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CHAPTER 18

Diamond-based Resonators
for Chemical Detection

EMMANUEL SCORSONE* AND ADELINE TROUVE

CEA-LIST, Diamond Sensors Laboratory, Gif-sur-Yvette 91191, France
*Email: emmanuel.scorsone@cea.fr

18.1 Introduction

Chemical/biochemical sensors are devices that transform chemical or bio-
logical information into an analytically useful signal. Generally speaking,
they are the result of coupling a selective layer to a physical part known as
the transducer. The sensors may be classified according to the operating
principle of the transducer. In brief, the main transduction phenomena are
optical, electrochemical, electrical and gravimetric." A wide variety of in-
novative chemical and biochemical sensor technologies are being reported
in the literature every year, often showing highly promising performances.
However, when it comes to commercial sensors, one has to admit that the
market is very conservative. A possible explanation for this is the lack of
robustness and reliability of the newly developed sensors and, therefore,
their difficulty to maintain performance specifications under adverse oper-
ating conditions.?

The robustness of the sensors is linked, on the one hand, to their ability to
withstand mechanical shocks, stresses, or vibrations. On the other hand, it
is related the chemical stability of the selective layer in the operating
environment. The variety of exceptional physicochemical properties of dia-
mond materials are generally extremely resilient to chemical degradation.
They also feature outstanding mechanical properties, such as a high Young’s
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modulus and a strong resistance to fracture. Furthermore, diamond is
mainly composed of carbon atoms, which can be made available on the
material surface for covalent grafting of chemical receptors via strong
carbon-carbon bonds. Hence, it becomes obvious that diamond can play an
important role toward improving the stability and reliability of chemical or
biochemical sensors. Additionally, when looking more closely at the range of
remarkable physical and chemical properties of diamond, one can also
predict that it is of high interest for improving the transducing character-
istics of sensors, such as their sensitivity levels. Let us consider boron-doped
diamond electrodes for instance: their wide potential window in aqueous
media allows them to address target analytes that could not be measured
with standard platinum or other carbon-based electrodes;’® also, the low
background current, resulting from low electrical double layer capacitance
of the electrode, generally gives rise to better signal-to-noise ratios when
compared with other electrode materials.* Thus, there has been an in-
creasing interest in diamond materials for the development of chemical
sensors, as reflected by the increasing number of scientific publications in
this area over the last decade.

Many interesting chemical/biochemical diamond-based sensor archi-
tectures have been developed recently that will be summarised in section
18.2. Nevertheless, we have chosen in this chapter to focus on two particular
types of transducer technologies: cantilevers and surface acoustic wave
(SAW) sensors, which offer a number of significant advantages over other
types of transducers. For example, today, biosensors are mainly based on
electrochemical and optical transduction methodologies. Electrochemical
transduction answers the main requirements associated to real time in situ
portable sensors. These capabilities, as well as material costs, which allow
the design of one-shot sensors, constitute the basis of their success, for
example, towards glucose detection in point-of-care diagnostics. However,
even though electrochemistry is well suited to enzymatic biochemical sen-
sors in which redox enzymes are intimately associated to the electrode
transducer, it suffers from a lack of accuracy, sensitivity and selectivity in the
case of non-metabolistic detection that uses biological receptors, such as
antibodies, proteins or DNA. For these latter applications, the sensing
principles are mainly based on optical instrumentations (fluorescence mi-
croscopy, surface plasmon resonance or colorimetry), which are usually
cumbersome and unfit for handheld applications. In contrast, since SAW
sensors and cantilevers measure mass (sometimes amongst other par-
ameters), and since all molecules have a mass, they are capable, in principle,
of detecting any type of analyte independently, for instance, of their optical
or electrochemical properties. These sensors generally offer also the possi-
bility to achieve higher sensitivity performances than with other types of
transducers. Finally, they can be fabricated according to the advances of
micro- and nano-technologies. As a result, they are compatible with low cost
manufacturing and miniaturised systems. Hence they appear highly prom-
ising for a wide range of “low cost” portable sensing applications.
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In this context the goal of this chapter is to give some insight into the
potential of diamond for the development of high performance chemical
sensors. The first section summarises a few examples of sensors and the
various exceptional properties of diamond that can be exploited in chemical
sensing. The next two sections describe in more detail, for the reasons given
above and also because they illustrate well the benefit of diamond for such
applications, cantilever and SAW transducer technologies.

18.2 Diamond Materials: Some Remarkable
Properties for the Development of High
Performance Chemical Sensors

18.2.1 Physical Properties

Over the last decades, silicon has been used extensively for microelec-
tromechanical systems (MEMS) fabrication, taking advantage of the avail-
able silicon-micromachining techniques developed for integrated circuits
technology. For example, silicon is used for the fabrication of acceler-
ometers, pressure sensors, resonators and chemical/biochemical sensors.
Nevertheless, diamond exhibits superior mechanical properties over silicon,
including, for instance, a lower friction coefficient, a higher resistance to
fracture and a much higher Young’s modulus®” (Table 18.1). These out-
standing mechanical properties of diamond materials are well known. They
have been exploited for many years for cutting, polishing or drilling tools.
Actually, those assets are also very promising for the development of
MEMS, and such devices may be useful for chemical detection.

Table 18.1 Outstanding linear mechanical properties of single-crystal
diamond (calculated or measured) and CVD diamond
(measured). (Reprinted with permission from ref. 7; copyright
(2012) America Institute of Physics.)

Single-crystal diamond CVD diamond
Bulk modulus 433 GPa 443 GPa
Shear modulus 502 GPa 507 GPa
Young’s modulus, anisotropy 1050-1210 GPa
(Random) crystallites 1143 GPa 500-1200 GPa
Poisson ratio, anisotropy 0.00786-0.115
(Random) crystallites 0.0691 0.075
Sound velocity, long. (111) 19039 m s 18784 ms "
Sound velocity, long. (100) 18038 m s~
Sound velocity, long. (110) 18182 m s *
Rayleigh velocity, (110) texture 10753 m s~ 10326 m s~ "
Rayleigh velocity, polycrystal. 10930 m s~ 10850 m s~
Vibrational frequency (Raman) 1332.2 cm ™! 1332 cm ™!
Expansion coefficient 0.8x10 ° K !

0.9x10 * K *
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Various diamond-based MEMS have been investigated and reported in the
literature, such as RF switches.® Diamond cantilevers with high Q-factors were
also characterised (Figure 18.1).° Some were recently used for chemical de-
tection (section 18.3). Other systems, like film bulk acoustic resonators (FBAR)
operating at 3.5 GHz, have been reported.'® Such devices hold promise too for
the development of gravimetric chemical sensors of extreme sensitivity.

Diamond also exhibits some remarkable electronic properties. Doped
diamond is a wide gap semiconductor that may reach intrinsic electron and
hole mobilities of, typically, >3100 cm” V' s and >3200 cm®* V"' s™ " at
300 K, respectively. In practice, only p-doping with boron is well controlled
and enables such performances. Boron doping in polycrystalline diamond
may also be achieved and, although its electronic properties are not as good
as that of single crystals, such a material remains very attractive in, for ex-
ample, electrochemical applications. In contrast with other semiconductors
like silicon, boron-doped diamond does not contain a surface oxide layer.
Hence, the semiconducting material is available directly to interact with the
external medium, which is clearly very advantageous for many chemical
sensing applications.

Several types of solid state chemical sensors exploiting the semiconduct-
ing properties of diamond have been investigated. For instance, Gurbuz and
coworkers demonstrated the performance of catalyst/adsorptive-oxide/
insulator/semiconductor (CAIS) devices based on doped diamond/intrinsic
diamond/metal catalyst for the detection of hydrogen, oxygen, carbon
monoxide (Figure 18.2) or various hydrocarbons."' The influence of
gases used in the semiconductor industry at temperatures typically above

Piezoelectric Actuation

£,-325,560 Hz
Q=14,469

-------- Data
-------- Lorentzian Fit

Nommalized Output Signal

325300 325400 326500 326800 325700 325600
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Figure 18.1 Typical response of piezoelectric actuated poly-C cantilever resonator.
(Adapted from ref. 9 with permission from Elsevier.)
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Figure 18.2 a) Diamond-based CAIS sensor, b) typical response of CAIS sensor to
9.4 Torr CO in 0.4 Torr oxygen atmosphere.
(Reprinted from ref. 22 with permission from Elsevier.)

>100 °C,">"® as well as that of CO gas at room temperature,'* on the re-
sistivity of doped diamond layers was also investigated.

Furthermore, hydrogen-terminated diamond exhibits a p-type surface
conductivity due to the presence of an electrolytic layer resulting from ad-
sorption of water molecules and other adsorbates from the environment
onto the surface.'® This surface conductivity is highly dependent on the pH
in aqueous media when the surface is slightly oxidised, which has led to the
development of pH sensors based on those conductivity phenomena.'®
Flat'”'® or nano-structured'®*° hydrogenated diamond surfaces were also
studied for gas sensing, where surface conductivity variations are measured
upon gas exposure.

The thermal conductivity of diamond single crystal lies in the order of
2000 W m~' K" at 300 K, which is approximately five times higher than
copper. This extremely high value has been exploited in the development of
high power components or even for silicon-on-diamond (SOD) substrates for
heat dissipation applications in microelectronics.”" This property of dia-
mond may also be beneficial for designing catalytic gas sensors in which fast
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temperature cycles may be useful, either for energy saving management or
because the selectivity of the sensor may be tuned by changing its operating
temperature.”” In addition, diamond, being a wide bandgap semiconductor,
exhibits electronic properties that remain more stable than silicon at high
temperatures. Therefore, it may be seen as a good candidate for the design
of stable gas sensors operating at temperatures up to 400 °C. Finally, it
is interesting to mention that a thermocouple containing a diamond/
palladium junction has been assessed for the detection of hydrogen gas.*’

Diamond’s wide bandgap offers extreme optical transparency from ultra-
violet to infrared, together with a high refractive index, in the order of 2.5 at
600 nm. These optical properties, when combined with the chemical prop-
erties, are promising for the development of robust and sensitive chemical/
biochemical transducers. For instance, label-free photonic crystal biosensors
have recently been shown to be a highly sensitive method for performing a
wide variety of biochemical assays. These devices are generally made of sil-
icon. They operate in the infrared spectral region and are somehow limited
in the chemistry that can be used to immobilise bio-receptors onto their
surface. In contrast, diamond photonic crystals are particularly interesting
here because they can potentially operate in the visible region with an ex-
tremely high quality factor and small volume cavities, and offer again highly
stable carbon chemistry. Recently, nanocrystalline diamond photonic
crystals were reported with a Q-factor as high as 2800 and it is hoped in
the future to reach Q-factors up to 10 000.>*>> Therefore, diamond offers a
bright future in the area of optical biosensor chips.

18.2.2 Chemical Properties

Diamond materials are obviously also very attractive for their chemical
properties. First of all, they are very inert and chemically resilient to, for
instance, corrosion, at temperatures up to around 400 °C, where they may
start to deteriorate when in the presence of oxygen. These properties make it
highly stable even in very harsh environments. This is one reason, for in-
stance, why radiation diamond detectors were developed in the past because
they could withstand the high temperature, high pressure and highly acidic
operating conditions in nuclear power plants.>® This high stability of dia-
mond may open new fields of applications for chemical sensing in harsh
environments, but it also contributes to the increasing robustness and re-
liability of chemical sensors in more conventional operating conditions.

Diamond also offers a carbon-terminated surface, which may be made
available for grafting a wide range of organic receptors through strong co-
valent carbon-carbon bonds. Several chemical®’”*® and electrochemical
routes™ for surface grafting on diamond have been reported. Such modified
surfaces have been used for the development of a wide range of chemical or
biochemical sensors.**'

Furthermore, boron-doped diamond features remarkable electrochemical
properties. These include a wide potential window that can exceed 3 V in
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Figure 18.3 Voltammograms for water electrolysis on various electrodes. The
supporting electrolyte is 0.5 M H,SO,. The graphs are shifted vertically
for comparison. Two polycrystalline films, B: PCD (provided by the
Naval Research Laboratory, NRL) with 5 x 10'° B ecm > and B: PCD
(provided by Utah State University, USU) with 5 x 10*° B cm ?, are
compared with a single crystalline boron-doped diamond, B: (H)SCD
(single crystalline diamond) with 3 x10%° B ¢m >, and with an
undoped diamond (H)SCD. Also shown are data for Pt, Au and glassy
carbon. Oxidation reactions, e.g., oxygen evolution, have positive
currents and emerge around 1.8 V for all diamond samples. Reduction
reactions, e.g., hydrogen evolution, have negative currents and show
very different properties. Note that the background current within the
regime between hydrogen and oxygen evolution for diamond is very
low and the electrochemical potential window is large compared with
glassy carbon, Pt and Au.

(Reprinted from ref. 29 with permission from IOP.)

aqueous media (Figure 18.3) and a low background current, as well as a high
reactivity comparable to that of platinum after electrochemical activation.>?
Moreover, because of the high atomic density of diamond, diffusion of
chemical or biological species into the material is impossible; hence, fouling
of the electrodes is only limited to physico-chemical adsorption of high
molecular weight species at the surface. Thus, the electrodes are generally
less prone to fouling. Moreover, it was demonstrated that such bare dia-
mond electrodes may be reactivated after fouling in biological mediums and,
therefore, potentially used for in situ continuous monitoring (Figure 18.4).%*
Thus, BDD electrodes are promising for chemical detection and several
applications have been investigated over the years. The wide potential win-
dow of diamond enabled the detection of nitroaromatic pollutants in sea-
water where platinum failed because the reduction potential of the target
chemicals falls outside the solvent reduction front of platinum electrodes.’
Diamond electrodes have also proven to be efficient for the detection of
glucose,** lectins,>® DNA,® etc. in the liquid phase, as well as arsine in the
gas phase,’” to name but a few.
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a) Cyclic voltammogram in human urine from —0.4 V to 1.1 V vs.
Ag/AgCl at 100 mV s~ measured with BDD electrode, where J is the
current density in pA em™> and E is the applied voltage in V. The
electrode was cleaned thoroughly in deionised water prior to each
scan and, hence, the attenuation of the peak is due to fouling and
not because the solution surrounding the electrode is depleted of
electro-active species; b) comparison of the cyclic voltammogram of
“as-grown” electrode (solid line) and the same electrode after acti-
vation (dotted line), where J is the current density in pA cm™ > and E
is the applied voltage in V. The electrolyte is human urine and the
scan rate is 100 mV s~ .

(Reproduced with permission of the Electrochemical Society from ref. 33.)
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Sometimes, electrochemical measurements may be coupled to simul-
taneous gravimetric or viscosity monitoring using typically quartz crystal
microbalances (QCM) and, quite logically, the fabrication of diamond-QCM
has been attempted. Here, the difficulty is related to the lack of compatibility
between diamond growth temperature conditions (typically >600 °C) and
the phase transition temperature for o-quartz (513 °C). Approaches to
overcome this issue consist of attaching a previously grown freestanding
diamond film onto the QCM>® or to use a high-temperature-stable piezo-

Chapter 18

electric material, such as langasite®® (Figure 18.5).
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Figure 18.5 a) Schematic of the nanocrystalline diamond-coated langasite thick-
ness shear mode resonator; b) phase shift plotted against frequency,
showing the resonance of the nanocrystalline diamond-coated langa-
site thickness shear mode resonator.

(Reprinted with permission from ref. 39, American Institute of

Physics.)
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18.3 Diamond Cantilevers

Cantilevers were originally developed in the 1980s as tips for scanning probe
microscopy. Since then, extensive research efforts has been dedicated to the
fabrication and characterisation of microscale cantilevers useful for atomic
force microscopy (AFM) probes. As a result, more advanced probes have
become available; but when combined with research work from other areas
of science, these efforts have also led to the development of new families of
mechanical sensors, including, for instance, accelerometers and also
chemical and biochemical sensors. Thus, the feasibility to detect specific
gases, enzymes, proteins or DNA sequences using accurate mass-sensitive
micro-cantilevers was demonstrated.’® In contrast with most other gravi-
metric transducers, cantilevers are not made of, nor do they depend on,
piezoelectric materials; although, in some instances, piezoelectric gauges
have been integrated to the transducer as part of the resonance frequency
readout system. While MEMS can take many different shapes, devices with
very simple rectangular beam configurations appear highly suitable for
transducing physical, chemical or biological stimuli into useful electrical
signals. AFM probes are generally fabricated from a highly inert material,
such as silicon nitride but, for chemical sensing applications, a wide range
of materials have been tested. Amongst those, diamond offers probably the
best performance in terms of mechanical properties and chemical inertness.
Micro-electro-mechanical systems (MEMS) and, more precisely, cantilevers
are relatively recent technologies when compared to more conventional
transducer technologies, like optical or electrochemical methods. Never-
theless, they are recognised as promising sensing devices for chemical and
biological analysis because they can offer low instrumental detection limits
along with high miniaturisation and integration capabilities.

18.3.1 Transduction Principles

Cantilevers may operate either in the static mode or in the dynamic mode. In
the static mode the surface energy changes due to chemical interactions
occuring at one surface of the device according to Stoney’s law.” This results
in a bending of the cantilever that is often detected optically. In this case the
transduction mechanism is based on asymmetrical changes in the surface
stress and there is no mass measurement involved. The sensitivity of the
device increases with decreasing stiffness of the cantilever materials.
Therefore, diamond is clearly not suitable for this mode of transducer op-
eration and polymer-based cantilevers are preferred.

In the resonant regime the transduction mechanism is rather complex
and is still subject to debate. Rectangular cantilevers operating in vacuum or
in gases can be considered as weakly damped mechanical oscillators,*® for
which the spring constant k can be approximated as:

_ Ef'w

=5 (18.1)
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where E is the Young’s modulus of the material composing the cantilever,
and w, ¢ and [ are the width, thickness and length of the cantilever, re-
spectively. In this regime the cantilever resonance frequency extracted from
Euler-Bernoulli beam theory is given by:

fhe Ltk (18.2)

o 21\ my
where m, is the effective mass of the cantilever. In such low damping media
the cantilever response may be affected both by gravimetric loading on the
cantilever and spring constant variation as a result of chemical and physical
interactions occurring at the surface of the transducer. Thus, the relative
cantilever resonance frequency change due to a variation of mass (Am) and
stiffness (Ak) can be expressed by:*'

?—{g<\/<1+%)x\/(1—%n>>—l. (18.3)

Therefore, in low damping media, the cantilever is a true mass-sensitive
device only if the spring constant k does not change during the measure-
ment. This is a condition that may not be satisfied, for instance, when the
elasticity of the selective layer is affected by chemical exposure. According to
eqn 18.2, the higher the Young’s modulus, the higher the resonance fre-
quency of the cantilever. This equation implies, for instance, that, for
equivalent geometries, a rectangular diamond cantilever will typically res-
onate at twice the resonant frequency of the same silicon cantilever in a
vacuum. Let us assume now that our two isometric cantilevers, resonating
for instance at 10 kHz for the silicon device and at 20 kHz for the diamond
device, are subject to a mass uptake of 10 ng without affecting the spring
constant of both resonators. In this case eqn 18.3 would show that the
resonance frequency variation of the diamond cantilever is approximately
400 Hz, while that of the silicon device is around 290 Hz. Therefore, in low
damping media, it is reasonable to accept that the gravimetric sensitivity of
the diamond transducer is significantly higher than its silicon counterpart.
In fluids, mechanical deformations of the cantilevers involve appreciable
dissipation of mechanical energy into thermal energy. This energy dissipation
can be quantified using the quality factor (or Q-factor). This depends on sev-
eral parameters, such as cantilever material and shape and clamping losses, as
well as the viscosity of the medium. When the cantilevers are long enough,
clamping loss may be neglected and the Q-factor can be calculated using the
vibrating sphere model in viscous fluids.*> Here, the Q-factor is given by:

_LVPE e (18.4)
12”\/§NZR<1 + §)
Ry /™! (18.5)

T
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_
5= — (18.6)

where y is a constant relative to the first vibration mode (y =1.875), w, land ¢
are the width, length and thickness of the cantilever, respectively, E is
Young’s modulus, x is the viscosity of the medium, R is the radius of the
equivalent sphere, which can be approximated by eqn 18.5 and ¢ is the
boundary layer thickness calculated from eqn 18.6, where p is the density of
the medium. In a given medium and for a given geometry, these equations
imply that the Q-factor of a diamond cantilever (for p=3.50gcm > and
E=1000GPa) is typically three times higher than a silicon counterpart (for
p=2.33gcm * and E =160 GPa). This was verified experimentally by Bon-
grain et al. (Figure 18.6).*> In high damping media one has to take this
dissipation of mechanical energy into account when calculating the reson-
ance frequency of the cantilevers. The later can thus be expressed as:

1 [k 20-1

Theoretically, this expression shows that the higher the Q-factor, the higher
the resonance frequency. Hence, the resonance frequency of microscale
diamond cantilevers tends also to be higher than cantilevers made of other
materials in viscous media. This is a very important observation because,
today, damping is a serious limitation for measurements in the resonant
regime in liquids. As a result, most cantilever-based chemical or biological
sensors reported in the literature are operating in the bending mode. Here,
diamond holds significant potential for improving the transduction
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Figure 18.6 Measured and calculated Q-factor values of fabricated 4.6 um thick
bare diamond cantilevers and comparison with the calculated values
of identical silicon structure Q-factors; values found in the literature
for equivalent silicon cantilevers.

(Reprinted from ref. 43 with permission from Elsevier.)
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performance of cantilevers in liquid environments, a prerequisite for bio-
sensor applications.

Nevertheless, there is some strong evidence showing that chemical and
physical interactions between the cantilever surface and its environment do
affect the cantilever stiffness, thus making the gravimetric analysis much
less straightforward. Several models were proposed to explain the cantilevers
sensitivity to surface stress induced by molecular interactions based on
strain-independent contributions, but they were questioned because they do
not take into account stress relaxation possibilities. Moreover, the classical
one-dimensional beam theory also predicts that cantilever stiffness is in-
dependent of strain-independent surface stress. Today, this still has not
been elucidated as other groups have shown that three-dimensional models
indicate that strain-independent surface stress indeed influences cantilever
stiffness. In contrast others groups have proposed that cantilever resonance
frequency surface stress is influenced by strain-dependent surface stress.
The influence of this contribution upon the cantilever flexural rigidity can be
described from one-dimensional beam theory by:

(E1)? = (EI)° (1 + 320p + Bhortom bb"“"m) , (18.8)
Et

where (EI)” and (EI)° are the cantilever flexural rigidity with and without

strain-dependent surface stress, respectively, and by, and bpoiom are the

strain-dependent surface stress on the top and the bottom surface of the

cantilever, respectively.*' The relation between a rectangular shape canti-

lever stiffness coefficient k and EI is given by:

k=2 (18.9)

Eqns 18.1, 18.2 and 18.8 predict a weak sensitivity of cantilevers upon
surface stress variations in the order of a few hundred pHz for typical surface
stress variations of several hundred mN m™' for silicon cantilevers. Ac-
cording to eqn 18.8, the sensitivity would be even lower for a diamond
cantilever of the same size, since it is inversely proportional to the Young’s
modulus. Hence, according to the strain-dependent model, the advantage of
using diamond structures for their superior Q-factor in liquids may be
negated by a lower sensitivity. Nevertheless, the experimental values of the
frequency shifts induced by biological/chemical species immobilisation on
cantilever surfaces are reported in the range of several tens of Hz for, typi-
cally, hundreds of mN m™ " surface stress variations. These later values are in
closer agreement with the values calculated using strain-independent sur-
face stress models, which are controversial in the literature. These con-
siderations illustrate evidence of a serious mismatch existing between
theoretical predictions and experimental observations. Until this is
resolved, the real advantage of using diamond cantilevers in the resonant
regime in liquids for their exceptional mechanical properties is still to be
demonstrated.
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18.3.2 Fabrication Methods

Single-crystal and polycrystalline diamond cantilevers have been reported in
the literature. Nevertheless, most of them fall into the second category since
the advantages of single-crystal cantilevers, typically a slightly higher
Q-factor,* does not add much value to chemical sensors, as opposed to the
main drawback associated with low availability of single crystals and poor
compatibility with mass production. Therefore, in the following we will
concentrate only on polycrystalline diamond cantilevers.

The patterning of diamond for MEMS fabrication poses serious challenges
because the chemical resilience of the material prevents the use of wet
etching protocols. Despite this limitation, there is still a real interest for the
use of patterning processes that remain compatible with conventional sil-
icon and microsystem fabrication techniques. Taking this into account, two
main approaches have been considered. Perhaps the most obvious one
consists of selectively etching a continuous film of diamond by dry-etching
techniques (Figure 18.7a). Thus, four primary diamond dry-etching methods
that are compatible with classical clean room lithographic techniques have
been reported over the years.*> They include electron cyclotron etching
(ECR), ion bean etching (IBE), reactive ion etching (RIE) and inductively
coupled plasma etching (ICP). The most frequently used gases for etching
diamond using these techniques are O,, CF, and SF¢. These dry-etching
techniques may be used either to etch monocrystalline or polycrystalline
diamond.

In the case of polycrystalline diamond, another way of patterning dia-
mond consists of selectively seeding the substrate in order to grow only in
areas of interest. Several bottom-up methods of this kind have been reported
that include the use of a photoresist loaded with diamond powder, the use of
masks, such as SiO, or Ti/Pt, or even by direct spray writing.*> Seeding may
be performed by the deposition of diamond nanoparticles over the substrate
or by bias enhanced nucleation.*® However, these methods are limited in the
resolution that can be achieved and, hence, to large size cantilevers, typically
of several tens of microns in length and width. Moreover, unwanted nucle-
ation generally occurs during growth in undesired areas, which contribute
also to the loss of resolution of the patterns. In order to improve the reso-
lution of patterns, variations of the technique were developed using SiO,*” or
silicon molds*>*® (Figure 18.7b). Here, silicon molds are preferred since SiO,
molds may be etched by the hydrogen plasma, which contribute to a loss of
resolution.

18.3.3 Diamond-based Resonant Cantilever Chemical
Sensors
Chemical or biochemical sensing with resonant cantilevers is a fairly recent

approach, although several proofs of concept have already been reported in
the literature in the last twenty years or so. The materials used to fabricate
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Figure 18.7 a) SEM image of the polycrystalline diamond cantilever structure used
to characterise the piezoresistive effect (reprinted from ref. 45 with
permission from Elsevier); b) fabrication process of diamond MEMS
devices.

(Reprinted from ref. 43 with permission from Elsevier).

cantilever transducers are mostly silicon, silicon oxide or silicon nitride.
Then, a selective coating is added onto one surface of the device, generally in
the form of a polymer coating or chemically grafted receptors. Since the
chemistry of silicon-based materials is somehow limited, a layer of gold is
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often deposited onto the transducer surface in order to allow immobilisation
of receptors via thiol attachment.*® Most cantilever chemical sensors to date
operate in the bending mode in liquid because the Q-factors of resonant
structures in liquids are too low to perform high S/N measurements. The use
of diamond holds promise for working in the dynamic mode in liquids since
its Young’s modulus is sufficiently high with respect to more conventional
materials, thus significantly increasing the Q-factor and enabling measure-
ments in liquids. Moreover, the carbon surface of diamond can be used
directly to attach, covalently, chemical or bio-receptors onto the transducer
without the addition of a gold layer. It was shown, for instance, that the
addition of a gold layer onto a diamond cantilever surface affects signifi-
cantly its Q-factor.”®> Diamond may also be doped with boron in order to
integrate either BDD electrodes onto the structure, which can be used for
localised electro-grafting on the surface,* or piezoresistive gauges as a fre-
quency readout strategy.*® Therefore, in principle, it is possible to fabricate
single-material diamond cantilevers that can include all the necessary
functions for making chemical sensors without significantly affecting the
mechanical properties of the cantilever. Despite all these assets, there are
very few reports of diamond cantilevers for chemical sensing, probably be-
cause of the poor accessibility of diamond materials in the chemical sensor
community.

Amongst the few reports of chemical sensing with diamond cantilevers,
one can mention the study by Bongrain et al. on the response of a diamond
cantilever to protonation/deprotonation events of an acid group immobil-
ised on the surface of a bulk diamond cantilever (Figure 18.8).*' This ex-
periment was set up to investigate the effects of surface stress variations,
while avoiding significant mass loading on the cantilever. Frequency
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Figure 18.8 Resonance frequency variations of a diamond cantilever functiona-
lised with carboxyl groups up pH cycling.
(Reprinted with permission from ref. 41. Copyright (2011) American
Chemical Society.)
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variations over 100 Hz could be observed when cycling the pH from three to
twelve, with a main contribution to the response arising from stiffness
variations of the cantilevers due to electrostatic interactions at the surface of
the sensor. Interestingly, in this experiment the carboxylic function was also
immobilised covalently on the diamond surface by a one-step protocol®”
comparable, in that respect, to the processes used on gold layers. This ex-
periment confirmed that cantilevers can be extremely sensitive to chemical
events occurring at their surfaces, even when abstracting the mass parameter.
This effect was exploited for the detection of DNA hybridisation/denaturation
events at the surface of a diamond cantilever (Figure 18.9).*” Indeed, DNA,
being itself a highly charged molecule, is liable to charge interactions with
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Figure 18.9 a) Cyclic voltamograms in 0.5 mM Fe(CNg)®> "*~, 100 mM KCl, 100 mM
KNO; before and after DNA hybridisation; b) resonance frequency of
both reference (dark) and measuring (light) cantilevers before and
after DNA denaturation in phosphate-buffered saline (PBS) solution.
For the reference cantilever: f=3121 Hz before, and f=3113 Hz after
denaturation; for the measuring cantilever: f=2948 Hz before, and
f=2873 Hz after denaturation.

(Reprinted from ref. 49 with permission, copyright (2012) John Wiley
and Sons.)
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Figure 18.10 Dynamic response (expressed in mV) of a nanodiamond-coated
cantilever before exposure to DNT and following exposure to 0.27
and 5.23 ppm DNT vapour.

(Reprinted with permission from ref. 50, American Institute of
Physics.)

neighbouring DNA molecules or ions from the surrounding medium. Probe
DNA was immobilised via an electrochemical process on the surface of a
diamond cantilever onto which a BDD electrode was overgrown. The possi-
bility to detect complementary 32 base pair DNA was demonstrated.

Finally, diamond may also be used as a chemically sensitive coating
deposited onto a silicon cantilever. This approach allows the use of
well-established silicon cantilever technology, while benefiting from the
properties of diamond surfaces for sensing applications. 2,4-dinitrotoluene
(DNT), a safe analog for the detection of the explosive trinitrotoluene, was
used in order to demonstrate this proof of concept.’® A respectable sensi-
tivity of 0.77 Hz ppb ™' was achieved by such a sensor (Figure 18.10).

18.4 Surface Acoustic Wave Resonators

18.4.1 Generality

Surface acoustic wave (SAW) chemical sensors constitute another family of
so-called “mass sensitive sensors”, although the sensing mechanisms are
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actually fairly complex and include some visco-elastic and electro-acoustic
components along with the gravimetric sensitivity.>>> There are many types
of SAW sensor devices but they all rely on the same fundamental principle:
the perturbation upon chemical stimuli of an acoustic wave piezoelectrically
generated and travelling across the surface of the transducer. In this chapter
we will focus on Rayleigh SAW (R-SAW) transducers since there are very few
reports, if any, of diamond-based SAW chemical transducers based on other
propagation modes. R-SAW transducers are particularly interesting for
sensing in the gas phase. The most basic R-SAW structure is a two-terminal
delay line transducer, as illustrated in Figure 18.11. Here, the acoustic wave
is generated at the transmitter electrode. It travels along the surface of the
substrate and is then transformed back into an electrical signal by the re-
verse piezoelectric effect at the receiving electrode. A selective layer is gen-
erally deposited on the delay line. Interactions of this layer with target
chemicals induce amplitude attenuation, phase difference or frequency
shift.> Other SAW sensors employ a resonator arrangement, which allows
better sensor performances, particularly because of higher Q-factors. In
general, since the wave energy is confined to within one wavelength from the
surface, this characteristic yields sensors that are very sensitive to chemical
interactions occurring at the surface.”’ As a result, the sensitivity of SAW
transducers is typically one order of magnitude higher than that of QCM.”

The delay line transducer operates most efficiently when the SAW wave-
length 4 matches the transducer periodicity d. This occurs when the

SAW generation

Transmitter SAW detection

Receiver

Figure 18.11 Generation of an acoustic wave on a delay line resonator (schematic
by B. Bazin).
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transducer is excited at the synchronous frequency f, which satisfies
eqn 18.10, where vo is the SAW propagation velocity.

f=20 (18.10)
d
The acoustic velocity in diamond is highest (typically 20 000 m s~ ' in the
single crystal); therefore, SAWs travel faster in diamond than in conventional
piezoelectric materials. Besides, according to eqn 18.10, the higher v, the
higher the frequency. This has been the basis for the development of high
frequency diamond-based resonators operating in the GHz range for elec-
tronic applications. Since diamond is not a piezoelectric material, typically
ZnO or AN layers are deposited onto the diamond to piezoelectrically gen-
erate the acoustic wave.**”*
In the case of R-SAW transducers, the effect of mass loading on the wave
propagation may be expressed by:

Av

o =~ Cufips, (18.11)

where C,, is a mass sensitivity factor and pg the crystal density. The mass
sensitivity Sy, is given by:

Sm— L (A0 (18.12)
me Am Do ' '
Thus, the sensitivity of a Y-cut quartz R-SAW delay line transducer operating

at 97 MHz is approximately 12 200 Hz cm® pg~ ".°' Nevertheless, eqn 18.11

suggests that, for R-SAWs, the sensitivity increases with the frequency of
the device. Therefore, one way to increase the mass sensitivity of a SAW
transducer intuitively is to work at high frequencies. Hence, diamond SAW
resonators should be good candidates for designing high sensitivity chem-
ical sensors. In practice this is not entirely true because for high frequencies
typically in the GHz range, the acoustic wave propagation becomes highly
affected by the presence of the selective coating deposited onto the trans-
ducer surface, which degrades also the Q-factor significantly. The sensitivity
to other environmental parameters is also potentially higher and so is the
noise level. Hence, a compromise has to be found and, generally, SAW
sensors operate in the range 100-500 MHz. At those frequencies, there is no
need to use diamond as a waveguide. However, diamond has been used on
such devices as a suitable sensing interface layer since it offers a highly
stable versatile surface for the design of selective coatings.

18.4.2 Diamond Nanoparticles-coated SAW Chemical
Sensors
R-SAW sensors are promising for the detection of chemicals in the gas phase

due to their extremely high sensitivity. The selective coating here is generally
the limiting element in terms of sensor-to-sensor repeatability, reliability



468 Chapter 18

and long-term stability. In most cases the sensitive coatings are based on
polymers that are generally difficult to deposit homogeneously onto the
transducer surface.>™” Other types of coatings have also been considered,
including carbon nanotubes®® or, more recently, graphene sheets,”® but they
also suffer from coating difficulties. Indeed, a strict control of the thickness
uniformity, viscosity and film adherence of the coating is necessary in order
to obtain reliable performances as any defects present on the SAW propa-
gation path is known to degrade the performances of the sensors.”’

In this context nanoparticles of diamond have been considered as an al-
ternative sensitive coating that could solve some of the issues encountered
with other known selective coatings. Recent developments in conformal
coating with diamond nanoparticles using layer-by-layer deposition methods
have enabled the deposition of diamond nanoparticle thin films onto SAW
transducers® (Figure 18.12). For example, negatively charged diamond
particles were immobilised onto R-SAW resonators using a cationic poly-
mer.°"*> Diamond nanoparticles from detonation can be found in nano-
meter sizes and can thus be deposited using this approach as single or
multiple layers on sensors.

In addition to the high stability of the particles due to their carbon sp*
nature, thin films of diamond nanoparticles offer several advantages for gas
sensing applications using R-SAW transducers. First of all, the high density
of diamond prevents absorption of any molecules onto the bulk of the
coating. Hence, chemical interactions occur only at the surface of the par-
ticles, thus avoiding potential poisoning of the selective layer by trapping of
molecules into the material. Moreover, in contrast with polymers for in-
stance, the lack of diffusion into the bulk of the layer may improve the
sensor response times since it relies mainly on adsorption kinetics at the
diamond surface. For example, Chevallier et al. reported the detection of
240 ppb 2,4-dinitrotoluene using a selective coating based on a porphyrin

Figure 18.12 SEM image of a SAW sensor with a slight nanodiamond coating.
(Reprinted from ref. 61 with permission from Elsevier.)
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Figure 18.13 a) Transient response of SAW sensor coated with ZnTMPy-
nanodiamond at room temperature to different concentrations of
DNT; b) calibration curve obtained from four separate SAW sensors
prepared with three layers of ZnTMPy-nanodiamond (red curve),
three layers of nanodiamond (gray curve) and three layers of ZnTMpy
(blue curve) to DNT gas at room temperature.
(Reprinted from ref. 62 with permission from Elsevier.)

complex immobilised on diamond nanoparticles with a response time Togo,
of typically 250 s.°®> Here, the porphyrin complex was chosen for its strong
affinity with nitroaromatic compounds.®*®> The same team showed that the
use of diamond nanoparticles in this case could improve the sensitivity of
the sensor with respect to the same transducer coated with porphyrin alone
by, typically, a factor ten (Figure 18.13), most probably because of the higher
sensing surface area created by the nanoparticle coating.

As already discussed in the earlier sections, the carbon nature of diamond
offers many opportunities for attachment of a wide range of chemical or
biological receptors via C-C covalent bonding. Tard and coworkers showed,
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for example, that fluoroalcohols groups (-(CF3),~OH) could be immobilised
covalently on diamond nanoparticles for the detection of organophos-
phorous compounds.®® This work was inspired from previous work on
polymers containing fluoroalcohol moieties that exhibit strong hydrogen
bond acidic affinities with hydrogen bond basic organophosphorus nerve
agents.®® The sensitivity to dimethyl-methylphosphonate, a simulant for
sarin gas, was comparable to that of the polymer coatings (typically 750 Hz
ppm v '), with response times typically below 1 min. The same R-SAW
sensor was also tested with sarin gas, showing again similar results. Other
examples of applications using R-SAW diamond-based sensors include the
detection of mustard gas and phosgene,®® or ammonia.®'

18.4.3 Toward Artificial Olfaction Using Diamond-based
SAW Sensors

In many applications of chemical or biochemical sensing, selectivity is a
crucial parameter. However, the only approach to make 100% selective
coatings is probably through the use of bio-receptors, such as antibodies,
enzymes or DNA.Those receptors are generally suitable to detect biological
targets; hence, they are particularly useful for the development of sensors for
medical diagnostic. For instance, the enzyme glucose oxidase is highly
suitable for the specific detection of glucose. Unfortunately, the use of bio-
receptors for the detection of non-metabolic species is very limited. Amongst
the few examples Kalaji and co-workers developed specific proteins for the
identification of explosives.®” Furthermore, bio-receptors have a limited
lifetime, especially if not kept at an adequate temperature, and in suitable
pH or buffer conditions. Hence, they are not suitable selective coatings for
measurements in the gas phase. For these applications, more stable selective
coatings must be developed, but chemistry generally fails to provide 100 %
selective coatings. One approach has been to fabricate imprints of target
species using molecularly imprinted polymers, although this approach has
been unconvincing so far. The other approach is to use sensor arrays in
which each individual sensor features a broad selectivity to chemicals or
family of chemicals. Upon exposure to vapours, the responses of different
sensors in the array are analysed using a statistical multi-parametric ap-
proach, such as an artificial neural network, in order to identify the fin-
gerprint of the target vapour. Such an approach has been known for many
years as an “electronic nose”.°®

For such artificial olfaction applications, R-SAW sensors are highly
promising because they offer a high sensitivity in the ppb range along with
the possibility to address, as discussed before, any molecule, since they are
mass transducers. Diamond nanoparticle coatings, as described in the
previous section, appear as highly promising for such applications since
they may be used as a robust generic sensing interfaces of which
the chemical affinity may be tuned by various surface chemical terminations.
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This principle was demonstrated by Chevallier and co-workers by comparing
the sensitivity of two diamond nanoparticle-coated R-SAWs with different
surface terminations to various chemical vapours.®" In one sensor the sur-
face of diamond was hydrogen terminated and in the other sensor the dia-
mond surface was highly oxidized. Figure 18.14a shows the typical response
of the two sensors to 30 ppm volume ammonia vapours. Here, both sensors
are giving a response; hence, neither of them is very specific. Nevertheless,
the “oxidized diamond” sensor is typically ten times more sensitive than the
“hydrogen-terminated diamond” sensor due to the polar affinity of the oxide
groups with ammonia vapours. These two sensors were also exposed with
other vapours and, again, the affinities of the two sensors to the different
chemicals appeared to be clearly different (Figure 18.14b).
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Figure 18.14 a) Response of hydrogenated nanodiamond-coated transducer (dark
gray curve) and a photo-oxidised nanodiamond-coated transducer
(black curve) to a 30 ppmv NH; exposure; b) mean response of four
hydrogenated and four photo-oxidised nanodiamond-coated trans-
ducers, respectively, to successive 60 s exposures to ethanol, NH3,
DNT and DMMP.
(Reprinted from ref. 61 with permission from Elsevier.)
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This somewhat basic experiment demonstrated that simple surface
modifications can have a drastic influence on the selectivity of the diamond
based R-SAW sensors. Many wet or plasma processes have been described in
the literature to modify the chemical termination of diamond surfaces, thus
highlighting the opportunities of development for such sensor arrays. Re-
search in this field is very recent and considerable further work will be ne-
cessary in order to build specific reliable sensor arrays to comply with the
needs of potential users.

18.5 Conclusions

In summary, diamond features exceptional chemical and physical properties
that can be beneficial to improve not only the robustness and reliability of
chemical sensors in the field but also their sensing performances. Thus, a
number of diamond-based chemical or biochemical sensors have been re-
ported in the last twenty years, often showing highly promising perform-
ances. They include, for instance, solid-state sensors, field effect transistors
and electrochemical sensors. Amongst them, diamond-based gravimetric
sensors, such as SAW sensors and cantilevers, offer the possibility of high
sensitivity detection of a wide range of possible analytes at potentially low
costs and with a high level of miniaturisation. Research in this field is still at
a fairly early stage and diamond material in its various forms, from nano-
particles to bulk single crystals, has still a lot to offer toward highly in-
novative new generations of sensors.
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