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Abstract
Most MEMS devices are currently based on silicon because of the available
surface machining technology. However, Si has poor mechanical and
tribological properties which makes it difficult to produce high performance
Si based MEMS devices that could work reliably, particularly in harsh
environments; diamond, as a superhard material with high mechanical strength,
exceptional chemical inertness, outstanding thermal stability and superior
tribological performance, could be an ideal material for MEMS. A key challenge
for diamond MEMS is the integration of diamond films with other materials.
Conventional CVD thin film deposition methods produce diamond films with
large grains, high internal stress, poor intergranular adhesion and very rough
surfaces, and are consequently ill-suited for MEMS applications. Diamond-like
films offer an alternative, but are deposited using physical vapour deposition
methods unsuitable for conformal deposition on high aspect ratio features, and
generally they do not exhibit the outstanding mechanical properties of diamond.
We describe a new ultrananocrystalline diamond (UNCD) film technology
based on a microwave plasma technique using argon plasma chemistries that
produce UNCD films with morphological and mechanical properties that are
ideally suited for producing reliable MEMS devices. We have developed
lithographic techniques for the fabrication of UNCD MEMS components,
including cantilevers and multilevel devices, acting as precursors to micro-
bearings and gears, making UNCD a promising material for the development of
high performance MEMS devices. We also review the mechanical, tribological,
electronic transport, chemical and biocompatibility properties of UNCD, which
make this an ideal material for reliable, long endurance MEMS device use.

(Some figures in this article are in colour only in the electronic version)
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1. Si as a MEMS material

The development of methods for the production of miniaturized mechanical components and
devices in Si is a natural outgrowth of the Si surface machining methods that have been
developed for the production of microcircuits. Complex shapes, such as levers, gears and
pinwheels [1], have been produced using standard lithographic patterning and etch methods,
and fully assembled devices such as micromotors and gear-trains have been produced using
multiple masks and multilayer deposition and etching techniques [1]. Unfortunately, Si has
poor mechanical and tribological properties [2, 3], and practical MEMS devices typically must
be designed to circumvent these limitations [4]. In particular, it is common practice to avoid
extensive sliding and rolling contact, and to minimize the flexural stress required of torsion
bars and cantilevers. The poor brittle fracture strength of Si and the tendency of Si to adhere to
surfaces with which it makes contact limit the degree of flex that a Si cantilever can undergo,and
also rule out the use of motion limit structures to prevent cantilever breakage under high load
conditions. Consequently, cantilever acceleration sensors used as automotive airbag actuators
are designed as limited range threshold detectors, rather than wide range measuring devices.
Rotating devices such as pinwheels [3] and microturbines [5] have been fabricated, but are
frequently subject to stiction problems that prevent start-up [1], or wear-related failure after a
few minutes of operation [2]. In order to be able to realize the full potential of MEMS, it will
be necessary to produce MEMS devices that survive under conditions of significant rolling
and sliding contact under extreme environmental conditions. One approach to controlling
stiction issues in silicon devices is to modify the surface chemistry of silicon, through the use
of anti-stiction coatings (self-assembled monolayers and the like), but these coatings are not
suitable for all applications and in general greatly add to the cost of packaging of the devices.
SiC has been proposed as an alternative material, especially for MEMS applications that
involve high temperature oxidizing environments [6]. However, SiC has its own tribological
shortcomings [7] and the fabrication methods are limited [8].



Topical Review R541

Table 1. Selected mechanical properties of Si, SiC and diamond.

Silicon
Property Silicon carbide Diamond

Cohesive energy (eV) 4.64 6.34 7.36
Young’s modulus (GPa) 130 450 1200
Shear modulus (GPa) 80 149 577
Hardness (kg mm−2) 1000 3500 10 000
Fracture toughness 1 5.2 5.3
Flexural strength (MPa) 127.6 670 2944

2. Single-crystal diamond, microcrystalline diamond (MCD), and ultrananocrystalline
diamond (UNCD) films as MEMS materials

Diamond is an ultrahard material with high mechanical strength,exceptional chemical inertness
and outstanding thermal stability among other properties. Relevant mechanical properties of
Si, SiC and diamond are shown in table 1.

The coefficient of friction (COF) of single-crystal diamond is exceptionally low (0.02–
0.01), and the projected wear life is 10 000 times greater than that of Si, making diamond,
in principle, an ideal tribomaterial for MEMS components [4, 9]. A low COF is important
since lubrication is one of the major limitations on the design of MEMS devices because
the usual methods of delivering lubricant to the interface between contacting parts are very
difficult to implement. Additionally, the viscosity of liquid lubricants is sufficient to prevent
motion of MEMS components. The lubrication problem is in principle solved by diamond
since its surface is naturally hydrogen or oxygen terminated providing a natural lubricant.
However, single-crystal diamond is not suitable for fabrication of MEMS devices because it
is expensive and it cannot be processed in a cost efficient manner using the microfabrication
methods utilized for production of Si based MEMS.

In relation to the suitability of non-Si materials for harsh environment MEMS, in high
temperature oxidizing atmospheres one would expect Si or SiC to be the superior material,
since they form a refractory oxide, whereas diamond burns in oxygen. For relatively low
oxygen partial pressures however, diamond exhibits friction and wear coefficients that are
considerably lower than those of Si and SiC, even at temperatures in excess of 900 ◦C [9]. Pin-
on-disc tribometer measurements of the COF of Si, SiC, mechanically polished MCD films and
UNCD films during a temperature ramp to 900–950 ◦C in an oxygen atmosphere of 3.4 Torr
showed that the COF of Si has a relatively high and constant value of 0.6 throughout that
temperature range, whereas the COF of MCD and UNCD starts at 0.05 at room temperature
and drops to 0.01–0.02 as the temperature increases [10]. This behaviour has been tentatively
ascribed [9] to the formation of a stable adsorbed oxygen moiety on the diamond surface that
saturates the diamond dangling bonds and therefore minimizes bonding between contacting
diamond surfaces. SiC exhibits a behaviour that is intermediate between that of Si and diamond
in that the friction coefficient is high (0.5) at room temperature, and then drops to a value of
0.2 as the temperature exceeds 200 ◦C. This behaviour is consistent with a linear superposition
of the friction of separate Si and carbon surface phases. However, at room temperature in air,
MCD and diamond-like carbon (DLC) films exhibit higher COF (∼0.1) than UNCD (∼0.02–
0.03) [10]. In addition to the tribological properties measured at the macroscale, as described
above, extensive macroscopic measurements revealed that UNCD exhibits a hardness (98 GPa)
and Young modulus (∼980 GPa) similar to those for single-crystal diamond [10]. All these
properties were reviewed in a prior publication [10].
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Macroscopic pin-on-disc tribometer measurements were performed to determine the COF
of UNCD and MCD films using a SiC pin [11]. The COF depends on the surface roughness
of the films. Therefore, it is not surprising that the COF of MCD films increased from 0.48
to 55.0 (10−6 mm3 N−1m−1) as the film thickness increased from 2 to 10 µm, since the rms
roughness increased from 95 to 376 nm. On the other hand, the COF for UNCD, in air,
was about 0.03–0.04, independent of film thickness in the range 2–10 µm. The wear rate of
the pin passed on the MCD film was ∼1 × 10−6 mm3 N−1m−1. For UNCD films the wear
coefficient of the SiC pin ranged from ∼0.1 for short runs (8000 cycles) to 0.01 for a long run
(2.2 × 106 cycles). A wear rate of 0.018 × 10−6 mm3 N−1 m−1 was measured for a 6.0 µm
thick UNCD film grown from a C60 carbon precursor. These measurements demonstrated that
the as-grown UNCD films have wear coefficients roughly two orders of magnitude lower than
those of MCD films of comparable thickness.

In this review, we present measurements of mechanical and tribological properties at the
MEMS scale to provide evidence for the feasibility of using UNCD for a new reliable MEMS
technology that is also suitable for harsh environments.

3. Alternative growth processes for production of diamond films for MEMS

3.1. Methyl radical growth processes for microcrystalline and nanocrystalline diamond films

The approach for fabrication of diamond MEMS will involve the synthesis of diamond films
on an appropriate platform such as Si or metallic or insulating substrates, followed by surface
micromachining processes as applied in the fabrication of Si MEMS. One alternative is to use
conventional chemical vapour deposition (CVD) methods developed in the past that utilize
hydrogen-rich CH4/H2 chemistry [12], where the principal growth species are CH∗

3 radicals.
Atomic hydrogen drives the hydrogen abstraction reactions that

(1) prepare the CH∗
3 adsorption site by removing a hydrogen atom from the hydrogen

terminated diamond surface and
(2) remove the hydrogen atoms from the adsorbed CH∗

3, thereby permitting the carbon atom
to move into the position corresponding to the diamond lattice.

The atomic hydrogen is added to preferentially etch the graphitic phase. By using a plasma
containing 98–99% H2, it is possible to grow diamond films that are largely free of non-diamond
secondary phases. However, atomic hydrogen also etches the diamond phase, resulting in the
formation of intergranular voids and a columnar morphology with grain size and rms surface
roughness typically ∼10% of the film thickness. The grain morphology is therefore not suited
for the fabrication of MEMS components requiring resolution <1 µm.

The grain size can be reduced to 50–100 nm by increasing the CH4/H2 ratio in the plasma,
which also results in a smoother film surface topography than for polycrystalline diamond
films. However, intergranular non-diamond carbon phases are introduced into these diamond
films. Consequently, the brittle fracture strength is limited by intergranular failure, and the
mechanical properties of single-crystal diamond are not realized [13].

3.2. Ar-rich CH4/Ar microwave plasma growth process for ultrananocrystalline
diamond (UNCD) films

In the process described above, hydrogen abstraction reactions are needed in order to generate
methyl radicals in the plasma as well as to remove hydrogen from the growing surface, so that
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methyl radicals can chemisorb to it. In contrast, over the past few years we have developed a
microwave plasma synthesis process that involves an argon-rich chemistry [14]. In this new
plasma chemistry, a small amount of CH4 (typically 1%) produces carbon dimers, C2, which
are derived from methane via the reactions

2CH4 → C2H2 + 3H2,

C2H2 → C2 + H2,

and are thought to play a critical role in the growth process although it is not clear yet whether the
growth is mainly due to the C2 dimers or whether there is a contribution also from hydrocarbon
radicals in the plasma. We are currently investigating this issue. In any case, the distinctive
characteristic of the new growth process is that the plasma contains very small quantities
of hydrogen, arising mainly from the thermal decomposition of methane to acetylene in the
plasma (about 1.5%). Typical deposition conditions for the 2.56 GHz microwave CVD reactor
used in the growth of UNCD films are: 1% CH4/99% Ar at a total flow rate of ∼100 sccm
and a pressure of 100–200 Torr, and substrate temperatures ranging from 350 to 800 ◦C [15].
As a result of the limited amount of atomic hydrogen in the plasma, a very high renucleation
rate (∼1011 cm−2 s−1) is maintained, resulting in a unique film microstructure consisting of
equiaxed grains with a diameter of 3–5 nm [16]. The relative lack of atomic hydrogen in
this process also minimizes re-gasification of these very small grains, thereby achieving a
reasonably high linear growth rate and the formation of continuous films at very low thickness.
We have demonstrated that UNCD films grow with rates in the range 0.2–0.4 µm h−1 in
the 400–800 ◦C temperature range as measured by time of growth and cross-section SEM
measurement of film thickness. UNCD is perhaps the only diamond material that grows at a
reasonably high rate at temperatures as low as 400 ◦C. We performed extensive temperature
calibration using a special commercial calibration wafer with 16 embedded thermocouples to
make sure that the substrate temperatures are accurate. We have grown UNCD films as thick
as 10 µm, but we have not tried to grow thicker films. In principle, we see no limitations on
the film thickness that can be achieved within a useful range.

The nanometre-scale structure of UNCD is truly unique. UNCD consists of crystalline
grains of pure sp3 bonded carbon that are 3–5 nm in size, separated by atomically abrupt
(0.5 nm wide), high energy grain boundaries. UV Raman spectroscopy [17] and synchrotron
based near-edge x-ray absorption fine structure measurements [18] show the presence of about
5% sp2 bonding in a typical UNCD film. The grain boundaries have been studied in detail [i]
and consist of a mixture of sp3, sp2 and other types of bonding, and because of their local
structure these high energy grain boundaries are much more mechanically stable compared
to the low energy boundaries found in MCD [18]. The combination of large amounts of sp3

bonded carbon and the local order of these bonds gives UNCD its unique materials properties.
For instance, it is predicted that the brittle fracture strength of UNCD is equal to or greater
than that of even perfect single-crystal diamond [19], and our recent measurements do indeed
show fracture strengths of 4–5 GPa, as is discussed in detail in section 5.

UNCD exhibits a unique combination of properties that distinguish it from conventionally
grown nanocrystalline diamond described in the previous section. We have therefore coined
the term ‘ultrananocrystalline diamond’ (UNCD) (2–5 nm grain size) [10] to distinguish this
material from microcrystalline diamond (MCD) (1–10 µm grain size) [20], nanocrystalline
diamond (NCD) (50–100 nm grain size) [21] and high temperature stress-relieved diamond-
like carbon (DLC) (amorphous) [21] which are being investigated as materials for fabricating
MEMS components. The main characteristics of these materials are shown in table 2.
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(a) (b) (c)

Figure 1. (a) High aspect ratio Si tips coated with MCD films; (b) high aspect ratio Si tips coated
with UNCD films of various thickness; (c) a low aspect ratio Si tip array coated with UNCD film.

Table 2. Characteristics of diamond and diamond-like carbon (DLC) films.

Diamond-like carbon

MCD NCD UNCD ta-C ta-H:C

Growth species CH∗
3(Ho) CH∗

3(Ho) C2 C C

Crystallinity Columnar Mixed diamond Equiaxed Mixed diamond Amorphous
& non-diamond diamond & amorphous

Grain size ∼0.5–10 µm 50–100 nm 2–5 nm Variable —

Surface 400 nm–1 µm 50–100 nm 20–40 nm 5–100 nm 1–30 nm
roughness

Electronic sp3 Up to 50% sp2 2–5% sp2 Up to 80% sp3 Up to ∼40% sp3

bonding (second phase) (in GB)

Hydrogen content <1% <1% <1% <1% 15–60%

4. Fabrication processes for MEMS based on UNCD

There are a number of ways in which diamond components can be fabricated for MEMS
applications using thin film deposition methods. Some of these are analogous to Si surface
machining methods, and others have no counterpart in Si fabrication technology.

4.1. Conformal diamond coating

One of the more obvious methods of obtaining the tribological benefits of diamond while
exploiting the availability of Si fabrication technology is to produce Si components to near-net
shape and then provide a thin, low wear, low friction diamond coating [22, 23]. This approach
only works if the diamond film can be produced as a thin, continuous, conformal coating
with exceptional low roughness on the Si component. Conventional diamond CVD deposition
methods result in discontinuous films with a low density of large grains and poor ability to
form thin conformal coatings on Si microstructures (see figure 1(a) for example) [24]. On the
other hand, UNCD films can coat high aspect ratio MEMS structures extremely conformally
even for thick films, as shown for example by high and low aspect ratio UNCD-coated Si tips
(figures 1(b) and (c)).

Although the tribological properties of UNCD-coated Si MEMS structure may be those of
UNCD, the mechanical properties may be dominated by the Si core in this approach. Therefore,
this is not the preferred approach for fabrication of MEMS based on UNCD films.
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Figure 2. (a) A schematic diagram of a selective seeding and growth process used to produce
UNCD MEMS structures; (b) an SEM picture of UNCD MEMS structures produced by selective
seeding plus selective growth of UNCD plus selective etching of the Si substrate.

4.2. Selective deposition

Selective deposition represents a second method that may be used for the production of UNCD
microstructures but has no analogue in Si microfabrication technology. All diamond films,
including UNCD, require a nucleation layer, usually achieved by exposing the substrate to a
suspension of fine diamond particles. It is possible to seed a selected portion of the substrate
by (a) using photoresist to prevent exposure of selected areas to the diamond powder, (b) using
diamond-loaded photoresist to produce a patterned nucleation layer or (c) seeding the substrate
uniformly and then selectively etching portions of the surface to remove diamond-seeded areas.
Alternatively, it is possible to use SiO2 as a mask, since diamond films grown from CH4–H2

plasmas are normally unable to form on SiO2 substrates. The feature resolution that can be
achieved by this method is limited by the grain size [26]. An example of a selective UNCD
growth process is shown in figure 2(a). A UNCD structure formed by selective seeding and
growth followed by selective etching of the Si substrate is shown in figure 2(b).

The long arms (∼1000 µm long) extending from the corners remain flat, proving that the
UNCD film exhibits low stress (we have measured stresses in the range 50–100 MPa), unlike
conventional diamond films that exhibit significant out-of-plane stress and consequent warping
upon release from the substrate.

4.3. Lithographic patterning

In order to produce diamond multilayer structures, it is necessary to deposit a thin diamond
film on a sacrificial release layer such as SiO2. Methods have been reported [20] that force
the growth of conventional CVD diamond on SiO2, typically by damaging the SiO2 surface
by ultrasonic abrasion in a diamond powder suspension. Continuous diamond films have been
achieved using this method for film thickness in the range 15–20 µm although there are gaps
between the film and the substrate, and the films are extremely rough [26]. Diamond films
grown from CH4–Ar plasmas are able to form directly on SiO2 substrates without the need
for damaging the SiO2 layer since the gas phase carbon dimer species in the UNCD process
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Figure 3. A schematic diagram showing lithographically based microfabrication of UNCD MEMS:
(a) deposition of UNCD on the SiO2 sacrificial layer plus masking layer; (b) and (c) the photoresist
and lithography; (d) reactive ion etching in oxygen plasma; (e) selective chemical etching of SiO2
sacrificial layer.

(a) (b)

Figure 4. UNCD cantilevers (a) and membranes (b) produced by the fabrication method shown in
figure 3.

forms an intermediate SiC nucleation layer via the reaction

SiO2(s) + C2(g) → SiC(s) + CO2(g)�F ∼ −100 kcal.

It is therefore possible to use SiO2 as a sacrificial substrate layer for multilayer UNCD devices.
As shown in figure 3(a), a UNCD layer is deposited on a thermal SiO2 layer, followed by a
second SiO2 layer being deposited by CVD. Photoresist (b) is then used to pattern the hard
SiO2 mask using RIE with a CF4/CHF3 (2:1) plasma (c). An oxygen plasma is then used to
etch the UNCD film through the hard SiO2 mask. Initial measurements of etch rate, although
not optimized, indicate that UNCD can be etched with a rate of about 1 µm h−1. This number
may change when better measurements are made. Finally, an HF wet and/or gas etch (d) is
used to remove the sacrificial oxide layer, leaving the diamond film suspended above the Si
substrate.

Figure 4 shows cantilevers and membranes produced by the method of figure 3 to measure
mechanical properties at the MEMS scale.

The microfabrication technique shown in figure 3 was also used to produce a UNCD
based microturbine–shaft integrated MEMS assembly suitable for microfluidic applications
(figure 5).

Finally, in relation to how small the features that can be fabricated can be, we have recently
produced 200 nm×200 nm cantilevers, using a focused ion beam (FIB) etching method. At the
present time, we do not know whether we can fabricate smaller features. However, considering
that the grain size is 3–5 nm, in principle, it can be envisioned that features as small as 50–
100 nm could be fabricated. Definitely, there are no other diamond films known today that
can be patterned to such small dimensions, because of the grain size limitations: ∼1 µm
for microcrystalline diamond and 30–100 nm for conventional nanocrystalline diamond films
grown with the CH4/H2 plasma chemistry.
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100 µm

(a)

(b)

Figure 5. (a) A schematic diagram of the microfabrication process used to produce an integrated
UNCD microturbine–shaft assembly; (b) an optical picture of the UNCD microturbine fabricated
using the process shown in (a).

In addition to the two-dimensional UNCD MEMS structures shown above, we have also
demonstrated the fabricability of three-dimensional structures as shown in figure 6.

5. Measurement of mechanical properties of UNCD at the MEMS scale

5.1. Membrane deflection experiment

We used a membrane deflection experiment (MDT), developed by Espinosa et al [27] as a
novel microscale mechanical test for evaluating the elasticity, plasticity and fracture of thin
films, to measure the mechanical properties of UNCD at the MEMS scale. The method
works by stretching a free-standing, thin film membrane in a fixed–fixed configuration where
the membrane is attached at both ends and spans a micromachined window beneath; see



R548 Topical Review

(a) (b) (c) (d)

Figure 6. (a) A schematic diagram of a conformal UNCD coating on a Si post; SEM pictures of a
UNCD-coated Si post (b), a UNCD-coated Si post after Ar ion bombardment to expose the edge,
(c) after partial selective chemical etching of the Si core and (d) after total etching of the Si core
producing a three-dimensional UNCD ring structure.

(A) (B)

θ1
3 λ/4 λ/2 λ/4

λ/2

Figure 7. (A) A schematic diagram of the MDT method showing the load Pv applied to a
UNCD membrane and the membrane in-plane load Pm, and an analytical expression that allows
calculation of the Cauchy stress; (B) monochromatic images of an unloaded (a) and loaded (b)
UNCD membrane that developed fringes; (c) a schematic representation of distance between fringes
(δ) and the vertical displacement induced by the load.

figure 4(b) above. A nanoindenter applies a line-load at the centre of the span to achieve
deflection. Simultaneously, deflection is recorded by the nanoindenter displacement sensor
or by an interferometer focused on the bottom of the membrane through-view window in the
wafer (see figure 7). The geometry of the membranes is such that it contains tapered regions
eliminating boundary failure effects. The basic architecture can be described as double-dog-
bone. The result is direct tension, in the absence of strain gradients,of the gauged region. These
measurements provide quantitative information on mechanical properties such as the Young’s
modulus, residual stress state and yield and/or fracture stress. The data reduction for the
membrane deflection tests (MDT) was explained in detail by Espinosa et al [27], and detailed
measurements on UNCD membranes were presented in one of our prior publications [28]. A
brief summary is given here. The procedure involves applying a line-load, with a nanoindenter,
at the centre of the spanning membrane. Simultaneously, an interferometer focused on the
bottom of the membrane records the deflection. The result is direct tension in the gauged
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Figure 8. A load versus displacement curve for a UNCD membrane showing the fracture strength
of the as-fabricated UNCD membrane.

regions of the membrane with load and deflection being measured independently. The data
directly obtained from the MDT test must then be reduced to arrive at a stress–strain signature
for the membrane. The Cauchy stress is obtained via the equation shown in figure 7(A), where
the cross-sectional area of the membrane was measured with an AFM. The interferometer
measurements as shown in figure 7(B) yield vertical displacement information in the form of
monochromatic images taken at periodic intervals (see figure 7(B)). The relationship for the
distance between interference fringes, δ, is through the wavelength, λ, of the monochromatic
light used. By finding the average distance between the number of fringes that are in the focal
plane of the interferometer, an overall strain, ε(t), for the membrane can be computed from
the relation shown in figure 7(B).

Several key experimental details were taken into account in order to obtain reliable results.
For example, the UNCD membranes as originally released from the Si substrate were slightly
bowed outward due the small residual stress of about 50–100 MPa, out of the wafer plane.
Due to this effect, additional parameters were considered in the data reduction. This came in
the form of identifying the height above the plane of the wafer where the tip makes contact
with the membrane as well as the complete length of the membrane in its out-of-plane form.
These are used to determine the deflection required before straining of the membrane begins.
This part of the procedure consists of using interferometry to determine the height above the
wafer plane where the tip makes contact with the membrane. The second step is to calculate
the new half-length of the membrane based upon its out-of-plane curvature. From this point of
contact in the test, the height of contact above the wafer plane (�c) is added to the deflection.
The deflection required before straining of the membrane begins (�s) is also added to the
deflection, which identifies the starting point of the stress–strain curve. Further details of this
measurement can be found in [28]. As a summary of these measurements, figure 8 shows the
fracture strength of UNCD as measured using the method described above.

Measurements were made on several membranes in order to get reliable statistical values.
The response of the individual membranes was uniform from sample to sample with each
exhibiting a statistical variation in failure point. The stress–strain response shown in figure 8
above exhibited a linear behaviour until failure occurred at about 4–5 GPa. This value is
low considering that UNCD exhibits very high values for other mechanical properties shown
below. We attribute this low fracture value to defects such as rugged edges of the membranes
produced during etching and film surface roughness. We are now working on improving the
surface roughness of the UNCD film and the microfabrication process to get smoother edges
on the membranes to determine a more accurate value for the intrinsic fracture strength of
UNCD.
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5.2. Microcantilever deflection experiments

The cantilever deflection experiment was performed using different characteristic cantilever
lengths (see the example of UNCD cantilevers shown in figure 4). A nanoindenter deflected
the cantilever to a prescribed depth. Load and deflection were recorded by the nanoindenter.
The raw data obtained from the tests were processed to obtain the desired quantities. For
instance, in the cantilever tests the load obtained from the nanoindenter must be properly
reduced to remove thermal drift and support spring stiffness of the nanoindenter components.
This procedure has been described elsewhere [27]. The resulting load–deflection curve was
then analysed for cantilever stiffness. The initial linear part of the curve was used to measure
stiffness. The experimentally measured value of stiffness obtained from the load–deflection
curves was used in conjunction with the standard stiffness equation for deflection of a uniform
beam (equation (1)), with the plate modulus to account for the large width to length ratio:

k = Eb

4(1 − ν2)

(
t

l

)3

, (1)

where k is the stiffness, E is the elastic modulus, b is the cantilever width, ν is the Poisson ratio,
t is the thickness and l is the length of the cantilever at the point of contact. However, since
the Poisson’s ratio for diamond is 0.07, the Poisson effect can be ignored and the equation
becomes that of a uniform beam. From this equation, the elastic modulus of the material
was determined to be about 937 GPa (very close to the value of 1000 GPa for single-crystal
diamond). Further details of these measurements, including statistical analysis, are presented
elsewhere [28].

5.3. Tribological behaviour of UNCD

Prior macroscopic tribological measurements, using the pin-on-disc method, performed in our
laboratory [10], showed that UNCD exhibits coefficients of friction of about 0.02–0.04 in air.
In addition, wear tests revealed that UNCD films exhibit practically no wear in extended tests.
Obviously, these measurements need to be made at the MEMS scale. We are currently in the
process of performing these measurements, and they will be reported in a separate publication.

6. Other properties of UNCD relevant to MEMS

We have recently demonstrated that we can achieve for the first time high electrical conductivity
in n-type doped UNCD films via nitrogen doping [29]. We can tailor the electrical conductivity
from an insulator to practically a semimetal (∼166 W−1 cm−1) depending on the amount of
nitrogen incorporated in the UNCD films [29]. This unique electrical conduction seems to
depend as much on the particular grain boundary structure and bonding, including nitrogen
incorporation into the grain boundaries [30], as on the microstructural changes in nitrogen
doped UNCD films that reveal grain size enlargement to ∼16 nm from the 2–5 nm characteristic
of undoped UNCD, and grain boundary size increase from about 0.4 to 2.2 nm from undoped
to doped UNCD [31]. The tailoring of the electrical conductivity of UNCD plays a critical
role in the use of UNCD in MEMS devices that require electrical actuation such as RF MEMS
switches and resonators, and we are currently performing research and development of such
devices.

Another relevant property recently demonstrated by our group in collaboration with
Professor Hamers [32] is that related to biofunctionalization of the UNCD film surface.
In this recent work, Professor Hamers’ group used a photochemically assisted process
to chemically modify the hydrogen terminated UNCD surface of a film grown on a Si
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substrate. The chemically modified UNCD surface consisted of a homogeneous layer of
amine groups attached to the surface, on which DNA strands were chemically fixed. After
linking DNA molecules to the amine groups, hybridization reactions with fluorescence tagged
complementary and non-complementary oligonucleotides showed no detectable non-specific
adsorption with extremely good selectivity between matched and mismatched sequences.
Comparisons of the UNCD functionalized surface with other common surfaces used by other
groups, such as gold, silicon, glass and glassy carbon, showed that diamond is unique in its
ability to achieve very high stability and sensitivity as a functionalized surface in addition to
being compatible with microelectronic processing technologies. Both processes open the way
for biosensors based on UNCD, and we are pursuing this.

Finally, we are in the process of demonstrating that UNCD is biocompatible, which opens
the way for the development of MEMS biodevices.

7. Conclusions

The tribological and mechanical properties of diamond make it in principle an ideal material
for MEMS applications, particularly in harsh environments. However, the high intrinsic
stress, rough surface and inappropriate grain morphology associated with conventional CVD
deposition make most diamond films produced by this method unsuitable for use as MEMS
material. We have developed a process for the growth of phase-pure ultrananocrystalline
diamond films with mechanical and tribological properties that are well matched for MEMS
applications. Fabrication methods, some of them related to those of Si fabrication technology
and others unique to diamond, have been demonstrated in the fabrication of UNCD MEMS
components. We have demonstrated the fabricability of 2D and 3D MEMS structures suitable
for the fabrication of MEMS devices. Mechanical properties measured at the MEMS scale as
well as macroscopic tribological measurements reveal that UNCD provides a superior material
platform for MEMS. We have also demonstrated that UNCD can be doped with nitrogen
resulting in high conductivity layers that open the way for electrically actuated MEMS such as
RF switches and resonators. In addition, recent work demonstrated that UNCD surfaces can
be functionalized to attach DNA and other biomolecules, opening the way for UNCD based
biosensors. Finally, current work is showing that UNCD may be biocompatible, opening the
way for MEMS biodevices.
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