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We describe the fabrication and characterisation of a capacitive pressure sensor formed by an ultra-thin

graphene—polymer heterostructure membrane spanning a large array of micro-cavities each up to 30 ym

in diameter with 100% yield. Sensors covering an area of just 1 mm? show reproducible pressure trans-

duction under static and dynamic loading up to pressures of 250 kPa. The measured capacitance change
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Introduction

Capacitive pressure sensors are used for a broad range of appli-
cations due to their high pressure sensitivity, low temperature
dependence and low power consumption.? A capacitive
pressure sensor typically comprises a thin conductive mem-
brane which is freely suspended above a fixed counter-
electrode in a parallel plate geometry, where the space is filled
with either air or a vacuum.® In this configuration, a higher
sensitivity is achieved by increasing the suspended membrane
area, reducing the dielectric gap and using a membrane
material with a lower bulk elastic modulus. However, this
increases the size of the sensor, resulting in nonlinear
pressure transduction and a limited dynamic operating range.*

Existing capacitive pressure sensors employ either silicon-
based or polymer-based suspended membranes that are on
the order of microns in thickness, therefore requiring relatively
large diameters of several 100s of microns and capacitor
spacing below 1 pm in order to give a sufficiently high sensi-
tivity.>> In view of improving the performance of these
devices, the fabrication of large area membranes with a
smaller air gap often results in membrane collapse driven by
either capillary forces or stiction due to electrostatics or van
der Waals forces during the fabrication or operation of the
device.*” This limits current technologies from achieving
higher sensitivities and reduces their reliability.
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in response to pressure is in good agreement with calculations. Further, we demonstrate high-sensitivity
pressure sensors by applying a novel strained membrane transfer and optimising the sensor architecture.
This method enables suspended structures with less than 50 nm of air dielectric gap, giving a pressure
sensitivity of 123 aF Pa™* mm™2 over a pressure range of 0 to 100 kPa.

Emerging ultra-thin nanomaterials such as carbon nano-
membranes, cross-linked gold nanoparticles and the family
of 2-dimensional (2-d) materials have shown great potential
as candidates for next generation nano- and micro-electro-
mechanical systems (MEMS and NEMS).®* ' Amongst these,
single-layer graphene is regarded as a promising material
for pressure sensing due to its large-area processability by
chemical vapour deposition (CVD), high conductivity, high
elasticity and excellent tensile strength.'™'> Moreover, early
studies on graphene have shown that when suspended across a
micro-cavity etched into silicon oxide, the graphene exhibits an
ultra-strong adhesion to the surface and thereby seals the micro-
cavity off from the surrounding atmosphere."*'* This property
also holds for other 2-d materials, including CVD graphene, due
to their atomic thickness and negligible bending rigidity.> The
opportunity of forming gas tight membranes with almost
negligible bending rigidity and its potential for developing
pressure sensitive devices from graphene has prompted many
efforts into fabricating suspended CVD graphene devices."®>"

The most common method of forming suspended CVD gra-
phene structures is to transfer the graphene from its parent
substrate (on which it is synthesised) onto a cavity-baring
substrate using a sacrificial polymer support film.*>*
However, in a manner similar to current capacitive pressure
sensor devices, devices often collapse due to stiction or capil-
lary forces that act on the graphene during the removal of the
polymer support.””*' Additional processing steps have been
developed to overcome this fabrication challenge. For example,
solvents are exchanged in order to reduce capillary forces,**
critical-point drying protocols are applied®® and samples are
annealed after transfer.”® Alternatively, support-free transfer
methods such as wet-contact printing,>” face-to-face transfer*®
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and transfers facilitated by self-assembled monolayers>® have
also been developed. Whilst such methods increase the prob-
ability of individual graphene membranes to remain suspended
after transfer, they do not provide a complete solution for a
100% yield of suspended graphene structures over a large area.

Another strategy in preventing the collapse of suspended
graphene is to reinforce membranes with another
material.*** For example, by stacking up multiple layers of
CVD graphene on top of one another or by depositing carbon
nanotubes on a graphene film, crack-free freestanding struc-
tures up to 1.5 mm in diameter and 5.1 nm thickness have
been demonstrated.**** However, this approach requires many
fabrication steps, is very time consuming and results in wrink-
ling of the suspended membranes. Most recently, graphene-
polymer heterostructure membranes comprising single-layer
CVD graphene and an ultra-thin polymer layer, 10s of nano-
metres in thickness, have been shown to provide an excellent
support for facilitating suspended graphene devices with
100% yield.>® Whilst the presence of a polymer on the surface
of graphene is often a disadvantage in chemical and bio-
medical sensing applications (where a clean surface of gra-
phene is crucial to providing a high sensitivity),>® as a mechan-
ical component it provides an optimal trade-off between the
elastic modulus and membrane yield.*”

Further, a route towards minimising membrane stiction in
NEMS switches is to reduce the gate electrode contact area by
implementing 3-dimensional gate electrode geometries.*®>°
For example, CVD graphene closely suspended over an elec-
trode with a ‘line contact’ has been demonstrated with reliable
radio frequency actuation at low operating voltages.” In the
present work, we fabricate, characterise and test capacitive
pressure sensors comprising an array of ultra-thin graphene-
polymer heterostructure membranes and demonstrate a route
towards high sensitivity pressure sensors over a large pressure
range using a modified transfer method and a 3-dimensional
cavity structure.

Results
Fabrication of sensor arrays

Sensors are fabricated from CVD graphene grown on copper
foils (provided by Graphenea), following a two-step transfer
process; the CVD graphene is first transferred from a square
piece of copper foil of 5 mm x 5 mm size on to a flat silicon
dioxide surface of a silicon substrate (SiO,/Si) using a poly-
methylmethacrylate (PMMA) transfer polymer and a wet trans-
fer process described in ESI Discussion 11 and elsewhere.??
On a separate substrate, the SiO, surface of a 1 cm x 1 cm
piece of Si/SiO, wafer is patterned by deep reactive ion etching
(DRIE) to form an array of circular or hexagonal holes of a
given diameter, periodicity and depth, arranged in various pat-
terns such as a hexagonally packed lattice. On the surface of
this chip, surrounding the region of perforation, metal electrodes
are formed using a photomask and thermal metal evaporation.
The chip with the CVD graphene on the surface is then coated
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Fabrication steps Cross-section Perspective-view

1. Flatten membrane PR /
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Si/Si0,
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Fig. 1 Fabrication steps and schematics of a graphene—polymer
capacitive pressure sensor.

with a layer of PMMA photoresist (PR) (Fig. 1, step 1) and a
tape support window is adhered to its top surface. The support
and graphene-PMMA stack is then lifted off the SiO, surface
using an aqueous potassium hydroxide etchant (Fig. 1, step 2).
We do not directly transfer the graphene from the copper foil
onto the perforated substrate because the PMMA coating on
the copper is not homogeneous. Moreover, a homogenous
coating of polymer on the graphene, as achieved by a two-step
transfer process, is required for the optimal design and oper-
ation of the sensor array as will be described subsequently. In
the final step the flattened graphene-polymer membrane is
aligned with the patterned SiO, surface using a tape supported
transfer process described elsewhere (Fig. 1, step 4).>>

Each sensor array now comprises a monolayer graphene
membrane with a second polymer layer of total membrane
thickness t,, suspended over an array of circular cavities each
of diameter 2a and depth ¢,,,. An additional SiO, dielectric of
thickness ¢, exists at the base of each cavity, beneath which
lies the highly doped Si substrate which acts as the counter
electrode. An array of such cavities covers an area of up to
1 mm?. Since the cavities are now sealed by the graphene
membrane, an equilibrium pressure p, exits within each
cavity. When the external pressure is changed to a value p > p,
(positive pressure), the membrane deflects in to the cavity and
the centre of the membrane achieves a deflection of z. The
deflection of the membrane results in a change in capacitance
which is measured and correlated to the change in pressure. A
detailed description of the entire fabrication protocol is given
in ESI Discussion 1.7

Modelling of graphene capacitive pressure sensors

The deflection mechanics of suspended membranes structures
is typically described by either a non-linear membrane model
(z > t,,) or a linear plate model (z < t,,), where z is the typical
membrane. Whilst the non-linear model assumes in-plane
stretching as the dominant factor determining the deflection
of the membrane, the linear plate model solely considers

This journal is © The Royal Society of Chemistry 2017
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out-of-plane bending. Throughout this study we employ mem-
branes with a thickness of approximately 140 nm and measure
deflections of 10s of nanometers as characterised in a pre-
vious study.*® Thus, the deflection profile of the membrane is
approximated by the plate model given by

2
:3(1—1/2) Pa* (1_ﬁ) (1)
4 Ety,® a?
where P, v and E are the applied pressure, Poisson’s ratio and
Young’s modulus of the membrane and geometric parameters
z, 1, a and t,, are the membrane deflection, radial position,
radius and thickness respectively, as shown in Fig. 2a.

A unit cell of a pressure sensing device is defined by two
areal components; a suspended area, Ag,s and a surrounding
substrate supported area, Ag,p, as shown in Fig. 2b. In this ana-
lysis the suspended area is defined by a circle with radius a
and the total unit cell area is defined by

Zplate (r)

Aunit = Asus + Asup = I X 1. (2)
The total capacitance of a unit cell in an array is then given by

Iy x I, — na?

Cous(A 3
tgap + fox + Csus(Ap) (3)

Ceell = €0€0x
where Cgys is the capacitance of the suspended portion that is
dependent on the pressure across the membrane, Ap. In the
same way, this quantity is also split into one constant com-
ponent and another dependent on the pressure

L S |
Csus Cox Cgap (Ap )

where C, is the capacitance of the oxide layer at the base of
h L - na® is th .
the cavity given by Cox = soeoxg and Cg,p, is the capacitance

of the air gap given by the integral

(4)

c r" r rdrdé (5)
= 8 ——
&P o Jo 0 toap — 2(1)

where ¢, and € are the permittivity of free space and the rela-
tive dielectric constant of the oxide layer respectively. By evalu-
ating the integral at pressure equilibrium Ap = 0 and at Ap > 0
we obtain the following expressions for the capacitance across
the air-gap™®

. .

P
[N A
0 - supporting layer

onductive layer

Fig. 2 Dimensions of a capacitive pressure sensor. (a) A schematic
cross-section of a capacitive pressure sensor comprising a conductive
layer and a supporting layer suspended over a cavity etched into a Si/
SiO, substrate. (b) A schematic in perspective view of a capacitive
pressure sensor array with unit cells in row i and column j with a capaci-
tance value of C; ;.
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where D is the bending modulus.

A similar analysis has also been shown for square plates.*'
The capacitance of an entire device with an array of N x M
pressure sensing cells is thus given by summing over all of the
rows i and columns j of the array given by

M N
Co = Cpar + Z Z CiJ (7)
Jj i

where Cp,, is a lumped sum of all of the parasitic capacitances
in the pressure sensor chip. Eqn (6) shows that variation of the
film thickness and cavity geometry allows for precise tuning of
the pressure sensor performance. A common figure defining
the performance of a capacitive pressure sensor is the sensi-
tivity,** given by

6
2a

e012(1 — 1) | —=
Sf5cgapf o1 )<ﬁ)

© SAp 49.6Etgp’tn?

(8)

Whilst this model provides a basic description of a pressure
sensor array, in practice numerous other effects play a role in
determining a pressure sensor’s performance. A summary of
these effects can be captured by an equivalent circuit model of
the pressure sensor.

The fabrication protocol outlined in Fig. 1 was used to fab-
ricate two different designs of pressure sensor. The thickness
of the polymer layer used in both of these designs was cali-
brated such that 100% yield of suspended membranes can be
achieved in both devices, whilst maintaining a high deflection
sensitivity of the membranes and thus a measureable capaci-
tance signal. This calibration procedure is outlined our pre-
vious study on graphene-polymer membranes.”® The first
design uses a thick SiO, layer, deep cavities and relatively
small membranes as shown in Fig. 3a.i. This design uses a
straightforward circular cavity geometry, in order to confirm
that the experimental device behaviour fits the electromecha-
nical model. The second design uses a thin SiO, layer, shallow
cavities, relatively large membranes and micro-bumps in the
cavities as shown in Fig. 3a.ii. This design is to optimise the
deflection sensitivity and electromechanical coupling of the
pressure sensor. The micro-bumps in the cavity act as an anti-
stiction surface for the membrane as explained in a later dis-
cussion. In the first part of this work we will only be concerned
with design 1 in order to experimentaly verify the electro-
mechanical model above.

Physical properties of sensor arrays

Identifying the number of inactive membranes, that have
either collapsed or contain cracks, is crucial in modelling the
pressure sensor performance. In order to characterise the

Nanoscale, 2017, 9, 17439-17449 | 17441
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Fig. 3 Characterisation of graphene—polymer membrane arrays. (a) Schematic of membrane arrays of (i) design for model verification and (ii) high
sensitivity devices. (b) Optical micrographs (OM) of suspended membrane arrays at 50x magnification directly after fabrication, (c) AFM height maps
and (d) cross-sections of a single cavity before transfer (black — bare substrate), a suspended graphene—polymer membrane at equilibrium pressure
(blue — suspended — 0 kPa) and when pressurised to 80 kPa (red — suspended — 80 kPa) respectively. (e) A summary table of the device dimensions
of design 1 and 2. (f) The Raman spectrum of a substrate supported graphene—polymer film and a bare substrate supported graphene film.

membrane integrity over large areas, we employed a series of
optical and mechanical techniques. Sensors were first
imaged by optical microscopy to check for rips, cracks or con-
taminants in the graphene-polymer film. A detailed descrip-
tion of these common artifacts is given in ESI Discussion 2.}
Fig. 3b.i shows an optical micrograph in reflective-mode at
50x magnification. On this scale we can identify that all
membranes are homogenous and contaminant free. Samples
with full coverage and a homogenous film transfer were sub-
sequently analysed by atomic force microscopy (AFM) and
Raman spectroscopy. The AFM height maps and cross-sec-
tions in Fig. 3c.i and d.i show that the suspended membrane
gently sags 5 nm below the level of the supported film surface
at equilibrium. Moreover, when the cavity is pressurised to 80
kPa using a micro-blister inflation technique, the membrane
deflects 135 nm below the level of the supported film surface.
The dimensions of each of the devices, as measured by AFM,
are summarised in Fig. 3e. Further characterisations of suc-
cessfully transferred films is undertaken by AFM Quantitative
Nanomechanical Mapping (QNM).** This mode of AFM
allows us to create high resolution maps of the height and
effective elastic modulus of our device, highlighting cracks or
tears in the suspended membranes which are not normally
visible from Raman mapping. The micro-blister inflation
technique is also used to probe the gas permeability of the
membranes. This is discussed in further detail in ESI
Discussion 3.1 Fig. 3f shows the Raman spectrum of a sup-
ported graphene-polymer film in comparison to that of a
bare graphene film. The two spectra demonstrating that the
graphene layer in the composite film is of high quality apart
from some minor defects as indicated by the presence of a D

17442 | Nanoscale, 2017, 9, 17439-17449

peak (1350 c¢cm™") intensity ratio. Further, Streamline™
Raman mapping allowed us to map the G and 2D-peak inten-
sities over the entire sample area. A detailed discussion of the
features revealed by this imaging mode is given in ESI
Discussion 2.7

Sensor device performance (device 1)

Fully characterised graphene-polymer membrane arrays with
full coverage, 100% yield, minimal defects with dimensions as
described in Fig. 3a and b were electrically contacted to a chip
carrier and loaded into a custom built pressure system as
shown in Fig. 4a. The pressure system consists of a pressure
chamber equipped with pressure control valves and a reference
pressure gauge, enabling precise control over the chamber
pressure. Devices are first evacuated using a scroll pump, fol-
lowed by a N, gas purge, giving a stable and inert atmosphere
inside the pressure chamber. In order to calibrate the drift of
the capacitance, samples were measured for 1 hour at equili-
brium pressure in a N, atmosphere. During this period we
observed a drift of 0.05% of the total capacitance. A detailed
description of the pressure sensor calibration is given in ESI
Discussion 4.f The pressure was then varied between atmos-
pheric pressure (0 kPa pressure difference between inside and
outside of the cavity) and 250 kPa at various speeds and time
intervals in order to characterise the sensor response. As the
pressure inside the chamber increases the suspended gra-
phene-polymer membranes are pressed into the micro-cavities
with a force proportional to the chamber pressure. The capaci-
tance between the graphene layer and the doped silicon sub-
strate is measured using a high precision LCR meter with a
resolution of 1 fF in typical operating conditions. Capacitance

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Performance of graphene—polymer membrane pressure sensor array. (a) A schematic of the measurement setup used to measure the
capacitive pressure sensors. (b) Pressure versus capacitance measurements of a device with and without cavities. (c) Capacitance measurements of
the pressure sensor in reference to 10 pressure cycles between 0 and 80 kPa at 30 seconds intervals. (d) The measured capacitance of the pressure

sensor in reference to a 6 seconds pressure pulse.

measurements were taken at 1 kHz with a bias of 1V, giving a
noise limited capacitance accuracy of 0.05%. Devices were
compared to identical devices fabricated in parallel, but
without any cavities etched into the substrate. This allowed us
to confirm that it is truly the deflection of suspended gra-
phene-polymer membranes that is causing the change in
capacitance, as shown in Fig. 4b. Each data set represents four
cycles, with each cycle representing either a pump or vent
between 0 kPa and 250 kPa. The device with cavities shows a
strong correlation between the pressure and capacitance in
comparison to the reference device without cavities. This
demonstrates the device’s sensitivity to pressure due to the
presence of cavities and therefore suspended graphene-
polymer membranes. We notice that for the device containing
cavities, the capacitance response is offset by 15 + 10 kPa. This
offset is attributed relaxation of intrinsic ripples in the sus-
pended membranes, which compensate membrane deflections
at low pressures. We are able to extract the sensitivity of
devices containing cavities from the slope of the curve in
Fig. 4b as 0.21 = 0.01 aF Pa™".

Next we cycled devices containing cavities between 20 kPa
and 100 kPa with a cycling period of 30 seconds. Fig. 4c shows
the reference pressure and measured capacitance of a device
containing cavities over 10 cycles. The device’s response to the
continuous change in pressure is reproducible with a precision
of 6% of the measured pressure range given by the standard
deviation of the capacitance value measured during the cycling
experiment. This irreproducibility is likely due to the air-flow
within the pressure chamber creating movement of the gra-

This journal is © The Royal Society of Chemistry 2017

phene-polymer film’s edges, thus creating irregular jumps in
capacitance of the device. As the inaccuracy due to the sensors
reproducibility dominates over other contributions such as the
sensors linearity and hysteresis, we quote the accuracy of the
sensor as 6%. Finally, we measured the capacitance of the
sensor for a short pressure pulse of 6 seconds at 90 kPa in order
to probe the sensor’s response time. Fig. 4d shows that the
measured capacitance and reference pressure signals correlate
well and minimal drift is observed over the complete cycle.
However, a delayed response is observed on the down-step of
the pressure pulse giving a combined response time of the up
and down pressure stroke of 1.8 s. We expect that the formation
of ripples in the membrane has a smaller time scale than ripple
relaxation. A similar effect was observed previously in micro-
structured dielectric capacitive pressure sensors.** In order to
confirm that the observed capacitance change is solely due to
the deflection of suspended graphene-polymer membranes and
that gas concentrations are independent of the device capaci-
tance, we also measured the samples without any cavities in
different gaseous atmospheres (ESI Discussion 41). We also
note that the pressure sensor forms a low leakage capacitor
with a discharge resistance of 6.5 MQ when measured at an
excitation of 1 V at 1 kHz. Assuming the discharge curve is
linear this gives a discharge time of approximately 32 ps. As this
time scale is an order of magnitude lower than the sampling
rate of our capacitance measurements, we do not expect this to
have a significant effect on our measurements.

Using the height profiles of membranes pressurised to
different pressure values during micro-blister inflation tests,

Nanoscale, 2017, 9, 1743917449 | 17443
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we were able to estimate the sensitivity of the capacitive sensor
using the previously derived expression (eqn (8)). As each
sensor contains several thousand membranes over a 1 mm x
1 mm square, we conducted AFM measurements at 5 randomly
distributed 90 pm x 90 pum sample areas, giving an average
distribution of membrane morphologies of each sensor. AFM
measurements were taken immediately after pressure sensing
experiments to ensure our calculation captures membranes
that were definitely active during sensing. Using parameters
from the table in Fig. 3e, the calculated sensitivity is 0.28 + 0.8
aF Pa~'. The large error in our calculation is attributed to the
variation in deflections of individual membranes. The signifi-
cance of these variations for a capacitive pressure sensor are
discussed in a later section. Further, the calculation is higher
in comparison to the measured sensitivity of 0.21 + 0.01
aF Pa~". We attribute this difference to a combination of charge
leakage through the SiO, layer and along the surface of the
sensor chip as well as due to the plate model being at its limit
in the pressure used throughout our experiment.

The performance of this first demonstration of a capacitive
pressure sensor remains low compared to current state of the
art sensors; nonetheless this design serves to validate our
experimental results with a model. For example, a recently
published CMOS (complementary metal-oxide semiconductor)
pressure sensor spanning an area of 0.31 mm? as described in
Table 1, has a sensitivity of 1.2 aF Pa~".** In the following
section we outline a route towards high sensitivity pressure
sensors and demonstrating an initial working prototype with a
sensitivity of 5.0 aF Pa~" over an area of just 0.04 mm?.

High-performance sensor device (device 2)

The continuing challenge in achieving high sensitivity over a
small area, whilst maintaining a large pressure range, is to
minimise the air gap between the sensing membrane and the
cavity bed. The minimal air gap distance is limited by three
contributing factors that cause collapse of the membrane due
to stiction to the bottom of the cavity. First, the induced
dipoles due to the chemical functionalities of the membrane
underside and the cavity bed cause attraction between the two
conductive plates. We expect this effect to have negligible con-
tribution to membrane stiction due to the inert nature of the
materials used in our device design. Second, electrostatic
forces due to applied potential bias or fabrication induced
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charging of the capacitor plates can result in membrane stic-
tion. Whilst impedance measurements of the cavity-baring
substrates indicate that our fabrication procedure has a minor
influence on the charge density in the oxide layer, the
measured values are insignificant towards attracting the gra-
phene-polymer membrane. The third and most significant
force acting on the membrane is due to retarded van der Waals
forces, also known as Casimir forces. These forces are signifi-
cant when membranes come into a proximity of d ~ 100 nm to
the bottom of the cavity."® The pressure due to the Casmir
force is given by

nhen® B
240d%  dt )

Peasimir =

where 7% is Planck’s constant, ¢ is the speed of electromagnetic
waves and 7 is a constant depending on the dielectric permit-
tivity of the capacitor plates and the medium between them.*”
The value f is therefore known as the interaction parameter.
An experimental study has shown that for the interaction
between a single layer of graphene and a silicon oxide surface
separated by air the value = 0.014 giving an interaction para-
meter of # = 0.018 nN nm®.*® Using this value we can approxi-
mate the distance between the graphene-polymer membrane
and the bottom of the micro-cavity for which the pull-in
instability occurs and thus the optimum placement of the
membrane to achieve a high sensitivity. Assuming Casimir
forces dominate and that the interaction is strictly between a
silicon oxide surface and a circular graphene membrane with a
diameter of 30 um, the pull-in instability occurs at a distance
of approximately 20 nm. In practice surface charges accumu-
lated from transfer, an additional contribution from the
polymer layer as well as inhomogeneties in the membrane
morphology make it necessary to position the membrane
slightly further from the cavity bed as the above the pull-in
instability distance suggests.

In order to further improve the pull-in instability of the gra-
phene-polymer capacitive pressure sensor we employed two
additional steps to our fabrication protocol. First, micro-wells
were etched into the base of the cavities in order to reduce the
silicon oxide area below the suspended membrane, thereby
reducing the total Casimir force acting on the membrane.
Second, we applied a strain to the graphene-polymer mem-
brane during the membrane transfer procedure in view of stiff-

Table 1 Comparison of state-of-the-art pressure sensors to graphene—polymer sensors

Metal-polymer*®

(this work)

Metal-silicon®° Graphene-polymer

Membrane matetial
Elastic modulus
Membrane thickness

Parylene C/AU/parylene
3.9 GPa
1.3 pm/200 nm/1.3 pm

: p =079

28 i X .
— [3 pm

Sensitivity at FPS 2.2aFPa™!

Areal sensitivity (mm?) 25 aF Pa™!

Full pressure scale (FPS) 6.8 kPa
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SiO,/Al/SiO,
<100 GPa
500 nm/2 pm/500 nm

p =0.90

600 pm_~L_Z_Z_~
L Z_Z_Z140 ym
i

CVD graphene/PMMA
10.9 GPa
0.35 nm/140 nm

p=0.92

210 pm, 530 ym

T 1116 um SEEEEE 180 nm
1.2aFPa ! 4.2 aF Pa™!
4 aF pa™! 123 aF Pa™*
600 kPa 100 kPa
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ening the membrane and therefore increasing the effective
restoring force ke of deflected membranes. In addition, we
also changed the shape of cavities to a hexagonal in order
achieve high packing densities whilst preventing high local
stresses as found in square shaped membranes.*® A schematic,
optical micrograph and AFM of this optimised design is
shown in Fig. 3a-d.ii. In addition a schematic of the strained
transfer and an optical micrograph of the resulting suspended
membrane structure in comparison to a normal membrane
transfer are shown in Fig. 5. The schematic illustrates that
crumpled graphene-polymer membranes as transferred using
the standard method (Fig. 1) results in excess material that
can readily adhere the to the cavity (Fig. 5a.ii). When these
membranes are strained, such crumples are flattened out
(Fig. 5b.i) and the membrane can span large areas without stic-
tion to the cavity (Fig. 5b.ii). The optical micrographs shown in
Fig. 5a.iii and b.iii show a change in contrast between col-
lapsed and suspended membranes respectively due to applying
strain during membrane transfer. The applied strain during
transfer is estimated as 0.15 + 0.01 by Raman spectroscopy as
described in ESI Discussion 5.F

The morphology of a bare micro-cavity, a suspended gra-
phene-polymer membrane and a collapsed membrane are
shown in Fig. 3a-d.ii. Taking the film thickness as 140 + 4 nm
we estimate that the graphene layer is suspended just 40 + 4 nm
above the oxide layer. Further comparison of the collapsed
membrane with a cross-section of the bare micro-cavity
reveals negligible adhesion to the sidewalls of the sub-cavities.
This infers that the membrane is loosely bound to the bed of
the micro-cavity, relying solely on the adhesion to the area
remaining on the cavity bed. We were able to release collapsed
membranes from the cavity base by retracting the transferred
film and re-laminating the surface with applied strain as
shown in the ESI Video.

A sensor with device design 2 that was optimised for high
sensitivity was tested in our pressure setup. The device per-
formance was characterised using the same procedure as
described previously apart from the maximum sensing

a.i

a.ii

a.iii
Fig. 5 Strained film transfer. (i—ii) Schematic comparing normal mem-
brane transfer (a) to strained membrane transfer (b). (iii) Optical micro-

graphs taken at 50x magnification of the resultant samples when the
normal (a) and strain transfer (b) are applied.
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Fig. 6 Comparison of the capacitance-pressure sensitivity of devices
with design 1 and 2.

pressure was limited to a maximum of 80 kPa in order to mini-
mise permanent membrane stiction. Fig. 6 shows the sensi-
tivity of a device with design 2 when cycled between 0 and 80
kPa at 30 seconds intervals in comparison to a device with
design 1. A significant increase in performance is measured
despite the sensing area occupying just 0.25 mm? on the chip
compared to 1 mm? in the first device. However, cycling the
sensor does not give the same degree of reproducibility in sen-
sitivity as the first generation device. Further detail on the
pressure testing data of design 2 is given in ESI Discussion 6.1
The large variance in the second device’s response is attribu-
ted to noise in the capacitance measurements which is likely
due to charge leakage through the oxide and along the chip
surface. We expect the majority contribution to originate from
trapped states and mobile surface charge in the gate oxide as a
result of the DRIE of sub-cavities. We support this assumption
by comparison of the C-V characteristics of the two gener-
ations of devices as shown in ESI Discussion 7.7 In order to
reduce the noise level in future iterations we propose the use
of a pinhole free dielectric or deposition of a barrier layer.

Discussion

MEMS and NEMS technologies face the continuing challenge
of achieving higher device sensitivities over large pressure
ranges whilst covering a minimal area on chip. Existing and
emerging devices employ either a silicon-based or a polymer-
based active membrane. The device characteristics and per-
formance of such state-of-the-art devices are compared to the
graphene-polymer-based sensors in Table 1. The thickness
and modulus of our proposed structures places the graphene-
polymer sensors in the property space which -currently
includes polymer membranes, but also extends into the per-
formance gap between polymer and silicon MEMS in terms of
sensitivity and pressure range.

In Table 1, the performance of graphene-polymer capaci-
tive pressure sensors are compared. Metal-polymer pressure
sensors typically involve membranes ranging in diameter

Nanoscale, 2017, 9, 1743917449 | 17445
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from 500 pm up to several millimetres with polymer thick-
nesses of several microns encapsulating a thin metal layer
(100-200 nm). The combination of a soft membrane material
and large membrane diameter gives excellent sensitivity over a
small pressure range. Such sensors are typically developed for
biomedical applications where small pressure fluctuations in
the body are monitored and the biocompatibility of the
sensor’s constituent materials are crucial. Metal-silicon
pressure sensors with a membrane diameter of several
hundred microns, consisting of a stack of two sub-micron
thick SiO, layers encapsulating a metal layer, are of a signifi-
cantly higher stiffness. In addition, CMOS processing compat-
ibility enables membranes to be suspended in close proximity
to the complimentary electrode thereby giving a large sensing
range whilst maintaining high sensitivity.

Graphene-polymer pressure sensors aim to cover the entire
operating range for MEMS pressure sensors, including the areas
occupied by high sensitivity, low range polymer sensors and low
sensitivity, high range silicon sensors as well as bridging the
gaps in performance between the two. Whilst our first iteration
of devices demonstrate reproducible pressure sensing using gra-
phene-polymer stacks as the active element, the large gap
between the membrane and the complimentary doped silicon
sensing electrode (1430 nm) gives a relatively low sensitivity.
Devices with design 2 use a much thinner oxide layer in order
to improve the electromechanical coupling of the graphene-
polymer membrane, thereby improving the device sensitivity.
Moreover, the pressure range (80 kPa) is maintained as the
membrane diameter is kept considerably small and the
membrane is pre-strained during the transfer procedure. The
stiffness of the membranes used in all of these devices lies
between that of silicon and polymer based MEMS (10.9 GPa)
and the membrane transfer technique enables the fabrication
of densely packed suspended membranes on the wafer scale.
However, the elastic properties of the membrane can be varied
with ease by modifying either the polymer thickness or number
of graphene layers.* For example, by using an even stiffer mem-
brane in a similar architecture, as shown by design 2, there is
scope to further extend the pressure range of graphene-polymer
pressure sensors whilst maintaining a high sensitivity.

In addition to improving device sensitivity and range, the
graphene-polymer membrane structure aims to overcome
several reliability issues faced in current MEMS and NEMS
technologies.””” First, the use of sacrificial layers in CMOS pro-
cessing puts several limitations on device architecture and
material design; materials must be resistant to aggressive etch-
ants, have sufficient stability to overcome capillary forces, and
an additional sealing step is required after removal of the sacri-
ficial etchant.>">* By transferring the active mechanical com-
ponent directly onto a pre-patterned micro-cavity in air we avoid
trapping liquids that initiate membrane collapse and comple-
tely seal the micro-cavity. Moreover, CMOS compatible polymers
such as parylene-C have been shown to be equally valid for this
fabrication process.® A further challenge is presented by the
brittle fatigue in silicon-based membranes.>® This failure mech-
anism is often attributed to stress corrosion cracking, whereby
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stress-assisted hydrolysis of the native or deposited SiO, layer
initiates crack propagation.® Graphene and PMMA are both
known to have reversible morphological changes in response to
humidity and there is no indication of crack formation or
propagation on cycling the pressure sensors.”> >’

Whilst we recognise that the reproducibility and hence the
accuracy of the graphene—polymer sensors are not comparable
to state-of-the-art devices, the aim of the sensor principle is to
improve the trade-off between sensitivity and pressure range of
capacitive pressure sensors. We identify inaccuracies in the
pressure cycling data as engineering challenges which will be
addressed by refining the sensor fabrication technique and
design. For example, by pre-patterning the CVD graphene
before the polymer deposition step in the fabrication of the
device, the exposure of graphene edges to the surrounding
atmosphere is minimised. Further, the use of an oil-fill of the
pressure sensor housing can be used to isolate the active
sensing area.>® Both of these techniques are expected to sig-
nificantly minimise noise in the capacitance signal.

A further performance inaccuracy in these sensors is the
response time. We note that a delayed response time of the
graphene-polymer pressure sensor is mostly apparent in the
down stroke of a pressure cycle. As the deflection mechanism
is dominated by the bending of the polymer component of the
graphene-polymer membrane it is most appropriate to
compare this response time to that of other polymer-based
pressure sensors. The typical response time of polymer-based
pressure sensors is on the order of 1-10 s which is primarily
attributed to the relaxation time of the polymer matrix as it
reconfigures into its equilibrium state.**° In contrast silicon-
based the pressure sensors typically have a response time on
the order of 10-100 ms due to the high stiffness and the crys-
talline nature of the material.®® Whilst the current sensor per-
formance may not be suitable for the measurement of short
pressure changes, such as in mobile hydraulics for example,®*
the sensor may be more suitable for applications with long
pressure cycles, such as level measurements or blood-pressure
monitoring.®? In order to improve the sensor response time we
propose to further reduce the thickness of the polymer layer as
well as using crystalline polymer materials such as parylene-C
that exhibit significantly faster relaxation times compared to
the PMMA polymer that is currently used.

With the graphene-polymer pressure sensor in its early
stage of development, it remains a challenge to accomplish a
large area array of suspended membranes with uniform per-
formance characteristics. Such non-uniformities arise from a
combination of membrane relaxation and gas-leakage through
defects in the membranes. The effects of membrane relaxation
and gas-leakage have been investigated in previous micro-
blister inflation experiments on graphene-polymer mem-
branes. This study demonstrated that graphene-parylene-C
membranes of thicknesses ranging from 23 nm to 201 nm
have an excellent reproducibility in the deflection of individual
membranes, but show a significant variation in the deflection
between different membranes across a large area array.
However, with respect to the performance of the capacitive

This journal is © The Royal Society of Chemistry 2017
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pressure sensor these variations become averaged out due to
the large quantity of membranes that operate in parallel across
the entire array.

Increasing the number of cavities within the device there-
fore provides a strategy towards improving the reproducibility
of the device, however this approach is limited due to the cost
of increasing the device footprint by adding more cavities. A
more direct approach to solve the issue of reproducibility is to
improve the control over the method of laminating the gra-
phene-polymer film onto the cavity-baring substrate, thus reg-
ulating the mechanical properties of the individual suspended
membranes. Moreover, by further reducing the thickness
of the polymer layer a reduction in gas-leakage can be
obtained as previously shown in the aforementioned study on
graphene-parylene-C membranes.

Beyond the initial demonstration of a capacitive pressure
sensor, we aim to develop more sophisticated MEMS and NEMS
devices using ultra-thin graphene-polymer membranes. The
excellent elasticity and high temperature compatibility of gra-
phene makes graphene-polymer membranes attractive for
pressure sensing in harsh environments, where shock and elev-
ated temperatures would cause significant damage to tradition
silicon MEMS. Whilst we note that the polymer layer is likely to
be the limiting material in harsh environment applications, the
large variety of polymers available as ultra-thin coatings also
allows us to fabricate a range of ultra-thin membranes with pro-
perties tuned to specific applications, where the polymer layer
not only acts as a mechanical reinforcement but also gives
additional functionality to the membrane.*® In view of the
latter, we also envisage the use of graphene-polymer mem-
branes in polymer MEMS devices ranging from micron-scale
pumps and valves in micro-fluidics and lab-on-chip devices to
pressure sensors and actuators in biomedical applications.

Conclusion

We have demonstrated the fabrication and characterisation
protocol of graphene-polymer capacitive pressure sensor
arrays. Using this method we fabricated two types of devices
with different designs. The first device has large capacitor
spacing and comprises an array of circular micro-cavities
enabling low loss capacitance measurements and membrane
deflections that are described by a simple linear elastic model.
Thus, we show the device is well described by an analytical
electromechanical model. We then demonstrate the fabrica-
tion of a second device that aims to improve the device sensi-
tivity whilst maintaining a relatively large working pressure
range. By applying strain to the membrane during transfer we
are able to fabricate membranes 30 pm in diameter and sus-
pended less than 50 nm above the surface of micro-cavities
etched into silicon dioxide. This precision enables excellent
electromechanical coupling giving an unprecedented pressure
sensitivity of 123 aF Pa~' mm™? over a pressure scale of 80 kPa.
Finally we discuss the current challenges in state of the art
MEMS technologies and how graphene-polymer NEMS can
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enable highly sensitive devices with a large operating range
and excellent reliability.
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