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Abstract: Bulk nanocrystalline graphite has been investi-
gated as a possible candidate for piezoresistive sensors.
The thin films were grown using capacitively coupled
plasma enhanced chemical vapor deposition and a tech-
nological workflow for the transfer of the active material
onto flexible substrates was established in order to use the
material as a piezoresitive element. Preliminary electrical
measurements under mechanical strain were performed
in order to test the piezoresistive response of the material
and promising GF values of 50 — 250 at 1% strain were ob-
tained.
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1 Introduction

Piezoresistive sensing relies on measuring the relative vari-
ation of an electrical resistance (%) with respect to the
applied mechanical strain (s = ATI> The proportionality
factor between these relative quantities represents the sen-
sor sensitivity, termed as gauge factor (GF). Piezoresistive
sensors are actively studied for a multitude integrated low-
strain or high-strain sensing applications, such as: struc-
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tural health monitoring for various industries [1-3]; pres-
sure, inertial or cantilever MEMS [4]; as wearable elec-
tronics for personalized health management by heartbeat,
arterial pressure or respiratory rate monitoring (3, 5-8];
touch/tactile sensors, motion detection and gesture regis-
tration for man-machine interactions [3, 5-7, 9-11]. The
common commercially available piezoresistive sensors are
known as foil strain gauges and consist of a patterned
metallic film or a semiconductor bar exhibiting GFs around
2, or 100, respectively. Alternative materials and architec-
tures are currently studied to improve sensitivity and sta-
bility. Based on good and stable conductivity and favor-
able chemistry and structure, graphene and other carbon-
based composites and structures represent one of the most
pursued paths.

Graphene and graphene derived materials show great
promise for strain sensing, usually based on a combina-
tion between intrinsic, and inter-particle resistance varia-
tion. Recent studies report GF values of: ~6.1 for low-strain
sensing, using chemical vapor deposition (CVD) graphene
transferred from a metal catalyst to polydimethylsilox-
ane (PDMS) [12]; ~2 for strains up to 30% using buckled
nanographene on PDMS [13]; ~11.4 for a graphene/epoxy
composite [14]; ~1.9 for suspended graphene up to 3%
strain [15]; from ~1143.5 to ~20.9 for 1 to 7 bilayers (BL)
of graphene nanoplatelets (GNP), respectively, assembled
layer by layer on a PDMS substrate at a strain of 5%, and
~301.61-29631 for a grid patterned 3 BLs of GNP at 10%-
25% strains [6]; ~457 for laser induced graphene (LIG) en-
capsulated in a flexible polymer at strains up to 35% [7];
~112 through direct laser writing (DLW) of porous graphitic
structures on polyimide films [3]; ~125 for inkjet printed
graphene [16]; of ~20 for strains to 1% and of ~40 for
strains higher than 1.5% in the case of LIG on Kapton
films [8]; and of ~2900 in the case of an individual single
walled carbon nanotube (SWCNT) [17]. Although graphene
and SWCNTSs present extraordinary electrical conductivity,
chemical stability and mechanical durability, they fall be-
hind in regard to large-scale production and integration.

In this context, large area directly grown and con-
ventionally processable thin layers of nanocrystalline
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graphite/graphene (NCG) may represent a sustainable
alternative for low-strain, high-sensitivity applications
(such as micro-fissure and structural vibration detection
for railways, bridges, buildings, industrial machineries
and in the automotive or aerospace industry) and recent
studies have shown it can reach GF values of ~300 [18] and
~600 for strains up to 1% [10], values that surpass even
those reported to date for strain sensing based on laser in-
duced, or direct laser written graphite/graphene layers.

Plasma enhanced chemical vapor deposition (PECVD)
is one of the most used techniques for the synthesis of
NCG films. This method offers a great degree of control and
fine tuning by providing a large number of process param-
eters to be adjusted [19-22]. Although the intimate mor-
phology of the PECVD-synthesized material is yet to be es-
tablished, various characterizations show that nanocrys-
talline graphite consists of nanodomains of sp? hybridized
carbon atoms delimited by lattice mismatches, amorphous
carbon or other defects. NCG can be seen as a broader
class, as it can be further categorized in subclasses based
on morphology and structure. A proposed nomenclature
for the diversified carbonic structures can be consulted in
[23]. While respecting the aforementioned nomenclature
as much as possible and considering its various characteri-
zations [24—-26], we define the material used in this work as
bulk-NCG: a thick and hard carbonic film consisting of 3D
randomly orientated, graphite nanocrystals with a domi-
nant turbostratic packing [27]

Thin films belonging to the broad class of NCG [27]
have shown promise in applications such as: field emis-
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Figure 1: Schematic representation of the technological workflow
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sion [28], electrochemical sensing [25, 29, 30], photodetec-
tion [31, 32], nanoelectromechanical (NEM) switching [19],
fabrication of microelectromechanical (MEM) resonators
[20], protective coating [33] or gas separation [34]. The in-
homogeneous conductive pathways formed by the sp? do-
mains provide the material with a special functionality
and a high conductivity response to small strains [10, 18,
35]. Zhao et al. [18] believe that the piezoresistive effect in
NCG-type materials has a tunneling conduction support,
similar to the mechanism characteristic to conductive poly-
mer composites, where the play between the onset of elec-
trical and geometrical connectivities of the filler particles
is modulated by the quantum conduction through the thin
acute gap formed in-between. The same group further
modified their growth process - based on remote plasma-
enhanced chemical vapor deposition (RPECVD) - to attain
measurable conductivities even for thinner (more strain
sensitive) NCG films [10]. They obtained significant sensi-
tivity enhancement by increasing the substrate tempera-
ture (from 525°C to 600°C) during the plasma process and,
in accordance with the assumed tunneling based sensing
mechanism, concluded that the key to that enhancement
was the higher nucleation density, lower grain size and
larger initial tunneling distance that resulted thereby. It
is indeed known the beneficial effect of a higher substrate
temperature on the film nucleation density [19, 27, 36].
For the present stage of our strain sensor development
we employed these findings, choosing to concentrate on
both developing a consistent transfer process, and using
a low resistance sensing film. Accordingly, we have per-
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Table 1: NCG growth parameters
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Time Heating speed Temperature Pressure RFpower Gas flow (sccm)
Step . o . o

t(min) (°/min) TC) p (Pa) Prr (W) Ar H, CHy4
Heat-up - 15 200 890 40 1500 200
Cleaning 0.5 890 200 1500 200
Growth 120 890 200 100 - 75 60
Post plasma processing 0.5 890 200 - 75 60
Cool-down - 9 890,200 200 1500 200

formed the growth of the sensitive film at the highest rec-
ommended substrate temperature (890°C) for our CC RF-
PECVD tool.

The high growth temperature of NCG does not en-
able direct deposition on a flexible substrate, as is possi-
ble in the case of metal-based commercial strain gauges.
Therefore, an optimal probing of the target strain requires
transferring the carbon layer on the polymeric film. The
usual transfer processes are based on additional support-
ing/sacrificial layers and chemical etching [10]. To avoid
some usual drawbacks-such as chemical residues or wrin-
kle and crack formation [37] - we explored here an alterna-
tive technique based on dry-etching.

In this work we present our first results with develop-
ing high-sensitivity piezoresistive elements by employing
a capacitively coupled RF-PECVD process to grow high con-
ductivity NCG films on SiO,/Si substrates and a new film
transfer method based on full dry etching of the substrate.

2 Methods and Materials

2.1 Film Growth and Sensor Fabrication

The full workflow for obtaining the final NCG films on flex-
ible substrates is schematically represented in Figure 1.
For these experiments we used 4" P/Boron-doped sili-
con wafers with (100) crystallographic orientation, 1 —
10Qcm resistivity and a 525+25um thickness, which were
thermally oxidized in a Centrotherm 1200 furnace (Cen-
trotherm Systemtechnik GmbH, Germany) in order to grow
a ~300 nm thin layer of SiO; on the surface. The bulk-NCG
deposition was performed by PECVD Nanofab 1000 (Ox-
ford Instruments, UK).

The SiO,/Si wafer is introduced into the reaction
chamber of the RF-PECVD tool at 200°C and gradually
heated to 890°C at a rate of 15°C/min in Ar:H, atmosphere.
After reaching the desired temperature, a H, cleaning step
in Ar:H, atmosphere is performed. The bulk-NCG deposi-

tion is accomplished at a pressure of 200 Pa and 100 W
RF power in a CH4:H, atmosphere. After the plasma is cut
off, the substrate temperature is lowered back to 200°C at
9°C/min and the wafer is evacuated in the loadlock cham-
ber. Before removing the wafer completely, the sample is
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Figure 2: Dynamics of NCG films growth: (a) thickness and (b)
growth rate time-evolutions.
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kept for another 10 minutes in the loadlock chamber at

6.6 Pa. The full process, with all the steps and parame-

ters, is presented in Tabular 1. The material thickness and

grow rate evolutions are presented in Figure 2. The spec-

troscopic ellipsometry measurements from [35], on which

the growth rate evaluation is based, were accomplished us-
ing a SE 800 XUV spectroscopic ellipsometer (Sentech In-

struments, Germany) with a laser wavelength of A = 632
nm. The 120 minutes growth process reaches an estimated
thickness of ~360-380 nm, that was approximated using a

two stage extrapolation of the data in Figure 2 (on all avail-

able data and on the late slope of the process dynamics).
Before undergoing the transfer process, the NCG film

is treated in a low power oxygen plasma using a Plasma

Etcher- Etchlab 200 (SENTECH Instruments, Germany) for

5minutes in order to oversaturate the surface with free oxy-
gen bonds and increase the films’ adherence to the flexi-

ble substrate. The O, plasma was capacitively coupled and
ignited at 20 W RF power at a pressure of 20 Pa and an
oxygen flow rate of 20 sccm. After the plasma treatment, a

thick 2 mm layer of PDMS, which is prepared using a stan-

dard 10:1 mixture of base to curing agents, respectively, is
applied on the carbon film with the help of a 3D printed

polyactide (PLA) mould and left to polymerize at room tem-

perature (RT) and a pressure of ~13 x 10> Pa for 48 hours.

The multilayer structure is etched from the backside
as follows: the first SiO, layer is etched in a CHF5:Ar (1:2)
atmosphere, at 10 Pa and 350 W RF power for 15 minutes
by capacitively coupled RF reactive ion etching, using the

Plasma Etcher- Etchlab 200 (SENTECH Instruments, Ger-

many); The Si wafer and the SiO, layer next to the NCG thin
film are etched in pure SF¢ inductively coupled plasma
(ICP) ignited at 0.8 Pa pressure and 1200 W RF power by

Figure 3: Diced strips of successfully transferred NCG/PDMS
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Plasmalab System 100- ICP Deep Reactive Ion Etching Sys-
tem (Oxford Instruments, UK). After the plasma is stabi-
lized (~5 s), the pressure is increased to 2.66 Pa, and the
full Si wafer is etched in a continuous plasma for ~4 hours.
The process has a high Si etch rate of ~2.2 ym/min, and the
SiO, provides a stopping barrier, as the SF¢ plasma selec-
tivity between the two is relatively high (Si:Si0,=40:1) [38].
Thelast 50 ym of Siand the SiO; layer are etched in steps of
10 and 5 minutes respectively, in order to visually inspect
the progress and prevent over etching. The residual SiO,
can be cleaned in a buffered hydrofluoric acid (BHF) so-
lution for ~1 minute. After the complete etch and success-
ful transfer of the NCG thin film onto the new PDMS sub-
strate, it is diced in strips for mechanoelectrical characteri-
zations (Figure 3). We noticed that the as-grown film unifor-
mity was deteriorated at the ICP etching phase. The signif-
icant radial non-uniformity of the transferred film reflects
a typical issue with longer ICP etching processes, caused
by inhomogeneities of the magnetic field, pressure, reac-
tive species flux. Further optimization of the ICP operating
conditions will allow reducing this effect.

The NCG thin film was mechanically contacted with a
1 x 1 cm Cu foil at each end of the strip. After conductive
wires were attached to the Cu foils, they were mechanically
pressed onto the NCG film in a 3D printed PLA mould, as
shown in Figure 4a. The entirety of the contacted NCG film
was then encapsulated with PDMS, which is prepared in
the same manner as previously explained. The encapsu-
lated device is shown in Figure 4b. The sensors are then

(b)

Figure 4: (a) NCG/PDMS in PLA mould before encapsulation; (b)
NCG/PDMS after complete PDMS encapsulation
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Figure 5: PDMS/NCG/PDMS sample used for electromechanical testing (ruler scale in cm)

glued to an elastic substrate (sticlotextolite), as presented

in Figure 5, which is used only for a guiding role in the 3-

point bending piezoresistive tests.

2.2 Characterization

Raman spectroscopy measurements were carried out by a
high resolution Scanning Near-Field Optical Microscope
fitted with the Raman Module Witec Alpha 300S (Witec,
Germany) before the O, plasma treatment, in order to con-
firm the type of the obtained carbonic material. The spec-
tra were acquired at 532 nm wavelength.

The conductivity of the as-grown films was measured
using a 4200-SCS/C/Keithley instrument (Keithley Instru-
ments, USA) coupled to an Easyprobe EP4 wafer prober
(Suss MicroTec, Germany), both on a transmission line
measurement (TLM) structure, and by the 4-point van der
Pauw method.

The controlled mechanical deformation by 3-
point bending was performed with the MultiTest 2.5-i
(Mecmesin, UK) equipment, with a distance of 70 mm be-
tween the supporting pins. The electrical measurements
were realized with a precision multimeter 8846A (Fluke,
USA).

3 Results and discussion

The Raman spectroscopy analysis presented in Figure 6 re-
veals the typical relatively sharp G and D peaks, specific
to the NCG class. The sp2 discontinuities and disorder, as
well as the turbostratic stacking, are reflected by the blue
shift of the G peak from its ideally graphitic value of 1580
cm™!, by the full width at half maximum (FWHM) values
of the main peaks (~67.23cm™! and 71.91 cm ™}, for D and G,
respectively) and by the presence of the defect related D+D’
peak, while the position and configuration of the 2D peak

additionally confirm the turbostratic nature of the mate-
rial [39, 40]. The dominant interlayer spacing derived from
these drifted quantities results of dog, ~3.5 A [39], that is
identical with the X-ray diffraction derived value [24, 25].
A rough approximation of an equivalent lateral size of the
average crystallite (L) in the material can be calculated
based on the Ip/I; intensity ratio of the main peaks. Ap-
plying Equation 1 [41] for the measured ratio of ~2.23 and
for the laser wavelength (A; = 532 nm), an equivalent Lq
~9 nm is obtained.

D(1351.12cm™)

N

G(1591.87 cm™)

2D(2700.29 cm’)

N

Intensity (a.u.)

D+D'(2951.56 cm”)

1 L 1 L 1 n 1 L 1
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Raman Shift (cm™)
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Figure 6: Raman spectrum for bulk-NCG thin film grown on 300 nm
thick thermal SiO,

-1
a=02.4x1072} (%) 1)

According to the tunneling model proposed by Zhao
et al. [10, 18], charge carriers have to resort to tunneling
through grain boundaries in order to move from one nan-
odomain to another, and the piezoresistive effect in bulk-
NCG films comes from the variation of the total tunneling
distance when the film is subjected to mechanical deforma-



DE GRUYTER

600 - /
400 - /

300 - ya

Electrical resistance, R (kQ)

100 -

ol v )
00 02 04 06 08 1.0 1.2 14 1.6

Maximum deflection of the current cycle, d (mm)

Figure 7: Electrical resistance, R, measured at different maximum
deflection values

tion. Due to that fact, bulk-NCG thin films have the capa-
bility to modify their GF by changing the growth morphol-
ogy [10, 18]. That, coupled with the inherent stability of
carbonic materials makes bulk-NCG a very promising ma-
terial for piezoresistive sensors in hostile media.

The electrical conductivity measurements by the TLM
and the van der Pauw methods provided similar results
(9.5-10.9x 10> S/m by TLM, and 9.9 - 10.1 x 10> S/m by
van der Pauw), showing that the as-grown bulk-NCG film
has a conductivity of ~10* S/m.

A first piezoresistive response test was made through
successive 3-point bending deformations and returns to
zero deflection, such that in each cycle the targeted max-
imum deflection at the center of the beam (d) is deeper
with 0.1 mm than in the previous cycle, until a final d of 1.5
mm. At the beginning and end of each cycle a resistance
measurement was performed. The initial measured value
of the sample resistance was 49 kQ and the up and down
displacement rate was 1 mm/min. Figure 7 presents the val-
ues measured in this experiment. The piezoresistive sensi-
tivity was calculated with the GF formula:

AR()
_Rly _ RO-RUo) 1
FO=2® " Rl & @

where g¢(1) is the flexural strain and R(I), R(lo) are the
electrical resistances measured in a deformed and relaxed
state, respectively. The strain &; is calculated by the for-
(’L—dzt, where d is the deflection, t is the depth of
the sensitive NCG layer relative to the central bending pin
(~5mm) and L is the distance between the two supporting
pins (~70 mm).

The measurements revealed a hysteretic behavior of
the sensor (Figure 8), most probably due to mechanical

mula: g =
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Figure 8: Resistance variations, AR, with respect to the strain, &, at
the end of each displacement cycle

delay of the substrates used and possibly other PDMS-
NCG interface issues. In Figure 9 we present the effective
GF values, that is, those that report the resistance to the
less advantageous value, measured at the beginning of the
current cycle (previous zero-deflection value). We observe
promisingly large values of the GF, but elucidating their
relatively large variation and inconsistent trend with the
strain needs further development with a thinner and stiffer
gauge substrate.
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Figure 9: Gauge factor with respect to the relative strain, ¢, while
accounting for the temporal hysteresis
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4 Conclusions

In this work we successfully obtained thin films of bulk-
NCG, high conductivity turbostratic carbon, by RF-PECVD
growth using a CH4:H; gas mixture and developed a re-
producible, dry-etching based method for transferring the
film on flexible PDMS substrates in order to test its ef-
fectiveness for applications requiring high-sensitivity, low-
strain sensing.

We presented here our first results in this develop-
ment, where promising sensitivity values were measured
(GF of 50 - 250). Importantly, this level of strain sensitiv-
ity was obtained with low-resistance (i.e. thick film) sam-
ples, that is essential for viable strain gauges in order to
provide enhanced immunity to noise pick-up. The intimate
structure of the material is not elucidated, and so is also its
actual mechanism of piezorezistivity response.

Future work will pursue both material modification
studies - from which we envisage to learn more also on its
strain sensitivity mechanism - and improving the transfer
process and the sensor construction by using alternative
solutions for the polymeric substrate.
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