or spin coating
of the sol. Unsupported films can be made by synthesizing the film at the interface
between alkoxide solution and water. Membranes are prepared by pouring the sol
on the porous oxide with coarse pores. Particles with sharp size distribution can be
precipitated and grown in the sol [39].

The preparation of Pt–RuO2 deposits on a carbon black substrate using the sol-
gel method was reported by Suffredini et al. [36] and their activity toward methanol
electrooxidation was investigated. Good performances were achieved at Pt–RuO2/C
anodes prepared by sol–gel than those prepared by alternative methods [40].
Deposition of platinum oxide particles PtOx on BDD electrodes by this method and
testing several pre-and post-treatments of the surface for electrochemical experi-
ments was investigated by Salazar-Banda et al. [41]. Electrochemical stability of the
catalytic coatings showed that the electrodes retained 91.6 % of the coated material
after 1,000 voltammetric cycles conducted in the water decomposition.

On the other hand, Pt, Pt–RuO2, and Pt–RuO2–RhO2 modified BDD electrodes
were prepared by the sol-gel process to oxidize methanol and ethanol [42]. The
XRD patterns registered for each prepared electrode indicated that only pure Pt was
deposited instead PtOx, while Ru and Rh were deposited as RuO2 and RhO2

obtaining randomly and homogeneously nanometric catalytic deposits (EDX
analysis). The AFM topological images for the BDD surface and for Pt/BDD,
Pt–RuO2/BDD and Pt–RuO2–RhO2/BDD electrodes showed the regular pyramidal
structures without holes or cracks; however, the modified BDD electrodes exhibit as
well small islands corresponding to the catalytic coatings, for all BDD modified
samples some agglomerations of the catalytic coating were observed which indicate
the presence of heterogeneous sites containing some clusters with small size
(1–5 µm) [42] (Fig. 7.11).

Fig. 7.10 SEM images of Pt-Ru deposited on BDD electrode at −0.2 V for 10 min, a sequential
deposition, and b simultaneous deposition
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The modification of the BDD electrode with other Pt-metal oxide catalysts
prepared by sol-gel has been investigated with the aim to improve its electrocata-
lytic response to be used as a fuel cell anode. In this context, BDD electrodes with
IrO2, PbO2, SnO2, Ta2O5, and some mixed composites prepared by sol-gel have
been investigated by electrochemical techniques to establish their catalytic activity
towards methanol and/or ethanol oxidation reactions [36, 43–46]. Table 7.2 sum-
marizes the most important examples of coating catalyst on BDD support synthe-
sized by sol-gel technique.

Platinum-ruthenium oxide carbon powder composite (Pt–RuO2/C) deposited on
BDD surface, was studied on the oxidation of methanol and ethanol in H2SO4

solutions [37]. Alternatively, the composite catalysts Pt–PbOx/C, Pt–IrO2/C, Pt–
(RuO2–IrO2)/C, Pt–(RuO2–PbOx)/C, and Pt–(IrO2–PbOx)/C were also fixed on
BDD substrate to be used in direct ethanol fuel cells (DEFC). The sol-gel method
favored the formation of the nanometric crystallite dimensions of the composites
which can be responsible for the enhanced catalytic activity toward ethanol oxi-
dation, in all cases [45]. On the other hand, Pt–SnO2 and Pt–Ta2O5 catalysts have
been incorporated on BDD surface in order to study the methanol and ethanol
electrooxidation [46]. In this study, the authors estimated the mean crystallite size
for Pt, Pt–SnO2, and Pt–Ta2O5 coatings, achieving values of 4.6, 5.0, and 9.1 nm,
respectively. Although all these catalysts showed high catalytic activities toward
ethanol and methanol oxidation, Pt-SnO2catalysts exhibited better performance than
Pt–Ta2O5 for the oxidation of ethanol; whereas, Ta2O5 decreases the poisoning
effect caused by the adsorbed CO generated in the methanol oxidation [46].

Fig. 7.11 AFM images for BDD, Pt/BDD, Pt–RuO2/BDD, and Pt–RuO2–RhO2/BDD electrode
surfaces. Reprinted with permission from [42]
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7.3 Application of Modified BDD Films as Electrocatalytic
Surfaces for Fuel Cells

Salazar-Banda et al. [42] studied the oxidation of methanol and ethanol by using
different modified BBD surfaces such as Pt, alloys Pt–RuO2, and Pt–RuO2–RhO2

by sol-gel method. Voltammetric assays showed that BDD modified surfaces

Table 7.2 The most important examples of coating catalyst on BDD support synthesized by sol-
gel technique

Fuel cell
system

Catalyst deposited on
BDD electrode

Characterization
technique

Average
size crys-
tallite
(nm)

Precursors

Methanol
and
ethanol

Pt, Pt–RuO2,
Pt–RuO2–RhO2

XRD, EDX,
AFM, SEM,

4.3–6.5 Acetylacetonates of Pt
(II), Ru (III), and Rh; in
a mixture of isopropyl
alcohol in acetic acid

Ethanol PtOx, PtOx–RuO2,
RuO2, IrO2, PbO2

AFM – Acetylacetonates of Pt
(II), Ru (III), Pb(II) and
Ir(III); in a mixture of
isopropyl alcohol in
acetic acid

Methanol
and
ethanol

Pt–RuO2/C XRD, EDX 7.2 Acetylacetonates of Pt
(II), Ru (III); in a mix-
ture of isopropyl alcohol
in acetic acid/carbon
black powder (Vulcan®

XC72R)

Methanol Pt–RuOx SEM, DRX 500 Acetylacetonates of Pt
(II), and Ru (III); in a
mixture of isopropyl
alcohol in acetic acid

Ethanol Pt–RuO2/C XRD, EDX 5.0 Acetylacetonates of Pt
(II), Ru (III), Pb(II) and
Ir(III); in a mixture of
ethanol in acetic acid/
carbon black powder
(Vulcan® XC72R)

Pt–PbOx/C

Pt–IrO2/C

Pt–(RuO2–IrO2)/C

Pt–(RuO2–PbOx)/C

Pt–(IrO2–PbOx)/C

Methanol
and
ethanol

Pt, Pt–SnO2 XRD, EDX,
SEM, AFM

4.6–9.1 Acetylacetonate of Pt
(II), Sn(IV) bis acetyl-
acetonate dibromide, Ta
(V) ethoxide; in a mix-
ture of isopropyl alcohol
in acetic acid

Pt–Ta2O5
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improved the electroactive area in approximately five times with respect to original
BDD surface and BDD/Pt, BDD/Pt–RuO2, BDD/Pt–RuO2–RhO2 electrodes pro-
moted that the oxygen reduction (OER) and the hydrogen evolution (HER) reac-
tions were shifted toward low potentials due to the catalytic effect of the deposited
metals after modification. The curve in Fig. 7.12 displays the typical electro-
chemical behavior of a polycrystalline Pt surface, such as hydrogen absorption/
desorption and the oxide formation, evidencing that the Pt particles have a adequate
contact with the BDD surface, high purity and homogeneous distribution. Methanol
and ethanol oxidation in acidic conditions, by cyclic voltammetric assays, using
modified BDD surfaces revealed that the CO poisoning effect for both alcohols
oxidation reaction was mainly inhibited at ternary alloy BDD/Pt–RuO2–RhO2

electrode (solid lines in Fig. 7.13) due to the Rh presence, which promotes a better
catalytic effect for these reactions by either prompting the oxidation of the adsorbed
intermediate species to CO2 or diminishing the absorption of CO and the others
intermediates over Pt surface.

Catalytic properties of Pt–RuO2/C supported on BDD surface was also evaluated
by means of cyclic voltammetric technique [37] presented a higher current density
than the composite supported on GC electrode. Voltammograms of Fig. 7.14 indi-
cate that the forward and backward lines of BDD substrate were almost coincident

Fig. 7.12 Cyclic voltammetric studies in a 0.5 M of H2SO4 aqueous medium for a BDD, b Pt/
BDD, c Pt–RuO2/BDD, and d Pt–RuO2–RhO2/BDD. Reprinted with permission from [42]
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while a large difference was observed for GC electrode. However, other tests using
the same Pt–RuO2/C material showed that the differences are attributed to the
substrate evidencing the great capacitive effect of the GC. Conversely, the use of
BDD surfaces practically avoids the substrate contribution and thus, the response of
electrode was only dependent on the catalyst. Figures 7.15a and b show methanol
and ethanol oxidation responses, respectively, for Pt–RuO2/C catalyst on BDD
surface, indicating that the oxidation of methanol stared at 380 mV vs HESS, in
agreement with the data reported by He et al. [32] where Pt–Ru nanoparticles were
electrodeposited on carbon nanotubes. For the case of ethanol oxidation (Fig. 7.15b),
the electrochemical responses were extremely different for both cases, showing
the presence of a re-activation process on the catalyst surface, but in the case of
Pt–RuO2/C material, the oxidation ethanol potential was much lower than for the
Pt/C. However, the response in current density for Pt–RuO2/C material was fairly
large for an extended potential window, indicating a multistep processes during
methanol oxidation.

Fig. 7.13 Cyclic
voltammetric study (second
cycle) for electrochemistry
oxidation of 0.5 M of
a methanol, and b ethanol.
Dotted line corresponds to Pt/
BDD, dashed line to
Pt–RuO2/BDD, and solid line
to Pt–RuO2–RhO2/BDD
electrodes materials
(v = 0.005 V s−1). Reprinted
with permission from [42]
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Fig. 7.14 Cyclic voltammetric response of the Pt–RuO2/C composite fixed on BDD (full line) and
on glassy carbon (dotted line) for the oxidation of 1.0 M methanol in 0.5 M H2SO4. The insert
shows the region of capacitive responses for both electrode configurations, ν = 10 mV s−1.
Reprinted with permission from [44]

Fig. 7.15 Voltammetric
oxidation of 1.0 M of
methanol (a) and ethanol
(b) in 0.5 M H2SO4 on
Pt–RuO2/C (full lines) and
Pt/C (traced lines) composites
fixed on BDD surfaces.
Baselines (dotted lines) were
included as a comparison.
Scan rate 10 mV s–1.
Reprinted with permission
from [44]
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Polycristalline boron-doped diamond films modified with different electrocata-
lysts (Pt/BDD and Pt–Ru/BDD) were studied by González-González et al. [47] for
the oxidation of methanol in acid media by using cyclic voltammetry in Fig. 7.16.
Thus, the maximum currents densities for methanol oxidation were obtained about
0.73 mA cm−2 for Pt and 0.94 mA cm−2 for Pt–Ru deposited on BDD, repsectively.
However, as indicated by the authors, the fact that Pt–Ru exhibited lower potentials
than Pt may be expected in the basis of previous studies [30] and hence, more
investigation is necessary to completely understand the composition and particle
size effects.

Salazar-Banda et al. [43] investigated the oxidation of methanol by using Pt-
RuOx/BDD powder electrode, and its comparison with a commercial catalyst
(Pt–Ru/C); obtaining that the incorporation of ruthenium presents the inhibition of
the hydrogen adsorption/desorption signals. Additionally, good capacitive currents
were achieved (Fig. 7.17), then, methanol oxidation displayed close values on both
electrodes (≈ 0.40 V vs. HESS). Furthermore, the magnitude of the current densities
in the common fuel cell operation was approximately from 0.4 to 0.8 V vs HESS.
As a consequence, the BDD powder modification presented an important
enhancement of the catalytic activity to methanol oxidation with respect to other
materials such as carbon modified composites. At the same time, analogous idea
was recently proposed by Swope et al. [48], where they have prepared conductive
diamond powders as a new catalyst for fuel cells. They have reported the devel-
opment of higher surface area, approximately 100 m2 g−1, and good corrosion

Fig. 7.16 Study of cyclic voltammetry of diamond films with electrocatalyst deposition on 0.1
MeOH/0.5 m H2SO4 at 50 mV s−1. a Pt/BDD, b Pt–Ru/BDD, and c BDD. Reprinted with
permission from [47]
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resistance by conductive diamond powders for application as the electrocatalyst
support, using electrodeposition. In other study, Salazar-Banda et al. [46] modified
BDD film surfaces with Pt, Pt–SnO2, and Pt–Ta2O5 nanocrystalline deposits to
evaluate the methanol and ethanol oxidation. Results for BDD before (thin solid
line) and after modification with Pt (thick-solid line), Pt–SnO2 (dashed line), and
Pt–Ta2O5 (dotted line) showed the increase in the current for each material
(Fig. 7.18); but the presence of tantalum oxides produced an enhance in defective
surface sites, that increases the interfacial capacitance and also raises the ability of
charge accumulation. Voltammograms carried out on BDD surface electrode
without and in the presence of 0.5 M of methanol, and ethanol, respectively;
showed that the oxidation of ethanol starts at approximately 0.39, 0.35, and 0.61 V
on the same materials, clearly indicating the enhancement of the catalytic activity of
the Pt coatings in the presence of Sn or Ta oxide, was mainly for the Sn-containing
coating. In addition, Pt–SnO2/BDD electrode exhibited a faster kinetic for ethanol
oxidation avoiding the production of unwanted intermediates on the surface.
However, other complementary techniques are necessary and emerging methods
that can provide measurements or preparation to include other metals on BDD
surface. Future developments will rely upon the close collaboration of analytical
chemists, engineers and electrochemists to ensure effective application and
exploitation of new catalysts to increase the efficiency of fuel cells using BDD
anodes.

Fig. 7.17 Cyclic voltammograms for the electrochemical oxidation of 0.5 M of methanol in 0.5 M
H2SO4 aqueous solution carry out on the Pt–RuOx/BDD powder/BDD (solid line) and on the
Pt–Ru/C/BDD (dashed line) electrodes at ν = 10 mV s−1. Insert correspond to the cyclic
voltammogram recorded on the Pt-RuOx/BDD powder/BDD electrode in 0.5 M H2SO4 aqueous
solution at ν = 50 mV s−1. Reprinted with permission from [43]
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7.4 BDD-Electrochemical Capacitors

Electrochemical capacitors (ECs) are an alternative as energy storage devices in
many fields [49, 50]. ECs can charge and discharge much faster than a battery, and
can have potentially much longer life than batteries. Typically they exhibit 20–200
times larger capacitance per unit volume or mass than conventional capacitors [51].
Therefore, a number of applications now use ECs or are strongly considering them
for use [52, 53].

New types of carbon materials, such as carbon nanotubes and nanofibers, have
been studied as possible EC electrode materials and these materials are attractive
due to their high surface area and good matrix conductivity. However, it is desirable
to have an electrode material with high capacitance and a wide working potential
range in highly conductive aqueous electrolytes. Considering purely material
properties, synthetic high-area BDD materials are very attractive candidates.

Honda and coworkers demonstrated the suitability of BDD nanoporous hon-
eycomb electrodes for the development of aqueous electrochemical capacitors [54].
Nanoporous honeycomb diamond films were fabricated from microwave plasma
chemical vapor deposited diamond films by oxygen plasma etching through an
alumina mask. These films exhibited a wide working potential range (ca. 2.5 V) in
the aqueous electrolytes, just as in the case of unetched as-deposited diamond
electrodes. The capacitance of the honeycomb diamond electrode was found to be
1.97 × 10−3 F cm−2 (geometric area), which was 200 times greater than the unet-
ched counterpart (as-deposited surface). The capacitance values obtained from

Fig. 7.18 Cyclic voltammograms recorded in 0.5 M H2SO4 for the BDD (thin solid-line), Pt/BDD
(thick-solid line), Pt–SnO2/BDD (dashed line), and Pt–Ta2O5/BDD (dotted line) surfaces,
ν = 50 mV s−1. Reprinted with permission from [46]
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galvanostatic measurements, although somewhat higher, were consistent with this
value, thus indicating that honeycomb diamond electrodes are some promise for
electrochemical capacitor applications.

Afterward, the oxygen plasma-etched nanohoneycomb diamond thin film elec-
trodes were examined for electrochemical capacitor applications in non-aqueous
electrolytes [55], since, BDD films used in non-aqueous electrolytes exhibited
1.5–2.5 times wider potential windows (7.3 V) than those in aqueous electrolytes.
For pore type 400 nm × 1.8 µm in non-aqueous electrolyte, the power and energy
densities could reach only similar values as those in aqueous electrolytes. However,
the impedance behavior observed in non-aqueous electrolytes was significantly
different from that in aqueous electrolyte and indicated that the ac signal cannot
penetrate to the bottom of the honeycomb pores in the non-aqueous electrolytes due
to their low conductivity, and that not all the surface may contribute to the double-
layer capacitance. Therefore, the authors concluded that the combination of pore
type 400 nm × 1.8 µm and aqueous electrolyte could be best for examined thus far.

Later, nanoporous BDD films with various pore diameters (30–400 nm) and pore
depths (50 nm to 3 µm) were fabricated by etching polished polycrystalline diamond
films through porous alumina masks with oxygen plasma [56]. The capacitance
values increased with increasing roughness factor, based on the pore dimensions.
The honeycomb diamond electrode with pore dimensions 400 nm × 3 µm exhibited a
400-fold increase in the capacitance (3.91 × 10−3 µF cm−2, geometric area) in
comparison to the as-deposited surface, and this value was 80 and 500 times greater
than that for GC and HOPG, respectively. For the porous film with 30 nm diameter
pores, there was only a very small effect of the pore structure on the capacitance due
to the high pore impedance.

Almeida and co-workers [57] developed nanocrystalline diamond (NCD) grown
on carbon fibers (CF) substrate to be used as electric double-layer capacitor. A high
specific capacitance (2.6 mF cm−2) and rectangular-shaped CV curves were
obtained up to a high potential scan rate (100 mV s−1) in 0.5 mol L−1 H2SO4

aqueous solution for NCD/CF-1300 (CF-1300 consist of felt disks with 0.15-cm
thickness diameter). These results showed that the NCD/CF electrodes could be an
excellent candidate for electrochemical double-layer capacitors by controlling
deposition parameters and CF substrate microstructures.

Later, these authors carried out the morphologic and electrochemical character-
ization of carbon fibers (CF) and their hybrid material formed by BDD films grown
on CF [58]. Figure 7.19 shows the composition of CF surfaces, treated at 1,000 and
2,000 °C, associated with their respective SEM micrographs. SEM images obtained
for the BDD/CF-1000 (A, A1 and A2) and BDD/CF-2000 electrodes (B, B1 and
B2), exhibited in Fig. 7.20, demonstrate that the CF substrates were completely
covered by a polycrystalline diamond coating. These micrographs also showed that
the grain size of BDD/CF-2000 electrode was larger than that for BDD/CF-1000
electrode, supporting the strong influence of CF structural parameters on diamond
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growth. Cyclic voltammetric curves demonstrated that BDD films grown on CF
carbonized at 2,000 °C presented the highest capacitance value when compared with
that for BDD/CF-1000 or those for CF electrodes, without diamond films. In
addition, in electrochemical impedance experiments the BDD/CF-2000 electrode
displayed almost an ideal capacitive behavior. The capacitance value for the BDD/
CF-2000 was 1940 μF cm−2 (geometric area) that was approximately nine times
larger than that for CF-2000 (Table 7.3). The best BDD/CF-2000 electrode capac-
itive behavior was attributed to its surface area increase as a result of the singular
diamond film morphology formed on such carbon fiber.

Similar to batteries there are a few quantity of reports available in the literature
about the use of BDD materials as ECs, thus, it is clear the necessity of studies with
emphasis on the development of high-area BDD materials with both wide elec-
trochemical windows and high capacitance. As a consequence, this is an open
research area and an important challenge for future investigations.

Fig. 7.19 Scanning electron microscopy images and X-ray photoelectron spectroscopy spectra of
CF-1000 (a) and CF-2000 (b). Reprinted with permission from [58]
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7.5 Recent Applications of BBD for Electrochemical
Energy Storage and Conversion

In recent years, new advances have been reported and we have summarized the
most important contributions.

The electrosynthesis of uniformly dispersed nickel hydroxide nanoparticles
(NPs) with narrow size distributions on pBDD electrodes was demonstrated for the
first time by Hutton and co-workers [59]. This was achieved by electrogenerating
OH− in the presence of Ni2+ to create highly supersaturated (S > 105) nickel

Fig. 7.20 Scanning electron microscopy images of the BDD films growth on carbon fibers: BDD/
CF-1000 (A, A1 and A2) and BDD/CF-2000 (B, B1 and B2). A, A1, B, and B1 images show the
surface film morphology, while images A2 and B2 show the film thickness around each fiber.
Reprinted with permission from [58]

Table 7.3 BET area, capacitance and parameters used for fitting the impedance results in both the
Nyquist and Bode plots

Electrode BET C R1 (Ω) R2 (10
3 Ω) CPE1 n1

(m2 g−1) (µF cm−2) (10−4 Ω−1 sn)

CF-1000 1.51 266 142.6 0.474 0.06639 0.8427

CF-2000 0.33 245 16.26 1.338 0.1717 0.8493

BDD/
CF-1000

4.05 459 305.4 4.41 0.1936 0.9004

BDD/
CF-2000

14 1940 38.6 0.82 1.213 0.9086
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hydroxide solutions close to the electrode for short periods of time (approximately
seconds). This resulted in the electrodeposition of nickel hydroxide via precipitation
directly on the electrode surface was confirmed by XPS, FE-SEM, and AFM. The
size of the NPs could be tuned by controlling the reaction conditions, particularly the
[OH−] electrogeneration time. After 1 s, NPs with dimensions of 12 nm were pro-
duced with a surface coverage of 25 NPs μm−1, increasing in size and surface
coverage to ∼39 nm and 87 NPs μm−2, respectively, after 15 s. Longer times resulted
in larger particles, which ultimately formed aggregates. After 100 s, the surface was
dominated by such structures which were a few micrometers in height. The nickel
hydroxide surface coverage was calculated by considering the charge passed during
direct oxidation of nickel hydroxide. This value was in good agreement with that
calculated on the basis of AFM images of the surface coverage, assuming spherical
NPs. The close correlation of the two results suggests that during this solid-state
electrooxidation process, the entire volume of nickel hydroxide was oxidized, not
just the surface of the NP. The electrocatalytic oxidation of this electrode toward
methanol and ethanol was found to be very efficient, achieving very high density
currents of ∼1,010 A g−1 for 0.5 Methanol and 990 A g−1 for 0.47 M methanol.

Gonzalez-Gonzalez and co-workers examined the possibility of the use of boron-
doped diamond as the support for electrocatalyst particles in a fuel cell. The
electrochemical behaviour of oxidized boron-doped diamond (BDD) films in 0.5 M
H2SO4 using cyclic voltammetry showed a very wide electrochemical window.
Platinum particles deposited a different platinum concentrations did not showed a
different particle size; although they showed that exist a difference in the particle
distribution. Pt and Pt-Ru particles deposited on BDD film substrate were charac-
terized by SEM/EDS, XPS, and Auger, demonstrating that the BDD films were
oxidized with C–O, C–OH, and C–O–C. Auger electron spectroscopy mapping
showed that a complete oxidized surface of diamond and that ruthenium does not
deposit on the oxidized diamond surface of the boron-doped diamond. Particles
with 5–10 % of ruthenium with respect to platinum exhibited better performance for
methanol oxidation in terms of methanol oxidation peak current and current sta-
bility. Subsequent deposit of ruthenium covers the platinum, and the catalytic
property of the particle is lost. In the case of cyclic voltammogram for methanol
oxidation, a current for the reverse peak was higher than what it is usually observed
on carbon supports, may be due to the participation of electrogenerated hydroxyl
radical on BDD that interact with Pt surface, oxidizing methanol.

Steam activation of boron doped diamond electrodes was conducted in an
attempt to prepare porous BDD for fuel cell applications by Ohashi et al. [60].
Triangular pits and islands, most likely reflecting the atomic arrangement of the
{111} plane, were formed by steam-activation at 700 °C. Higher activation tem-
peratures lead to rigorous corrosion of the BDD surface forming a highly porous
structure with a columnar texture. The electrochemically active surface area of the
steam-activated BDD was up to 20 times larger than the pristine BDD electrode
owing to the porous texture. In addition, a widening of the potential window was
observed after steam activation, suggesting that the quality of BDD was enhanced
due to oxidative removal of graphitic impurities during the activation process
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allowing to fabricate high quality porous BDD electrodes with high surface area
and a wide potential window for a durable electrocatalyst support for energy
conversion applications.

Pt and Pt–Ru nanoparticle sizes obtained ranged from 2 to 5 nm and deposited on
BDD surfaces (BDDNPs) by La-Torre-Riveros and co-workers [61]. These results
indicated that this fast reaction was convenient to obtain small nanoparticles that are
desirable to increase the surface area of a catalyst system. The undoped DNPs and
BDDNPs surfaces were successfully used as support systems for metallic catalyst
particulates obtained by chemical reduction. The platinum and ruthenium com-
pounds mainly deposit on the –OH sites were confirmed by XPS and FTIR analysis.
The spectroscopic and surface characterization showed the viability of obtaining a
catalytic system based on undoped DNPs and BDDNPs supports, and platinum and
ruthenium nanoparticles, which can be used in applications such as direct methanol
fuel cells. Same research group [62] investigated BDD in nanosize particles and they
were used as a support for noble metal-based nanoparticles. Nanosize platinum
oxide was deposited on diamond nanoparticles as well as on boron-doped diamond
nanoparticles by the sol-gel method. Cyclic voltammetric results showed an
improvement in conductivity as well as in surface capacitance when diamond
nanoparticles were doped with boron. The X-ray photoelectron spectroscopy boron
binding energy peak showed B 0, which is consistent with the electrochemical
characterization. Platinum oxide deposition was studied by cyclic voltammetry with
an improvement when BDD nanoparticles were used as a support.

The route used to prepare the suspensions (inks) of DNPs and BDDNPs for the
electrochemical studies performed by La-Torre-Riveros and co-workers [63] shown
to be well suitable to obtain useful electrochemical information on these nanoparticle
diamond supported systems. The cyclic voltammetry results showed that there were
significant differences between the undoped DNP and BDDNPs samples, with the
latter exhibiting superior characteristics in terms of various electrochemical appli-
cations, including that of catalyst support. For the latter application, perhaps the most
important consequence of the observed low capacitance and wide potential window.
Chemical reduction of metal nanoparticles at the nanometer scale was successfully
performed using DNPs and BDDNPs as support materials by using an excess of a
mild reducing agent (NaBH4) and a surfactant (SDBS). X-ray diffraction peaks for
the metallic nanoparticles were clearly demonstrated by them. The XPS and DRIFTS
results provided important information about the type of surface functional groups
on the diamond involved in the metal deposition. These techniques indicated that
platinum ions interact, become reduced, and are deposited as metal on sites con-
taining mainly –OH and CH2 (or –CH3) groups. TEM micrographs showed that the
nanosize metals were crystals of less than 5 nm, which exhibited lattice fringes for
the atomic planes of metal material, indicating good crystallinity, as well as of those
of diamond. Anodic polarization results for methanol oxidation demonstrated that
respectable current densities, in the range of mA cm−2, could be obtained with both
undoped DNPs and BDDNPs decorated with Pt and Pt–Ru catalysts prepared using
excess reducing agent and surfactant. The power densities obtained from the best
catalytic system (ca. 55 mW cm−2 for Pt–Ru/BDDNP) were comparable to those
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obtained with amorphous carbon-supported catalytic systems, which are typically
around 60 and 70 mW cm−2 at the same temperature. On the basis of the single fuel
cell testing, it can be concluded that undoped DNPs and BDDNPs can be used as
practical electrocatalyst supports for Pt and Pt–Ru in direct methanol fuel cells or
hydrogen-fueled polymer electrolyte fuel cells.

The preparation of Pt-PrO2-x electrocatalyst structures on diamond electrodes
using electrodeposition techniques was explored by Chen et al. [64]. Pt was first
electrodeposited on the diamond surface using a two-stage process involving PSD
followed by a potentiostatic stage. Physically, the Pt deposited in this way consists
of nanocrystals of the order of 5–30 nm diameter, depending on the Pt loading,
aggregated into clusters of 200 nm diameter. XPS and electrochemical methods
were then employed to demonstrate that thin porous PrO2-x preferentially deposited
on these crystals, thus modifying their electrochemical properties, as assessed
through a range of redox couples. Electrochemical measurements confirmed that
these modified Pt catalytic particles performed more efficiently than the unmodified
Pt with regard to the oxidation of methanol. The data suggested that the main role of
the PrO2-x is to improve the tolerance to surface poisoning of the Pt structure.

The unsupported electrodeposition of Pt on carbon nano-onions (CNOs) pro-
duced from nanodiamond was investigated by Santiago et al. [65], using the
rotating disk–slurry electrode (RoDSE) technique, obtaining mass production of
platinum atoms and cluster-carbon-supported catalysts for fuel cell applications.
CNOs were synthesized by annealing nanodiamond powder and subjected to acid
treatment to increase their surface oxygen functionalities in order to facilitate
platinum electrodeposition. The electrodeposition process behaves similarly to that
for Vulcan as a carbon support. The quantity of Pt electrodeposited (i.e., metal
loading) on Pt/CNOs is similar to that for samples prepared using Vulcan (i.e., 11.5
wt%). Although both Pt/CNOs and Pt/VXC have the same metal loading, the CNO
samples exhibited enhanced thermal stability. The electrochemical analysis showed
active platinum electrodeposited on CNOs with defined hydrogen adsorption–
desorption peaks, showing enhanced onset potentials for methanol electrooxidation.
Theoretical calculations showed the possibility of incorporating Pt atoms into
carbon nano-onion systems. According to 3Pt/CNO geometric parameters obtained
from the experimental study, they believe that Pt atoms are bonded to a hexagonal
ring. Not surprisingly, as additional Pt atoms are added to the CNOs, the system
becomes more metallic. These structural motifs obtained explain the improved
thermal stability and lower methanol oxidation onset potentials. Optimizing the
RoDSE technique using CNOs may pave the way to preparing bulk quantities of
highly active supported metal atom and cluster catalysts for fuel cell applications.

Polytyramine (PTy) and cobalt oxide (Co3O4) were used as substrates for plati-
num electrodeposition by Spǎtaru et al. [66], in order to obtain electrode systems
with electrocatalytic properties. PTy and Co3O4 were previously electrochemically
deposited on graphite and boron-doped diamond (BDD) supports, respectively.
Anodic oxidation of methanol was used as a test-reaction for assessing possible
functional effects of the substrate on the electrochemical behaviour of the Pt parti-
cles. They found that, when deposited on PTy or cobalt oxide, the electrocatalyst
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exhibited higher activity and it was less susceptible to fouling, via strong adsorption
of reaction intermediates. X-ray photoelectron spectroscopy (XPS) measurements
suggested that these features can be ascribed to the presence of −OH functional
groups at the surface of the Pt particles. Electrodeposition of platinum on BDD
resulted only in metallic Pt and Pt(OH)2, whereas when graphite was used as sub-
strate the presence of platinum oxides was also evident. During prolonged anodic
oxidation of methanol, a higher stability of the −OH groups from the platinum
surface was observed for graphite-supported Pt particles, compared to the case when
bare BDD was used as support.

Although at first sight attractive, existing electro- and electroless routes for the
deposition of Pt nanoparticles on diamond supports for fuel cell applications are
problematic since they lead to very non-uniform deposits (electrodeposition) or
require an activating coating (electroless deposition). Lyu et al. [67] demonstrated
that a combined process, which involves simultaneous electroless and galvanic
processes. The approach solves the uniformity problem associated with electrode-
position on heterogeneous substrates like BDD, and eliminates the requirement of a
preactivation process used for conventional electroless deposition. A range of dif-
fering reaction conditions were explored using differing reducing agents to drive the
electroless reaction, reaction temperature, addition of a surfactant and the use of
ultrasonic pre-treatment. Optimal deposition conditions involve reaction at 0 °C, and
the use of ascorbic acid as the reducing agent along with an ultrasonic pre-treatment.
After optimising the deposition conditions, the Pt deposits were found to exhibit a
uniform distribution of particles, and small particle size; they showed a high elec-
trochemical activity in terms of a large electroactive area measured from hydrogen
desorption, a low onset potential, and a high mass activity and surface activity for
methanol oxidisation. The method therefore represented a significant improvement
in current electrochemical and electroless approaches for the deposition of Pt
nanoparticles on diamond and other inert substrates for electrocatalysis applications.

7.6 Conclusions

The modification of BDD surfaces with micro- and nanometric metallic and/or
metallic oxide deposits using different methods like electrodeposition, sol-gel,
thermal deposition, microemulsion methods, among others, was broadly investi-
gated in the last two decades. The deposition of metal or metal oxide clusters onto
the BDD film electrodes have been used to exploit the much higher catalytic
activity of such nanoparticles using only very small catalyst amounts compared to
the conventional bulk material. It has been widely related the use of these hybrid
systems containing BDD as new anode catalysts formulations for future fuel cell
applications. However, further developments should be carried out upon the close
collaboration of analytical chemists, engineers and electrochemists to ensure
effective application and exploitation of new catalysts to increase the efficiency of
fuel cells using BDD anodes tested in real fuel cell operating conditions.
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On the other hand, several efforts should be carried out for the application of
BDD materials on electrochemical capacitors systems, due to the limited amount of
reports available in the literature, which demonstrate that these subjects are in the
beginning of development and the study of electrochemical behaviors is still needed
for a significant advance in the application BDD for electrochemical energy storage
and energy conversion systems.
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Chapter 8
Diamond PN/PIN Diode Type Electron
Emitter with Negative Electron Affinity
and Its Potential for the High Voltage
Vacuum Power Switch

Daisuke Takeuchi and Satoshi Koizumi

Abstract This chapter reviews the electron emission properties of hydrogen ter-
minated diamond surfaces with a “true” negative electron affinity (NEA), and
presents the recent development of electron emitters based on diamond PN and PIN
junctions, that could apply to a high voltage vacuum power switch. The background
to this topic, including the emission mechanism with free excitons, and carrier
injection with a hopping conduction, is also introduced.

8.1 Electron Emission Mechanism of Diamond Surfaces
with True NEA

8.1.1 Introduction

Basic device concepts and physics of negative electron affinity (NEA) cathodes
have been developed by means of heavily doped P-type III–V compound semi-
conductors such as GaAs, GaN, and so on [1]. These device surfaces have strong
downward band bending due to ionization of heavily doped acceptors with amount
of surface states. In addition, alkali-halide oxides such as cesium oxides reduce the
electron affinity. Both properties enable to make lowering of the vacuum level
relative to the conduction band minimum in the bulk as shown in Fig. 8.1b, whereas
the ordinal surface case with “positive” electron affinity is also shown in Fig. 8.1a.
The case of Fig. 8.1b is called as “effective negative electron affinity (NEA)” [2].
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The effective NEA devices have been well developed as photocathodes in high
energy accelerator research fields [3]. GaAs/GaAsP super-lattice with effective
NEA photocathodes were also developed for spin-polarized electron source
applications [4].

On the other hand, diamond has been attracts a lot of researchers because of its
superior semiconductor properties such as high thermal conductivity, high break-
down field, high mobility, and true negative electron affinity (NEA), where the
conduction band minimum is higher than the vacuum level even in the surface as
shown in Fig. 8.1c.

The idea of NEA on natural diamond (111) was introduced by Himpsel et al.
with a result of quantum photoelectron emission yield experiments [5]. They found
that the yield raised from the absorption edge of diamond. In addition, they
observed a sharp photoelectron emission count peak in the lowest cut-off kinetic
energy region in ultraviolet-light induced photoelectron emission spectroscopy
(UPS). These indicated that there was no potential barrier for the electrons in the
conduction band minimum of diamond. In short, there is a large contribution of
bulk-derived electron emission to the yield.

Baumann et al. found the same effect in the X-ray (XPS) or UPS using hydrogen
plasma treated (100), (111), and (110) natural diamond, where there was sharp
count peak in the lowest cut-off kinetic energy region [6]. Diedrich et al. indicated
the unoccupied extended surface states below the conduction band minimum in the
bulk for the hydrogen-terminated natural type-IIb (boron doped) (100) and (111)
diamond by precise XPS experiments [7]. They indicated variation of NEA values,
and a question about (111) case, where the lowest cut-off kinetic energy peak was
not clearly appeared. Cui et al. also investigated natural IIb-type (111) diamond

Fig. 8.1 Schematic energy band diagram in the surface; a an ordinal case of semiconductors with
positive electron affinity (EA), where the vacuum level is higher than the conduction band (CB)
minimum, b a case of heavily P-type semiconductors with surface treatment with cesium oxides,
where the vacuum level is lower than the CB minimum in the bulk, c a case of “true” negative EA,
where the vacuum level is lower than the CB minimum in the surface. Eg represents energy band
gap, VB the valence band, χ the EA, χeff the effective EA, hν the photon energy for the photo-
excitation model
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which was exposed to hydrogen plasma. They clearly showed large amount change
of electron affinity with more than 3 eV, and discuss the change from NEA to PEA
by dehydrogenation with isothermal and isochronal annealing in ultra-high vacuum
(UHV) [8]. They also found yields from the occupied states in the gap by total
photoelectron emission yield spectroscopy (TPYS).

Ristein et al. also investigated the IIb-type (111) diamond with using high
sensitive TPYS [9]. They revealed the bulk-derived yield above the band-gap
energy excitations, which corresponded to the lowest cut-off kinetic energy peak in
XPS and UPS as mentioned above. In addition, they found yields from the occupied
states below the band-gap energy excitations.

Bandis and Pate also found the same effect by TPYS. They pointed that oscil-
latory yield spectrum was found, whose threshold energy was the same as the
indirect free-exciton absorption edge with transverse optical (TO) phonon emission
[2, 10]. In addition, they found that the period of oscillation was almost the same as
a TO phonon energy of 160 meV, which is twice of the free-exciton binding energy
of 80 meV [11, 12]. Moreover, they noticed that the oscillation was banished by
annealing at 300 °C in vacuum.

Ristein and Cui were also revealed that the yield at around the indirect
absorption edge showed threshold energies of free-exciton absorption edge with
transverse acoustic (TA) and TO phonon emission [9]. Combining XPS results to
check the work function change, they evaluated the value of NEA as −1.3 eV [13].
They used the annealed samples, and they did not report on the oscillatory yield
pointed by Bandis et al.

As introduced these early works, the bulk-derived electron emission, which
looked plausible as NEA, was confirmed. However, the detailed mechanism
including surface states, free-excitons, and P-type surface conductivity related with
hydrogen-terminated diamond surfaces, has not yet been totally discussed [14–23].

8.1.2 NEA Properties Investigated with TPYS System

In photoelectron yield spectroscopy (PYS) measurement, it is possible to measure
the quantum efficiency of photoelectron emission as a function of photon energy.
The dynamical range in these measurements was about three orders of magnitude in
the yield. The sensitivity was limited by the fact that the number of photoelectrons
emitted was measured as the (hole) current through the sample.

However, a large dynamic range is necessary as described by Schaefer et al. as
follows: “It (the dynamic range) determines the sensitivity with which small
numbers of occupied states can be detected in semiconductors where the photo-
emission threshold is ideally determined by a vanishing density of states at the
valence band maximum. The sensitivity of the yield method determines thus the
minimum density of gap states which can be detected. Low concentrations of gap
states, for example, exist as a result of volume or surface defects, impurities or
adsorbate” [24].
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In total photoelectron yield spectroscopy (TPYS), the introduction of electron
multipliers is able to detect single electrons, and then the sensitivity of yield
measurements is greatly enhanced [24]. It allows very low excitation level, and then
TPYS could be applied even for the high resistive case such as oxidized intrinsic
IIa- or Ib-type diamond [25] (Fig. 8.2).

The electron affinity is determined from the onset and strong rise of photo-
electron emission, taking the band gap of the semiconductors under investigation
into account. For diamond, it is reasonable that TPYS is carried out with Xe and D2

lamps, because they cover a photoexcitation range from 2 to 7.75 eV, means
excitation in and above the band gap energy level. As TPYS measures the energy
gap between occupied states and the vacuum level, the surface Fermi-level does not
affect the results in principle.

According to these characteristics, the properties of electron affinity on diamond
investigated with TPYS system are introduced in this section (Fig. 8.2). In TPYS
system, the light was dispersed by a double monochromator with a resolution of
15 meV at 248 nm (hν = 5 eV) using 200 μm input/output slits. The samples were
mounted on a molybdenum (Mo) sample holder with a tantalum (Ta) cover, and
introduced into an ultra-high vacuum (UHV) system with a base pressure of
1 × 10−7 Pa. TPYS was carried out at RT.

Fig. 8.2 TPYS system for diamond
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8.1.2.1 Conduction Type and NEA

The measurements were performed on a B-doped P-type (001) chemical vapor
deposited homoepitaxial film (CVD-B), and a P-doped N-type (001) CVD homo-
epitaxial film (CVD-P) grown on synthetic type Ib (001) diamond. Both were single
crystals. The thickness of each film was about 2 μm. The doping concentration was
1017 cm−3 in the CVD-B film and 1018 cm−3 in the CVD-P film. The detailed
growth conditions were reported in the literature [26, 27].

Hall-effect measurements confirmed that the CVD-B film was P-type and the
CVD-P film was N-type. The samples were cleaned by boiling in a mixture of
H2SO4 and HNO3 at 230 °C to remove non-diamond carbon and to oxidize the
surfaces. Next, the samples were H-terminated in a microwave hydrogen plasma at
800 °C.

Figure 8.3 shows the results for the TPYS of the CVD-B and CVD-P films. The
CVD-B film exhibits a clear onset of exciton derived photoelectron emission near a
band-gap energy (Eg) of 5.5 eV and a free exciton ground state (Egx) of 5.4 eV. The
CVD-P film do not perform as the CVD-B film, and exhibit a yield even below
4.5 eV [28].

Because TPYS is an integrating spectroscopy (no energy discrimination of the
electrons) and photoelectrons are excited into a continuum of states, different
excitation processes show up as characteristic thresholds resulting in a power-law
increase in the TPY spectra. Hence, three distinct excitation channels can be
identified in Fig. 8.3.

Channel I, corresponds to the excitation of electrons from the valence band. The
fact that the threshold energy of around 5.5 eV coincides with the band gap of
diamond indicates the NEA of the hydrogenated surface. The electrons excited into
the conduction band thermalized immediately to the conduction band minimum [9],
and a part of the electrons diffused to the surface could contribute to the yield of
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Channel I. Therefore, Fig. 8.3 indicates that there is an energy barrier such as
upward band bending in the surface of an N-type CVD-P film.

In the literature, Sque et al. calculated that the upward band bending originates
extended surface unoccupied states [29]. In addition, the bending seems to be too
large for excitons to contribute electron emission as was discussed in our report
[30]. The influence of the free excitons is discussed in more detail later.

Channel II, starting at a threshold energy of about 4.4–4.6 eV, can be interpreted
as the direct excitation of electrons from occupied surface extended states (surface
valence band) to the vacuum level through unoccupied surface extended states
(surface conduction band) [29], without any transport inside the diamond crystal.
Consequently, this is expected to be independent of carrier conduction type such as
P- or N-type of the diamond films, film thickness, and crystalline quality [25, 28, 31].
In fact, the spectra from both the CVD-B and CVD-P samples are coincident with
each other in this regime.

Channel III at a threshold of about 3.0 eV, then, corresponds to photoelectrons
excited from surface defects situated at around 1.6 eV above the valence band
maximum (VBM) into surface unoccupied extended states (surface conduction
band) [30].

Note that Channel III was previously interpreted as photoelectrons excited from
bulk defects situated at around 2.4 eV below the conduction band minimum (CBM)
into the conduction band [9, 32]. Although this indicates that the sample is N-type
which should inhibit electron emission from the bulk due to upward band bending
as discussed above, a TPY from channel III was observed in the literatures even
with intrinsic diamond [32].

Moreover, the dehydrogenated experiments with hydrogen thermal desorption
indicated that the electronic states concerning channel III corresponded to occupied
dangling bond states due to hydrogen desorption [33]. In the case of surface gap
states, the energy level is well explained even for intrinsic diamond, and it is no
longer necessary to discuss about the electron emission from the bulk of N-type
diamond.

According to these results, photoexcitation paths could be summarized as shown
in Fig. 8.4, where electron affinities are shown in terms of the photexcitation paths.
In the case of a NEA, path I is the photoexcitation path from the valence band to the
conduction band, path II is from the valence band on or in the vicinity of the surface
to the vacuum level, and path III is from the occupied gap states in the surface. In
the case of a PEA, path II’ is from the valence band to the conduction band on or in
the vicinity of the surface.

8.1.2.2 H-Terminated and H-Free (001) Diamond Surfaces

For the measurements high pressure and high temperature (HPHT) synthesized
single crystalline type IIa (intrinsic) diamond with a (001) crystal orientation was
used. The thickness of the IIa diamond was 300 μm. The electron affinities of samples
with different H-terminations, ranging from fully H-terminated to dehydrogenated
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surfaces, were characterized. The first sample was H-terminated in a microwave
hydrogen plasma at 800 °C for 5 min, and after the first TPYS experiment at RT, it
was annealed in an ultrahigh vacuum at 900 °C for 10 min [34].

In the case of a fully H-terminated (001) surface, the threshold energy of the sub-
band yield was 4.4 eV as shown in Fig. 8.5, which corresponds to path II in
Fig. 8.4, and a NEA of about −1.1 eV. H-termination related unoccupied surface
extended states in the energy band gap (Eg) of diamond were reported by Sque
et al., which supports our experimental findings [29].

Remarkable rises around the band gap energy Eg can be seen in the spectrum,
which indicates the negative electron affinity in the photoemission fromH-terminated

Fig. 8.4 Electron affinities shown in terms of the photoexcitation paths. In the case of a NEA, path
I is the photoexcitation path from the valence band to the conduction band, path II is from the
valence band on or in the vicinity of the surface to the vacuum level, and path III is from
the occupied gap states in the surface. In the case of a PEA, path II’ is from the valence band to the
conduction band on or in the vicinity of the surface. Both paths II and III are allowed with
unoccupied extended states in the gap [29]

Fig. 8.5 TPY spectra from a fully hydrogenated (open circles) and dehydrogenated (open
squares) diamond sample measured at RT. The insets show energy band diagrams for the
photoelectron emission processes in the cases of negative (NEA) and positive electron affinity
(PEA) surfaces
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diamond. This feature is known as the NEA peak in XPS or UPS experiments as
mentioned above, and corresponds to path I in Fig. 8.4.

The total photoelectron yield (TPY) for path I is proportional to the diffusion
length of free electrons within the sample, which is at least a few micrometers in
high quality intrinsic diamond samples [35]. Comparison of the TPY from path I
and path II shows the onset of electron emission from the bulk into the vacuum as
illustrated in Fig. 8.5 [2, 13, 25, 36].

The detailed structure of these parts of the spectra originates from exciton
generation, which involves phonon absorption and emission in the diamond sample
[8, 25–28]. These excitons partly diffuse to the surface where they recombine. The
electrons can access the vacuum level as there is no energy barrier at the surface.
Detailed mechanisms are discussed in Sect. 8.1.3.

On the other hand, on the fully-dehydrogenated (001) surface, the threshold
energy is about 6.8 eV. Applying an established data fitting technique shows a
positive electron affinity of +1.3 eV [34, 37–39]. In this case, the photoexcitation
corresponds to path II’ in Fig. 8.4.

8.1.2.3 Surface Conductivity and NEA

H-terminated diamond surfaces that absorb molecules such as C60 or materials from
the air so called adsorbates, exhibit a P-type high surface conductivity (SC). To
discuss electron emission from H-terminated diamond surfaces with NEA, it is
necessary to understand the influence of the SC.

For the measurements a synthetic type IIa (001) single-crystal diamond was
used. The samples were boiled in a mixture of H2SO4 and HNO3 at 200 °C to
remove contaminants and non-diamond carbon. It was hydrogenated in a micro-
wave hydrogen plasma at 750 °C. The samples were introduced into a UHV system
and annealing was carried out. Each annealing step lasted 10 min. Conductance
measurements using two Au tips as contacts were performed at RT either under
high vacuum conditions in a load lock attached directly to the UHV chamber or in
air. These experiments were carried out with a TPYS system in Erlangen University
in Germany [32].

Figure 8.6 shows the TPY spectra of the IIa (001) diamond. The first spectrum
was obtained using the freshly hydrogenated sample with annealing at 200 °C (open
circles) in the UHV. The sheet conductance, measured in a high vacuum after the
TPYS, was 25 pS, indicating that the sample was in the low-SC state. Samples
showing the spectral signature exhibited by the low-SC sample shall be termed as
being in state A.

After re-establishing a high SC through exposure to the air, where the sheet
conductance increased to 0.18 μS, the formation of the hole layer was confirmed. In
this state, the sample was reintroduced into the UHV and characterized again by
TPYS (filled triangles). At the same time, the electron yield is suppressed by more
than one order of magnitude as shown by state B. Note that the change from A to B,
or vice versa, is reproducible.
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Figure 8.6 shows that there are different emission mechanisms for A and B
through path I of Fig. 8.4. The low SC of state A indicates flat band case in the
surface energy band diagram as a nature of intrinsic semiconductors. In these cases,
there are no energy barriers for free electrons in the conduction band, which results
in electron emission through NEA surfaces through path I of Fig. 8.4.

On the other hand, the high SC of state B indicates P-type semiconductor
characteristics [32], which leads to upward band bending in the surface region to
align the Fermi-leve because the bulk IIa diamond is intrinsic type, that likely
prevents free electrons from being emitted through the NEA surfaces [23, 32]. Note
that even the bulk is lightly doped P-type semiconductor cases, there must be
upward band bending with high SC because of very high concentration of holes in
the SC layer at least with more than 1018 cm−3 [16, 17, 22, 23], which leads the
Fermi-level closed to the top of valence band edge, while the lightly doped P-type
diamond shows the Fermi-level about 0.3 eV above the valence band edge.

However, in Fig. 8.6, a small onset at around the band gap excitation region and
slight oscillations appear in the TPY spectrum. Bandis and Pate suggested that this
was due to free exciton derived electron emission [2, 10, 32].

According to their discussion, the binding energy of free excitons is 80 meV, and
the transverse optical phonon energies from Γ position to the conduction band
minimum in k-space are at around from 160 to 140 meV, which is almost double
the binding energy of the free excitons. Then, stable and unstable conditions of free
excitons occur while sweeping the photoexcitation energy in the TPYS experi-
ments, which gives the oscillatory yield shown in Fig. 8.6. In short, the oscillation
results from life time modulation of free excitons due to the excess internal energy
at each photoexcitation energy.

As a result, free electrons and excitons determine the electron emission mech-
anism from H-terminated diamond NEA surfaces. Electronic states in diamond with
free excitons will be discussed in the next session.
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8.1.3 Electronic States of Diamond with Free Excitons

As discussed in Sect. 8.1.2, the mechanism of electron emission from NEA dia-
mond surfaces is influenced by free exciton generation because free excitons looks
stable in diamond even at RT since the binding energy of the free excitons in
diamond is 80 meV, which is more than three times the thermal energy at RT.
Okushi and Kanno have already discussed the mass action law among free excitons,
electrons and holes in diamond [40, 41].

nex � nþ p ð8:1Þ

Based on the Bose-Einstein statistics for free excitons, and the Fermi-Dirac
statistics for free electrons and holes, the following equation was derived.

np ¼ pkBT
h2

m�
em

�
h

m�
e þ m�

h

� �3
2

exp � Eex

kBT

� �
nex ¼ Anex; ð8:2Þ

where nex is the density of free excitons, n is the density of free electrons, p is the
density of free holes, kB is the Boltzmann constant, h is the Planck constant, T is the
absolute temperature, m*e and m*

h are the effective masses of free electrons and free
holes, respectively, and Eex is the binding energy of free excitons.

In the case of photoexcitation, or high enough current injection into the intrinsic
layer as a bipolar action, the charge neutrality requires n* p, and then (8.2) yields [42],

n
nex

¼ A
1
2

1ffiffiffiffiffiffi
nex

p ; ð8:3Þ

Figure 8.7 illustrates results for the equation above. Here, the effective masses of
electrons and holes were 0.57 and 0.69, respectively [43]. When nex is constant
along the plotted line, the graph essentially indicates temperature dependence on the
electron density n. However, the ratio of n/nex was plotted to consider the physics
behind.
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Of course, when the nex increases, the n also increases. For example, when the
nex increases 100 times, the n also increase ten times. Note that then the ratio of n/
nex is decreased with increasing the nex as shown in Fig. 8.7.

Figure 8.7 shows items as follows:

• The degree of excitation, resulting from impinging photons or an injection
current, determines nex.

• The lower nex, the higher the n/nex.
• The lower T, the lower n/nex.

TPYS experiments are using the electron counting method, where the excitation
by photons is very weak [24], hence the excitation at RT favors free electrons and
holes, not the formation of free excitons.

Therefore, it is natural that in case of H-terminated N-type diamond, there was
no bulk-derived electron emission as shown in Fig. 8.3 even with taking into
account the free excitons due to the upward band-bending for the electrons dom-
inant in the surface. This description outlines a further simple model for electron
emission through NEA diamond surfaces as observed by TPYS.

In previous work, one to two orders of magnitude increase of the photoemission
yield signal intensities of exciton-derived electron emission were observed when
the sample temperature rose from RT to 550 K [34]. The scenario mentioned above
with Fig. 8.7 indicated that these phenomena did not directly mean the electron
emission from free excitons. Free excitons must generate at the certain photoex-
citation energy levels, but then they were preferentially distributed as free electrons,
since the higher the sample temperature, the further the distribution to free electrons
from free excitons as shown in Fig. 8.7.

On the other hand, Bandis and Pate showed the opposite temperature depen-
dence for the TPY before annealing after the hydrogenation process [2]. However,
they also found an oscillatory TPY spectrum, as shown by the B state in Fig. 8.6.
According to Bandis and Pate, such spectra can be expressed by

TPY ¼ C hm� Ethð Þ12; ð8:4Þ

where C is a constant, and Eth is the threshold energy [2].
The power index of 1/2, which is mainly contributed by the photo absorption

coefficient, indicates that the emission actually follows photo-absorption on the free
exciton generation, and Eth ¼ 5:54 eV, which is indirect exciton generation assisted
by an optical phonon in diamond [2, 9, 11, 13, 37]. In addition, this oscillatory yield
is observed only in the case of the B state in Fig. 8.6, where the P-type surface
conductivity was high [32]. As discussed in Sect. 8.1.2.3, upward band bending
must be influenced.

Bandis and Pate did not describe the surface conductivity issues, but they
showed indeed that the oscillatory character vanished after in situ rehydrogenation,
as is also seen in Fig. 8.6 [2].
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According to these results, it is plausible that the oscillatory TPY originates from
exciton-derived electron emission, while the high intensity TPY without the
oscillatory feature dominantly originates from electron-derived emission.

With increasing temperature, the exciton-derived electron emission decreases, as
observed by Bandis and Pate with a sample that might have a high SC. Further-
more, using a sample with a low SC, the electron-derived electron emission yield
was increased with temperature [34]. These tendencies are in good agreement with
the trends in Fig. 8.7.

8.1.4 (111) and (110)

Features of photoelectron emission from diamond with NEA were introduced
mainly with (100) face samples, but (111) and (110) also present NEA with
hydrogen termination [2, 6, 8, 28]. (111) face samples are very important because
electronic devices could be frequently realized with (111) due to the possibility to
grow both high quality N-type diamond films, and heavily doped N+-type diamond
films, which will be introduced in Sect. 8.2 [26]. Thus, there are enough rooms to
investigate TPY spectra for (111) and (110) samples. Detailed experiments with
TPYS should be progressed.

8.1.5 Summary

H-terminated diamond surfaces have a NEA of −1.1 eV. There are two types of
electron emission from the bulk of the sample: exciton-derived and electron-derived
emissions. According to a simple argument based on the mass-action law, lower
excitation results in electron-derived electron emission, while higher excitation
results in exciton-derived electron emission during operation at RT.

Based on these understanding, performances of PN and PIN junction electron
emitters with H-terminated diamond surfaces are discussed in the next section. In
particular, diamond PIN junctions showing the exciton-derived electron emission
features are introduced. The summary suggests that these are well suited for NEA
electron emitters.

8.2 PN and PIN Junction Electron Emitters with NEA

8.2.1 Introduction

There have been many reports on the development of uniquely structured diamond
electron emission devices that achieved high electron emission efficiency [44–48].
These gave superior performances as electron emitters. However, the majority of
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these reports described field emission electron emitters, which did not fully extract
gains of NEA [49]. Further development featuring NEA materials, that can operate
with a high net current (or high current density) is required.

As discussed in Sect. 8.1.2.2, N-type diamond can have NEA, but strong upward
band bending inhibits electron emission from the surface [30]. On the other hand, a
P-type layer with NEA achieved through H-termination opens a channel for elec-
tron emission; however, there are few electrons at the CBM. Therefore, using
electron injection from an N-type to a P-type layer, realizing an “excited” state as
well as photoexcitation, can make use of the features of NEA.

8.2.2 High Electron Emission Efficiency from PN Junction
Electron Emitters

Diamond PN junction was successfully formed in 2001 to show clear diode char-
acteristics and ultraviolet light emission at 235 nm [50]. The 235 nm light emission
has been attributed to the recombination of free exciton with phonon assists and this
is a clear evidence that electrons and holes are injected from N-type to P-type and
vice versa. This led to a possibility to fabricate an efficient electron emitter using
electron injection into P-type diamond.

NEA cold cathodes have already been designed and reported to exhibit high
electron emission efficiencies in 1970s which utilized cesium oxide absorption on
P-type semiconductor surface of PN junction to induce strong downward band
bending at the surface [51]. Due to the nature of cesium oxide, there were several
problems to spoil the stability and robustness of the cathodes. Compared to this,
hydrogen terminated diamond surface is naturally showing NEA characteristics in
vacuum with very high thermal and chemical stability due to strong covalent
bonding of C–H. The surface is stable even after exposure to the air or even heated
over 400 °C. Based on this nature, there are some early researches aiming to have PN
junction cold cathode of diamond, but the electron efficiencies were lower than
0.01 % which will be due to pour nature of junction formation mostly related to the
difficulties to obtain N-type diamond before 1997 [45, 46]. After establishing N-type
diamond growth technique [52] and successful formation of PN junction [50], the
efficient PN junction cold cathode study was first reported in Japan in 2006 [53].

Diamond PN junction was formed on {111} single crystalline diamond surface
because high quality N-type diamond had been feasible only on {111} growth
orientation at that time. Growth of phosphorus (P) doped N-type diamond layer was
performed on the diamond substrate by microwave plasma CVD using methane and
hydrogen as source gases with phosphine (PH3) as a dopant. The gas flow ratios
were, PH3/CH4: 2,000 ppm, CH4/H2: 0.05 %. Growth temperature was 900 °C at
microwave power of about 500 W and total gas pressure of 100 Torr. P-doped
diamond film with 5 μm thick and 1 × 1019 cm−3 of doping concentration has been
grown under this growth condition with the growth rate of 500 nm/h. On the surface
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of N-type diamond, boron doped P-type diamond layer was formed using diborane
as doping source at the same condition of N-type layer with the thickness of 500 nm
and the doping concentration of 1 × 1018 cm−3. After the PN stacking film for-
mation, the sample was processed by reactive ion etching to build mesa structures
for PN junction diode.

The electron emission measurements were performed in an ultra-high vacuum
probe station. The sample was placed on the stage heated at 200 °C to get better
conductivity in N-type layer that has large activation energy of donor, 0.57 eV and a
collector electrode bias at 100 V was placed above a PN junction mesa with about
0.1 mm separation. A schematic drawing of diamond PN junction sample and the
measurement circuits are shown in Fig. 8.8.

For the PN junction that show diode rectifying characteristics, the electron
emission was observed in forward bias regime along with the diode turns on. The
electron emission efficiency (electron emission current/diode current) was 0.64 %
for the initially obtained sample in 2006 [53]. By the improvements of crystalline
quality of semiconducting diamond layers, the emission efficiency was improved to
1.4 % as reported in 2009 [54].

Figure 8.9 shows the current–voltage characteristics of representative diamond
PN junction cathode with the electron emission efficiency plots. It is clear that the
electron emission occurs with forward diode current increase. Although the leakage
current obviously observed, electron emission does not appear in the reverse bias
regime. From these results, it is confirmed that the electron emission is driven by
electron injection at the PN junction interface.

The emission area and the energy of emitted electron have been carefully ana-
lyzed using photoelectron emission microscopy setup without external photo
excitation during the measurements [55]. The electron emission image clearly
showed that the emission comes up from P-type diamond surface on the top of
mesa structure. The energy of emitted electron was about 4 eV over the Fermi level
of P-type diamond (0.37 eV from valence band maximum) with the energy spread
of about 1 eV. It is considered that the electron injected from N-type layer drifted
on the conduction band of P-type diamond occupy the empty surface states on

Fig. 8.8 Schematic drawing of diamond PN junction sample and the electron emission
measurement diagram
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hydrogen terminated surface and part of those electrons with the energy over
vacuum level escape to vacuum as emission current measured with collector
electrode.

8.2.3 PIN Junction Electron Emitters

The performance of the PN junction emitter was mainly reported at temperatures of
200–300 °C, which are required in order to activate the deep donor levels of
phosphorous atoms in N-type diamond [26, 52]. Achieving a high electron emission
current at RT is a major issue with diamond as to be an advanced electron emitters.

In addition, the higher the current, the higher the exciton-derived electron
emission as discussed in Sect. 8.1.3. PIN junctions are more suitable than PN
junctions for enhancing the excitonic properties because of the potential for high
density free exciton states as well as 1018 cm−3 in the I-layer with taking into
account the strong binding energy and small Bohr radius of free excitons in dia-
mond [40, 41]. PIN diodes have also been developed for free exciton recombination
based DUV-LEDs [57].

Based on the advanced techniques used in the diamond DUV-LEDs to obtain a
high number (or high density) of free excitons, high current operation at RT of
diamond-based PIN junction electron emitters were attempted to realize with NEA.

8.2.3.1 PIN+ Junction Electron Emitters with a N+ Top Layer

According to Oyama and Kato et al., heavily P-doped N+-layers with a phosphorous
concentration of around 1020 cm−3 shows the resistivity of about 100 Ω cm,
while that of a conventional N-layer with a phosphorous concentration of around

Fig. 8.9 Electron emission
characteristics of a diamond
PN junction cathode
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1018 cm−3 is from 105 to 106 Ω cm at RT [58, 59]. Note that “heavily P-doped”
does not imply a degenerate semiconductor; moreover, the conduction in such
layers is no longer band conduction but hopping conduction.

In addition, the contact resistance of metal/N+ junction is less than 10−2 Ω cm2,
while that of conventional metal/N-layer contact is 103−5 Ω cm2 at RT [58, 59].

Thus, it was expected that an additional heavily P-doped N+ top layer on the PN
diode structure would achieve a lower series resistance and a higher net diode
current. Here the top layer faces a collector anode. Makino et al. developed DUV-
LEDs with PIN diodes, which had I-layers of more than 1 μm in thickness, and
achieved strong free exciton recombination radiation. The thicker I-layer provided a
larger volume which allowed for a higher number of free excitons [60–62].

According to these findings, a diamond (111) PIN diode with an N+ top layer
was fabricated with thick high-quality I-layer to measure not only the electron
emission properties but also electroluminescence from the diode, with the aim of
determining the relationship between free exciton generation and electron emission
in the diode. From the experimental results, an electron emission mechanism was
proposed for the diamond PIN junction with NEA [63].

A P-type HPHT IIb (111) substrate of 2 mm × 2 mm × 0.5 mm with a mis-
orientation angle of 2.7° was used for the P-layer. The I-layer, the N-layer, and the
heavily phosphorous doped N+-layer were grown on the substrate by microwave-
assisted plasma CVD. The growth conditions for these films are summarized in
Table 8.1. For the homoepitaxial I-layer, a thickness t was chosen to be more than
1 μm as a thick I-layer.

Figure 8.10 shows secondary ion mass spectrometry (SIMS) results for the
sample. A N+-layer heavily doped with phosphorous ([P] = 8 × 1019 cm−3) with
t = 0.4 μm was successfully grown on a N-layer ([P] = 5 × 1017 cm−3) with
t = 0.2 μm, forming the top layer. The nitrogen and boron abundance was under the
detection limit in these layers. In the N+-layer, however, incorporated hydrogen
atoms were detected, but the concentration of phosphorous was so much higher
than the concentration of hydrogen that this layer was electrically unchanged [26].

Mesa structures were fabricated by dry etching with an etching depth of 1.9 μm
to expose the PIN junction interface. Circular shaped mesa structures were fabri-
cated with typical diameters of 70, 120 and 170 μm, and rectangular structures with
dimensions of 130 μm × 260 μm.

Figure 8.11 shows a schematic diagram of the PIN diode. After fabrication of the
mesa structures, Ti electrodes with Pt caps were patterned with photolithography
and lift-off processes. In order to obtain good adhesion and ohmic properties for the
contact electrodes, the sample was annealed at 420 °C for 30 min in ambient Ar. To
measure the current–voltage characteristics, the sample was electrically isolated
from the sample stage. A grounded probe was attached to the N+ top layer, and
another probe was attached to the Au film. Thus, the positive biases corresponded
to forward bias conditions. Electron emission measurements were performed in
vacuum with anode probes of tungsten needle, which was set 100 μm above each
diode. The radius of curvature at the needle tips was 25 μm. The anode voltage was
fixed at 100 V. This setup is also depicted in Fig. 8.11.
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Measurements of the diode current–voltage (IG–V) and emission current–voltage
(IA–V) characteristics in vacuum were performed before and after hydrogenation of
the whole sample. The hydrogenation process was used, which previously suc-
ceeded to produce NEA on various diamond surfaces as confirmed by TPYS
experiments [34].

To evaluate the quality of these diodes, their electroluminescence was observed
before hydrogenation. The dependence of the integrated intensity of free excitons
and deep-level luminescence on the forward diode current was measured.

Figure 8.12 shows the dependence of the integrated intensity of (a) free exciton
recombination luminescence and (b) deep-level luminescence on the forward diode
current IG. The range of wavelengths that contributed to the plots for the exciton
emission and deep level emission were 220–246 nm and 300–734 nm, respectively,
where the upper limits were imposed by the measurement system. In the literature,
it is noted that the absolute intensity values could not be used to compare (a) and (b)
in their simple setup, but the dependencies on IG could be compared [63].

As shown in Fig. 8.12, a nonlinear increase was observed in (a), but a fairly
linear increase was in (b). These phenomena were the same as observed by Makino
et al. in our previous DUV-LED experiments. These results directly indicate that the

Table 8.1 Growth conditions for each layer of the fabricated diode

I-layer N-layer N+-layer

Dopant – PH3 PH3

C/H2 (%) 1 0.02 0.05

(Impurity atom)/C – (unintentional) 50

Temperature (°C) 800 900 900

Microwave Power (W) 3,500 750 750

Total Gas Flow (sccm) 400 400 400

Pressure (Torr) 150 75 75

The misorientation angle was 2.7°. A CVD system for heavy phosphorous doping was used. Light
phosphorous doping for N-layer growth was achieved by unintentional doping
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Fig. 8.10 Secondary ion
mass spectrometry (SIMS) of
the sample
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free exciton life time is longer with a higher IG, with overcoming a short life time by
recombination at deep levels in indirect semiconductor natures [61].

Figure 8.13 shows the IG–V and IA–V characteristics of a diode in a vacuum
operating at RT. The mesa area of this diode was 3.4 × 10−4 cm2. The electron
emission efficiency η = IA/IG is also shown in Fig. 8.13. IG shows the electron
emission onset just below VG = 4.5 V, which is the built-in potential expected

Fig. 8.11 Schematic diagram of the PIN diode with the heavily doped N+ top layer. The electrode
setup and circuit is also illustrated
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in diamond PN junctions with boron acceptors and phosphorous donors. Here,
η = 0.2 % was obtained at RT operation.

Electron emission was not observed before hydrogenation. Measurements for
previous diodes prior to hydrogenation always yielded the same results [63, 64].
Hence, these results show the electron emission that is a result of the NEA of the
diamond surface. In addition, the IA was not observed in the reverse bias region, as
this measurement also always yielded the same results for all previous diodes,
including the case of PN cathodes [63, 64]. Clearly “excited” states of the diamond
diode with forward current actually triggered electron emission as well as photo-
electron excitation.

Figure 8.14 shows the dependence of η on IG obtained from Fig. 8.13 on a
double-logarithmic scale. That of a previous (001) PIN diode without the heavily
P-doped N+ top layer is also plotted [63]. η settled in the high current injection
region as shown in the right hand of the figure; the settling values for both the
current diode and a previous (001) PIN diode are given.

The η values for IG above 30 mA were relatively similar, whereas below 30 mA
there was a considerable difference between the two diodes.

Increasing the measurement temperature resulted in an increase of η. Figure 8.15
shows η as a function of VG around the built-in potential, at 473, 523 and 573 K.
The diode exhibited η > 1 % at 573 K with VG around 4.2–4.4 V. The VG’s that
yielded the highest values of η are marked with filled circles. The optimum voltage
shifted by 0.1 V from 473 to 573 K as shown in Fig. 8.15.

The built-in potential Vbi was calculated using the following equation:

Vbi ¼ kT
q
ln

nn0pp0
n2i

� �
; ð8:5Þ
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where k is the Boltzmann constant, T is the absolute temperature, q is the ele-
mentary charge, nn0 is the free electron density in the N-layer at thermal equilib-
rium, pp0 is the free hole density in the P-layer at thermal equilibrium, and ni is the
intrinsic carrier density. The calculation of ni took into account the effective masses
of electrons (0.57) and holes (0.69) and the temperature dependence of the band-
gap energy and carrier densities [35, 44, 65]. nn0 and pp0 were calculated using a
donor density of 5 × 1017 cm−3 and an acceptor density of 5 × 1015 cm−3 (which
treats the I-layer as a P-layer), respectively, based on the SIMS result shown in
Fig. 8.10 [26].
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The calculated values of Vbi for T = 473 K and T = 573 K were 4.44 V and
4.36 V, respectively. Hence, the optimum voltage shift calculated by (8.5) was
about 0.08 V from T = 473 K to T = 573 K, which was almost the same as the
value observed. Even if the highest value of [B] = 2 × 1016 cm−3 from the SIMS
results was used for the I-layer, the shift was almost the same as above.

According to Figs. 8.13 and 8.14, η took maximum at VG * Vbi, decreased when
VG > Vbi, and increased again in the high current injection region IG > 30 mA. This
indicates the presence of two electron emission mechanisms.

In the low current injection region, significant improvement of η, from below
10−6 % to over 10−1 %, was obtained using an N+ top layer as shown in Fig. 8.14.
Kato et al. reported that the contact resistance of a metal/N+ (111) contact is less
than 10−2 [Ω cm2], while that of a metal/N (001) contact is over 105 [Ω cm2]
[58, 59]. The N-type side electrodes for each diode shown in Fig. 8.14 had an area
of 1.4 × 10−4 cm2. Then the resistance at the metal/N+ (111) contact was 71 [Ω],
while that at the metal/N (001) contact was 710 [MΩ]. In contrast, the evaluated
series resistance for the N+/N layers of the N+NIP (111) diode was 60 [kΩ], and that
for the N layer of the previous NIP(001) diode was 100 [kΩ].

The results above indicate that a reduction in the contact resistance, achieved
through the use of a N+ top layer, significantly improved the electron injection
efficiency in the low current injection region. At around VG = Vbi, flat-band con-
ditions were expected in the PIN junction because IG increased exponentially,
which was likely caused by a diffusion current.

Under flat-band conditions, there are three candidates for the electron emission
source: (1) free electrons in the N-layer, (2) free electrons injected from the N-layer
to the I-layer without recombination with holes, and (3) free excitons generated in
the I-layer by the electrons from (2) recombining with holes. The above argument is
not changed by the fact that the I-layer is a P−-layer.

Based on the photoelectron emission experiments in Sect. 8.1.2.2, it was
revealed that the hydrogenated N-type diamond surfaces with NEA, did not emit
electrons from within the bulk of the material because of the intrinsic surface
upward band bending, eliminating (1) as a possible candidate [29, 34].

According to the model suggested by Makino et al., higher IG results in a longer
free exciton life time in the I-layer [61]. Hence, the free exciton life time in the low
current injection region is short, due to recombination at deep levels.

In practice, Fig. 8.12 indicated that the ratio IFE/Ideep decreases with decreasing
IG, where the integrated electroluminescence intensity of the free excitons is IFE,
and that of deep levels is Ideep. On the other hand, the values of η at VG * Vbi and in
the high current injection region were of almost the same order. This suggests that
free excitons do not influence electron emission in the low current injection region.
Thus, process (2) is more plausible than (3) in the low current injection region.

The discussion in Sect. 8.1.3 suggests that in the case of a PIN diode with a N+

top layer, the low density electron injection into the I-layer with NEA results in a
high value of η, because low density electrons and holes favor conduction and
valence band states rather than free exciton states, and the metal/N+ contact allows
smooth electron injection. The NEA surface opens a channel for free electrons at
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the CBM, yielding high efficiency electron emission. This might be the same in the
case of PN diode. On the other hand, based on the results shown in Fig. 8.14 for
the case of a PIN diode without a N+ top layer operating in the low current region,
electrons are not well injected.

Figures 8.13 and 8.15 show that the diode with the N+ top layer exhibited the
highest η when VG * Vbi. Operating at RT, η reached 0.2 %, and at 573 K, η
exceeded 1 %. The value at 573 K was close to that reported for PN junctions with a
P top structure as described in Sect. 8.2.2 [54, 63]. This indicates that PIN junctions
with N+ top layers have the capability for practical use after further optimization of
the device structure.

As mentioned above, η once dropped by two orders of magnitude just above
VG = Vbi. According to previous results reported, such a significant drop in η just
aboveVG=Vbiwas not observedwith diodes usingP top layer structures [53–55, 63].
In this region, the excess forward voltage VG–Vbi induced an electric field in some
parts of the diodes, which resulted in a drop of η in the low current injection region
with the present diodes using N+/N top layer structures. Further quantitative inves-
tigations into the dependence of η on the diode structure are necessary.

Furthermore, if process (2) is only considered to be the electron emission pro-
cess, the rise of η in the high current injection region cannot be explained.

Figure 8.12 shows that this diode exhibited free exciton luminescence, which
increased nonlinearly with increasing IG above 0.5 mA. The second rise of η is
shown in Fig. 8.13. According to the model used by Makino et al., it could be
speculated that the higher the IG, the longer the free exciton life time.

This speculation allows for a higher net number of free excitons in the I layer,
and the production of an exciton-derived electron emission current IA. Hence,
process (3) starts to contribute to the electron emission in the high current injection
region, which agrees with the discussion in Sect. 8.1.3. Comparing with the PN
cathodes, this might be a feature of the PIN cathodes.

However, operation in the high current injection region may exhibit additional
phenomena such as heating effects, further electron injection at the metal/N+ contact
with an excess forward bias accompanying effective free exciton generation, and
electron “leakage” from the diode via electron emission as shown in Figs. 8.12 and
8.13. All of these effects might induce a carrier re-distribution in the diode. These
complex phenomena are likely the reason that it takes a relatively long time of
about 2 min for IA to settle at the value of IA = 78 μA with an efficiency of
η = 0.1 % operating at RT in the DC mode [63]. Further experiments are required
to understand the carrier re-distribution in the high current injection region.

Due to these complex issues, small differences in η in the high current injection
region in Fig. 8.14 between the two diodes could not be simply explained. How-
ever, the electron emission mechanism in the high current injection region in both
diodes seems to be the same, since the PIN (001) diode showed free exciton
luminescence with nonlinear phenomena when IG > 20 mA as shown in Fig. 8.12
[67].

A comparison of performances between (001) and (111) orientations has not yet
been completed. Crystal quality of (001) seems to be better than (111) since
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incorporation efficiency of impurity atoms for (001) during the CVD growth is less
than that for (111) [68], but heavily doping for N-type films could be obtained only
the (111) face [26].

Now these devices make use of not only band conduction but also hopping
conduction in transport mechanism, and then this discussion seems to be further
complicated with issues on the surface quality. Further investigations must be
progressed.

8.3 High Voltage Vacuum Power Switch

8.3.1 Background

Compact high voltage power switches are highly desirable for intelligent power
grids with renewable energy sources, which contribute to the global suppression of
CO2 emissions. As this infrastructure develops, the requirement for such electronics
will increase drastically. In particular, there will be a high demand for reliable,
compact high voltage switches that can operate at over 100 kV.

A compact high voltage vacuum power switch using electron emitters, which
cannot be realized with conventional semiconductor devices, has been proposed,
utilizing the insulation capability of a vacuum [69]. The most critical requirements
for a vacuum switch are high current density, scalability and current uniformity in
the on-state. However, the performance of conventional field emitters for use in
power switches is still insufficiently low due to low uniformity and low stability by
current concentration.

Spontaneous electron emission as well as thermionic emission at room tem-
perature (RT) can meet the above requirements. Hydrogen (H-) terminated diamond
has attracted the attention of many researchers because it has a low or negative
electron affinity (NEA). For this reason, diamond can be used as a superior cold
cathode that yields not only a high efficiency but also a high net current (or high
current density) with spontaneous electron emission.

In this section, the results of 10 kV switching experiments was presented with
using a diamond PIN junction diode electron emitter with an appropriate resistance
load. The load should account for the vast majority of the voltage drop if the
spontaneous electron emission from the diamond PIN junction electron emitter
provides a sufficient current in the on-state [70, 71].

8.3.2 Capability of the Vacuum Power Switch

A vacuum switch consists of an electron emitter and an anode separated by a
vacuum gap. A schematic diagram of the proposed vacuum power switch and the
electric circuit are shown in Fig. 8.16.
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As shown by the electric circuit model in Fig. 8.16, there are three sources of
power loss in this system:

(1) The power consumption of the load.
(2) The power loss at the anode, which is due to the residual on-voltage (Von)

between the cathode and the anode. In the on-state, electrons accelerate across
the vacuum to the anode, forming the emission current IA. As they bombard
the anode their kinetic energy is dissipated as heat, resulting in a voltage drop.

(3) The power lost by turning on the cathode.

Hence, the power transmission efficiency ξ of the vacuumpower switch is given by:

n ¼ ð1Þ
1ð Þ þ 2ð Þ þ 3ð Þ

¼ IA E � Vonð Þ
IA E � Vonð Þ þ IAVon þ IGVG

¼ IAE � IAVon

IAE þ IGVG

¼ 1� Von
E

1þ 1
E
VG

IA
IG

¼ 1� RAnode
loss

1þ 1
gVg

;

ð8:6Þ

Fig. 8.16 Schematic diagram of the proposed vacuum switch and the electric circuit. A voltage gain
gv=E/VG.E is the high voltage power supply, IA is the anode current, or the current in the high voltage
region,Z is the load,VA is the anode voltage,VL is the voltage drop at the load,VG is the control voltage
of the electron emitter, and IG is the control current of the electron emitter. IA= IG + IK. In the on-state,
VA = Von, which is the on-voltage of the switch, and in the off state, VA = E
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where Rloss
Anode = Von/E is the anode loss, gV = E/VG is the voltage gain, and η = IA/

IG is the electron emission efficiency. η is a parameter similar to that of α for a
bipolar transistor, which is the ratio (α = IC/IE) of the collector (IC) and emitter (IE)
currents.

It is apparent that larger gV and η, and smaller Rloss
Anode, result in a larger ξ. Note

that ξ increases not only with increasing η but with increasing the product gVη.
Hence ξ is maximized by a value of η which is as close to unity as possible, and a
large gV, which can easily exceed 10,000 when E > 100 kV and VG < 10 V,
demonstrating the vacuum power switch’s potential for high efficiency.

By utilizing the insulating properties of a vacuum, it is possible to achieve a
value of gV larger than that in solid state devices, yielding a higher overall effi-
ciency, despite η being further low from unity.

In addition, through spontaneous electron emission, Von could theoretically reach
zero. In short, the on-resistance Ron could reach zero as a switch. This is not the case
for solid state devices because Ron is limited by the drift resistance for high voltage
devices. This is because there is a trade-off between the breakdown voltage and Ron

as a higher breakdown voltage requires a thicker drift layer, which results in a larger
Ron.

In a vacuum power switch, the electrons encounter no resistance, meaning there
is no such trade-off between the breakdown voltage and Ron.

However, high density electrons in vacuum are scattered by the space charge
effect. Thus, a small on-voltage might be necessary, which is represented by Ron in
the circuit. This effect can be partly reduced through the design of a suitable cathode
and anode, and consideration of the operation current density.
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Figure 8.17 shows the relationship between ξ and gV for different values of η.
Equation (8.6) can be written as follows:

n ¼ gV � Von
VG

gV þ 1
g

ð8:7Þ

The range of each parameter used in Fig. 8.17 was based on practical values as
described in Sects. 8.2.3 and 8.3.3.

For example, when E = 10 kV, VG = 10 V and Von = 100 V, gV becomes 1,000
and Von/VG becomes 10, then ξ = 90 % when η = 1 %. In addition, when
E = 100 kV, gV becomes 10,000, and n becomes 98.9 %.

As shown in Fig. 8.17, values of gV larger than 1,000 yield efficiencies close to
or larger than 90 % when η > 1 %, which is possible with diamond PN or PIN
junction electron emitters as described in Sects. 8.2.3 and 8.3.3.

However, when η < 0.1 %, it is difficult to attain a sufficient value of ξ. This is
the reason why conventional vacuum tubes with a filament, for which η is normally
less than 0.01 %, cannot be used for high voltage switches.

8.3.3 10 kV Vacuum Switch Using a Diamond PIN+ Electron
Emitter with Negative Electron Affinity

As described in Sect. 8.2.1, spontaneous electron emission like thermionic emission
at RT is a phenomenon that can be utilized in vacuum power switches. According
to our results in Sect. 8.2.1, diamond PN and PIN electron emitters with NEA
H-terminated surfaces show a potential for such an application.

To obtain experimental results at RT, diamond PIN diode emitters were fabri-
cated through CVD film growth as shown in Fig. 8.18. A heavily phosphorus doped
N+-layer ([P] = 7 × 1019 cm−3) with a thickness of 200 nm was grown on the I-layer
to achieve high electron injection operation at RT with hopping conduction as
described in Sect. 8.2.3.

The boron acceptor and the phosphorous donor impurity levels are 0.36 eV
above the VBM and 0.57 eV below the CBM, respectively [66]. Thus, the carrier
densities at RT are too low for use in power devices. However, according to our
results, the junction between the intrinsic layer and the heavily doped layer with
hopping conduction behaved as a normal semiconductor junction [57, 58].

In short, high current density by the hopping conduction leads the high carrier
density in the band conduction layer even though there seems to be an energy
barrier between the hopping level at around the donor level and the CBM at the
junction. This advanced configuration from Sect. 8.2.3 utilizes one of the unique
properties of diamond.

The impurity levels in the I-layer were below the detection limit of SIMS. Ti
(30 nm)/Pt (100 nm) electrodes were deposited on the top and back sides of the
diodes after fabricating the mesa structures with dry-etching. Finally, hydrogenation
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of the diamond surfaces produced the NEA. The electric properties were measured
in a vacuum, whose setup was shown in Fig. 8.18d. One grounded probe tip made
contact with the back of the P-type substrate, and another probe tip with a negative
bias during forward operation made contact with the top of the N+-type layer. An
additional probe tip was set 200 μm above the mesa diode as the anode.

As shown in Fig. 8.19, the electron emission efficiency (η) and the emission
current (IA) increased with increasing diode current (IG), and η was as high as 0.9 %
at IG = 40 mA during operation at RT. An IA value of 345 μA was obtained. The
emission current density, which was elucidated with the mesa area, was 0.18 A/cm2,
which was as high as that for field emission arrays even though there was no field
enhancement structure. No electron emission was observed in reverse operation or
without H-termination, i.e., without NEA [63].

Note that the detection limit for the current measurement setup was limited by
the lowest value of IA, which also masked the behavior of η in the low forward
voltage region. Thus, the behavior of η between this diode and the diodes in Sect.
8.2.3 could not be simply compared.

Static IA–VA characteristics with an anode voltage of VA are shown in Fig. 8.20.
A 10 kV off-mode was safely maintained in a vacuum with the diode voltage (VG)
turned off. The diode was turned on by VG, which produced a current of IG.

Fig. 8.18 Fabrication processes of diamond PIN diode emitter through CVD diamond film
growth: a Deposition of homoepitaxial I- and N+-layers on a P-type HPHT type IIb (111) diamond
substrate. b Mesa structure fabrication. c Ohmic electrode fabrication was followed by exposing to
a hydrogen radical shower to obtain NEA. d Image of fabricated diode (on-state) and measurement
probes. Electroluminescence from defects was observed with forward biases only
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High voltage (E = 10 kV) switching experiments were carried out with a
200 MΩ load (Z) as shown in Fig. 8.21, as well as Fig. 8.16. VA was monitored by a
high voltage divider. When an emission current of 50 μA is obtained, the expected
voltage drop at the load by a simple calculation must be 10 kV. An aim of this
experiment was to investigate how low VA becomes while maintaining a certain IA.

Figure 8.22 shows the result of 10 kV switching at RT using the PIN junction
electron emitter. In this experiment, VG and IG are the voltage and current input to
the diode, respectively. When the input power was on with VG = 23.6 V and
IG = 7.0 mA (pulse duty was 0.5), a current was induced in the anode IA, and VA

immediately dropped from 9.8 kV to 160 V. This voltage difference was applied to
the load, and the residual VA of 160 V was termed the on-voltage (Von) of the
vacuum switch. Such on and off switching of a 10 kV voltage was performed
without any instability. Noted that the slow rise of VA (or drop of IA) in the off-state
was mainly due to the voltage divider of 10 GΩ and the large load resistance of
200 MΩ.

According to the model in Sect. 8.3.2, each parameter for the experimental
results could be determined as follows: η = 0.69 %, gV = 410, and Rloss

anode = 1.6 %
when E = 9.8 kV, which is less than 10 kV due to probing of VA with the voltage
divider. Finally, ξ = 73 % between the output power (Pout) to the load and the input
power (Pin) to the diode.

The performance evaluation of the proposed vacuum switch was carried out by
calculating (8.7), and it was shown in Fig. 8.23. Note that the exact relation between
Von and Vg in the 10 kV switching experiment above was Von * 7 VG (160/24 VG),
but in fact the difference in the calculation results was negligible as shown in
Fig. 8.17. Thus, discussion below is almost the same whether with Fig. 8.17 or 8.23.
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Fig. 8.19 I–V characteristics of the diamond PIN electron emitter with an anode voltage of
VA = 100 V. The open circles are the diode current values (IG), the red filled circles are the electron
emission current values (IA), and the blue line shows the electron emission efficiency (η)
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It could be seen in Fig. 8.17 as that the power transmission efficiencies (ξ’s) of two
red lines, one is for Von = VG, the other for Von = 10 VG in the case of η = 1 %, at
around gV = 410 are much closed to each other.

In Fig. 8.23, the result using the data of Fig. 8.22 was plotted by a green circle.
The case with η = 0.69 % as well as the case of Fig. 8.22 was also drawn by a green
line. With assuming a system voltage of 100 kV, the voltage gain gV increases by
one order of magnitude from the case of 10 kV. As a result, the open circle shifts
toward to the right along with the green line in Fig. 8.23, and then ξ reaches the
filled yellow star with over 90 %, even with the same electron emitter.
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Fig. 8.20 An example of the anode current (IA) (electron emission current)–anode voltage (VA)
curves at different diode currents (IG). Vacuum was easily maintained 10 kV, and IA rose almost
from VA = 0 V

Fig. 8.21 A schematic diagram of the vacuum switch and electric circuit used in this experiment.
VA was monitored though Vm. The voltage gain gV = E/VG
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When the optimal values of each parameter was used, i.e., η = 10 % and
VG = 8 V with E = 100 kV, ξ = 99.92 % is obtained. Note that the parameters has
been obtained independently in the experiments up to now. Hence, the vacuum
switches are confirmed to be promising, compact (ultra) high voltage switches.

This chapter has been focused on the H-terminated surfaces of diamond.
Recently, other functionalized diamond surfaces were reported as stable NEA

Fig. 8.22 Switching of 10 kV at RT using the PIN junction electron emitter

Fig. 8.23 Performance evaluation of the proposed vacuum switch as determined by (8.7) with
Von = (160/24)VG. The result using the data of Fig. 8.22 was plotted by a green circle. The case
with η = 0.69 % as well as the case of Fig. 8.22 was also drawn by a green line. With assuming a
system voltage of 100 kV, the open circle shifts toward to the right along with the green line, and
then ξ reaches filled yellow star with over 90 %, even with the same electron emitter
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surfaces, such as a cycloaddition reaction of 1,3-butadiene on the bare diamond
surface [72], and a lithium coated O-terminated diamond surface [73].

The latter case in particular may be relevant to the vacuum power switch
applications since it is robust in air and high temperatures. These new results
strengthened the capabilities of diamond-based NEA devices.

8.4 Conclusion

The electron emission efficiency of the PN diode was close to 10 % of the forward
current. In addition, a 10 kV vacuum power switch using a NEA diamond PIN
electron emitter exhibited a breakthrough power transmission efficiency of 73 % at
9.8 kV during operation at RT. This result was attributed to a combination of the
NEA of the diamond surface, a high level of electron injection with a hopping
conduction-type N+-layer, and the insulation provided by the vacuum. Based on the
principles validated by this result, vacuum power switches operating at over 100 kV
with an efficiency of more than 99.9 % are possible principally.

Under these advanced results on electron emission from diamond, the electron
emission properties of hydrogen terminated diamond surfaces with “true” negative
electron affinity (NEA) were reviewed. Three areas are discussed to clarify the
background physics of the high voltage vacuum switches:

(1) Electron emission mechanism through NEA.
(2) Electronic states in diamond with free excitons.
(3) Free carrier injection from a heavily doped layer with hopping conduction to a

high purity intrinsic layer with band conduction.

The results of photoelectron emission experiments were used to elucidate (1) and
(2), which led to a comparison of diamond PN and PIN junction diode electron
emitters with NEA. Results of research on deep ultraviolet-light emitting diodes
with diamond PIN junctions was introduced to develop a new structural scheme (3)
to overcome the low carrier density at room temperature that results from the deep
donor/acceptor levels of diamond, which have never previously been considered in
conventional semiconductors.

Based on these summaries, continued progress is necessary to realize high
voltage vacuum switches. Total solution with not only electronics, but also vacuum
technologies, and power electronics must be merged by much population of
researchers. Note that these are not simply based on Si semiconductor physics, but
unique diamond semiconductor physics, means there are enough rooms to be
developed in both science and technology.
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Chapter 9
Diamond Ultramicro- and Nano-electrode
Arrays

Nianjun Yang, Jakob Hees and Christoph E. Nebel

Abstract Boron-doped diamond as one of the best electrode materials has been
used for the fabrication of diamond ultramicro- and nano-electrode arrays. These
arrays amplify the signal of individual micro-/nano-electrodes but do not lose the
beneficial characteristics of individual micro-/nano-electrodes. In this chapter we
summarize the fabrication, properties, and applications of diamond ultramicro- and
nano-electrode arrays. The technologies for the fabrication of these arrays and the
characterization methods applied at Fraunhofer IAF are explained in detail as
examples.

9.1 Introduction

Diamond was introduced as an electrode material by Iwaki et al. in 1983 [1] and later
by Pleskov et al. in 1987 [2]. Soon heavily boron-doped diamond was recognized as
one of the best electrode materials [3–14]. Boron-doped diamond films show
numerous unique physical and chemical properties [7, 8, 14–18], such as (i) high
chemical stability in harsh environments and/or at high current densities as working
electrodes; (ii) weak or no surface bio-fouling; (iii) biocompatibility; (iv) low and
stable capacitive currents in aqueous and non-aqueous solutions; and (v) wide
electrochemical potential window. For example, the capacitive current of a hydrogen
terminated diamond electrode (boron concentration: 2 × 1020 cm−3) in 0.1 M pH 7
phosphate buffer is 10 times lower than that of a gold electrode and about 100 times
lower than that of a glassy carbon electrode. If defined with an absolution value of
current density of 1.0 mA cm−2 as a threshold value, one can achieve a wider
electrochemical potential window for diamond electrode than other electrodes
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although it is affected by the electrolyte and the diamond sample. Figure 9.1 shows
the potential window of a heavily boron-doped single crystalline diamond sample
(boron concentration: 5 × 1020 cm−3) in different media. The potential window is
about 3.2 V in aqueous solutions, 4.6 V in organic solutions, and 4.9 V in room
temperature ionic liquids. Diamond is chemically inert, not swelling in electrolyte
solutions, and does not show surface fouling, especially when hydrogen-terminated.
Its surface can be terminated [18] with hydrogen, with oxygen, or with mixtures of
both, which allow convenient optimization of electronic properties of the solid/
electrolyte interfaces. These terminations can be achieved by a hydrogen or oxygen
plasma treatment at high temperatures or by electrochemical reduction/oxidation at
high current densities in acidic solutions [18]. It is biocompatible and can be bio-
functionalized via carbon chemistry [12–14, 19, 20]. Furthermore, its surface can be
textured with dimensions of typically a few nanometers [21–23] to nanowires with
lengths of a few micrometers [24]. Up to now, planar macroscopic polycrystalline
diamond electrodes have been frequently applied for electrochemistry, bio electro-
chemistry, sensor, environment, and related applications [3–14].

Due to the non-uniform doping in polycrystalline diamond, boundary effects,
and the ratio graphite to diamond, electrochemical signals recorded on diamond
electrodes are average signal detected over the full electrode. To solve this
problem, one efficient way is to fabricate and investigate small-dimensional (micro
and sub-micrometers) electrodes [25–30]. These electrodes offer various benefits
over planar macroscopic electrodes [25–30] such as reduced Ohmic resistance,
enhanced mass transport, decreased charging currents, decreased deleterious effects
of solution resistance, and high possibility for fast voltammetric measurements.
Classified with their dimensions (e.g. diameters of electrodes, d), they have been

Fig. 9.1 Linear sweep voltammograms of a planar diamond electrode in 0.5 M LiClO4 solution
(a), 0.1 M TBABF6/acetonitrile solution (b), and 1-Butyl-3-methylimidazolium hexafluorophos-
phate (BMIM-PF6) (c) at a scan rate of 0.1 V s−1. The boron concentration is 5 × 1020 cm−3
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divided into (i) microelectrode (25 µm < d < 100 µm), (ii) ultramicroelectrode
(0.1 µm < d < 25 µm), and (iii) nanoelectrode (d < 100 nm) [25, 26]. Various
diamond microelectrodes and ultramicroelectrodes have been produced [31–41].
However, single micro-, ultramicro-, or nano-electrode only generates small cur-
rent that is relatively difficult to detect with conventional electrochemical setups.
This has been circumvented by fabricating arrays or ensembles of these electrodes
that operate in parallel. They amplify the signal of individual microelectrodes but
do not lose the beneficial characteristics of individual small dimensional electrodes
[1–4]. Several works have been conducted on the fabrication, characterization, and
applications of diamond micro-, ultramicro-, and nano-electrode arrays/ensembles
[42–57]. For example, they have been applied for sensor applications [49–55].
Their sensing performances with respect to the sensitivity, detection limit, life
time, and reproducibility have been significantly improved. This is because boron-
doped diamond is one of the most appropriate and optimized material for the
fabrication of these arrays.

In this chapter, we first give a brief summary about the fabrication, properties
and applications of diamond micro- and ultramicro-electrodes. In the second part,
we summarize those for diamond micro-, ultramicro-, and nano-electrode arrays.
Some arrays fabricated at Fraunhofer IAF are shown in detail. The last part is the
summary and outlook.

9.2 Microelectrodes and Ultramicroelectrodes

In 1988 Cooper and his co-workers reported for the first time the fabrication of
boron-doped diamond microelectrode [31]. For the fabrication of these micro-
electrodes, one frequently applied approach is to coat sharpened metal wires with a
thin boron-doped diamond film. The used metals are mainly from tungsten [31–36]
and platinum [37, 38]. Coating tungsten wires sealed in a quartz glass capillary with
diamond is an alternative approach, which was developed by Martin and coworkers
[39, 40]. These microelectrodes and ultramicroelectrodes have been characterized
[31–40] with scanning electron microscope, optical microscope, and various elec-
trochemical techniques (mainly voltammetry) [31–40]. They have been applied for
electrochemical sensing applications in non-aqueous [31] and aqueous solutions
[32–40]. For example, they have been used in biological media to detect dopamine
in mouse brain [33], to monitor norepinephrine release in mesenteric artery [38], to
investigate the role of adenosine in the modulation of breathing within animal tissue
[39], and to inspect serotonin as a neuromodulator [40]. These microelectrodes and
ultramicroelectrodes have shown lower detection limits towards analytes in solution
and increased signal-to-noise ratios than those obtained on planar macroscopic
diamond electrodes. In addition, they have shown high possibilities to conduct
spatially and temporally resolved electrochemical measurements when they are
adopted as the tip for scanning electrochemical microscope (SECM) [36, 41] as
well as the sensor for in vivo detection of dopamine by fast scan voltammetry [33].
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9.3 Diamond Electrode Arrays

9.3.1 Diamond Micro- and Ultramicro-electrode Arrays

In 2002 Fujishima and coworkers used structured silicon substrates and fabricated
diamond microelectrode arrays [42]. The array consist of 200 micro-disks with the
diameters between 25 and 30 µm and with electrode spacing of 250 µm. Rychen
and coworkers [43] produced diamond ultramicroelectrode arrays by depositing a
boron-doped diamond film onto patterned silicon nitrite (5 µm in thickness). The
diameter of the microelectrodes is 5 µm, the distance between microelectrodes is
150 µm and the number of electrodes is 106. Kang, Swain and coworkers [44–48]
realized diamond ultramicroelectrode arrays with different shapes, spacing, and
number of electrodes. They utilized the “as-grown” diamond surface with randomly
micro-structured topology as a planar diamond electrode. They also used a micro-
patterning technique to produce a well-defined pyramidal tip-array with a controlled
uniformity. Compton and coworkers [49–51] realized for the first time all-diamond
ultramicroelectrode arrays in 2005. The diameters of electrodes are between 10 and
25 µm with a separation of 100–250 µm. Bergonzo et al. [52] and Carabelli et al.
[53] utilized nano-crystalline diamond films to generate electrode arrays.

We recently demonstrated batch-production of integrated ultramicroelectrode
arrays using polycrystalline diamond films [55, 56]. Insulting polycrystalline dia-
mond films were grown on a silicon wafer in an ellipsoidal shaped, microwave
plasma enhanced chemical vapor deposition system [56]. The growth temperature
was in the range of 750–900 °C, the microwave power was 3 kW, the gas was 3 %
methane in hydrogen, and the pressure was 60 mbar. Boron-doped polycrystalline
diamond film was grown by adding 7,000 ppm trimethylboron to the gas phase.
Prior to fabrication of electrodes, diamond films were cleaned wet-chemically in the
mixture of concentrated sulfuric acid (98 %) and concentrated nitric acid (65 %) (V:
V = 3:1) at 200 °C for 1.5 h. Figure 9.2 shows schematically the fabrication process
of integrated ultramicroelectrode arrays [55, 56]. It includes three photolithography
steps, two etching steps, one overgrowth step, one metal-deposition step, and one
lift-off step. Figure 9.2a shows the first step where a boron-doped polycrystalline
diamond film with a thickness 200–500 nm is deposited on a polished insulating
diamond film (with a thickness of 8–10 µm). The second step (Fig. 9.2b) is the
application of first photolithography treatment. After spin-coating of the wafer with
the photoresist, a 350 nm SiO2 layer is deposited. SiO2 based patterns are generated
by etching with SF6 gas (Fig. 9.2c). To produce boron-doped diamond based
structures, reactive ion etching of the wafer (Fig. 9.2d) is conducted in a gas
mixture of oxygen and hydrogen [58]. Please note that these structures are pro-
tected. The conductivity of un-protected areas is checked frequently to make sure
boron-doped diamond is etched away. For the overgrowth of insulating diamond,
the second photolithography process is applied (Fig. 9.2e). The overgrowth
(Fig. 9.2f) coats all area with insulating diamond except the parts of the counter,
reference and ultramicroelectrodes which are protected by SiO2. The third
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photolithography step is finally applied (Fig. 9.2g) and the Ti/Pt/Au (20/60/200 nm)
metal layers are deposited for electric connection. The last step is the application of
the lift-off technique as shown in Fig. 9.2h. Figure 9.2i shows schematically the
arrangement of one diamond array we fabricated. The diameter of ultramicroelec-
trode is 10 µm. The total number of ultramicroelectrodes is 45. The vertical and
horizontal centre-to-centre spacing in between electrodes is 60 µm.

Depending on the design of the lithography masks, various diamond micro-,
ultramicro-electrode arrays can be produced. Figure 9.3 shows one example [56].
The structure of the electrode with respect to the layers of diamond films is pre-
sented in Fig. 9.3a. The chip shown in Fig. 9.3b has a size of 5 × 5 mm2. The
counter and quasi-reference electrodes are oxidized boron-doped diamond films
which are integrated on the chip. The size, arrangement and the distance of ultra-
microelectrodes are shown in Fig. 9.2i. For one 2-inch wafer, more than 40 inte-
grated chips were produced.

Electron and optical microscopes, Raman spectroscopy, and electrochemical
techniques have been applied to investigate the properties of these arrays. Fig-
ure 9.4 shows the technique (a) we applied using scanning electrochemical
microscope (SECM) and one resulted SECM image of these arrays (b). As shown in
Fig. 9.4a, 3 μm Pt ultramicroelectrode (UME) was used as the tip and one diamond

Fig. 9.2 Schematic plots (from a to h) of the fabrication of integrated all-diamond ultra-
microelectrode arrays. Plot (i) is the arrangement of ultramicroelectrodes (d = 15 µm). BDD, iD
and Si are denoted as boron-doped diamond, insulating diamond, and silicon substrate,
respectively
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Fig. 9.3 a schematic plot of the structure of diamond electrode array, b Image of one integrated
ultra-microelectrode array. The yellow parts are metal contacts. The dark part with a semi-circle is
the counter electrode, the dark rectangle is the reference electrode and the center electrode is the
working electrode

Fig. 9.4 a The setup for scanning electrochemical microscope (SECM) experiments, b one SECM
image of diamond ultramicroelectrode arrays using tip-collection/substrate-generation mode
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ultramicroelectrode array as the substrate. The solution was 5 mM Ferrocene dis-
solved in 0.1 M TBAPF6/propylencarbonate. The distance between the tip and the
substrate was about 1–2 µm. The tip-collection/substrate-generation mode was
applied. From the image shown in Fig. 9.4b, the local reactivity of these individual
ultramicroelectrodes is seen. From the diameter of each dot, the electroactive
diameter of these ultramicroelectrodes is confirmed to be 10 µm. From the distance
of two dots, the distance of two ultramicroelectrodes is approved to be 60 µm, the
same as we designed.

These arrays are promising platforms for sensing applications. However to
achieve sensitive detection of analytes in solutions with low detection limits by
these arrays, one has to optimize the ratio of Faradaic current (signal, S) and
capacitive current (background, B). Obviously the largest S/B ratio can be obtained
when maximum Faradaic current is achieved with minimum capacitive current. The
capacitive and Faradaic currents are known to be affected by the scan rates applied,
the spacing between microelectrodes, and the concentration of supporting electro-
lyte. For diamond arrays, they are also affected by surface terminations and boron-
doping densities of the transducer. Voltammetry was thus applied to investigate the
effect of surface termination of diamond electrodes and boron doping densities on
the Faradaic currents on diamond ultramicroelectrode arrays [55, 56]. The redox
couple of Fe(CN)6

3−/4− were adopted as probes. Hydrogen-terminated diamond
ultramicroelectrode arrays with boron-concentration of 4.2(±2) × 1020 cm−3 show
the highest Faradaic current, indicating the fastest electron transfer process. The
variation of supporting electrolyte does not change much capacitive current but alter
dramatically Faradaic current [25–30]. Figure 9.5 shows the effect of scan rate on
Faradaic currents (solid lines) of 1.0 mM Fe(CN)6

3−/4− on a hydrogen-terminated
diamond ultramicroelectrode array in 0.1 M KCl solution. The magnitude of the
Faradaic currents increase and the shape of the voltammograms vary with
increasing scan rate. At low scan rates ranging from 0.02 (a) to 0.2 (b) V s−1 and at
fast scan rates of 20 V s−1 (d), peak-shaped voltammograms were obtained, indi-
cating linear diffusion-limited transport of analytes. A sigmoidal-shaped voltam-
mogram (c) was detected at a scan rate of 2 V s−1, which is consistent with hemi-
sphere diffusion to the ultra-microelectrodes on the array. To calculate the thickness
of diffusion layer (δ), we applied the equation [25] δ = (2DΔE/v)1/2 (where v is the
scan rate, D = 7.6 × 10−6 cm s−1 is the diffusion-coefficient of analytes, ΔE is the
potential range over which electrolysis occurs). For example to estimate the size of
the diffusion layer thickness at E = 0.4 V, we used the value ΔE = 0.8 V since
significant electrolysis current started at E = −0.4 V. The calculated values of δ at
E = 0.4 V are summarized in Table 9.1. The center-to-center separation and the
diameter of microelectrodes are 60 and 10 µm, respectively. Namely the separation
between electrodes is 50 µm. At a scan rate of 0.02 V s−1, δ = 250 µm, which is
much larger than the spacing between electrodes, indicating a complete overlap of
redox molecule diffusion of individual electrodes and subsequently a linear diffu-
sion profile. At a higher scan rate of 0.2 V s−1, δ = 78 µm, which is only slightly
greater than the separation of electrodes, an overlap of adjacent diffusion profiles is
still dominating. When δ becomes larger than the diameter of a microelectrode but
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is still smaller than the separation between electrodes, the voltammetric response is
the response of an individual microelectrode (sigmoidal curve) multiplied by the
total number of electrodes in the array. This can be detected for example at a scan
rate of 2 V s−1. However, further increase of the scan rate (e.g. to 20 V s−1) leads to
even smaller values of δ (e.g. to 7.8 µm) than the size of microelectrodes (10 µm).
In this case the linear diffusion dominates the mass transport, resulting in peak-
shaped voltammograms. On the other hand, the capacitive currents (dashed lines in
Fig. 9.5) recorded in 0.1 M KCl increase linearly with scan rate. The S/B ratios
(Faradaic current to capacitive current) for scan rate of 0.02, 0.2, 2 and 20 V s−1

were estimated to be 1,817 ± 40, 215 ± 18, 28 ± 6, 10 ± 1, respectively. The highest

Fig. 9.5 Cyclic
voltammograms of one
diamond ultramicroelectrode
array in 0.1 M KCl solution
with (solid lines) and without
(dashed lines) 1.0 mM Fe
(CN)6

3−/4− at a scan rate of
a 0.02, b 0.2, c 2, and
d 20 V s−1

Table 9.1 Summary of electrochemical response of 1.0 mM Fe(CN)6
3−/4− on hydrogen-terminated

diamond ultramicroelectrode arrays

Scan rate/
V s−1

Thickness of diffusion layer/
µm

Shape of
Voltammogram

Diffusion
profile

0.02 250 Peak-shaped Linear

0.2 78 Peak-shaped Linear

2 25 Sigmoidal-shaped Hemi-sphere

20 7.8 Peak-shaped Linear

diameter of ultramicroelectrode: 10 µm
center-to-center distance in between electrodes: 60 µm
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S/B ratio was achieved at the slowest scan rate. In this case the diffusion profiles at
neighboring microelectrodes overlapped and thus peak-shaped voltammograms
were detected. The magnitude of the Faradaic current is thus proportional to the
geometric area, which is comprised of all microelectrodes and the insulating parts.
While the contribution of the capacitive current to the total current is small since the
capacitive current is proportional to the scan rate and to the electrochemical active
area, which is only the area for all microelectrodes. This gives rise to the enhanced
ratios of S/B, leading to increased sensitivity for analytes. Since the geometric area
of an ultramicroelectrode array is always 50–1,000 times larger than the electro-
chemical active area, a 50–1,000 times better sensitivity is expected for such
electrode arrays [55, 56].

These diamond arrays have been applied for many different sensing applications,
e.g. for the detection of environmental analytes (e.g. nitrate, 4-nitrophenol [49–51],
Cr(VI) ions, Ag(I) ions, sulphate, peroxodisulfate [43], hydrogen peroxide [55]), for
bio-detections (e.g. detection of dopamine [44–48], neuronal activity measurements
[52, 53], quantal catecholamine secretion from chromaffine cells [54]), and for the
generation and detection of peroxidisulfate with the aid of scanning electrochemical
microscope (SECM) [59]. We have shown that dopamine can be sensitively and
selectively detected on diamond ultramicroelectrode arrays in the presence of
ascorbic acid [55]. Compared with the results shown on other diamond electrode
(including macro-sized electrodes [60–65], microelectrode array [66], ultramicro-
electrode arrays [47, 48], and diamond nanograss [67]), on diamond ultramicro-
electrode arrays we achieved the lowest detection limit (1.0 nM) for dopamine
detection, which is 50–100 times lower than that reported [55]. Diamond ultra-
microelectrode arrays are thus promising for the detection of low concentrated
dopamine (0.01–1 µM) in biological samples individually or in the presence of
other similar compounds such as ascorbic acid.

9.3.2 Addressable Diamond Ultramicroelectrode Arrays

Several approaches have been applied to fabricate interconnected and individually
addressable diamond micro- and ultramicro-electrode arrays, e.g. a 10-channel
diamond array on polymer based microelectrode array by Hess et al. [68], a
4-channel nanocrystalliane diamond microelectrode array by Gao et al. to detect
catecholamine [69], and a 64-channel diamond microelectrode arrays by Bergonzo
et al. for biochemical and analytical applications [70]. Take the addressable array
from Bergonzo et al. as an example, they fabricated an 8 × 8 multichannel diamond
ultramicroelectrode array and then characterized it with optical and electrochemical
methods, e.g. cyclic voltammetry and electrochemical impedance spectroscopy. A
very fast electrode transfer rate up to 0.05 cm s−1 was achieved.

We have applied three diamond growth steps, three photolithography steps, and
two-liftoff steps to fabricate addressable diamond ultramicroelectrode arrays. As
shown in the SEM image of one array in Fig. 9.6a, three working electrodes have
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been addressed, including one 600-µm macro-sized electrode, two ultramicro-
electrode arrays. The counter and reference electrodes made from boron-doped
diamond have been integrated as well. As for the ultramicroelectrode arrays, these
electrodes are arranged in a honeycomb structure. Their diameters are 20, 10, or
5 µm. Depending on the distance of these ultramicroelectrodes, the number of these
electrodes is varied from 37 to 85. For example, for a center-to-center distance of
60 µm between electrodes, the number of electrodes is 85; for a distance of 120 µm,
the number of electrodes is 37. More details are summarized in Table 9.2.
Figure 9.6b, c show SEM images of one array having 85 ultramicroelectrodes with
the diameter of 20 (b) and 10 (c) µm, respectively. In both case, the center-to-center
distance between two ultramicroelectrodes is 60 µm. The layout of the electro-
chemical sensors after mounting the chips on a mother-board and wire-bonding
them is illustrated in Fig. 9.6d.

We tested the voltammetric response of addressable electrochemical arrays using
surface sensitive redox couple Fe(CN)6

3−/4−. On a macro-sized electrode (600 µm)
with an electrochemically hydrogen-terminated surface, the peak difference of the
anodic peak potential from the cathodic peak is about 65 mV, measured at a scan

Fig. 9.6 a SEM image of an addressable diamond electrode array. WE, RE and CE are denoted
for working electrode, reference electrode, and counter electrode, respectively; b, c SEM images of
ultramicroelectrode arrays with 85 electrodes where the diameter of ultramicroelectrodes is 20
(b) and 10 (c) µm. d the layout of an addressable diamond electrode array after mounting the chips
on a mother-board and wire-bonding
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rate of 100 mV s−1. This indicates the good quality of the diamond electrode.
Figure 9.7 shows voltammograms obtained on addressable ultramicroelectrode
arrays shown in Table 9.2 at different scan rates. For voltammograms from (a) to
(c), the number of electrodes is 37 and the center-to-center distance of the electrodes
is 120 µm. While for voltammograms from (d) to (f), the number of electrodes is 85
and the center-to-center distance of the electrodes is 60 µm. The diamond of the
electrodes is 20 (a, d), 10 (b, e), and 5 (c, f) µm, respectively. The shape of these
voltammograms varies as a function of the diameter and scan rate. This is due to the
changed thicknesses of diffusion layers at different scan rates as well as the dis-
tances in between the diamond electrodes. A peak-shaped voltammogram results
from the overlapped diffusion domains of different ultra-micro electrodes; the
sigmoidal curves arise from three dimensional diffusion properties toward the small
electrodes. If the distance between electrodes is large, the diffusion properties of
each electrode are not affected by the neighboring electrodes. Please note that by
optimizing scan rates and the center-to-center distance of electrodes, the Faraday
current can be maximized while at the same time with minimized capacitive current.
In addition, the arrays has three working electrodes, indicating the possibility for
simultaneous detection of at least three target compounds or the individual moni-
toring of different species on different working electrodes.

9.3.3 Nanoelectrode Arrays

As for nanoelectrode array (NEA), e-beam lithography [71], focused ion beam
milling [72, 73] nanoimprint [71], and nanosphere lithography[74] have been
applied in literature. For nanoelectrode ensembles (NEEs), different approaches
have been developed such as the deposition of metals into pores of polycarbonate

Table 9.2 Parameters of addressable diamond ultramicroelectrode arrays at Fraunhofer IAF

Electrode
WEa-ba

Diameter/µm Distance of two electrodes/µm Number of electrodes

WE1-1 600 680 3

WE1-2 20 60 85

WE1-3 10 60 85

WE2-1 20 60 85

WE2-2 10 60 85

WE2-3 5 60 85

WE3-1 20 120 37

WE3-2 10 120 37

WE3-3 5 120 37
a a, b are denoted respectively as the chip number and the number of addressing electrode/
electrode-arrays on the chip
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nanoporous membranes [75–77], nanosphere lithography [78], or block copolymer
self-assembly [79–81]. In addition, spatially separated carbon nanofibers and dia-
mond nanograss as well as porous diamond film have been utilized as NEEs for
electrochemical applications [82–91]. For the first time, we fabricated all-diamond
NEAs and NEEs with nanocrystalline diamond (NCD) films [57]. As shown in
Fig. 9.8, for NEA (a) nanoelectrodes are in a hexagonal order while for NEEs (b)
nanoelectrodes are distributed randomly. The electrode in NEA has a radius of
250 nm and a distance of 10 μm next to another electrode. The density of electrodes
for one NEA is 11 × 105 cm−2 and the number of electrodes is 18,000. The
electrode in NEE has a radius of 175 nm and the density of electrodes is 8.5 × 105

cm−2. The final electrode structure is schematically shown in Fig. 9.8c.
The use of NCD films has some features over polycrystalline diamond films. For

example, the grain sizes of NCD films vary only from a few tens of nanometers up
to hundreds of nanometer (e.g. 300 nm), resulting in better electrochemical activity
than that obtained on polycrystalline diamond films which have grain sizes in the
range of micrometers [92, 93]. The NCD films were grown on 3 inch silicon
substrates in an ellipsoid reactor using microwave-assisted chemical vapor

Fig. 9.7 Voltammograms of 1.0 mM Fe(CN)6
3−/4− on an addressable diamond electrode array at

different scan rates. The diameter (d) of the electrodes is 20, 10 and 5 µm. The number (N) of
electrodes is 85 or 37. The center-to-center distance (l) of the electrodes is 60 or 120 µm. a N =
37, l = 120 µm, d= 20 µm, b N = 37, l = 120 µm, d = 10 µm, c N = 37, l = 120 µm, d = 5 µm, d N
= 85, l = 60 µm, d = 20 µm, e N = 85, l = 60 µm, d = 10 µm, f N = 85, l = 60 µm, d = 5 µm

284 N. Yang et al.



deposition [56]. Seeding was conducted by immersing silicon wafers in nanodia-
mond suspension with average particle size of 5 nm [94]. The densities of diamond
seeds are more than 1011 cm−2. The growth of insulating NCD was performed using
a H2/CH4 plasma with a methane admixture of 1 or 2 %. Boron-doping of NCD
films was achieved by adding trimethylboron to the gas phase with B/C ratios of
6,000 ppm. The boron concentrations of doped NCD films were measured by
secondary ion mass spectroscopy and in the range of 1 to 4 × 1021 cm−3. E-beam
lithography was applied to fabricate NEAs [57]. On a 200 nm thin boron-doped
NCD film, a 200 nm thick SiO2 is deposited. This oxide layer is structured using e-
beam lithography with subsequent nickel deposition and SF6 etching of SiO2. In the
next step, metal contacts are deposited using photolithography to allow electrical
contact for electrochemical characterization. In the crucial step, a 140 nm thin
insulating NCD film is grown on the part of the boron-doped NCD layer that is
exposed to the CVD plasma and not protected by SiO2 islands. With the removal of
SiO2 in hydrofluoric acid, arrays of recessed boron-doped NCD electrodes sur-
rounded by insulating diamond are obtained. Nanosphere lithography is an
approach we developed to fabricate NEEs [57]. Initially, a photolithography step is
used to deposit metal contacts on NCD films. Thereafter, diamond samples are
immersed in a solution of SiO2 spheres with a radius of 500 nm. In an ultrasonic
bath, an equilibrium occurs between spheres sticking to and leaving the sample
surface. Thus the concentration of SiO2 solution is directly correlated to the density
of spheres on the diamond surface as well as to the average distance of neighboring
spheres. The density of electrodes obtained from a SiO2 sphere solution of the given
concentration is derived from a large area scan of 50 μm × 50 μm. To obtain
sigmoidal voltammograms, we chose a concentration of 9.55 × 108 cm−3, corre-
sponding to a surface density of 9.7 × 105 cm−2 and an average distance of
neighboring spheres of *10 μm. The next step involves the growth of insulating

Fig. 9.8 SEM image of a NEA with an overview of distributed nanoelectrodes indicated by red
circles, b SEM image of one nanoelectrode, c schematic plot of the electrode structure. I-NCD and
B-NCD are denoted as insulting and boron-doped nanocrystalline diamond, respectively
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diamond around the abovementioned spheres. Insulating diamond selectively grows
on the area exposed to the plasma. After removal of the SiO2 spheres in hydro-
fluoric acid, we obtain electrodes of a concave shape.

Our NEEs were characterized with conductive atomic force microscopy [57].
The density determined by AFM is 8.5 × 105 cm−2, which is in good agreement
with the expected values from the sphere concentration in the solution. The size of
electrodes is 175 nm in radius. The cross sections of the topography for two
neighboring electrodes clarify that these conductive nanoelectrodes are surrounded
by 140 nm thick insulating diamond. The NEA and NEE were characterized further
with voltammetry in 1.0 mM Fe(CN)6

3−/4− in 0.1 M KCl. The scan rate varied from
few mV s−1 up to 10 V s−1. At slow scan rates (e.g. 20 mV s−1 for the NEA and
1 mV s−1 for the NEE), the voltammograms have mixed shapes, indicating partially
overlapping diffusion hemispheres. Increasing the scan rate leads to typical steady-
state sigmoidal voltammograms on both electrodes, indicating sphere-diffusion
[95–99]. Additional to cyclic voltammetry, electrochemical impedance spectros-
copy (EIS) was performed. The impedance spectra for them show similar charac-
teristic features. Both graphs display a large semicircle in the high-frequency
regime. At low frequencies, a transition to linear diffusion with unity slope occurs,
particularly observable for the NEA. A semicircle at high frequency regime is due
to a three-dimensional hemispherical diffusion on diamond NEA and NEE [95–97].
The transition at low frequency represents the regime of overlapping diffusion
hemispheres. The change from typical three-dimensional diffusion to overlapping
diffusion hemispheres is very distinct for the NEA.

Moreover, the voltammetric response of Ru(NH3)6
2+/3+ and IrCl6

2−/3− show the
dependence of surface termination on the charge transfer rates of the analytes [57].
Please note that on planar macroscopic diamond electrodes both analytes show no
dependence of electron transfer rate on the surface termination of diamond electrode
[57, 100]. On diamond NEA, the voltammogram of the anion IrCl6

2−/3− shows a fast
electron transfer process on the hydrogen-terminated surface, while at the oxygen-
terminated surface, the steady-state current as well as the slope of the transition
from reduction to oxidation decreases, indicative of a slower electron transfer rate.
This tendency is similar as seen on another negatively charged redox couple of Fe
(CN)6

3−/4−. For the positively charged redox molecules Ru(NH3)6
2+/3+, the opposite

effect is observed. On an oxygen-terminated diamond surface, the electron transfer
rate for Ru(NH3)6

2+/3+ is faster than that on a hydrogen-terminated surface. This effect
for IrCl6

2−/3− and Ru(NH3)6
2+/3+ is small compared to that for Fe(CN)6

3−/4−. It is known
that hydrogen-terminated surface has positive surface dipole layer (“positive” refers to
the interface of diamond to the liquid) and the oxygen-terminated surface results in
negative surface dipole layer. A macroscopic diamond electrode shows a higher
degree of inhomogeneity with respect to boron-doping level and termination effects,
due to its macroscopic dimensions. For the investigated NEA, one would expect a
homogenized behavior due to the small grains of the NCD films as well as a more
effective termination of the small electrochemical active area. Therefore the possible
effects responsible for the decrease of electron transfer rate upon oxygenation of the
electrode surface of NEAs are either an electrostatic or a site blocking effect.
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Diamond nanoelectrode arrays (NEAs) have been thus applied to investigate
surface-sensitive adsorption phenomena [100, 101]. The adsorption of neutral
methyl viologen (MV0) was used as a model system. The adsorption of MV0 was
examined with their different surface terminations, namely hydrogen- or oxygen-
terminations. Diffusion-controlled processes manifest themselves as sigmoidal-
shaped voltammograms on oxygen-terminated diamond NEAs, whereas adsorption-
controlled processes result in peaks in the voltammogram for hydrogen-terminated
diamond NEA. The change in the shapes of these voltammograms is due to the
drastic changes that occur in the diffusion profiles during the transition. It alters
from hemispherical diffusion on oxygen-terminated surface to thin layer electro-
chemistry upon adsorption on hydrogen-terminated surface. In this way the de-
convolution of diffusion-controlled current from adsorption-controlled current was
conducted. By further analysing anodic stripping process at high scan rates, the
deposition of amorphous MV0 was further approved on hydrogen-terminated dia-
mond NEAs. The types and the concentration of the buffer solutions were then
changed to alter the interaction of MV0 with a hydrogen-terminated diamond
nanoelectrode surface. Figure 9.9 shows the effect of guanidine, widely used for
denaturation of proteins (which weakens hydrophobic interaction), on the stripping
current of MV0. The Voltammograms were recorded in 1 mM MV2+ and 0.1 M
KCl with increasing concentrations of guanidine. Initially adsorption occurs,
whereas the stripping peak continuously vanishes with increasing concentrations of
guanidine up to 1.5 M. Measurements with increasing urea concentrations show the
same impact on the adsorption of neutral MV as guanidine, which weakens
hydrophobic interaction. Subsequently, the adsorption of MV0 on a hydrogen-
terminated diamond nanoelectrode is controlled by hydrophobic interaction. This
effect of ions on the interaction of MV0 and the hydrophobic diamond surface is
correlated with the Hofmeister series. Therefore diamond NEA is ideal for the study
of adsorption phenomena at the liquid-solid interface in voltammetry.

Fig. 9.9 Cyclic voltammograms of 1.0 mM MV2+ on a hydrogen-terminated diamond NEA in
0.1 M KCl at a scan rate of 5 V s−1 with increasing concentrations of guanidine. The currents were
normalized to the steady state current of the reduction of MV+ to MV0
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9.4 Summary and Outlook

Diamond micro-, ultramicro-, and nano- electrode arrays have been produced using
technologies like photolithography, e-beam lithography, nanosphere lithographay,
and etching processes. In particular, the NEE fabricated by nanosphere lithography
offers a cheap and simple alternative to e-beam lithography. These small-dimen-
sional electrode arrays have shown advantages over planar macro-sized diamond
electrodes for sensor development, investigation of surface-sensitive reactions etc.
For example, by optimizing of Faradaic and capacitive current on diamond ultra-
microelectrode arrays, a 50–1,000 times better sensitivity than a planar macro-sized
electrode has been achieved; by combining with the efficiency and suitability of the
selective electrochemical surface termination of NEAs or NEEs, a new versatile
system for electrochemical interface has been provided for the detection of surface-
sensitive adsorption in a nanometer scales.

These diamond ultramicro- and nano-electrode arrays will trigger lots of new
research topics centered on diamond nanoelectrochemistry. Future work should
focus on in vivo applications of these arrays (e.g. fast and sensitive detection of
biomolecules released from cells, in situ monitoring of cell/bacterial growth, etc.),
surface treatment and properties in nanoscales, and formation of three-dimensional
surface structures (nanotextures, nanowires, and porosity) on the arrays. Simpli-
fying fabrication processes and marketing them in reasonable prices as well as their
industrial applications are future research tendencies as well.
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Chapter 10
Advances in Electrochemical Biosensing
Using Boron Doped Diamond
Microelectrode

Stéphane Fierro and Yasuaki Einaga

Abstract The development of boron doped diamond (BDD) as electrode material
lead to significant improvement toward optimal sensitivity, reproducibility and
stability during the in vivo monitoring of electroactive species. The most recent
developments in the field of biosensing using BDD electrodes, namely the fabri-
cation of the sensor and application in monitoring of dopamine and glutathione, are
described in this chapter.

10.1 Introduction

Owing to its simplicity and accuracy electrochemical biosensors have recently been
employed for in vivo monitoring of electroactive species. Since the first principles
of electrochemical biosensing were presented at the New York Academy of Sci-
ences symposium [1], electrodes have been used for many biological applications
ranging from glucose assays to urease detection [2, 3]. Other applications are
summarized in [4]. The monitoring of important biological targets can be performed
using several electroanalytical techniques such as, for instance, amperometry or
potentiometry. Furthermore, the miniaturization of electrodes used as biosensors
have opened new and exciting research and application pathways due to the
advantages bestowed by their micron-sized dimensions. In addition to several
unique properties, such as non-linear diffusion, increased rate of mass transport, and
reduced capacitance allowing a fast response, the very small size of microelectrodes
have provided a major breakthrough in electrochemistry, because they have greatly
improved the quality of the analysis and the range of experiments that can be
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performed, for example, fast scan measurements and analysis in low conducting
media [5–7]. In particular, the small size of the microelectrodes allows their utili-
zation for in vivo detection, such as monitoring the brain via a neurotransmitter,
which is usually performed in a very small sample volume [8]. Carbon fiber (CF)
electrodes have already been established for some in vivo tests owing to (i) their
good biocompatibility, (ii) relatively low cost and (iii) their wide availability
[9–12]. Moreover, CF is thin enough to penetrate biological tissue with the mini-
mum disruption [8]. CF has well-known disadvantages, however, such as brittle-
ness and high adsorption behavior.

Recently, boron-doped diamond (BDD) as primary media within sensing elec-
trode has attracted heightened attention due to their peculiar electrochemical
properties, such as (i) their wide potential window, (ii) their very small charging
current, (iii) their chemical inertness and (iv) their mechanical durability relative to
other conventional electrode materials [13–16]. These properties have enabled the
development of a new field of electrochemical analysis, especially the detection of
trace amounts of environment-related or bio-related substances [13, 17–20]. BDD
also has good biocompatibility [13–16]. For these reasons, BDD has progressively
replaced other biocompatible electrode materials such as gold, which usually
require time consuming pretreatments before being able to obtain reproducible
results. Moreover, the use and preparation of gold tend to complicate the experi-
mental procedure and, therefore, these methods have become more obsolete for
in vivo analytical applications. Additionally, adsorption and subsequent fouling on
these types of electrode materials often occurs during the oxidation of various
organic compounds and, thus, it becomes increasingly difficult to use these elec-
trode materials for in vivo biosensing.

For the aforementioned reasons, BDD has recently supplanted other methods for
electrochemical in vivo analysis. The fabrication and characterization of BDD
microelectrodes have been reported previously and the uniqueness of BDD
microelectrodes for electrochemical analysis has been well established [21–29].

One of the primary targets to be analyzed in vivo by BDD microelectrode is the
neurotransmitter dopamine. Recently, however, these electrodes have provided
solutions for the in vivo monitoring of other targets such as the reduced form of
glutathione (GSH) for cancer tumor assessment.

In this chapter, an exhaustive review of the most recent advances in biosensing
via BDD electrode is presented through the examples of in vivo monitoring of
dopamine and glutathione.

10.2 BDD Microelectrode Preparation and Structural
Characterization

Tungsten wire was used as the substrate for BDD deposition. The wire was elec-
trochemically etched in an aqueous solution of 2 M NaOH at +3.0 V (vs. Ag/AgCl)
for 20 s. During this process, tungsten wire was gradually lifted up from the etching
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solution. As a last step, the tip of the wire was conically shaped to leave a tip with a
diameter of *3 µm. The sharpened wire was then immersed into HF solution
(46.0 %) for a few minutes to eliminate the tungsten oxide layer from the surface,
which was then followed by a seeding process in an ultrasonic bath containing a
2-propanol suspension of diamond particles (0–500 nm particles, Kemet Co.) for 1 h.
A thin film of BDD was deposited on the prepared tungsten wire using a microwave
plasma assisted chemical vapor deposition (MPCVD) system (ASTeX Corp.) with a
plasma power of 2,500W. The deposition time was fixed at 3 h. Acetone was used as
a carbon source, and B(OCH3)3 as a source of boron. The concentration of the latter
was controlled as between 5.0 and 0.1 % w/w in the source. The surface morphology
and crystalline structure of the BDD thin film was determined using scanning
electron microscopy (SEM, JOEL JSM 5400) and Raman spectroscopy (Renishaw
System 2000). The tungsten wire coated with the BDD thin film was then connected
to the coated metal wire using silver paste and then dried. This BDD wire was then
inserted into the capillary for insulation through a pre-pulled glass capillary (using
capillary puller, Narishige, Tokyo, Japan) followed by resin infusion. Resin was
soaked up by capillary action. After drying overnight, the fabrication of BDD
microelectrode reached completion. The details are illustrated in Fig. 10.1.

CF electrodes were prepared via the same procedure as shown in Fig. 10.1. The
electrode length can be easily controlled by adjusting its tip until it had the same
length than the BDD microelectrode.

A SEM image of the fabricated BDD microelectrode shows that the tip diameter
is distinctly small (about 5 μm) with the polycrystalline diamond grain size being
approximately *2 µm (Fig. 10.2a). The tip size was almost the same as the
conventional CF electrode used in this experiment shown as example (Fig. 10.2b).
Based on the experimental trial for in vivo measurement the average tip length was
set at 250 µm (Fig. 10.2c). Use of similar length of CF for in vivo monitoring of
dopamine was also reported by Gonon’s group [30]. The Raman spectrum of the
BDD microelectrode shows one clear peak at 1,333 cm−1 for sp3 carbon bonds
indicating that the BDD thin film has a fine quality with the absence of the peak at
*1,600 cm−1 generally attributed to non diamond carbon impurities (Fig. 10.2d).

BDD

resin

about 1cm

about 5cm

coated metal wire

pre-pulled
glass capillary

silver epoxy

Fig. 10.1 Schematic drawing
of a BDD microelectrode.
Copyright (2007) American
Chemical Society
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The shoulder before the sp3 carbon peak is attributed to the high boron doping
concentration. The SEM image and Raman spectrum in this report are comparable
with common BDD films on silicon wafers (Fig. 10.3). The results indicate that by
optimizing the deposition conditions, similar BDD quality, in terms of the

250µm

BDD CF

(a) (b)

(c) (d)

Fig. 10.2 SEM image of a BDD wire and b CF electrode. c Shows a comparison of the optical
microscope image of the BDD microelectrode (left side) and a conventional CF microelectrode
(right side). d Raman spectra of the BDD wire. Copyright (2007) American Chemical Society

Fig. 10.3 BDD macroelectrode. a SEM image and b Raman spectra. Copyright (2007) American
Chemical Society
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morphology and crystalline structure, can be deposited on different types and sizes
of substrate.

10.3 Dopamine Detection

Dopamine, which is a precursor of two other neurotransmitters: adrenaline and
noradrenalin can be found in the nervous tissues and body fluids as organic cations
This chemical substance is relevant topic of research because it is involved in
memory or attention span disorders [31, 32]. In particular, low levels of dopamine
can cause severe neurological disorders, such as Parkinson’s disease [33, 34]. The
dopamine concentration found usually within a living system can be below 26 nM
[35, 36]. Therefore, the development of accurate electrochemical biosensors can
make a great contribution to the early diagnosis of mental diseases. In recent years,
much effort has been devoted toward improving the catalytic properties, sensitivity,
and selectivity of electrochemical sensors, particularly via the application of
nanomaterials [37–42]. Many of the electrochemical biosensors employed for
dopamine detection use the enzyme tyrosinase as recognition element together with
amperometry [43, 44]. The use of tyrosinase can eschew several issues such as the
presence of electrochemical interferents or biofouling of the sensor. Biofouling
refers to the formation of a polymeric film at the electrode surface, which, if severe,
can lead to its deactivation [45, 46]. Recently, Compton et al. [47] provided a
literature review on amperometric detection of DA in the presence of interferents
(e.g., AA, UA, and serotonin) in which they describe polymers, carbon nanotubes,
and other types of surface modifications.

In this section, the electrochemical behavior of the microelectrodes prior to
in vivo analysis was investigated as a pathway to enable accurate monitoring of
dopamine using BDD microelectrode. Figure 10.4 shows a comparison of the CVs
of Fe(CN)6

2−/Fe(CN)6
3− with CF and BDD microelectrodes in 0.1 M Na2SO4.

Fig. 10.4 Comparison of the CVs for 0.1 M Na2SO4 in the presence (a) and absence (b) of 1 mM
each Fe(CN)6

2−/Fe(CN)6
3− with a CF electrode (dashed line) and a BDD microelectrode (solid line)

with a scan rate of 50 mV/s. Copyright (2007) American Chemical Society
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A higher current is shown for the BDD microelectrode indicating a larger elec-
troactive area than that of CF (Fig. 10.4a). In spite of this, a lower background
current and wider potential is found for the BDD microelectrode (Fig. 10.4b).
Table 10.1 shows a comparison of the signal, background, and signal to background
ratio (S/B) of both CF and BDD microelectrodes extracted from the CVs in
Fig. 10.4. The BDD electrode has the advantage of a higher S/B ratio (more than
four times), which accounts for the very low detection limit.

An important characteristic of microelectrodes for in vivo detection, is their ability
to endure high resistance media without the need to adjoin any supporting electrolyte
[5]. This characteristic exists because of the small current response that arises from
the limited electroactive area ofmicroelectrodes. The IR drop problem encountered in
the absence of added electrolyte is generally minimized owing to the small current
range of the steady state measurement. Figure 10.5 shows the voltammetric response
for the oxidation of Fe(CN)6

2−/Fe(CN)6
3− in double-distilled ultrapure water and in

0.1 M Na2SO4 (behaving as a supporting electrolyte) at a BDD microelectrode. The
supporting electrolyte is generally added for charged species to suppress the
migration current. If the supporting electrolyte volume is not sufficient, the electro-
chemical reaction is difficult to initiate. In the case of the BDD microelectrode,
deceleration was not observed, as comparison of the ferric-ferrous redox reactions at
the BDDmicroelectrodes shows that the difference between the peaks in the presence
or absence of an additional supporting electrolyte is very small. In contrast, greater
peak separation was obtained in the CVs of BDD macroelectrodes measured in

Table 10.1 Comparison of the signal, background, and signal to background (S/B) ratio for
oxidation of 1 mM Fe(CN)6

2−/Fe(CN)6
3− in 0.1 M Na2SO4 at a CF electrode (extracted at a potential

of 0.6 V vs. Ag/AgCl) and a BDD microelectrode (extracted at a potential of 0.8 V vs. Ag/AgCl)

S/nA B/nA S/B

CF electrode 67.6 0.70 97

BDD microelectrode 108 0.25 428

Fig. 10.5 CVs of Fe(CN)6
2−/Fe(CN)6

3− in 0.1 M Na2SO4 (dashed line) and in double distilled
ultrapure water (solid line) with BDD microelectrodes with a scan rate of 50 mV/s. Copyright
(2007) American Chemical Society
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ultrapure water. This suggests that the BDD microelectrode can enlarge the
surroundings for the electrochemical measurements (Fig. 10.6).

The effect of surface termination was also investigated as BDD electrodes are
strongly influenced by this process. As-deposited BDD (ad-BDD) electrodes are
initially hydrogen-terminated via deposition inside a hydrogen plasma CVD
chamber [14]. It has been reported that the surface charge of BDD electrodes can
switch from positive to negative polarity via the formation of surface carbon-
oxygen functionalities by the following four processes: (i) an anodic treatment [48];
(ii) an oxygen plasma treatment [49]; (iii) boiling in strong acid [50] or (iv) long-
time exposure to air [51]. Fujishima et al. have reported the effect of surface
termination of BDD electrodes on the oxidation of some compounds [52–55],
including the selective detection of DA and ascorbic acid (AA) [52]. In living
organisms, AA is present in concentrations of 10–100 times higher than DA.
AA was found to have almost the same oxidation potential as DA (*+0.6 V vs.
Ag/AgCl) in pH 2 buffer at ad-BDD, but the peaks were separated at an anodically
oxidized BDD (ao-BDD) surface due to the electrostatic interaction between AA
and the negative charge on the electrode surface [52, 53]. This behavior was also
obtained for BDD microelectrodes, as shown in the comparison of the voltammetric
responses for a mixture solution of DA and AA at ad- and ao-BDD microelectrodes
(Fig. 10.7a). Moreover, because of the constant current response, which is a typical
characteristic of microelectrodes, the peak separation was more evident than for
the BDD macroelectrode (Fig. 10.8). The constant current response of the BDD
microelectrode enabled us to analyze DA oxidation quantitatively with high
precision. Good linearity (r2 = 0.99) of the DA concentration in the range from
20 to 100 μM (n = 6) in mixture solutions with 1 mM AA in ultrapure water could
be obtained by the I–V method (Fig. 10.7b). Furthermore, lower concentrations
investigated by the chronoamperometric method (applied potential was *+0.8 V
vs. Ag/AgCl) show that the calibration was continuously linear (r2 = 0.99) for the
concentration range of 0.5 nM–100 μM with an experimental detection limit of
50 nM (Fig. 10.7c) even without additional supporting electrolyte media.

Fig. 10.6 CVs for Fe(CN)6
2−/Fe(CN)6

3− in 0.1 M Na2SO4 (dashed line) and in double distilled
ultrapure water (solid line) using a BDD macroelectrode at a scan rate of 50 mV/s. Copyright
(2007) American Chemical Society
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Selectivity of ao-BDD microelectrodes for DA oxidation in the presence of AA
was also demonstrated by the different potential dependence between DA and
AA in differential pulse voltammetry (DPV). Solutions of 1 μM DA and 100 mM
AA, each in 0.1 M phosphate buffer solution (pH 7), were measured. Plots of the
signal currents versus the applied potential are shown in Fig. 10.9. The potential
dependence of DA shows a maximum peak at a potential of*0.8 V (vs. Ag/AgCl),

Fig. 10.7 DA measurements
in double distilled ultrapure
water. a CVs for a mixture of
0.1 mM DA and 1 mM AA at
ad-BDD (dashed line) and
ao-BDD (solid line) with a
scan rate of 50 mV/s, b linear
sweep voltammograms of
various concentrations of DA
(20–10 μM) in mixture
solutions with 1 mM AA with
a scan rate of 50 mV/s, and
c chronoamperograms of
various concentrations of DA
(0.05–20 μM) in a mixture
with 1 mM AA measured at
an applied potential of 0.8 V
(vs. Ag/AgCl). The insets in
Figures b and c show linear
calibration curves for current
versus concentration.
Copyright (2007) American
Chemical Society

302 S. Fierro and Y. Einaga



whereas that of AA exhibits a tendency to rise with increasing applied
potential. These results are in good agreement with the I–V behavior illustrated in
Fig. 10.7a which shows the optimum oxidation potential of DA to be at *0.8 V
(vs. Ag/AgCl). The maximum current in the AA measurements was not reached up
to a potential of 1.3 V (vs. Ag/AgCl) but it should be found at a more positive
potential (>1.4 V vs. Ag/AgCl). The shifting of the peak to a much higher potential
can be explained as the result of electrostatic repulsion of negatively charged AA by
the negative potential of the ao-BDD microelectrode surface. This behavior sug-
gests that an unknown target (DA or AA) can be determined by observation of
the potential dependence at ao-BDD microelectrodes. In the case of CF, this
behavior could not be seen, as maxima of current at the same potential, *0.2 V
(vs. Ag/AgCl), were observed in the investigation of the potential dependence of
DA and AA (data are not shown). This potential is even lower than the oxidation

Fig. 10.8 CVs for 0.1 mM DA in a mixture of 0.1 M AA in double distilled ultrapure water with
ad (dashed line) and ao (solid line) BDD macroelectrodes. The scan rate is 50 mV/s. Copyright
(2007) American Chemical Society

Fig. 10.9 Correlation diagrams for the signal current response versus applied potential for the
oxidation of 1 μM DA (triangle dots) and 100 μM AA (crossed dots) in 0.1 M PBS measured by
the DPV method. The inset shows a magnified view of the DA plot. DPV settings; frequency
50 Hz, potential step 200 mV, pulse amplitude 150 mV, starting potential 0.025 V versus
Ag/AgCl. Copyright (2007) American Chemical Society
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potential of DA and AA at ad-BDD (*0.6 V vs. Ag/AgCl in Fig. 10.7a) because
adsorption of DA and AA easily occurs at the CF electrode surface and accelerates
the oxidation reactions [56, 57].

Due to its sp3 compact structure, BDD electrodes are known to have high
stability for adsorption, including physisorption and chemisorption [14, 15]. This
behavior strongly affects the stability of the current response produced by an
electrochemical reaction. As per the above detailed experiment, the original ter-
mination of BDD, i.e. hydrogen termination, can be easily oxidized to become
oxygen terminated. Once the BDD surface is oxidized, it remains difficult to
recover the hydrogen-termination [54, 55]. The stability of oxygen-terminated BDD
electrodes has already been reported [58, 59]. Anodic oxidation, however, has been
reported as an effective method for recovering the BDD surface if the electrode
loses sensitivity [59]. Therefore, oxygen-terminated BDD can be deemed more
stable than hydrogen-terminated BDD. For instance, the stability of oxygen-
terminated BDD microelectrodes was demonstrated via 10 independent measure-
ments of a mixture of 1 mM dopamine and 100 μM ascorbic acid with an RSD of
0.6 % (not shown).

The above experiment showed that BDD microelectrodes were overall more
stable, selective, sensitive and more performant in high resistance media than BDD
macroelectrodes and CF electrodes.

Nevertheless, one of the reoccurring problems of biosensors is related to the
reproducibility of the measurements. In fact, successive electrochemical measure-
ments can lead to the formation of a polymeric film at the electrode surface, which
deactivates it. This well-known phenomenon is called biofouling. This problem,
however, can be avoided during cyclic voltammetry measurements by applying
high scan rates: Fig. 10.10 shows the evolution of cyclic voltammetry measure-
ments for 100 successive scans (only the 2nd, the 20th, the 50th and the 100th are
displayed) recorded at (a) 1 V s−1 and (b) 100 V s−1 for 1 mM DA solution in 0.1 M
PBS. On Fig. 10.10a, one oxidation peak (a) and two reduction peaks (c1 and c2)
are observed whereas in Fig. 10.10b, only oxidation peak (a1) and reduction peak
c1 can be distinguished. The broad peak a on Fig. 10.10a likely includes two
electrochemical oxidations: dopamine is first oxidized to dopaquinone (DOQ) and
after chemical transformation of DOQ to yield 5,6-dihydroxyindoline (DHI), the
latter is further oxidized to aminochrome (AC) giving an ECE type mechanism.
Consequently, the peaks c1 and c2 are most likely related to the reductions of DOQ
to DA and of AC to DHI, respectively, as illustrated in Fig. 10.11. Two oxidation
peaks should be distinguished on Fig. 10.10a but if the oxidation potentials of DA
and DHI are not distinct, overlapping might occur to form a broader peak. On
Fig. 10.10b, however, the oxidation peak a1 corresponds to the oxidation of DA to
DOQ as the reduction peak c2 is not observed.

Moreover, on Fig. 10.10a, an important decrease in current related to the oxi-
dation and reduction peaks can be seen after successive cycles. This decrease in
current (and, hence gradual deactivation of the electrode) is caused by the formation
of a polymer film through the electrochemical generation of AC [45, 46]. Similar
deactivation, however, did not occur with higher scan rates (Fig. 10.10b). This is
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because DOQ is not further transformed to DHI (and later AC) but is rather reduced
to DA. Since DHI oxidation is the lead cause of the formation of a polymeric film at
the electrode surface, deactivation can be avoided by using high scan rates for the
cyclic voltammetry measurements.

In summary, reproducible electrochemical measurements can be obtained for the
accurate detection of dopamine by applying a high scan rate during cyclic vol-
tammetry measurements.

As a next step, the effect of dopamine detection on the activity of BDD and
glassy carbon electrode was studied through cyclic voltammetry measurements
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Fig. 10.10 Cyclic voltammograms (100 successive cycles) of 1 mM DA recorded on BDD
microelectrode and at different scan rate: a 1 V s−1 and b 100 V s−1. Potential window between
−0.7 and 0.8 V versus Ag/AgCl. Support electrolyte: 0.1 M PBS. T = 23 °C. Copyright (2012)
Chemical Society of Japan
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performed using the [Fe(CN)6]
3−/[Fe(CN)6]

4− redox couple. Figure 10.12 shows
cyclic voltammetry measurements of the [Fe(CN)6]

3−/[Fe(CN)6]
4− couple (1 mM)

performed on BDD electrode at (a) 1 V s−1 and (b) 100 V s−1. In Fig. 10.12a, b,
cyclic voltammetry measurements conducted before and after dopamine detection
measurements are presented for: (i) 100 cycles at 1 V s−1 (Fig. 10.12a) and (ii)
1,165 cycles at 100 V s−1 (for Fig. 10.12b). The number of scans for DA detection
performed in between the measurements of the [Fe(CN)6]

3−/[Fe(CN)6]
4− couple

were selected to obtain the same cumulative voltammetric charge corresponding to
DA detection measurements at both scan rates (1 and 100 V s−1). Figure 10.12a
shows that the oxidation and reduction peaks related to the [Fe(CN)6]

3−/[Fe(CN)6]
4−

couple disappear entirely after performing DA detection measurements proving that
the BDD electrode was deactivated due to the formation of a polymeric film at the
electrode surface inherent to the low scan rate applied for DA detection. However,
Fig. 10.12b shows that DA detection measurements have no influence on the
electrochemical activity of the BDD electrode, which proves that the fouling of the
electrode can be avoided if the scan rate applied during DA detection is high enough.
The same experiment was performed using glassy carbon electrode and the results
(Fig. 10.13a, b) demonstrate that the electrode is deactivated even when the DA
detection measurements were recorded at 100 V s−1.

Hence, in summary, electrode fouling can only be avoided by using BDD
electrodes at high scan rates for DA measurements. It is also worthwhile to mention
that microelectrodes are preferred for potential in vivo applications owing to the
possibility of applying very high scan rates [60].

Fig. 10.11 Electrochemical reaction pathways of DA oxidation. Copyright (2012) Chemical
Society of Japan
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To evaluate the ability of potential application of BDD microelectrodes for
in vivo detection, MFB stimulation was employed. Stimulation of dopaminergic
neurons in the MFB caused the selective release of DA into the corpus striatum,
where the BDD microelectrode was applied. Therefore, monitoring the changes in
DA concentration can be performed. The results herein, strongly suggest that the
BDD microelectrodes will have sufficient capability for in vivo analysis, because
the DA concentration measured after MFB stimulation is estimated to be up to
several micromoles in the extracellular fluid [61].
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Fig. 10.12 Cyclic voltammograms of [Fe(CN)6]
3−/[Fe(CN)6]

4− couple (1 mM) recorded on BDD
electrode and at different scan rate: a 1 V s−1 and b 100 V s−1. Potential window between −0.9 and
1.2 V versus Ag/AgCl. In Fig. 10.12a, measurements performed before and after 100 cycles
recorded at 1 V s−1 for DA detection are presented and in Fig. 10.12b, measurements performed
before and after 1,165 cycles recorded at 100 V s−1 for DA detection are presented. Support
electrolyte: 0.1 M PBS. T = 23 °C. Copyright (2012) Chemical Society of Japan
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The stimulating electrode was carefully inserted into the brain cortex of a live
mouse following the direction of the dopaminergic neurons. Electrical stimulation
at a depth of 0.25 mm was applied. The position was then optimized by gradually
increasing the depth in increments of 0.25 mm. The position of the electrode was
fixed when the current response had reached its maximum value. In this report, a
fixed depth of 4.875 mm was selected.

Fast scan CVs of the background for in vivo measurements are shown for BDD
microelectrodes (Fig. 10.14a) and for a CF electrode (Fig. 10.14b). In this potential
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Fig. 10.13 Cyclic voltammograms of [Fe(CN)6]
3−/[Fe(CN)6]

4− couple (1 mM) recorded on
glassy carbon electrode and at different scan rate: a 1 V s−1 and b 100 V s−1. Potential window
between −0.9 and 1.2 V versus Ag/AgCl. In Fig. 10.13a, measurements performed before and after
79 cycles recorded at 1 V s−1 for DA detection are presented and in Fig. 10.13b, measurements
performed before and after 880 cycles recorded at 100 V s−1 for DA detection are presented.
Support electrolyte: 0.1 M PBS. T = 23 °C. Copyright (2012) Chemical Society of Japan
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range, no remarkable electroactive substance was recorded with the BDD micro-
electrode and the background current was almost 10 % lower than that of the CF
electrode. The signal current response following MFB stimulation was monitored by
the DPV method. The response for applied potentials between 0.8 and 1.1 V versus
Ag/AgCl was monitored. Figure 10.15 shows that good response and stability could
be obtained for a BDD microelectrode. The average signal current response fol-
lowing MFB stimulation was 0.33 nA with very low noise (*0.02 nA). An RSD of
0.88 % was observed for 7 measurements using the BDD microelectrode. The
potential dependence for the signal current (inset of Fig. 10.15a) was found to have a
maximum point at *0.9 V versus Ag/AgCl confirming the previously reported DA
behavior in Fig. 10.7. The potential shift to the higher value was likely caused by the
absence of electrolyte in brain liquid, which leads to deceleration of electron transfer
in dopamine oxidation reaction. Simultaneous measurements at CF electrodes show
an average signal current response, noise, and RSD of 1.99 nA, 0.2 nA and 1.2 %,

Fig. 10.14 Fast scan cyclic voltammograms of brain liquid without any stimulation at a an
ao-BDD microelectrode and b CF electrode. Scan rate was 500 mV/s. Copyright (2007) American
Chemical Society

Fig. 10.15 DPV monitoring of current response following MFB stimulation (50 Hz, 100 pulses
for 2 s) measured at an applied potential of 0.9 V (vs. Ag/AgCl) with a an ao-BDD microelectrode
and b a CF electrode. The inset in Fig. 10.15a shows the dependence of the signal current on the
applied potential. DPV setting; frequency 50 Hz, potential step 100 mV, pulse amplitude 150 mV,
starting potential 0.65 V versus Ag/AgCl. Copyright (2007) American Chemical Society
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respectively. Comparison of in vivo measurements of dopamine at a BDD micro-
electrode and a CF electrode are summarized in Table 10.2. The results suggest the
superiority of BDD microelectrodes over CF electrodes in terms of S/N ratio and
stability. If a regeneration of the BDD microelectrodes is needed, an oxidation
treatment in 0.1 M PBS at +2.0 V (vs. Ag/AgCl) for 20 min will suffice to completely
recover their surfaces. The effect of nomifensine administration was observed at the
BDD microelectrode as experimental proof that DA oxidation was monitored
in vivo. Nomifensine (1,2,3,4-tetrahydro-2-methyl-4-phenylisoquinolin-8-amine) is
a medicine known to inhibit the DA uptake process. Nomifensine increases the
amount of synaptic dopamine available to receptors by blocking the dopamine’s re-
uptake transporter [61–64]. Normally, the DA concentration in the extracellular fluid
is very low because the rate of DA uptake into the synapses and that of DA diffusion
are quite fast [45]. By nomifensine administration, the DA uptake rate can be
inhibited, increasing the amount of DA in the extracellular fluid. Figure 10.16 shows
the effect of nomifensine by using the DPV method. Before administration of
nomifensine, small, but stable signal responses were observed following MFB

Table 10.2 Analytical performance of in vivo dopamine detection following MFB stimulation
(50 Hz, 100 pulses for 2 s) for 7 measurements at a CF electrode and a BDD microelectrode
measured by the DPV method with an applied potential of 0.9 V (vs. Ag/AgCl)

S/nA B/nA N/nA S–B S/N RSD/%
n = 7

CF electrode 32.92 30.93 0.2 1.99 9.95 1.2

BDD microelectrode 4.88 4.56 0.02 0.33 16.50 0.9

DPV setting; frequency 50 Hz, potential step 100 mV, pulse amplitude 150 mV, starting potential
0.65 V (vs. Ag/AgCl)

Fig. 10.16 DPV monitoring of current response following MFB stimulation before and after the
administration of nomifensine (dose of 7 mg/kg) measured at an applied potential of 1.0 V (vs. Ag/
AgCl). The time at which nomifensine was administered was adjusted to 0 min. The MFB
stimulation conditions are the same as in Fig. 10.15. Copyright (2007) American Chemical Society
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stimulation. At the time of 0 min, nomifensine (dose 7 mg/kg) was administered
subcutaneously, and soon after, the signal current response rose remarkably.
Therefore, there is no doubt that the DA was monitored precisely.

10.4 Glutathione Detection

Glutathione is a tripeptide found in high concentrations in many living cells and
exists in reduced form (L-γ-glutamyl-L-cysteinyl-glycine, GSH) and oxidized form
(disulfide form of GSH, GSSG) [65–67]. It is one of the strongest biological anti-
oxidant, which signifies that under oxidative stress, GSH will be oxidized to GSSG
and immediately reduced back to GSH by an enzyme (glutathione reductase)
[65–68]. Because of this fast turnover, GSH concentrations in living cells are
usually much higher compared to GSSG. Hence, the ratio of GSH to GSSG often
serves as a sensitive indicator of oxidative stress and is a key marker for the redox
status of cells [65–68]. Additionally, it was reported that GSH concentrations in
cancerous cells are much higher when compared to healthy tissues [69]. It is thus
believed that this high concentration of GSH is the chief reason of the high
resistance of cancer stem cells against oxidative stress such as radiotherapy or
chemotherapy [69, 70]. Therefore, the in vivo monitoring of GSH could be critical
for the assessment of the biological features of cancer cells.

Several techniques devised at measuring GSH concentration have been recently
put forth in the literature. The vast majority involves liquid chromatography with
different detection methods such as fluorescence or UV [71–73]. Most of these
methods, however, are based on column derivatization followed by fluorimetric
detection or on the conversion to their phenyl or pyridine derivatives followed by
UV detection [71–73]. Therefore, these methods require costly equipment and time-
consuming procedures. Additionally, these techniques are not suited for in vivo
GSH detection and thus require tissue samples obtained through biopsy, which is an
invasive procedure for the patient. An in vivo glutathione concentration measure-
ment technique involving labeling with monochlorobimane using HPLC prior to
detection was reported [74]. This method, nonetheless, was exclusively tested on
plants (Arabidopsis) and the concentration measured includes both the reduced and
oxidized form of glutathione [74]. Another in vivo method for GSH detection in
human brain by means of double quantum coherence filtering was also reported
[75]. This analysis gave satisfactory results for in vivo GSH determination but this
indirect detection method involves complicate spectra analysis and time consuming
calibration procedures [75].

Electrochemical methods are a viable alternative due to their simplicity, speed
and excellent sensitivity. Several electrochemical methods for glutathione detec-
tion have already been proposed using electrodes such as platinum, gold or gold/
mercury [76–79]. These methods have shown to be quite efficient for in vitro
glutathione determination. However, gold electrodes usually require time-consuming
pretreatments in order to get reproducible results. Moreover, the use and preparation
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of gold/mercury tend to complicate the experimental procedure and therefore, these
methods are less suited for real analytical applications. Additionally, adsorption and
subsequent fouling on these types of electrode materials often occurs during the
oxidation of various organic compounds and, consequently, it becomes difficult to
use these electrode materials for in vivo GSH detection.

The separate electrochemical detection of both the reduced and oxidized form of
glutathione has been reported on boron doped diamond (BDD) electrode [79]. This
electrode material was selected due to its outstanding properties relative to other
conventional electrode materials. Such properties include; a wide electrochemical
potential window, low background current and weak adsorption of polar molecules
[13, 14]. Only macroelectrodes, however, were used in the latter study and the
detection was performed in BRB buffer (pH 2). Therefore, only in vitro electro-
chemical detection of GSH is feasible using the method described in [79]. To the
authors knowledge, the in vivo monitoring of GSH concentration for cancer tumor
assessment via electrochemical methods has never been attempted.

In a recent study, BDD electrodes were used to evaluate the variation of GSH
concentration inside a cancerous tumor. The measurements were performed in
normal tissue and inside xenograft tumors derived from human squamous cell
carcinoma cells (HSC-2 cell) that had been inoculated in three different mice for
2 weeks. Figure 10.17 shows that the anodic current recorded increases when the
measurement was performed inside the tumor when compared to the healthy tissue.
Preliminary in vitro calibration measurements carried out under conditions simu-
lating a biological environment (pH 7.4 and 37 °C) showed that highly accurate
calibration curves could be obtained using chronoamperometry measurements with
BDD microelectrode.

Furthermore, it was shown that for an environment containing both GSH and
GSSH, it would still be possible to separate the detection of GSH from GSSG if the
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Fig. 10.17 Chronoamperometry measurements recorded on BDD microelectrode at 1.3 V versus
Ag/AgCl: in normal tissue (flank) of mouse 1, in the HSC-2-derived xenograft tumor of mouse 1,
in the HSC-2-derived xenograft tumor of mouse 2 and in the HSC-2-derived xenograft tumor of
mouse 3. All tumors had been inoculated for 2 weeks. T = 37 °C
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potential applied during the chronoamperometry measurement is carefully selected
(i.e. before the on-set potential of GSSG oxidation). It would still not be possible,
however, to separate the detection of GSSG from GSH. In fact, if the on-set
potential of GSSG oxidation was selected for the chronoamperometry measure-
ment, GSH oxidation would also occur and the current measured would be related
to the oxidation of both GSH and GSSG.

Measurements performed in three distinct healthy mice gave similar results
proving the reproducibility of the method. If one considers that the difference
between the different currents recorded is almost exclusively due to the difference in
GSH concentration inside the tissue (due to its affinity for oxidation), these mea-
surement (Fig. 10.17) showed that it is possible to perform an in vivo assessment of
the tumor using the proposed method.

It is worthwhile to mention, however, that biofouling of the BDD electrode did
occur after one measurement, which induced a decrease in the current difference
between the measurements performed in normal and tumorous tissues. For this
reason, a cathodic treatment was performed (−3 V for 20 min) in 0.1 M PBS
between each measurement. Also, for reliable results using this method, the in vivo
current measurement should not last more than 5 s.

To attest if a decrease in GSH concentration inside the tumor can be detected;
two mice (out of the three) were X-ray irradiated for 2 min but at different levels (2
and 6 Gy). X-ray irradiation has shown to considerably decrease the amount of
GSH in living tissues as reported in [80].

After 3 h of X-ray irradiation, GSH detection measurements were carried out in
the HSC-2-derived xenograft tumors of the three mice (among which only two were
X-ray irradiated) and compared with the results presented in Fig. 10.18.
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Fig. 10.18 The results presented in Fig. 10.17 are compared with chronoamperometry
measurements recorded on BDD microelectrode at 1.3 V versus Ag/AgCl: in the HSC-2-derived
xenograft tumor of mouse 1 (untreated; measurement performed 3 h after the results presented in
Fig. 10.5), in the HSC-2-derived xenograft tumor of mouse 2 (3 h after the tumor had been X-ray
irradiated for 2 min at 2 Gy) and in the HSC-2-derived xenograft tumor of mouse 3 (3 h after the
tumor had been X-ray irradiated for 2 min at 6 Gy). T = 37 °C
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Figure 10.18 displays this comparison and shows that the current density
recorded in the tumor decreased significantly after irradiation whereas the current
density measured in the tumor remained unchanged for the control mouse. More-
over, the decrease in current density increased with increasing intensity of the
irradiation. This figure thus suggests that it is possible to detect the variation of
GSH concentrations in cancerous tumors before and after a specific treatment using
this technique.

10.5 Conclusions

The promising results obtained through a large breadth of experiments presented
herein strongly suggest that boron-doped diamond (BDD) based electrochemical
biosensors bear a great potential for early diagnosis or research. This technology
owes its practical value from a combination of selective biochemical recognitions
such as the high sensitivity of electrochemical detection and the outstanding elec-
trochemical properties of BDD. These biosensors also profit from modern minia-
turized electrochemical instrumentation and are thus very valuable for specific
sophisticated applications simultaneously requiring portability, rapid accurate
measurement and use with small sample volume. Numerous commercial applica-
tions have confirmed the attractiveness of BDD based electrochemical biosensors.
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