Diamond & Related Materials 20 (2011) 621-640

Contents lists available at ScienceDirect DIAMOND
RELATE

MATERIALS

Diamond & Related Materials

journal homepage: www.elsevier.com/locate/diamond

Nanocrystalline diamond

0.A. Williams *!

Fraunhofer Institute for Applied Solid State Physics, TullastrafSe 72, 79108 Freiburg, Germany

ARTICLE INFO ABSTRACT

Article history: Diamond properties are significantly affected by crystallite size. High surface to volume fractions result in
Received 17 November 2010 enhanced disorder, sp? bonding, hydrogen content and scattering of electrons and phonons. Most of these
Received in revised form 17 February 2011 properties are common to all low dimensional materials, but the addition of carbon allotropes introduces sp?

Accepted 23 February 2011
Available online 9 March 2011

bonding, a significant disadvantage over systems such as amorphous silicon. Increased sp? bonding results in
enhanced disorder, a significantly more complex density of states within the bandgap, reduction of Young's

modulus, increased optical absorption etc. At sizes below 10 nm, many diamond particle and film properties

ﬁ?:ggrr;;amne deviate substantially from that of bulk diamond, mostly due not only to the contribution of sp* bonding, but
Chemical vapour deposition also at the extreme low dimensions due to size effects. Despite these drawbacks, nano-diamond films and
Nanostructures particles are powerful systems for a variety of applications and the study of fundamental science. Knowledge
Diamond of the fundamental properties of these materials allows a far greater exploitation of their attributes for specific
applications. This review attempts to guide the reader between the various nanocrystalline diamond forms
and applications, with a particular focus on thin films grown by chemical vapour deposition.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

Diamond films and particles are interesting in both fundamental and
applied sciences due to their extreme and in many cases superlative
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Buildings, The Parade, Cardiff, CF24 3AA, United Kingdom.

and forms of carbon such as Cg, carbon nanotubes and graphene,
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diamond and graphite remain the most successful commercially
exploited allotropes to date. The overwhelming majority of these
applications are passive, such as cutting tools, abrasives, thermal
management etc., not to mention the gem industry. Many of these
application areas have been satisfied by natural diamond and diamond
grown via High Pressure High Temperature (HPHT) synthesis, but the
advent of Chemical Vapour Deposition (CVD) has lead to a far wider
circle of applications and an increase in the sophistication of diamond
technologies. Principally, CVD allows the deposition of diamond on
foreign substrates and the production of large areas for heat spreading,
laser/extreme environment windows etc. Thus CVD and HPHT synthetic
diamonds have become high tech products as a bulk material of extreme
performance. Unfortunately, the lack of suitable dopants for electronic
applications, led to a marked reduction of interest in CVD diamond
research from the end of the 20th century.

Nano-structured diamond has rekindled much of this interest,
offering many bulk diamond properties in a thin film package or small
particle form. Fig. 1 shows the number of publications and citations of
publications with the topic of nanocrystalline diamond. It can be seen
that the field is booming and shows no sign of slowing down. As this
review was being written there were over 22,000 citations in this
topic over the last 20 years alone, excluding those under nanodia-
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Fig. 1. (a). Total number of publications with topic “nanocrystalline diamond”. (b). Total
number of citations of publications with topic “nanocrystalline diamond”.
Source: Web of Science, Thomson Reuters.

mond and similar titles given to the same family of materials. The
reason for the interest in thin films of high quality diamond is
principally, but not exclusively, cost. If one can exploit the majority of
the extreme properties of diamond or simply those that are required
for a specific application with a thin film, then the added expense and
complexity of growing bulks diamond seems superfluous. The growth
of diamond is still a relatively expensive CVD or HPHT process and any
reduction of growth duration is a real cost saving measure. There are
also many applications where bulk diamond is inappropriate, such as
Micro Electromechanical Systems (MEMS), tribological coatings etc.
Nanocrystalline diamond exhibits many of the superior properties of
diamond; those it does not are due to crystal size limitations. Good
examples of these are electron/hole mobility and thermal conductiv-
ity, both obviously being limited by grain boundary scattering of
electrons/holes or phonons respectively [1,2]. Obviously, the whole
concept of a semiconductor relies on the extended periodicity of the
lattice generating band structure, and the interruption of this has
profound effects on carrier mobility values. The same is very much
true for phonons. There are also mechanical properties that are
affected by the grain size of nano-structured diamond and these will
be detailed in later chapters.

Nano-diamond particles have been used as abrasive materials for
some time and have recently found more sophisticated applications
such as single photon sources and bio-markers [3,4]. They are also of
critical importance as seeds for the deposition of nano-diamond films
[5]. One of the critical problems with such materials is the tendency of
the core particles to aggregate into larger agglomerates which are
difficult to disperse. This is a particular problem with material grown
by detonation synthesis, in which the particles are tightly bound by
sp? bonding formed during the detonation shockwave [6]. Thus, the
purification of nano-diamond particles is an active and complex
research area which will determine the applications of such particles
[7-9].

2. Surface to volume ratio

At what size does tetrahedral bonded carbon cease to be diamond?
The question may seem somewhat absurd given that the definition of
diamond is the tetrahedral bonded allotrope of carbon. Perhaps a
better question is at what size does tetrahedral carbon cease to behave
like bulk diamond? Even “like” is probably inappropriate, for example,
tetrahedral amorphous carbon (TaC), one of the Diamond-Like-
Carbon (DLC) families, has many properties similar to diamond but
is hardly considered to be diamond. The reason for this is simply that
though DLC materials may constitute a considerable amount of sp>
bonding (in some cases over 90%), they are fundamentally amor-
phous. Thus, the difference between DLC and bulk diamond is clear,
and a question of crystalline structure. However, problems occur in
definition at the transition between these two materials. As length
scales become very small there is a real ambiguity in what constitutes
a crystal. One can invoke the allotrope argument for carbon and say
that diamond is an extended phase of sp> carbon, but this still does not
put an absolute number on the length of the extended phase. This
fundamental question appears in two distinct cases of definition, in
diamond particles and films.

First we will address the issue of diamond particles, as the simplest
system where the most unambiguous data is available. Diamond
particles are available in various sizes from below 1 nm (adamantane
diamantine, pentamantane etc., though strictly diamondoids), through
<10 nm (originating from detonation processes and more recently PLD),
to>20 nm (many production processes, jet milling, mechanical grinding
etc.). A comparison of these particles is shown in Table 1. The smallest
known diamond structured particles are in fact not strictly speaking
diamonds, but diamondoids [10]. These particles are generally isolated
from petroleum, being a source of many problems in natural gas, gas
condensates and light crude oil flow systems where they can act as
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Table 1
Types of nano-diamond particles.

Diamonoids

Ultra-dispersed Sub micron diamond
diamond (UDD) grit

<10 nm

> 20 nm

< 1nm

Mechanical size
reduction of bulk
diamond

Purification of
petroleum

Detonation synthesis

flocculation sources, blocking flow paths. A single adamantane molecule
weighs 10721 ct, i.e. 2x 10~ 22 g. Adamantane is not truly a diamond as
every carbon atom is at the surface and thus is bonded to at least one
hydrogen atom. To date there are few applications of adamantane and
the higher diamondoids and as they are not true diamonds they will not
be discussed in detail here.

The next biggest diamond particle, and thus the smallest true
diamonds, are made from detonation synthesis such as with trinitrotol-
uene (TNT) and hexogen [6]. During the detonation shockwave, the
pressure and temperature reach the stability region of diamond in the
phase diagram [11]. Thus, for a brief moment of typically around 1 ps,
diamond particles can be grown. These particles are usually called Ultra-
Dispersed Diamond (UDD) and their mean size is quoted as around 4 nm
[12]. This size results in a specific surface greater than 400 m?/g with
more than 15% of UDD particle carbon atoms located at the surface [13].
This has profound implications on the surface chemistry and stability of
such particles. It has been shown that diamond is actually energetically
favoured over polycyclic aromatics for diameters of less than 3 nm with
hydrogen termination [14]. Thus, at this length scale diamond cannot
truly be said to be meta-stable. The reactivity of such fine particles can
also differ substantially from bulk diamond surfaces [7].

Finally, as one gets to sizes of greater than 20 nm, nano-diamond
particles behave like bulk diamond. This is predominantly due to the far
reduced concentration of atoms at the surface with regards to the bulk.
These diamonds are usually produced from top down methods such as
jet milling or abrasion of larger diamonds [15], an expensive and
relatively time consuming process. However, their quality generally
exceeds that of smaller diamonds due to their reduced surface to volume
fraction. Their Raman and X-Ray diffraction spectra are far more
reminiscent of bulk diamond than there smaller counterparts.

For films the difference is very much complicated by a terminology
which is mostly historical. Nanocrystalline diamond was a term initially
given to thin film diamond of poor quality. In the earlier days of diamond
growth, when CVD reactor design was in its infancy and nucleation
densities were very low, nanocrystalline diamond was a name given to
thin diamond films which generally had low quality. Diamond growth
evolved and high quality single crystal and microcrystalline films
dominated research, leaving nanocrystalline diamond very much in the
background. Recently, nanocrystalline diamond has developed into a
sophisticated material with a wide variety of applications and
terminology [16]. Table 2 attempts to clarify some of this terminology.

The smallest grain size diamond films are called ultrananocrystal-
line diamond (UNCD), a term originating from Argonne National
Laboratory [17]. These films have grain sizes around 5 nm, with a
considerable amount of amorphous grain boundaries which are very
similar to Diamond-Like-Carbon (DLC). DLC is strictly speaking not
diamond but is included in the table for clarity, and the fact the UNCD
has many similarities with DLC. DLC has no crystalline structure as

Table 2

Types of nano-diamond films. UNCD TEM image reused with permission, copyright AIP
2001 [131], DLC image from K. Schirmer, J. Lutz: Deposition and characterization of
amorphous hydrogenated diamond-like carbon films (a-C:H) Chemnitz University of
Technology, Center for Microelectronics (ZfM), Annual Report 2004 http://www.zfm.
tu-chemnitz.de/pdf/annual_report_2004/104-105.pdf. Used with permission.

Ultra-nanocrystalline
diamond

Nanocrystalline
diamond

Diamond-like carbon

Amorphous < 100 nm

Little or no re-
nucleation,films
roughens with thickness

Re-nucleation results
in no evolution of
surface roughness

No crystallinity, sp3
content up to 30%

seen in the TEM image, whereas UNCD clearly exhibits the lattice
planes of diamond, with amorphous DLC like regions between grains.
UNCD is very much a special case, with all other types of nano-
diamond films being termed nanocrystalline diamond (NCD). NCD
films have grain sizes generally below 100 nm, but sometimes films
with grains up to 500 nm are also labelled NCD [18]. Generally
speaking NCD films contain less sp? and are thus more transparent
than UNCD films; this is particularly acute when the films are grown
without re-nucleation, i.e. with low methane concentration and high
power density.

Perhaps the most convincing definition between the various forms
of diamond is in their resulting properties. In this way it is easy to
distinguish between nano-carbons, as measurements such as Young's
modulus, optical transparency, thermal conductivity etc., are objec-
tive real world properties that can be quantified and exploited in real
world applications. Ultimately the real word application arena is the
true measure of a useful material and relegates all ambiguity and
argument about material classification to semantics.

3. Nucleation

Successful growth of single crystalline diamond over larger areas and
on foreign substrates is almost completely limited to growth on single
crystal iridium [19]. Thus, diamond growth on the majority of foreign
substrates results in polycrystalline material. Furthermore, efficient
growth of diamond requires some kind of nucleation enhancement step.
For example, the growth of diamond on untreated silicon results in
nucleation densities of around 10*-10° cm™2 [20,21]. This is due to a
combination of factors such as the high surface energy of diamond
relative to silicon (6 J/cm? to 1.5 J/cm? respectively [22]), the relatively
low sticking coefficient of gaseous precursors and the competition of
nondiamond phases. An exhaustive review of nucleation mechanisms of
thin film growth is beyond the scope of this review, for a more
exhaustive review and comprehensive references, the reader is referred
to an early review by Robins [23]. Suffice to say that nondiamond
substrates require some pre-treatment in order to enhance the
nucleation densities to the point where very thin (<50 nm) coalesced
films can be grown. Numerous approaches have been used to enhance
this nucleation density ranging from substrate abrasion, the addition of
carbide forming or containing interlayers, through bias enhanced
nucleation, to the application of monolayers of nano-diamond particles
on the surface for subsequent growth. Research on these varying
techniques goes back over 30 years and for the sake of brevity, this
review will focus on those techniques which are able to realise the
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higher nucleation densities (>10'""cm™2) required for high quality
nanocrystalline diamond growth.

A caveat must be stated when comparing nucleation methods by
their quoted nucleation density. In the early days of diamond growth,
nucleation density was calculated by simply counting the number of
diamond nuclei in a given area and dividing by this area. This was
adequate in these cases as densities below 10°cm™2 are easily
quantified. Unfortunately, as nucleation densities exceed 10'' cm™?2, it
becomes impossible to resolve individual nucleation sites and thus
quantify their true concentration. For example, literature claims of
densities of 10'? cm ™2 or higher should be viewed with caution; as such
adensity would require 10 nm particles with no space between them or
5 nm particles with 5 nm gaps. Either is highly improbable and certainly
not resolvable by AFM techniques when the tip convolution is taken into
consideration [5], so the real question is where these numbers come
from. Often they are very inaccurate estimates derived from surface
coverage approximations, making the assumption of small particles
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being close-packed which is not realistic. Firstly, such small (5 nm)
particles are hard to develop and secondly they are part of a distribution
of particle sizes which significantly disrupts close-packing arrange-
ments as can be seen in Fig. 2(d). The nucleation density is quoted in
the below technical descriptions, but the reader is warned of the
questionable accuracy and suitability of such a number when assessing
the quality of diamond nucleation treatments. Perhaps the real measure
of the quality of a nucleation treatment is in the resulting diamond film,
qualified by such objective measurements as its surface roughness etc.

3.1. Mechanical abrasion techniques (scratching)

The enhancement in diamond nucleation density of several orders of
magnitude by scratching the substrate with diamond powder has been
known for over 30 years [21]. In fact, a small enhancement has been
observed even with nondiamond particles, but it is far less efficient than
with diamond particles [24-26]. It is also common knowledge that the
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Fig. 2. (a). SEM image of mechanically scratched quartz after short growth duration. (b). SEM image of optimised mechanical seeding. (c). SEM image after short bias enhanced

nucleation step. (d). AFM image of silicon coated with diamond nano-particles.
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spontaneous nucleation of diamond crystals is mostly observed on
defects on these mechanically damaged wafers, such as in scratches,
pits, on grain boundaries etc. [25,27]. These features provide a large
surface to volume fraction, leading to enhanced carbon super-saturation
as well as a lower total free energy of the diamond nucleus due
to reduced contact with the substrate surface. They also increase the
amount of dangling bonds available for chemisorption and minimise
steric hindrance. However, the principal mechanism behind the
nucleation enhancement is the embedding of small residual diamond
particles in the substrate, hence the process is far more efficient when
utilising diamond particles in the polishing pad or cloth etc. Smaller
diamond particles generally result in higher nucleation densities and
better uniformity [28], presumably due to the larger surface to volume
fraction of finer scratches and the increase of residual diamond. This
technique realises nucleation densities up to around 10'° cm™2, with
the disadvantage of significant damage to the substrate from the
abrasion process and the inability to treat three dimensional surface
structures [29]. This can preclude its use for many nano-diamond
applications, especially MEMS or optical coatings. Fig. 2(a) shows an
example of poorly optimised mechanical seeding. It clearly shows the
preference of diamond growth to grooves formed during the polishing.
Fig. 2(b) shows an optimised mechanical seeding result, but there is still
contamination of the surface with larger diamond particles. This leads to
a kind of bi-modal distribution in the grain size, the small grains
originating from diamond chipped into the substrate and surface
damage as mentioned above, and the large grains coming from growth
on the few large particles that could not be removed after scratching.

3.2. Ultrasonic particle treatment (micro-chipping)

Ultrasonic treatment of substrates in diamond slurries has been
shown to enhance nucleation densities to 10'© cm~2[28] and in extreme
cases to 10'" cm™2 [30]. The mechanism of formation is very similar to
that of mechanical abrasion, with the advantage of better uniformity and
reduced polishing artefacts. By immersing a substrate into a slurry of
micron sized diamond particles, the cavitations of the ultrasound cause
similar damage to the substrate as with abrasion processes and also
embed diamond fragments. HRTEM investigations have shown that the
predominant nucleation mechanism is homoepitaxial growth on residual
diamond embedded into the substrate [30], i.e. almost identical to the
mechanical abrasion techniques. Contrary to abrasion techniques, the
nucleation density actually increases with particle size, presumably due
to very small diamond particles having insufficient momentum to
damage the substrate or embed diamond fragments [28]. The lack of
momentum has been improved by a synergistic approach using two
particle sizes, fine diamond particles (<0.25 pm) with larger (>2 pm)
diamond or nondiamond particles used to drive the smaller particles into
the substrate, a so-called “hammering” approach [31]. This approach
increases the nucleation density to amongst the highest reported for
mechanical processes (~5x10'°cm™2) [31]. Variations on these
substrate treatments in ultrasound with diamond slurries constitute
the majority of what is used to nucleate diamond films today. They have
the advantages of high nucleation densities, three dimensional substrate
possibilities but with the downside of mechanical damage of the
substrate. It is also almost impossible to remove all the larger sized
diamond grit which leads to large disturbances in the substrate
conformity, high local roughness etc. which are major problems for
MEMS and tribological technologies where surface roughness must be as
low as possible. This is shown in Fig. 2(b) which although is mechanically
polished, is done so with larger grit and the effect of the large particles on
the surface after a short duration of growth is clearly visible.

3.3. Carbon, carbide and carbide forming interlayers

Spontaneous diamond nucleation on substrates that form carbides
has been shown to exceed that of those that do not by two orders of

magnitude [25]. DLC layers have been demonstrated to assist nucleation
in the case of combustion flame synthesis [32], as have hydrocarbon oils,
fingerprints and evaporated carbon in the case of hot filament assisted
CVD (HFCVD) [33]. These carbon derived interlayers can assist
nucleation processes in several ways. Firstly, it is likely that the sticking
coefficient is higher on the carbide interlayer than the bare substrate,
reducing the chance of re-evaporation of nuclei. Secondly, many
substrate materials such as silicon have rather high carbon solubilities.
Thus, carbon impinging on the substrate area where there is no
nucleation site can diffuse into the substrate and be lost to the growth/
nucleation process. This process will continue until the surface forms a
carbide or the near surface is supersaturated with carbon, reducing the
diffusion gradient [34]. This means that a high carbon content interlayer
can act as a barrier to carbon in-diffusion into the substrate, resulting in a
substantial increase in the availability of surface carbon. Thirdly, carbon
growth species will have a low surface mobility on most substrates,
whereas it is likely to increase on carbon saturated surfaces. Obviously,
all these factors will increase the chance of critical nuclei being formed
and increase their survival rate. Carbon, carbide or carbide forming
interlayers have all been shown to locally increase the nucleation
density. In fact, many substrates form carbides during the early stages of
diamond growth [35,36]. Interlayers containing higher levels of sp®
however, are known to have a more pronounced effect [37]. This is
unsurprising considering their enhanced resistance to etching by atomic
hydrogen over sp? bonding and the presence of sp> clusters which can
become critical nuclei. Interlayers can enhance nucleation densities, but
on their own are far less effective than the previously mentioned
abrasion and ultrasound techniques which actually embed diamond
nuclei into the substrates. Carbides will still form at the interface
between the seeds and the carbide forming substrate, especially
between diamond nuclei.

3.4. Bias enhanced nucleation

One of the few nucleation techniques that can be performed in-situ
is bias enhanced nucleation (BEN) [38]. During BEN, the substrate,
which must be conductive, is negatively biased by around 100-250 V
DC with respect to the (grounded) chamber or a second internal
electrode. This process is generally carried out under rather methane
rich (4-10% in hydrogen) conditions as compared to diamond growth
[39-41], and is most routinely used in microwave plasma enhanced
CVD (MWPECVD) [39-41], although it may also be executed in HFCVD
[42] and DC plasma CVD [26,43]. The mechanism behind BEN is
generally accepted to be based on the sub-plantation model [44,45]. In
this model, incident CHy ions have an energy distribution of around
80 eV, which is close to the optimum to sub-plant them into a-C [44].
This energy is also high enough to annihilate any surface nuclei and
thus the possibility of surface nucleation is unlikely. There are two
models for the nucleation sites evolving from this layer. In the first, it
is argued that the high substrate temperatures promote the formation
of nanocrystalline graphite, which can act as nucleation sites for
subsequent diamond growth [44]. In the second, the nucleation sites
originate from the formation of pure sp> carbon clusters in the layer,
the annealing of faults under the presence of hydrogen and the
growth of these clusters via the transformation of amorphous carbon
into diamond. This sp® bonded layer forms a barrier to subsequent
bombardment and results in the preferential displacement of further
sp? bonds into sp>. On switching over to the regular CVD conditions,
the remaining sp? is preferentially etched as the diamond grows. BEN
can generally yield nucleation densities of around 10'° cm ™2 having
the advantage of being an in-situ process but with the disadvantage of
the requirement of conductive substrates and difficulties in coating
complex 3-dimensional shapes or large areas. Fig. 2(c) shows an
example of very high nucleation densities achieved by Arnault et al.,
exceeding 10'" cm™2 [46]. Clearly in this case the surface is almost
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completely covered and it is hard to assess the absolute nucleation
density as the bias step is somewhat convoluted with growth.

3.5. Seeding with diamond nano-particles

One obvious approach to enhance diamond nucleation densities is
to coat the substrate surface with as many diamond particles as
possible, which act as the seeds for epitaxial growth. Proof of this
epitaxial growth is clear from such work as Geis et al. who showed
that (111) textured diamond films followed the seed texture [47]; this
is probably the earliest example of seeding with diamond particles.
This approach is obviously related to the above techniques involving
particles but at a much lower length scale. In the early days of
diamond growth, only the larger diamond particles were available
(diamond grit), those shown in Table 1, from mechanical size
reduction. These were somewhat larger than the smallest available
today and thus were used microchip diamond fragments into the
substrates (see Sections 3.1 and 3.2). The production of much smaller
diamond particles by enhanced milling techniques and somewhat
more significantly, detonation synthesis has resulted in new methods
for the realisation of very high nucleation densities by substrate
seeding [5,48]. These techniques have numerous advantages over the
aforementioned methods, such as, no substrate damage, three
dimensional possibilities and facile scale up. It should be noted that
although these techniques are frequently executed with ultrasonic
agitation, the basic mechanism of nucleation enhancement is
electrostatic attraction of fine particles to the substrate. Thus, they
are slightly complicated by colloidal chemistry and care must be taken
with pH, concentration, zeta potential etc. to reach the highest
nucleation densities [5,7]. The ultrasonic agitation helps to maintain
the colloidal dispersion and improves the uniformity of the coating.

In the case of detonation nano-diamond particles, nucleation is
complicated by the preparation of mono-disperse colloids of diamond
nano-particles. During the detonation synthesis, significant sp?
bonded carbon is also produced which leads to very tight agglomer-
ation of the core diamond particles. These agglomerates can be over
100 nm so are obviously not useful in this form for high density
nucleation. In order to break these agglomerates down into the fine 3-
5 nm particles several techniques such as bead milling [8], burning in
air [9], and hydrogenation [7,49] have been shown to be effective. The
colloids resulting from these techniques contain particles with surface
charges relating predominantly to their hydrogen or oxygen contain-
ing surface functional groups. Acid cleaned or oxygen/air burned
particles have negative zeta potentials [9] and hydrogenated particles
positive zeta potentials [7]. Thus, the zeta potential of the substrate
must be considered for the nano-particles to stick efficiently, and both
zeta potentials of the substrate and diamond nano-particles exhibit
significant pH dependencies [7]. Several techniques have been shown
to bypass this problem of surface charge such as the incorporation of
the particles in a polymer matrix such as polyvinyl alcohol (PVA) [50]
or sol-gel TiO, [51], however these approaches can also lead to
aggregation of the nano-diamond particles. Another approach is to
coat the substrate with a polymer of the opposite surface charge to the
diamond nano-particles to enhance electrostatic attraction [52].

The key limiting parameter on the maximum realisable nucleation
density is clearly the particle size distribution of the diamond nano-
particle seeds. Obviously, the smaller the diamond particle can be made,
the higher the nucleation density, provided that they can be prevented
from aggregating. One possibility is thus to use adamantane as the seeds
for nucleation, having a size less than one tenth the diameter of the
smallest detonation nano-diamond particles. However, adamantane
and the higher diamondoids have relatively low melting points and
sublime at significantly lower temperatures than that of even low
temperature diamond growth. Thus in general they are inappropriate
for diamond nucleation in most cases. However, Tsugawa et al. have
demonstrated that it is possible to utilise adamantane at exceptionally

low growth temperatures (150 °C) [53], yielding nucleation densities
around 10'! cm™ 2. In other work Giraud et al. covalently attached 2,2-
divinyladamantane molecules to the {111} silicon substrate [54-56].
Unfortunately this only yielded nucleation densities of 10% cm™2
presumably due to the high temperature and low methane concentra-
tion used for the growth. It seems that the utilisation of adamantane for
nucleation sites is complex and requires more study on the early stages
of growth, in particular the stability of the seeds under atomic hydrogen
flux. Unfortunately this technique has yet to demonstrate a significant
improvement over optimised UDD nano-particle seeding, an example of
which is shown in Fig. 2(d). It is clear from this image that the silicon
surface is almost completely covered with close packed nano-diamond
particles, yielding a nucleation density greater than 10'! cm~2. It should
be noticed that despite the high nucleation density the area of particle
coverage is still rather low.

3.6. Combinatorial approaches

It is obvious that some of the aforementioned techniques could
be combined to try and exploit synergistic effects such as those
mentioned with the two diamond particle size “hammering ap-
proach”. Obviously, due to the carbon rich nature of the nucleation
process, any mechanism which enhances the surface carbon concen-
tration or provides a carbon diffusion barrier should be beneficial. It
has been shown that thin layers of tungsten can enhance nucleation
densities presumably due to the carbide formed at the interface
blocking carbon diffusion into the substrate [57]. Similar approaches
with other carbide forming materials could be expected to yield sim-
ilar results [35,36]. However, metal inter-layers are certainly unde-
sirable for optical coatings [29], and would also significantly spoil the
Q-factors of MEMS devices.

Another novel combination of nucleation enhancement strategies
was pioneered by Rotter et al. [58]. In this approach, the substrates are
first coated with a thin layer of hydrogenated amorphous carbon
(~10 nm) under normal CVD conditions, which will also form a
carbide if the substrate is carbide forming [59]. Almost no diamond
grows under these conditions due to the lack of nucleation sites. The
substrate is then immersed into a slurry of diamond particles in an
ultrasonic bath, and treated in much the same way as detailed in
Section 3.2. This results in diamond fragments being embedded into
the carbon layer and on subsequent growth, the carbon layer becomes
a high concentration source of carbon for the particle growth and is
completely removed during the early stages of growth [58]. In another
variant of the approach one can seed on top of this carbon layer with
nano-diamond particles as detailed in Section 3.5. Both approaches
yield very high nucleation densities (>10"'cm™2).

Both of the above techniques provide enhanced carbon concen-
tration during the initial stages of growth which results in
significantly reduced etching of the diamond seeds and the underly-
ing substrate. Another approach is to actually protect the diamond
seeds with an over-layer. Lee et al. showed that a thin layer deposited
over the nucleated substrate can increase the nucleation density by
almost two orders of magnitude [60]. The effect of 50 nm thick Si
over-layer is shown in Fig. 3, where the nucleation density is clearly
much higher on the right side of the SEM image where the Si layer is.
This layer acts as a protective barrier for the small diamond particles
until they are large enough to resist the atomic hydrogen etching.

4. Growth and morphology
4.1. Incubation period

Due to the relatively short nature of nanocrystalline diamond
growth runs and their thin film nature, the nucleation and early stages

of growth are absolutely critical in the production of high quality
material with low surface roughness and pin-hole density. The
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nucleation stage has been described in detail above but it should be
observed that it is very much convoluted with the early stages of
growth. At the very beginning of a deposition run, there is a duration
within which little diamond growth occurs, termed the incubation
period. This is due to the incomplete coverage of the substrate with
diamond nuclei, and carbon will diffuse into the substrate until either
a carbon/carbide diffusion barrier is formed or the diamond nuclei
have grown laterally enough to block this in-diffusion. At this point
the film thickness will evolve at a significantly faster rate and the
incubation period is over.

In conventional microcrystalline diamond growth the incubation
period is not particularly significant as the films are too thick for the first
few hundred nanometres of growth to be important. Free standing
microcrystalline diamond plates also are often polished on both sides to
remove this material. However, in the case of nanocrystalline diamond
the first few tens of nanometres of the film are often a significant part of
the film and certainly have profound implications on the surface
roughness. For example, the nano-diamond seeds are etched during
these early stages [20], which can lead to a reduction in nucleation
density under low methane conditions. Thus it is generally beneficial to
increase the methane concentration during the incubation period to
reduce this etching [61]. The incubation period is also longer for
substrates with high carbon diffusion rates, as obviously more carbon is
lost from the nuclei growth into the substrate [22].

Fig. 4 shows the evolution of laser interferometer signal during the
early stages of growth for various methane concentrations at high
power density (3 kW microwave power at 60 mbar). Each curve
represents the intensity of laser light reflected from the substrate as it
is modulated by the constructive and destructive interference of light
reflecting in the over growing layer. The first minimum of the curve
represents 70 nm of growth and roughly half way between this point
and the first maximum is the end of the incubation period at around
30 nm. Thus it can be clearly observed from these curves that the
incubation period gets progressively shorter for higher methane
concentrations. After 30 min the 0.5% CH4 process has not even
reached the end of the incubation period and thus there is likely to be
significant etching at these power densities. The incubation period
also depends on the power density in the case of MWPECVD and the
substrate temperature in the case of all CVD methods [62]. Long
incubation periods generally result in thicker SiC interfacial layers
between the diamond and silicon substrate and thus, often films
grown with higher methane concentrations exhibit less SiC, which on
first consideration may seem counter-intuitive [22].

Fig. 3. SEM image of diamond abraded silicon with partial Si interlayer, Si coating is on
the right of the figure.

Figure reused with permission from the Materials Research Society, copyright 1997
[60].
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Fig. 4. Laser interferometry of the early stages of growth under various methane
concentrations.

4.2. Suppression/enhancement of re-nucleation processes

Another regime in which nanocrystalline diamond growth differs
from conventional microcrystalline growth is in the possibility of
enhancing re-nucleation. Re-nucleation is the process by which the
evolution of a crystallite is interrupted by secondary nuclei which
triggers new, distinct crystallite growth. This has the effect of limiting
the grain size and can be advantageous for the growth of films with
reduced surface roughness, as is shown by the SEM cross sections in
Fig. 5. The film in Fig. 5(a) is grown under low methane concentration,
suppressing low nucleation processes. At one micron thickness it is
already microcrystalline diamond due to the evolution of the crystal-
lites, and clear columnar growth is evident. Fig. 5(b) is grown under
Ar/CH4 chemistry and thus enhanced re-nucleation processes. The
film exhibits no visible crystallinity under this magnification and the
surface roughness is independent of thickness. Fig. 5(c) shows the
predicted evolution of crystallites from random oriented seed crystals.
It can be seen that the columnar growth exhibited in Fig. 5(a) is what
is expected in the absence of re-nucleation processes [63].

The advantages of re-nucleation come at a significant cost. Re-
nucleation occurs because of the interruption of the layer by layer
growth process by defects in the layer. This is obviously detrimental to
the individual crystal properties and is more than likely sp? bonding
or at least miss-oriented sp> bonding. Thus, films grown with re-
nucleation contain substantially more sp? bonding as characterised by
Raman spectroscopy, more hydrogen and are generally black in
appearance with a very high optical absorption coefficient [1,64-68].
Early nanocrystalline diamond films were mostly the result of high
methane growth recipes under lower microwave power density
conditions driving re-nucleation [69]. Other recipes followed such as
the “hydrogen poor plasma” chemistry used by growers of ultra-
nanocrystalline diamond (UNCD), which replaces the hydrogen of the
growth process with argon, helium or nitrogen [70-72]. The results
are very similar to increasing the methane concentration or reducing
the microwave power density in conventional hydrogen plasmas [73].
This can be seen in Fig. 6 where the morphology transforms from no
visible crystallinity under SEM to clear {100} faceting with reduction
of the methane concentration during growth [74]. UNCD is very
similar to the material shown in Fig. 6(a), and when grown under low
nucleation density appears almost identical as is shown in Fig. 7. In
fact, UNCD becomes progressively more crystalline with the addition
of hydrogen into the gas phase, suggesting again that the re-
nucleation process is suppressed by hydrogen [75].

Ultimately, most non-ideal diamond growth conditions will
promote some kind of re-nucleation process be they high methane
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concentrations, low power density, hydrogen replaced with noble
gases, low pressure, continuous substrate bias etc. [74,76-78]. This
has lead many people to believe that nanocrystalline diamond is a low
grade of diamond, and was often termed “cauliflower” or “Ballas type”
diamond [74,79], and it is certainly true that all diamond types grown
with enhanced re-nucleation processes have significantly higher sp?
contents that those grown with the suppression of nucleation
processes [73,80]. It should be noted that this does not mean all
films grown with re-nucleation have the same sp? content; this is
determined by the rate of re-nucleation. Some films grown with re-
nucleation have grain sizes of the order of 30-50 nm which results in
far less sp? than 3-5 nm films and can be highly transparent [64,81].
However, it is also possible to grow nanocrystalline diamond in the
absence of significant re-nucleation processes, by using a very high
initial nucleation density and short growth duration. Generally the
methane concentrations used are far lower than that of re-nucleating
processes [48,59,62,67,68,73,82,83]. This results in thin films of high
quality diamond with nano-sized grains as the films are too thin for
significant grain size expansion to have occurred [48,68]. In
microcrystalline or single crystalline diamond growth, re-nucleation
WO | Mag | HV | Det|Spot 2 0um processes are suppressed as much as possible as larger grains lead to
10.0mm 20000« 10.0kV ETD_ 3.0 Insteute for Matenals Research more bulk like diamond properties, such as high thermal conductivity,
electron mobility, optical transparency etc. Nanocrystalline diamond
films grown in a similar manner also exhibit many of these properties
with the exception of those limited by crystallite size. Obvious
examples are electron mobility and thermal conductivity both limited
by grain boundary scattering processes be they electron/hole or
phonon [1,2,65,84]. These films can be polished by Chemical
Mechanical Polishing (CMP) processes to yield lower roughness
than any as grown film, whether grown with re-nucleation or not.

4.3. Growth techniques

Nanocrystalline diamond films are readily grown by any of the
conventional diamond CVD processes. These processes include Hot
Filament CVD (HFCVD) [74,77,85], Direct Current Plasma CVD
(DCCVD) [26,43,80,86,87], Microwave Plasma Enhanced CVD
(MWPECVD) [48,62,68] etc. The basic requirement of all CVD
diamond growth techniques is the generation of an abundance of
atomic hydrogen [88]. The accepted model for CVD diamond growth
has been exhaustively summarised by Butler et al. in the following
reviews and the reader is referred to them [89-91]. Very briefly,
during CVD the diamond lattice is stabilised by termination with
WO Mag | Hv | Det Spot 2 Opm atomic hydrogen. Atomic hydrogen produced by the activation

mm 40000x 15.0 kV/LFD| 30 Institute for Matenals Research technique (Hot Filament Dissociation, DC or Microwave Plasma)
reacts with the source hydrocarbon creating a mixture of hydrocarbon
species which include reactive carbon containing radicals. The atomic
hydrogen also abstracts hydrogen from the CH surface, providing
surface radical sites for carbon containing radicals to adsorb. However,
much more frequently these are simply replaced with another
hydrogen atom due to the relatively high concentration. It is this
turnover of hydrogen atoms that also dehydrogenates the adsorbed
carbon species and incorporates them into the lattice. Atomic
hydrogen also reacts with sp and sp? carbon sites on the surface
converting them to sp® carbon [91]. Thus, atomic hydrogen is critical
for the CVD growth process and the efficiency of its production is a key
parameter in CVD apparatus design. The hydrogen carbon growth
species is generally accepted to be CH3 [89-93].

It has been postulated that diamond can be grown in the absence
of atomic hydrogen, with C, acting as a growth species rather than
the more general consensus of CHs [70]. Early suggestions of this

Fig. 5. SEM cross sections of films grown with suppression (a) and enhancement (b) of
re-nucleation processes, reused with permission, copyright Elsevier 2008 [68].
(c) Evolution of columnar growth from random-oriented crystals as predicted by van
der Drift [63], copyright Philips 1967.
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Fig. 6. Transition of diamond morphology from Ballas type to (100) facets.
Reused with permission, copyright Elsevier 2002 [74].

Fig. 7. SEM of early stages of UNCD growth.
Reused with permission, copyright Elsevier 2006 [57].

originated from the observation of high C, intensity in the optical
emission spectra (OES) of Ar/CH,4 plasmas [94]. However, it is rather
hard to make this claim from OES data alone, as the technique is not
quantitative and other possible growth species such as CHs and C,H,
are not visible by emission. C, emission is also rather strong and is
observed at high intensity in high power density/pressure con-
ventional hydrogen plasmas. Later justifications were based on
absorption spectroscopy, but the absolute densities were less than
102 cm~3 [95], more than two orders of magnitude below the
measured CH; concentration [89-93]. This was later confirmed by
Cavity Ring Down Spectroscopy (CRDS), and specially resolved
showing that the C, concentrations are significantly lower near the
substrate [93]. Thus even though the sticking coefficient of C; is
around an order of magnitude higher than that of CH5 [96], the several

Table 3
Example conditions of nanocrystalline diamond growth.

orders of magnitude lower concentration near the substrate suggest
that it does not play a major role in nanocrystalline diamond growth
[97].

Example conditions for nanocrystalline diamond growth by three
techniques are listed in Table 3. This table is meant in no way to be
exhaustive and the reader is referred to the references cited in the
table and other sections of this review. Particular care must be made
comparing growth conditions due to differences in reactor geometry
which affect microwave power density in the case of MWPECVD and
distances from filaments which affect radical concentrations in the
case of HFCVD. For DC plasmas the field strength is rarely quoted, only
the absolute voltage which is almost arbitrary. Filament temperature
is often not quoted in the case of HFCVD and can be complicated to
measure accurately. Temperature of deposition is always a large
variable due to the multitude of methods to measure it and their
associated errors. One general fact that can be taken from the table is
that re-nucleation processes dominate under non-ideal conditions
such as low power density or high methane concentrations.

Of particular importance for thin film growth is in-situ monitoring.
Due to the thin nature of the films, it is important to have an accurate
idea of the film thickness and growth rate during deposition. There are
many ways to do this, but perhaps the most common is to use laser
interferometry or monitor the interferometric effects of the film
growth on the temperature as measured by optical pyrometry. An
example of both these techniques is shown in Fig. 8. In this figure the
temperature reading of the pyrometer (at 1.45-1.7 um) is modulated
by the interference from the growth of the film, the peak to valley
distance represents around 165 nm. During the same growth, the
thickness was also monitored by the interference modulation of the
intensity of laser (633 nm) reflection. The peak to valley distance
represents 75 nm in this case due to the shorter wavelength of the
laser. Obviously shorter wavelengths and sharper grazing angle can
increase the resolution further, but an improvement of greater than
50% would be difficult. The background signal from the laser

MWPECVD

HFCVD DCCVD

Growth with re-nucleation 1% CH4/Ar, 150 mbar, 1 kW, 800 °C [62,70]

>5% CH4/H,, 60 mbar, 3 kW, 800 °C [73]

>3% CHy/H,, 15 mbar, 1500 W, 800 °C [73,74,116]
Growth without re-nucleation  0.3% CH4/H,, 15 mbar, 800 W, 720 °C [48]
<3% CHa/H,, 60 mbar, 3 kW, 800 °C [73]
0.5% CH4/H,, 20-40 mbar, 600 W, 800 °C [46]

2200 °C filament temp, >1.2% CH4/H,,

15 mbar, 700 °C [77]

2% CHy4, <40% Hy, >50% Ar, 80 mbar,

870 °C[182]

2% CHg, 49% H,, 49% Ar, 55 mbar [183]

2000 °C filament temp, 1% CH4/H,,

70 mbar, 800 °C [31]

2% CHa, >60% Ha, <40% Ar, 80 mbar, 950 °C [182]
1% CHg, Hy, 30 mbar, 750 °C [184]

9% CH4/H,, 15 mbar, 500 V,
880 °C[181]

<2% CHa/Hs, >200 mbar, 4 A/cm?,
850 °C [87]
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reflectance can be removed by lock-in techniques for further
improvement in resolution [98]. For ultra high resolutions, in-situ
spectroscopic ellipsometry can offer subnanometre performance [99].
Spectroscopic ellipsometry is a complex technique requiring sophis-
ticated apparatus and modelling which is beyond the scope of this
review; the reader is referred to the literature for details [99-102].

4.4, Grain size/surface to volume ratio, sp?> and hydrogen content

The grain size of a nanocrystalline diamond film determines the
surface to volume ratio, which is in turn the main determining factor in
the sp? and hydrogen content. Obviously, smaller grains result in higher
surface areas, which in turn lead to a higher sp? and hydrogen content
due to the enhanced grain boundary volume [68,73,103-107]. Whilst it
is true that not all grain boundaries are equal, all must contain some sp?
bonding and hydrogen when grown by the CVD process and thus less
grain boundaries will generally result in a higher overall percentage of
sp> bonding. Fig. 9 shows how the grain sizes of 140 nm thick NCD films
reduce with increasing methane concentration as re-nucleation pro-
cesses become dominant [73]; this process happens at lower methane
concentrations when the power density is lower as mentioned in
previous sections. As the grains become smaller, the non-diamond
content of the films rises drastically as is shown in Fig. 10 [73]. It can
clearly be seen that at low methane levels the Raman spectra show clear
evidence of diamond with a reasonably sharp peak at 1332 cm™;
obviously there is some peak broadening due to the low crystallite size
and thickness of the film [108]. There is also some evidence of non-
diamond carbon seen as a G-band at 1560 cm™! arising from the in-
plane stretching modes of sp? bonded carbon, presumably at the grain
boundaries [109]. As the methane concentration is increased this band
becomes more significant and eventually dominates the spectra. At the
same time there is a significant broadening of the diamond peak by a
twofold effect. First, there is enhanced broadening due to the reducing
crystallite size with increasing methane. Second, the increased methane
concentration leads to a higher concentration of disordered carbon,
observed as the D-band, which is convoluted with the diamond peak
[110,111]. The final feature of films grown with increased methane is the
appearance of a peak at 1120 cm™ ! which is always accompanied by a
second feature at 1450 cm™ . This pair of features has been ascribed to
hydrogen/sp? at grain boundaries [111-114]. In Fig. 10(b) it can be seen
that the diamond peak is lost into the D-band very quickly, at around 3%
methane. The G-band is already dominant at this methane level and a

g. 8. Interferometry monitoring of laser reflectance and optical temperature measurements.

significant contribution from hydrogen is present. The change in the
Raman spectra is very much in tandem with the morphology. At very low
methane contents there is little sp?> due to a severely suppressed re-
nucleation rate. As the higher methane concentrations and more
significantly, lower power density regime drive the re-nucleation rate,
the crystallite sizes decrease, increasing the surface to volume fraction of
the films. The grain boundary concentration rises considerably, resulting
in significantly enhanced sp? concentrations. This is clearly seen in the
broadening of the diamond peak, its merging with the D-band and the
eventual dominance of the G-band. Thus the increase of sp? bonding
with reducing grain size is clear, and a similar thing is seen with
hydrogen poor plasmas as shown in Fig. 11 [115]. It can be seen that the
non-diamond carbon contributions from the aforementioned bands rise
significantly with the Ar content/reducing hydrogen content of the
plasma. Thus, the effect is rather similar to reducing the microwave
power density or increasing the methane concentration. With no added
hydrogen there is almost no evidence of diamond bonding as seen in
Fig. 12(a) [68], where the diamond peak is completely convoluted with
the D-band at this wavelength (632 nm). Fig. 12(b) shows an identical
Raman spectrum from films grown with high methane concentrations in
a conventional hydrogen plasma [116], confirming the earlier state-
ments that there are several methods that lead to re-nucleation and they
all result in increased sp? content in the films. Thus the term UNCD may
not be of any real value when describing a subclass of NCD, far more
specific would be “re-nucleating” or “non-re-nucleating” diamond when
one wants to distinguish between the two classes of NCD.

Many NCD films are made up of grains that are too small to be
accurately resolved by SEM and thus are best resolved by high
resolution Transmission Electron Microscopy (TEM). An example of a
TEM of UNCD is shown in Fig. 13(a) and (b) [115]. The sizes of the
diamond grains are between 3 nm and 20 nm, the inset image of
Fig. 13(a) is a selective area (10 um diameter) electron diffraction
image showing only diamond features, obviously amorphous carbon
would show no signature here. Fig. 13(b) shows that at higher
magnification the crystals are between 10 nm and 20 nm in size and
the lattice fringes of the {111} planes are evident (0.205 nm). Note
that only the {111} planes are observable by TEM and only when
properly oriented due to limits in resolution. TEM interpretation is
rather complicated as only small areas of the sample are investigated
due to the high resolution of the technique and thus the images
cannot be truly claimed to be representative of larger areas. Fig. 13(a)
and (b) shows evidence of some amorphous carbon as seen in the
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Fig. 9. SEM images of films deposited using two power density regimes (HPD = high power density, LPD = low power density). (a) 0.5% CH4 HPD, (b) 0.5% CH4 LPD, (c) 3% CH4 HPD,

(d) 3% CH4 LPD, (e) 5% CH4 HPD, and (f) 5% CH,4 LPD.
Reused with permission, copyright Elsevier 2010 [73].

Raman spectra, with finite grain boundary volumes of noncrystalline
carbon. The Electron Energy Loss Spectra of the same 10 um diameter
area is shown in Fig. 13(c). It is almost without any sp? signature
(normally seen at 284 eV, m*). The EELS spectra shows clear evidence
of diamond o* bonding at 289 eV however.

Another technique for characterising the sp? content in diamond
films is Near Edge X-Ray Absorption Fine Edge Structure (NEXAFS)
[117,118]. The potential of NEXAFS for comparing carbon based films
has been demonstrated by Capehart et al. [119], but particular care must
be taken with carbon 1s edge absorption spectroscopy due to the

presence of carbon contamination on all monochromator optics. This
adds structure to the spectra and is unavoidable. Fig. 14 shows the
NEXAFS of diamond {111} and graphite [120]. Diamond exhibits a 1s
absorption edge at 289.5 eV, a sharp bound exciton peak. There is some
evidence of sigma* states at 302.5 eV just below the second bandgap.
Graphite (HOPG) NEXAFS is dominated by the m* antibonding state at
285.5eV corresponding to out of plane bonds in the sp? bonding
configuration [120]. More surface sensitive NEXAFS is able to see
evidence of these on reconstructed diamond surfaces. The spectrum also
exhibits features at 291 eV of a sigma* character and an exciton at
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Fig. 10. Raman spectra of the two power density regimes (a) high power density,
(b) low power density.
Reused with permission, copyright Elsevier 2010 [73].

291.63 eV [120]. Obviously there is no evidence of a second bandgap.
Fig. 15 compares the NEXAFS of (a) NCD grown with various CHy
concentration and (b) NCD grown in Ar/CH,4 plasmas. It can be seen from
this figure that the spectra are rather similar, that is NCD grown with
high CH, resembles films grown with Ar/CH,4 plasmas, as seen before in
the Raman spectra. Both show evidence of the diamond exciton peak,
with the addition of some sp? features as detailed above. Thus NEXAFS
correlates rather well with the Raman spectra and demonstrates again
that UNCD films (films grown with Ar/CH,4 plasmas) are rather similar to
NCD films grown with high CH, levels.

Hydrogen constitutes a relatively large concentration of nanocrys-
talline diamond films [105,107]. This is simply due to the fact that a
small grain size results in a large surface to volume fraction where
hydrogen can bond at the grain surfaces and in the non-diamond
carbon at the grain boundaries. Fig. 16 shows the variation of
hydrogen content in nanocrystalline diamond films as a function of
grain size as determined by High Resolution Electron Energy Loss
Spectroscopy (HREELS) [68]. It should be noted that there is some
error in the grain sizes towards the lower end of the scale; error bars
are omitted for clarity as the figure is not meant to be quantitative.
Films at the lower end of the length scale contain substantially more
hydrogen than films with larger crystals. This is not difficult to
understand, as hydrogen content is expected to be much higher at
grain boundaries and therefore it is ultimately a question of surface to
volume fraction as mentioned above. As the grains get larger, the grain
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Fig. 11. Raman spectra of films deposited from Ar/H,/CH4 microwave plasmas with
different reactant gases.
Reused with permission, copyright AIP 1998 [115].

boundary fraction reduces considerably to the point where it is almost
negligible, as in large grain size puCD. Thus, the hydrogen content
decreases substantially as the bulk of the hydrogen is located at grain
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Fig. 12. Raman spectra of films grown (a) 1% CH, in Ar and (b) 10% CH, in H,.
Reused with permission, copyright Elsevier 2008 and 1999 [68,177].
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Fig. 13. (a) Low resolution TEM image of UNCD diamond film, (b) high resolution TEM image, and (c) EELS spectra of UNCD diamond film.

Reused with permission, copyright AIP 1998 [115].

surfaces and in non-diamond bonding sites at the grain boundaries. A
similar effect was observed with the previous Raman spectra at the
1120 cm ™ ! and 1450 cm™ ! peaks, which become more prevalent at
smaller grain sizes and are also due to hydrogen bonding.

4.5. Low temperature growth

Low temperature growth is obviously desirable for the integration
of nanocrystalline diamond with silicon CMOS, or materials that melt
at the conventional growth temperature of diamond. The growth of
NCD at low temperature is no different to conventional diamond; the
only real difference being the thicknesses required for application.
With conventional microcrystalline diamond, low temperature
growth becomes commercially unviable due to the low growth rates
involved. This is far less of a constraint when submicron coatings are
required. The activation energy of diamond growth on nondiamond
substrates is an area of some ambiguity due to differences in
deposition rate in nucleation and growth regimes, as mentioned
above in the incubation period. Lee et al. have characterised these two
regimes to be around 8 kcal/mol for bulk and 17 kcal/mol for nuclei in
their reactor using real time in-situ spectral ellipsometry [99]. It
should be noted that 8 £ 3 kcal/mol {100} and 12 4-4 kcal/mol {111}
have previously been reported for homoepitaxial growth and thus the

work of Lee et al. is in good agreement [121]. The values of activation
energy reported in the literature vary widely due to differences in the
incubation period, nucleation densities and the accuracy of temper-
ature readings. For shorter growth durations such as those used with
NCD the error is obviously significantly larger. Another key factor that
is often ignored when quoting activation energies is the quality of the
resulting NCD film. For example, one of the lowest values of activation
quoted for NCD growth is 2-3 kcal/mol [122]. The quality of this
diamond (grown from Ar/CH,4 process, re-nucleating UNCD) however,
cannot be compared to films grown at similar temperatures with
conventional H,/CH,4 chemistry as shown in Fig. 17. In Fig. 17(a) the
Raman spectra of films grown with the Ar/CH,4 process are shown as a
function of temperature. The material shows a poor Raman spectra
even at conventional temperatures, but at 400 °C there is little
evidence of diamond at 1332 cm~ ! and strong signals at all sp? bands
(1120cm™ "', 1450 cm~ ! and 1560 cm™ '), the spectra being domi-
nated by the G-band and thus can hardly be claimed to be high quality
facetted diamond. Fig. 17(b) shows a Raman spectrum of an example
of NCD grown at 400 °C with conventional H,/CH4 gas phase and
hence suppressed re-nucleation. The activation energy of this growth
process was nearer to 8 kcal/mol, i.e. higher than with the Ar/CH4
process. The film exhibits clear unambiguous evidence for diamond at
1332 cm™ ! with some evidence of a G-band. All other sp? signatures
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are suppressed due to the high quality faceting and low sp? content of
this film. It should be noted that Fig. 17(a) was measured with a
633 nm laser whereas Fig. 17(b) with 458 nm. This will enhance
the sp? signal somewhat in Fig. 17(a) but nowhere near enough to
make the spectra comparable. Thus comparing activation energies is
inappropriate as in the case of the Ar/CH, process, a significant

amount of the film is not diamond. The growth of diamond at such low
temperatures has allowed the coating of CMOS electronics, glasses
and plastics [29,123,124], and provides much promise for future
applications of diamond. Perhaps the most convincing proof of the
possibilities of diamond growth at low temperatures is the work by
Tsugawa et al. [53]. In this work, diamond was grown below 150 °C
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Fig. 15. NEXAFS of (a) NCD films grown with various CH4 concentrations [178] and (b) NCD films grown in Ar/CH, plasmas [179].
Reused with permission, copyright Elsevier 2007 [178] and AIP 1996 [179].
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Reused with permission, copyright Elsevier 2008 [68].

which is confirmed by the fact that adamantane was used as
nucleation sites, a molecule that sublimes at 250 °C. Thus although
the adhesion and quality of diamond grown at such a low temperature
are likely to be highly problematic, the growth of diamond at such
temperatures is at least possible.

5. Thermal conductivity and Young's modulus

Thermal conductivity is a phonon scattering limited process in
nanocrystalline materials and thus is strongly influenced by the grain
size. This is clearly evident in Fig. 18. The thermal conductivity of films
with very small (<10 nm) grain sizes is comparable to diamond like
carbon and thus is of little use for heat spreading [125]. As the
diamond grains approach 100 nm the thermal conductivity rapidly
approaches that of bulk diamond [48]. Thus, thin films could be of use
for heat spreading of active device areas. The Young's modulus of NCD
films is also heavily dependant on the grain size and film quality.
Fig. 19 shows how the Young's modulus of 140 nm thick diamond
films decreases with increasing CH4 concentration during growth and
hence decreasing overall grain size [73]. The films characterised are
the same as those in Fig. 9 and thus it is clear that again as the
diamond grain size exceeds a few tens of nanometres, the films
behave more like bulk diamond. These values of Young's modulus
were derived from bulge tests and correlate well with values in the
literature where small grain size UNCD type materials can have
Young's modulus values as low as 440 GPa and films with greater than
50 nm grains exhibit Young's modulus values identical to single
crystal diamond (1100 GPa) [73,82,103,126].

6. Optical and electronic properties

The optical and electrical properties of NCD films are a complex
area with strong convolution between grain size and sp? bonding
effects which has been summarised in a recent review [68]. The basic
phenomena have been reviewed before in depth and the reader is
referred to the following references for background reading upon
which this section elaborates and brings up to date [1,2,64-
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Fig. 17. Raman spectra of NCD films grown at 400 °C, 1% CH,4 (a) Ar/CH,4 process, reused
with permission, copyright AIP 2004 [122], (b) H,/CH,4 process.

68,84,100,127-133]. As demonstrated in earlier sections, the larger
the grain size the closer the optical and electronic properties correlate
with single crystal diamond. This is clearly seen in the optical
transparency of the films. Re-nucleating diamond such as the
aforementioned UNCD is black in appearance whereas NCD can
have 80% transparency in the visible spectrum when a few hundred
nanometres thick. This is shown more quantitatively in Fig. 20. Fig. 20
(a) shows the absorption coefficient of re-nucleating diamond types
as measured by photo-thermal deflection spectroscopy (PDS) [64].
The spectra are clearly dominated by mid-gap absorption starting at
around 0.8 eV which is attributed to transitions between m and m*
states [134]. The addition of nitrogen during growth (labelled here as
5%) broadens these bands substantially and saturates the PDS. The
films labelled R contain grains around 3-5 nm whereas the grain size
of sample AAu is nearer to 20 nm. Thus the slightly larger grain size
shows a marked improvement in transparency. This is far clearer in
Fig. 20(b) where the grain size is around 100 nm. Here the undoped
material displays two orders of magnitude lower optical absorption
coefficient compared to Fig. 20(a), though there is still some evidence
of mid-gap absorption due to sp? bonding. The addition of boron
results in substantially increased optical absorption coefficient but is
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Fig. 18. Thermal conductivity vs grain size for NCD films.
Reused with permission, copyright AIP 2006 [180].

still significantly below that of re-nucleating diamond grown with
nitrogen. Thus the grain size is a critical determining factor in the
optical transparency as small grain sizes result in a larger grain
boundary volume and thus higher sp? content. Whilst it is true that
some grain boundaries are wider and contain more sp? bonding that
others, the general rule is that smaller grain sizes result in increased
optical absorption due to enhanced grain boundary volume. This is
shown schematically in Fig. 20(c), where the effects of band tailing
and the appearance of m bands can be clearly seen introducing new
optical transitions within the bandgap [134].

The smaller grain size materials grown with re-nucleation
demonstrate unusual conductivity behaviour when compared to
films grown without re-nucleation. This is shown in Fig. 21. Firstly,
films with such small grain sizes and hence larger grain boundary
volumes do not demonstrate very high resistivity, more than 3 orders
of magnitude lower than NCD films. As previously shown in the
Raman and optical absorption data this is due to the enhanced sp?
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Fig. 19. Young's modulus as a function of CH4 concentration during growth of NCD films.
Reused with permission, copyright Elsevier 2010 [73].
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content of these films. The addition of nitrogen increases the
conductivity sharply, but at high concentrations, far above conven-
tional doping levels. At around 5% nitrogen addition, the films exhibit
n-type conductivity which is metallic like in behaviour [84].
Measurements of the nitrogen content such as ERDA and SIMS show
that there is little correlation between the nitrogen content in the
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films and their conductivity [1,131]. The spin density as determined
by ESR is also independent of nitrogen concentration, suggesting that
the conductivity is only indirectly manipulated by nitrogen addition
into the plasma [1]. This means that nitrogen itself is not a dopant and
the conductivity behaviour is very similar to TaC films grown with
nitrogen addition [135]. The increase in conductivity is explained by a
broadening of the m and m* bands which dominate the transport
behaviour due to their lower energy levels around the Fermi level
when compared to the o and 0* bands (see Fig. 20(c)). Thus although
these films can show evidence of diamond band structure, albeit with
a lower gap due to disorder, these states are dominated by the sp?
states and thus the conductivity has little to do with diamond or
doping [1,66].

The comparison with NCD films is stark as shown in Fig. 21(b). NCD
films exhibit very high resistivities when undoped, approaching that
of single crystal diamond (>1x10'°Q). The addition of boron leads to
p-type conductivity and the films behave identically to single crystal and
microcrystalline diamond films albeit with a lower mobility and hence
lower overall maximum conductivity [2]. The activation energy of the
conductivity is comparable to that of single crystal and microcrystalline
diamond films. Films with doping levels below 10'® cm™ 2 exhibit clear
valence band activated transport, with hopping transport between
10" cm™2 and 2x10?°cm™2 and finally metallic transport at higher
doping levels [2]. These transitions correlate exactly with data in the
literature on single crystal and microcrystalline boron doped diamond
[2]. At metallic levels of doping the Raman spectra show Fano-
interference between the continuum of electronic states introduced
by the dopants and the zone-center phonon [2]. The films also exhibit
superconductivity at low temperatures [2,127-130]. Both of these
phenomena are beyond the scope of this review and the reader is
referred to the aforementioned literature for further detail.

Thus the transport phenomena of NCD films with boron doping are
easily explained by conventional doping of diamond by boron. Neither
the smaller grain size material grown with nitrogen nor the boron
doped NCD is able to realise high mobility values due to their small grain
sizes, so neither is appropriate for active electronic device applications.
This is clearly shown in Fig. 21(c) where the values of carrier mobility for
NCD and UNCD are around 1cm?V~'s™! regardless of doping
concentration [2,84]. Obviously single crystal diamond and large grain
size polycrystalline diamond demonstrate a pronounced increase in
hole mobility as the boron doping level is decreased.

Despite these low mobility values, both can be of use as high
temperature stable (and in the case of NCD grown without re-
nucleation, UV transparent) electrodes to materials such as SiC, GaN
and in the case of re-nucleating diamond, even single crystal diamond
[136-138].

7. Applications

Obviously, any application which can exploit the properties of
diamond in a thin film configuration could profit from the integration
of nanocrystalline diamond. This is especially apparent in passive
applications such as heat spreading, tribology, optical coatings etc.
[68]. For example, the high thermal conductivity of NCD films makes it
of interest for Silicon on Diamond applications [102,139-142].
Coatings of NCD can have friction coefficients as low as single crystal
diamond [143]. In such tribology applications, re-nucleation can be
beneficial due to the absence of increasing roughness with thickness.
For optical coatings it is more desirable to grow without re-nucleation
for enhanced transparency [29,68].

More recent applications have surfaced due to the unique properties
or configuration of NCD films. A particularly acute example is that of
Micro or Nano Electro-Mechanical Systems (MEMS & NEMS). The
fabrication of such structures with single crystalline diamond or
microcrystalline diamond is highly problematic; one requires thin
films of diamond on a sacrificial layer such as SiO, for most structures.
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With NCD films this is possible and allows the fabrication of a diverse
array of micro and nanostructures [83,103,126,144-153]. Fig. 22 shows
two examples of such structures. Fig. 22(a) shows double clamped
cantilevers fabricated from a 180 nm thick NCD with a Young's modulus
of around 840 GPa [83]. These cantilevers show resonant frequencies up
to 640 MHz at 2 um length, almost double the value for similar values
fabricated from poly silicon [83]. The aforementioned work demon-
strating Young's modulus values as high as 1100 GPa [73] could increase
this frequency even further, though care must be taken when comparing
different values of Young's modulus evaluated by different techniques
[149]. 1t should be noted that fabrication with diamond is no more
complex than poly silicon, in fact it can be easier due to the lack of the
requirement of critical point drying due to the strength of diamond.
Fig. 22(b) shows an example of a disk resonator where the silicon disk is
replaced by diamond [154]. This device exploits the phonon mismatch
between diamond and silicon, which is very high. As the disk is driven
into oscillation, very little energy is lost by coupling into the stem due to
the acoustic impedance differences between silicon and diamond. This
results in very high Q values and this device broke the silicon record for
frequency Q product when it was first demonstrated at 1.5 GHz [154].
The structure is complex, requiring multiple levels of lithography and
demonstrates the possibility of integrating diamond with silicon
technologies. Other complicated MEMS/NEMs structures have been

fabricated from NCD such as ring resonator arrays for RF signal
processing [155], photonic crystal micro-cavities [156], whispering
gallery mode micro-disks [157], to name but a few. Several piezo-
electrics have been integrated with NCD such as langasite [158], gallium
phosphate [159], PZT [160], ZnO [161,162], AIN [163] and quartz [164]
as drivers for QCM, SAW and cantilever diamond structures [165].

NCD is not appropriate for active electronic device applications as
mentioned above, however diamond is an outstanding electrochem-
ical electrode [166]. As electrochemical reactions occur at the surface
of diamond there is no need for large volumes of diamond bulk, thus
high quality NCD surfaces can suffice [167]. Boron doped NCD can be
grown on transparent substrates for use as a transparent electro-
chemical electrode [168-170]. This has numerous applications such as
spectro-electrochemistry and transparent conductive electrodes for
cell growth studies [171-175]. As a solid state electrode, NCD can also
be used for field emission devices [176].

8. Conclusions

Nanocrystalline diamond is a diverse array of diamond materials
best distinguished by the average grain size. This one feature determines
almost all of the properties of the resulting film with larger grain sized
material behaving more like bulk diamond and smaller grain size
material more like DLC. Thus it is possible to be “too nano” for some
applications, such as optical coatings for example where very small
grain sizes necessarily increase the grain boundary volume fraction and
hence the density of states within the bandgap due to sp? bonding. The
consequence of small grain sizes is obvious when sp? bonding is
considered. NCD is significantly different to amorphous silicon in this
respect due to carbon allotropes. Small grain sizes increase the grain
boundary volume fraction and the amount of nondiamond carbon, thus
they will tend to make the film properties deviate from bulk diamond
properties. Thus one must tune the properties of NCD films to their
application, and most of this tuning involves controlling the grain size. It
has also been suggested in this review that the definition of
ultrananocrystalline diamond (UNCD), the moniker for films grown
by the Ar/CH, process is not a helpful terminology. This is mostly down
to the fact that similar films can be grown by other techniques and it
makes more sense to differentiate films by their properties rather than
by their growth process. The application field of NCD films is young and
evolving from passive applications such as optical coatings, heat
spreaders, tribology etc. to advanced MEMS devices and quantum
optic devices. This future is exciting and time will tell where the future
for this new form of diamond lies.
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