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ABSTRACT: Pressure sensors form the basic building block for realisation of an electronic or
tactile skin used in prothesis, robotics and other similar applications. This paper presents a
device consisting of biodegradable piezoelectric material based dynamic pressure sensor
coupled with a graphene field-effect-transistor (GFET) operated at very low voltage (50mV).
The device has a biodegradable [(3-glycine/chitosan composite based metal-insulator-metal
(MIM) structure connected with GFET in an extended gate configuration. The developed
device shows a sensitivity of 2.70 x 10 kPa! for a pressure range of 5 - 20 kPa and 7.56 x 10
4 kPa! for a pressure range between 20-35 kPa. A distinctive feature of the presented device is
its very low operation voltage, which offers a significant advantage towards the development
of energy efficient large-area electronic skin. Further, the biodegradability of piezoelectric
material makes presented sensors useful in terms of reduced electronic waste, which is current

another growing area of interest.
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Introduction

Pressure sensors are key to the electronic skin (eSkin) and its application in prosthesis,
robotics and wearables 2. Amongst different strategies investigated for the fabrication of the
pressure sensors, the field effect transistor (FET) based approach has garnered significant
interest due to advantages such as low signal-noise ratio, high sensitivity, high spatial
resolution of sensors and possibility to realise active matrix *°. The FETs based on standard
silicon technology as well as organic semiconductors have been explored in literature with
pressure sensing layer as part of device structure or connected in an extended gate configuration
7. The organic materials based FETs are intrinsically flexible but often suffer from high
operation voltage and low carrier mobility 3'°. Our earlier work on graphene FET (GFET)
addressed some of the key issues associated with organic FETs !!.

In relation with the pressure sensing layer, various piezoelectric material such as the
polyvinylidene fluoride (PVDF) and co-polymer (PVDF-TrFE) ¢ 2, lead zirconate titanate
(PZT) -3, zinc oxide (ZnO) '*15, lead titanate nanowires '°, and aluminium nitride (AIN) 7
etc. have been explored with FETSs for dynamic pressure sensing. Among these, PVDF, (PVDF-
TrFE) and PZT have been extensively studied and often they require a high voltage
(100kV/cm) poling process for enhanced piezoelectric property. Such high-voltages could
unfavourably impact the device performance and may even damage the FETs. In this respect,
the use of the structurally piezoelectric material such as aluminium nitride (AIN), where poling
step is not needed, have also been explored. The CMOS compatibility of AIN also offers a
significant advantage over the aforementioned piezoelectric materials '*. The bio-based natural
piezoelectric materials such as 3-glycine are even more attractive, owing to their unique feature

such as biodegradability and superior piezoelectric properties '*-!. The ease of synthesis, room



temperature processing, biocompatibility and low cost are additional advantages of 3-glycine,
which is also known to exhibit a high piezoelectric coefficient (e.g. die= 174 pm/V and d,,= -
5.7 pm/V ) 22. However, due to the instability of 3-glycine under ambient conditions, their
application has been limited. Nonetheless, this issue could be resolved by fabricating a
composite of glycine with biodegradable dielectric polymers, so as to provide the required
stability while retaining the piezoelectric properties. This is achieved by crystallization of
glycine molecules in the chitosan polymer matrix using simple and inexpensive solution
casting method 2!.

Taking advantage of these benefits, here we present a dynamic pressure sensor comprising
of biodegradable B-glycine/chitosan composite piezoelectric transducer layer coupled with
graphene field effect transistor (GFET) (Fig.1). The p-glycine/chitosan composite based
metal-insulator-metal (MIM) structure is used here as the extended gate of GFET as this
configuration restricts the mechanical inputs to transducer only and prevents any pressure
stimuli related variation in GFET electrical response. Further, the extended gate configuration
also addresses the current limitation related to the poor adhesion of the B-glycine/chitosan to
the substrate. The presented device operates at significantly low voltage (50 mV), opening an
avenue towards the development of the low power sensors for applications such as wearables.
In addition, such sensors could be scaled up towards the development of the high resolution
sensors with low noise which are attractive feature for the development of large area eSkin.
The paper is strucutred as follows: section II discusses the fabrication process and the
experimental methodology related to the characterisation of the pressor sensor. The results of
the P-glycine/chitosan (B-Gly/CS) film and the pressure sensor characterisation are presented
in the section III. Finally, the key results are summarised in the conclusion section.

Experimental Section



2.1. Synthesis of glycine composite and fabrication of transducer MIM structure

The biodegradable piezoelectric film was synthesised using glycine powder and low
molecular weight chitosan (both from Sigma Aldrich). Glycine/chitosan solutions were
prepared by dissolving 0.8: 1 (w/w) glycine to chitosan in an aqueous 1% v/v acetic acid
solution. The resulting glycine/chitosan viscuss solution was casted on a 100 nm thick Au
coated Si substrate. The crystallisation of the glycine/chitosan film was carried over room
temperature for two days. The 0.8:1 (w/w) has been used here, as this is the optimum glycine
to chitosan ratio leading to development of uniform films with significant piezoelectricity, as
reported in our previous work?!'. The surface morphology and crystalline structure of the
synthesised glycine/chitosan composite film were studied by optical microscopy (Nikon,
Eclipse LV100OND) and x-ray diffraction (XRD, PANalytical X Pert Pro-MPD diffractometer)
respectively. The microstructure of the glycine/chitosan composite films were studied by
scanning electron microscopy (SEM, FEI Nova Nano). The results of the analysis are
presented in the subsequent section. The poor adhesion between the Si/Au substrate and
glycine/chitosan film aided the removal of the bio-organic film from the Si substrate.
Eventually, the 3-Gly/CS film was sandwiched between two Cu electrodes and encapsulated
by a thin layer of PDMS film. The fabricated glycine/chitosan film and MIM structure are
shown in Fig 2.

2.2. Fabrication process for Active device (GFET)

One of the vital step in development of GFET is the transfer of graphene to a suitable
substrate. In this study, a wet transfer process employing cellulose acetate butyrate (CAB) as a
supporting polymer was utilized for the transfer of graphene to the Si/SiO, substrate '!. Post-
transfer, the source and drain electrodes (10 nm Ti/ 50 nm Au) was deposited on graphene by
a series of steps which include photolithography, e-beam evaporation and lift-off. E-beam

evaporation was carried out using Plassys MEB 550S E-Beam evaporator. The graphene



channel was defined using photolithography and reactive ion etching (RIE) in O, plasma at 300
W resuting in a channel width of 50 ym. Following the channel definition, a 2 nm Al layer was
deposited in O, ambient via e-beam evaporation. This Al layer served as the seed layer for the
subsequent atomic layer deposition (ALD) of Al,O;. A 200°C thermal ALD process using
trimethylaluminium (TMA) and H,O as the precursors was employed for the deposition of 30
nm of Al,O; which served as the top gate dielectic. Subsegently, top-gate electrode (10 nm/60
nm Ti/Au) was defined by lithography, metallisation and lift-off resulting in a top-gate channel
length of 48 ym. Finally, wet etchant (HF:H,O (1:100)) with photoresist as the etch mask was
employed for selective etching of Al,O; to open the vias to the source and drain electrodes.

2.3. Methodology for Pressure sensor characterisation

The presented device comprises of two components: (a) graphene field-effect transistor
(GFET); (b) MIM structure with glycine/chitosan piezoelectric transducer layer. The latter is
connected as extended gate to GFET (Fig. 1). The electrical response of the GFET was studied
under an ambient condition using Keysight B1500A semiconductor device parameter analyser.
The device response to varying pressures was studied by applying a controlled force on to [3-
Gly/CS piezoelectric MIM structure. The pressure was applied using an in-house setup
consisting of a linear motor (VT-21 from Micronic USA) and load cell (Tedea Huntleigh Model
Number 1042). The linear motor’s motion was precisely controlled using the Labview
program.

Results and Discussion

3.1. Glycine/Chitosan film characterisation

The crystallisation of the glycine/chitosan initiates as water begins to evaporate from
the casted glycine/chitosan solution and the chitosan solution reaches the supersaturation stage.
The crystallised film exhibits a spherulite morphology as depicted in the optical micrograph in

Fig 3a. The spherulites contain crystal lamellae and the presence of dark amorphous regions of



chitosan between densely packed fibrils can be observed by optical microscopy (Fig. 3b).
Nucleation of spherulite crystals can occur on the surface of chitosan polymer and countinued
by the growth of densely branched fibrils outward from spherulite's centre to fill spherical
space. Figure 3¢ and 3d show the SEM images of 3-Gly/CS composite cross-section, revealing
the oriented nanofibrils structure formed by growth of [3-glycine crystals inside chitosan. The
piezoelectric characteristics of the composite film are hugely influenced by the crystalline
phase of the glycine crystals grown and embedded in chitosan. The XRD spectra of the
synthesised glycine/chitosan film, shown in Fig. 4, depicts various planes of the [3-phase
glycine (JCPDS database (00-002-0171) for 3-glycine). High intensity and sharp peaks indicate
a perfect crystallisation of the glycine piezoelectric phase (3-phase) in synthesised composite
film. The B-glycine/chitosan composite exhibited much higher stability in comparison to the
standalone [-glycine crystals and no phase transformation has been observed over few months,
which was confirmed by repeating the XRD measurements. The [-glycine crystals are
stabilized when they are embedded in the chitosan polymer matrix and there is a possibility of
intermolecular interactions between carboxyl groups of glycine molecules with amino groups
of chitosan .

[-glycine is thermodynamically the least stable polymorph of glycine and the formation
of this metastable polymorph from the liquid phase is more favourable at the higher rate of
supersaturation generation and nucleation %*. Therefore rapid crystallization should result in the
formation of -phase ». In glycine/chitosan solution casted on the substrate, evaporation
enables the supersaturation condition and subsequently the nucleation. In the presence of the
viscous solution of chitosan, the interface between primary crystal nuclei and chitosan polymer
solution reduce the surface energy and affects the nucleation rate. Lower surface energy
reduces the free energy barrier and induces faster nucleation 2. Therefore, kinetic effects are

dominant and controlled glycines molecular assembly in less thermodynamically stable phase



(B-form). Besides, the medium formed by chitosan polymer around initial formed crystals of
[-glycine, inhibits phase transformation into the one that is more stable. These results reveal
that chitosan polymer as crystallization media, plays a crutial role in controlling the
polymorphism and thermodynamically stabilization of the -phase.

3.2. Characterisation of GFET

The electrical response of GFET was studied in ambient conditions. The electrical
characterisitcs of the GFET, i.e. the transfer and output characterisitics at different gate bias,
are depicted in Fig 5. The transfer characterisitcs of the device show ambipolar behaviour with
a Dirac voltage, which is often observed in CVD graphene channel devices. The shift in the
Dirac voltage is attributed to the unintentional doping of the graphene channel, arising from
the residues left during the transfer process and ambient doping !''. The device exhibited
electron and hole mobility of 467 cm?/V.s and 267 cm?/V .s respectively. The carrier mobilities

of the GFET was evaluated using well estabilished diffusive transport model %’.

Riotar = Rs + (Lg/We//W n(z) +n?) (2)

where R, is the net device resistance arising due to the series resistance, R, and channel
resistance dependent on the gate voltage. The contribution to R;, arises from the access
resistance and contact resistance. L, and W are top-gate channel length and width of the GFET
device, e is the electron charge and y is the carrier mobility, n, and n are the residual carrier
density and the gate bias modulated carrier density respectively given by

ne hvymn
Vg — VTG,Dirac = C_
ox

e

Where v, is the Fermi Velocity.
The sensor’s dynamic response to varying pressure (5-35 kPa) was assessed using the

aforementioned dynamic pressure setup. The studied pressure regime covers the pressure



experienced during daily tasks involving manipulation of objects by touching, intra-body

pressure and for wearble health monitoring devices for blood pressure and pulse monitor 2.

A biasing condition of V4=50mV and V=0V was applied to GFET during evaluation of
pressure sensor. The B-glycine chitosan-based piezocapacitor was connected to the GFET, as
shown in Fig. 1. The operation principle of the sensor can be described as follows: The
mechanical stress due to pressure applied on the B-glycine chitosan-based piezocapacitor
generates a piezopotential across the composite film, which results in the potential diference
between electrodes [17]. In 3-glycine crystalline structure, molecular dipole moments pointed
from the NH,-terminals to the COOH-terminals direction °. Applying an external pressure and
deformation of the glycine/chitosan composite creates an enhanced polarization due to non-
symmetrical movement of molecular dipoles in the [3-glycine structure. This movement induces
a potential difference between the two electrodes, which is shown as the piezoelectric output
voltage. Thus, a larger deformation of the crystals due to higher pressure will lead to higher
piezopotential in the 3-Gly/CS film. The generated piezopotential by the external force applied
on the piezocapacitor, serves as the gae bias for the GFET, where it modulates the channel
carrier density resulting in observed change in channel current of the device. The application of
pressure results in negative gate bias, which lead to the accumulation of holes in the graphene
channel and causes an increase of the drain current. As the applied mechanical stress is removed,
an opposite polarity is generated resulting in the repelling of the holes in the channel. This results
in the instantaneous change in the drain current as the channel returns to its initial drain current
(Io) (Fig. 6a) The charge generated by the piezocapacitor on application of force is
approximately given by:
Q =dF (2)

where d;; is the piezoelectric coefficient and F is the applied force. The charge generated shows

a linear relationship with the force, as per equation 2, and therefore higher magnitude of



force/pressure results in a higher of piezopotential. Consequently, higher force/pressure results
in the generation of larger piezopotential and thereby the observed large change in the drain
current. Fig 6a. depicts the sensor’s dynamic response to a SkPa pressure, while the response to
different magnitude of pressure is shown 6b. The sensitivity of the sensor is determined by
(Al/1y)/ AP, where AP refers to the change in the applied pressure, Al is the change in the drain
current for the intial value, Iy. The pressure sensor demonstrated two regime of sensitivity, at
pressure range of SkPa-20 kPa a sensitivity of 2.70 x 10*kPa! was observed while a sensitivity
of 7.56 x 10*kPa! was observed for a pressure range between 20-35 kPa.

The improved sensitivity of the device is attributed to the improvements in the transconductance
of the device as the gate voltage is increased. Therefore, the higher piezopotnetial generated at
larger pressure results in a larger gate bias, eventually resulting in higher sensitivity in 20-35
kPa pressure range, as shown in Fig 6b. Table 1 provides an overview of reported sensor in
comparison with various FET based sensors using an extended gate approach. Although the
sensitivity of pressure sensor presented in this work is low, the higher mobility and low
operation voltage are attractive features for dynamic response at higher forcing frequency where
carrier mobility becomes a key factor limiting the choice of the sensors *. Some approaches
such as Subthreshold shottky barrier thin film transistors (SB TFT) have been shown to be
leading to low power (~1 nW) which is ideal for the wearbale devices *'-**. In comparison to
such approches, the reported device exhibits a higher power consumption (277 nW), however,
its low operation voltage (50 mV) in comparsion to SB TFT (1 V) and higher on current are
attractive features, perticularly for applications requiring higher switching speed with smaller
power sources. Further, the on-current of the GFET can be modulated by channel length of the
device, thereby the power consumption of the sensor can be reduced by employing larger
channel length devices.

Conclusions



A low voltage GFET based dynamic pressure sensor has been presented in this paper with the
biodegradable [3-glycine chitosan as the transducer layer. The pressure sensor demonstrated a
sensitivity of 2.70 x 10 kPa! for a pressure range of 5-20 kPa and 7.56 x 10“*kPa’! for a
pressure range between 20-35 kPa. The low operation voltage (50 mV) and the mechanical
stability of graphene could open up new avenues towards the development of low voltage
flexible electronic system. Further, facile synthesis method, biocompatibility and
degradability of piezoelectric layer are interesting features which could also be useful in
application such as stress monitoring and wearable healthcare monitoring devices. As a way
forwards, the fully degradable devices could be explored by replacing the Cu electrode in the

piezoelectric transducer layer MIM with other metallic electrodes such as magnesium.
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Figure 1. Pressure sensor comprising a GFET with a glycine-chitosan piezoelectric transducer
layer (a)The scheme of GFET coupled with glycine/chitosan in an extended gate configuration.
(b-c) Glycine-Chitosan MIM structure connected in an extended gate configuration to the
GFET. The inset in (c) shows the contact pads to the GFET.
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Figure 2. (a) Schematic illustration of [3-glycine/chitosan MIM structure. (b, ¢) Optical image
of fabricated flexible [-glycine/chitosan film and [-glycine/chitosan MIM structure
encapsulated by Cu electrodes and PDMS.



Figure 3. (a) and (b) Optical micrograph of showing the morphology of 3-glycine/chitosan
film, (c¢) and (d) SEM images over the cross section of the film showing nanofibrils structure

of -glycine/chitosan composite.
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Figure 4. XRD pattern of pure chitosan (red) and glycine/chitosan (blue) composite with 0.8:1
glycine to chitosan ratio.
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Figure 5. Electrical response of GFET. (a) Transfer characteristics of GFET at V=50 mV and
(b) Output characteristics of GFET for different top-gate bias.

(@) 4 (b) 20
Press Release
" 18 -
34 N
” m Mﬂ 16
| |
2 | 14
X (o [ |
> | 32 124
= [ ' ) '
2 14 [ [ [ % 101 S=7.56x 10" kPa™
A T O R =
L N S S N 8 .
O‘M w ‘. i | | [ | 6 L
1 L}
'“ w w 44 $=2.70 x 10* kPa"
-14 .
24
0 10 20 30 40 50 5 0 15 20 25 30 35
Time (s)

Pressure (kPa)

Figure 6. (a) The dynamic response of the sensor for a pressure of 5 kPa. The press event
indicates the application of pressure to the 3-Gly/CS MIM structure and release event indicates
the release of force from the 3-Gly/CS MIM structure. (b) Normalised change in current vs
pressure, the device exhbit an improved sensitivity at higher pressure (<20 kPa).
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Table 1. Comparison of FET based sensors with different piezoelectric transducer layer in
extended gate configuration.

OFET (DNTT) [30]

MOSFET [17]

GFET [11]

GFET (this work)

Non biodegradable
P(VDF-TrFE)

Non-biodegradable
AIN

Non-biodegradable
PZT

Biodegradable
Glycine/ Chitosan

Vds=Vg5=_2

Vds =Vg5 = 1

Vs = 0-1; Vgs =0
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