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Abstract. Diamond-like carbon (DLC) thin films have been investigated for a
wide range of applications due to their excellent electrical and mechanical
properties. In the last decade, several researches and development activities have
been conducted on the use of these thin films as piezoresistors in MEMS
pressure sensors. This paper provides an overview on the design of a piezore-
sistive pressure sensor constituted of a silicon circular diaphragm with four DLC
thin-film piezoresistors arranged in the Wheatstone bridge configuration. The
sensor was designed from analytical formulas found in the literature.

Keywords: Piezoresistive pressure sensor * Diamond-like carbon (DLC) -
Design * Analytical solution

1 Introduction

Piezoresistive semiconductor sensors based on micro-electro-mechanical systems
(MEMS) technology have superior performance compared to many conventional sen-
sors in terms of sensitivity, stability, resolution and size. However, harsh-environment
sensing measurements have some significant technical challenges to overcome; among
them is the development of stable and functional materials to withstand extreme tem-
peratures and corrosive media [1]. In these hard conditions, traditional semiconductor
sensors typically exhibit low performance, which is mainly associated to their material
properties and packaging technology [2].
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Silicon is the most common semiconductor material used in MEMS piezoresistive
sensors. These devices due to physical and electronic properties of the silicon, such as
small bandgap energy (1.12 eV), have application limited in harsh environments,
particularly at high temperatures. The literature shows that at higher temperatures
silicon undergoes creep under minimal load which makes it unsuitable for sensor
applications. In addition, it has relatively low values for its Young’s modulus, hardness
and its fracture toughness [1, 3].

The factors mentioned above have motivated studies on synthesis and processing of
different material types (semiconductors, polymers and metals) to replace the silicon in
MEMS, especially as sensing material. Carbon-based materials, such as diamond,
diamond-like carbon (DLC) and silicon carbide (SiC), are recognized as the promising
materials because they possess excellent physical properties that silicon and other
materials lack. The excellent electrical, mechanical and thermal properties of
carbon-based materials made them an obvious choice for microelectronics device and
MEMS sensor applications. These materials exhibit very high Young’s modulus, high
tensile and fracture strength associated to good piezoresistive properties [4].

The focus of this paper is on the use of DLC thin films as piezoresistive sensing
materials. Piezoresistive effect has been shown fundamental in MEMS sensing. The
sensitivity of the sensors based in this effect is known as gauge factor (GF) and is
defined by:

__AR/R
N &

GF (1)
Where AR/R is the normalized resistance variation; € is the mechanical strain.
The electrical resistance R can be written as:

p.L
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where p is the electrical resistivity t of the material; L and A are geometric parameters
of the resistor (length and the cross-sectional, respectively). This equation can also be
written as:

rR=2= (3)

where w is the width and t is the thickness of the resistor.
Based on the orientation of the resistor, the gauge factors can be divided into
longitudinal (GFp) and transverse gauge (GFr) factors as follows:

Gr = SRR (4)
o = ARr/R (5)
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where AR and ARt are the changes in resistance when the resistors are placed lon-
gitudinally and transversely to the applied strain, respectively. The component of strain
in the longitudinal direction (g1) can be expressed as ratio of change in length to the
initial length:

AL
o= (6)

Hooke’s law relates the strain longitudinal to the stress (o) as follows:
g = E8L (7)

where E is the Young’s modulus or the modulus of elasticity of the material.

The transverse strain (et) is proportional to the longitudinal strain () within the
range of Hooke’s law. Hence, the negative ratio of these components is called Pois-
son’s ratio (v) and can be written as:

y=——= (8)

Differentiating Eq. (3):
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Therefore, the resistance changes can also be expressed, in two directions when lon-
gitudinal and transverse strain is applied respectively as:
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The choice of a piezoresistive material to develop the piezoresistive sensor is based on
the desirable characteristics of the device, such as sensitivity (gauge factor value),
nominal electrical resistance, thermal coefficient of resistance (TCR), temperature
coefficient of gauge factor (TCGF) and stability.

1.1 Properties of DLC Thin Films

The three possible carbon hybridizations (sp', sp” and sp), which are shown in Fig. 1,
make carbon unique due to its various allotropes. Diamond is one of its allotropes and
has only sp® bond hybridizations. Because of its atomic arrangement, diamond presents
high hardness, high electrical resistivity and low wear rate among other properties.
Meanwhile the graphite that has only sp” bond hybridization presents low hardness,
low electrical resistivity and high wear rate [5]. Diamond-like carbon (DLC) is another
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carbon allotrope that presents both hybridizations: sp> and sp>. This configuration gives
the DLC unique properties, merged between diamond and graphite properties, such as
high mechanical hardness, chemical inertness, optical transparency and wide band gap
[6]. Table 1 compares the properties of DLC and diamond.

a) *z <)
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Fig. 1. Schematic representation of carbon hybridizations: (a) spl, (b) sp2 and (¢) sp3 (adapted
from [7])

According to Robertson the sp' configuration consists in two of the four electrons
forming ¢ bond along x axis and the other two electrons lies in a pr orbital in y and z
directions [6]. While in sp” three of four electron form & bonds in a plane and the fourth
electron lies in a pr-orbital and in sp> each of four electrons form a strong ¢ bond to
adjacent in a tetrahedral configuration. The extreme physical properties of diamond
come from its strong directional ¢ bonds. Thus, the physical properties of DLC depend
on the quantity of sp> and sp> bonds presents in this material.

In Table 1 it can be observed the major properties of amorphous carbon and other
carbon materials compared with the quantity of sp® bond and hydrogen. The term DLC
was used for the first time in 1971 by Aisenberg and Chabot [9], but a variety of names
has been used to differentiate the types of DLC. The term a-C is used to all of
amorphous carbon materials with a medium portion (40-60%) of sp3 bonds while ta-C
term (tetrahedral carbon) is used to carbon materials with high sp3 concentration (more
than 70%). The prefix :H is used to indicate that the material is hydrogenated while
hydrogen free DLC don’t receive this prefix. Some authors choose the use of a-C and
ta-C rather than DLC or even the use of other variations as TAC (tetrahedral amor-
phous carbon) and others [7].

Therefore, as mentioned previously, the properties of DLC depend largely on the
amount of sp” and sp” bonds and of the hydrogen content in the material, being that the
mechanical properties depend on these three factors, except the elastic modulus and



Design and Analytical Studies 437

Table 1. Summary of the properties of DLC and diamond (adapted from [8]).

Properties | DLC Diamond
Structural | Amorphous (mixture of sp? (graphite)  Cubic structure
and sp3 (diamond)
L] o »
oo oo %
o.. .. O.. 'y [
® @ @
090 .99 0 9 o
06 ’00°,%,°
e ©°
Physical * Low thermal expansion coefficient » High melting point (~4000 °C)
* Thermal conductivity at room * Low thermal expansion coefficient at
temperature (100-700 W m 'K room temperature (1 x 10°° K™Y
* Dielectric constant (3.0-6.0) * High thermal conductivity at room
temperature (2000 W m~! K1)
¢ Low dielectric constant (5.7)
Electronic |+ Bandgap (0.8-4.0 eV) * Wide bandgap (5.45 eV, indirect
* Wide range of electrical resistivities gap)
(10°-10'? Q.cm) « High electrical resistivity (10"°-10'®
* High electric breakdown field Q.cm)
(>2.5 MV/cm) » High saturated electron velocity
(2.7 x 107 cm/s)
* High electric breakdown field
(10 MV/cm)
Mechanical | « Hardness (40-60 GPa) * High hardness (~90 GPa) and wear
* High Young’s modulus (200-750 GPa) resistance
* Excellent tribological properties » High Young’s modulus
* Potential solid lubricant coating (~1050 GPa)
* High strength/ tensile
* (>1.2 GPa)
* Low compressibility
+ (83 x 107° m* N7
Optical * High refractive index (1.8-3.0) « High refractive index (2.41)
* Low reflectance  Optical transparency
 Anti-reflective and scratch resistant * (UV to far IR)
coatings for IR optics * Highly resistant to damage from
irradiation
Chemical |+ Chemical inertness * High resistance to corrosion

* Excellent coating material for medical

* Chemically and biologically inert

implants

hardness that depend only on the sp> bonds. Meanwhile the electronic properties
depend on the fraction and configuration of sp> bonds.

According to Takeno et al., although DLC has attractive mechanical properties in
order to use this material in sensors, it is necessary to improve its electrical func-
tionality control by light element or metal doping [10]. Characteristics such as electrical
resistivity and TCR can be improved by the addition of metal in DLC matrix, forming
Me-DLC films [11, 12].
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It is known that a wide range of properties can be achieved by varying the synthesis
process of DLC. However, DLC is always a thin film, not a bulk [13]. In your paper,
Robertson explains that DLC occurs by deposition from energetic ion beams of carbon
ions, created by the graphite sputtering or by the formation of an arc from a graphite
target, or of hydrocarbon ions created by a discharge or plasma formed in a hydro-
carbon gas or by sputtering graphite in hydrogen-containing atmosphere [13].

Currently, PVD (Physical Vapor Deposition) and CVD (Chemical Vapor Deposi-
tion) processes are the most used to deposit DLC films. Magnetron sputtering and
cathodic vacuum arc are most used PVD techniques. In these techniques, physical
processes (ionic impingement on a target and evaporation, respectively) are responsible
for the atoms transfer from the source to the substrate [14]. While that, PECVD is the
main CVD technique. In this process, the reaction between the precursor gases is
stimulated or activated by the plasma [15].

1.2 Piezoresistive Sensors Based on DLC Thin Films

According to Takeno et al. the strain dependence of normalized resistance can be
defined by [10]:

Where AR is the difference between the resistance with an applied strain and the
resistance without strain, € is strain and k is the gauge factor which can be expressed as:

K=1+4+20+1E (13)

Where c is Poisson ratio, E is Young’s module and = is piezoresistive coefficient.
Since in metals the effect for the variation of resistance against the strain is small, its
piezoresistive coefficient is close to zero, because that they exhibit low GF values
(generally between 2 and 4) [16]. However, semiconductor materials present a strong
variation in resistivity following a deflection, which result in a gauge factor generally
higher than metals [17].

In 1999, Luethje and Brand observed the piezoresistive properties of DLC and
Me-DLC thin films [18]. In 2006, Peiner et al. reported for the first time a study of
piezoresistive properties of amorphous carbon strain gauges integrated in a silicon
cantilever. The gauge factor of a-C films was determined by deflecting the cantilever
and measuring the resistance change at compressive and tensile strains as well as under
longitudinal and transversal conditions. They concluded that a-C films, besides having
favorable mechanical properties, also showed a large piezoresistive effect with the
gauge factor varying from 37 to 46 [19]. In the same year, a study comparing the
piezoresistive properties among the aforementioned a-C film with an a-C:H thin film
deposited by PECVD was reported by Tibrewala et al. [20]. The GF measurements of
the a-C:H films were conducted using a test structure based on a silicon boss mem-
brane. It was obtained GF values from 100 to 1200. Fraga et al. have found a GF
around 70 for sputtered DLC films [21].
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2 Design and Analytical Studies of the Pressure Sensor

The purpose is developing a piezoresistive pressure sensor constituted of a circular
monocrystaline silicon diaphragm with four DLC thin-film piezoresistors arranged in
the Wheatstone bridge configuration as shows Fig. 2. This layout allows using the
benefits of DLC as sensing elements associated to well-known silicon microfabrication
technologies to form the diaphragm by deep plasma etching. The sensor structure will
be fully to design by analytical solution.

o
<

Fig. 2. Schematic representation of the pressure sensor

si [ Si0y B bLc resistors Electrical contacts

Kanda and Yasukawa demonstrated that the maximum stress of the square dia-
phragm is 1.64 times as large as that of the circular diaphragm when their diaphragm
thickness is the same, i.e. the square diaphragm exhibits better characteristics that a
circular [22]. However, from the fabrication viewpoint, the progress in plasma etching
technology of silicon has become the circular diaphragm attractive to replace KOH
etching.

2.1 Silicon Circular Diaphragm

Thin plate or small deflection theory is often used, and is appropriate for deflections
less than 1/5 of the diaphragm thickness [3]. The maximum deflection, w,,, of a
clamped circular plate under a uniform applied pressure is given by:

3 (1—v)pr

Where E is Young’s modulus, U is Poison’s ratio, p is the applied pressure, r and t are,
respectively, the ratio and the thickness of the circular plate. The small deflection
theory determines that:
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1
Wmaxg gt (15)

Substituting the Eq. (14) in (15):

O <miw (10

The material of the diaphragm was considered to be silicon with E = 180 GPa and
v = 0.18. A uniform pressure of 100 kPa was applied to the entire surface of the
circular diaphragm. Therefore,

IN
w
~
W

~ |~

(17)

2.2 DLC Thin-Film Resistors

The piezoresistive effect relates the change in electrical resistance of the resistor as a
function of the material piezoresistive coefficient and of the longitudinal stress as
follows:

AR
?: oy (18)

Where 7, is the longitudinal piezoresistive coefficient and the maximum longitu-
dinal stress which is given by

3pr2
=—— 19
01 42 (19)
Substituting the Eq. (19) in (18):
AR 3 r\ 2
i - 20
R 4nlp(t) (20)

It is known that the piezoresistive coefficients are sensitive to several quantities such as
conductivity type, orientation, temperature and doping level [4]. In this work, we
consider the longitudinal piezoresistive coefficient of undoped DLC film (7=
2.3 x 10719 [23]. Therefore,

% — 1.725.10°5 (;)2 (21)
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Substituting the Eq. (21) in (17):

% <0.024 (22)

The expressions (17) and (22) determine the maximum values for (r/t) and (AR/R)
respectively. Figure 3 shows (AR/R) as function of (1/t). As the objective is the develop-
ment of a small sensor with good sensitivity. For this reason, we have selected (1/t) = 25.
Therefore, the sensor presents circular diaphragm with r = 500 um and t = 20 pm.

0.03

0,025 -

0.02

AR/R

0015

0.01

0,005 -

0 10 20 30 40

r/t

Fig. 3. The fractional change of resistance as a function of (r/t).

3 Conclusions

The benefits of use DLC thin-film resistors in piezoresistive pressure sensors were
presented. In addition, we describe a simple and efficient methodology for design a
pressure sensor with silicon circular diaphragm using only analytical formulas found in
the literature. Using this methodology, it is possible to design the sensor for different
pressure ranges.
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