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An ultrahigh resolution pressure sensor based on
percolative metal nanoparticle arrays

Minrui Chen® ', Weifeng Luo® ', Zhonggi Xu® ', Xueping Zhang® ', Bo Xie® 2, Guanghou Wang® 3 &
Min Han® '

Tunneling conductance among nanoparticle arrays is extremely sensitive to the spacing of
nanoparticles and might be applied to fabricate ultra-sensitive sensors. Such sensors are of
paramount significance for various application, such as automotive systems and consumer
electronics. Here, we represent a sensitive pressure sensor which is composed of a piezo-
resistive strain transducer fabricated from closely spaced nanoparticle films deposited on a
flexible membrane. Benefited from this unique quantum transport mechanism, the thermal
noise of the sensor decreases significantly, providing the opportunity for our devices to serve
as high-performance pressure sensors with an ultrahigh resolution as fine as about 0.5 Pa and
a high sensitivity of 0.13 kPa~!. Moreover, our sensor with such an unprecedented response
capability can be operated as a barometric altimeter with an altitude resolution of about 1m.
The outstanding behaviors of our devices make nanoparticle arrays for use as actuation
materials for pressure measurement.
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recision pressure sensors are essential to many micro-

electro-mechanical systems (MEMS) devices, with applica-

tions in various areas. Currently, the development of smart
systems and wearable devices has drawn tremendous attention
toward the high-resolution MEMS integrated pressure sensors
working stably on atmospheric pressure!~!l. Electromechanical
pressure sensors consist of two essential components: a mem-
brane and a transducer element, which converts the applied
pressure to an electrical signal change. Most recently, a wide
variety of materials and nanostructures such as two-dimensional
layers!~3, nanotubes*-®, nanofibers”8, nanoparticles (NPs)%10,
and even composited conductive rubbers!! were focused to be
used in these devices. Piezoresistive sensing is the most frequently
used transduction mechanism in these pressure sensors!2, owing
to advantages such as direct current input, high yield, simple
structure and manufacturing process, low cost, scalable, as well as
easy signal collection!®14, These piezoresistive sensing elements
undergo a change in their internal resistance when they are
stressed, which breaks the ohmic contact or forms new defects in
the materials. Generally, these piezoresistive sensing elements are
hard to distinguish external pressure changes lower than 100 Pa,
since the piezoresistive mechanism does not work if the external
pressure change is tiny!>16. There is a tremendous interest to
develop MEMS integrated pressure sensors that allow for atmo-
spheric applications with a very high resolution of sub-10 Pa.
With such a resolution, an altitude difference of about 1 m can be
distinguished by barometric measurement.

Recently, percolative NP arrays have been used as piezo-
resistive transducers of ultrasensitive mechanical sensors, such as
strain sensors!718, humidity sensors!?, as well as force and mass
sensors2, In the closely spaced NP arrays, the spacing of the
adjacent NPs is so small that the electron transports between NPs
are dominated by tunneling or hopping?1:22. There are a large
number of percolative paths existing in the disorder NP arrays.
Since the quantum tunneling or hopping is extremely sensitive to
the inter-particle spacing, the percolative paths could be broken
or regenerated by a tiny change in the geometries of the NP
arrays. As a result, the conductance of percolative NP arrays is
sensitively related to the deformation of the substrates on which
the NPs deposit!718:20.23 [t is reasonable to assume that such
mechanism is applicable to a piezoresistive pressure sensor by
fabricating percolative NP arrays on flexible membranes as
transducer elements.

In this paper, we realize a new configuration of piezoresistive
pressure sensor fabricated from percolation-based conductive
nanostructures. Differing from current piezoresistive pressure
gauges, these devices transduce the external pressure on the elastic
membrane on which the NPs deposited to the change of the
tunneling conductance across the NP percolating networks?4-28,
The device characterizes with an extremely high resolution of
about 0.5Pa. Working as a barometric altitude sensor, it
demonstrates the ability to distinguish altitude difference of about
1 m. While the majority of the piezoresistive pressure-sensing
devices today use doped silicon transducers wherein they undergo
a change in their carrier mobility when they are stressed, our
devices offer an alternative with potentially higher pressure reso-
lution in terms of higher sensitivity, reduced thermal disturbance,
and decreased power consumption with a larger resistance of
about 10 MQ.

Results

Operating principle of the NP array-based pressure sensor.
Similar to typical configurations of pressure sensors, the archi-
tecture of our pressure sensor is comprised of a strain gauge

fabricated directly on the surface of the membrane and
hermetically encapsulated on a vacuum or gas-filled reference
cavity3>%2% A quarter cross-sectional view of our sensor is
shown in Fig. 1a. For this device, the distortion of the diaphragm
is sensed by a new type of piezoresistive strain gauge, which is
based on the deformation-induced change in the tunneling con-
ductance of the closely spaced NP arrays!?. These NPs formed a
discontinuous film in a disordered manner on a highly deform-
able membrane such as polyethylene terephthalate (PET) with
prepatterned interdigital electrodes (IDEs). These can be con-
sidered as percolation pathways that conduct electric current
distinguishable from the leakage current when a fixed voltage is
applied®*. The strain-sensing mechanism of this structure
comes from the deformation-dependent percolation morphology
over the IDEs. By applying an external pressure, a small defor-
mation of the PET membrane induces a change in the inter-
particle spacing, enabling more or fewer conductive percolation
pathways, thus leading to a change in the electron conductance,
as shown in Fig. 1b.

Fabrication of the NP array-based sensing elements. The flex-
ible strain-sensing element (Fig. 1c) was fabricated by depositing
metal NPs with controlled filling fraction carried out using a
straightforward nanocluster deposition technique (the fabrication
procedure is depicted in Supplementary Note 1). The conductance
of the NP film was monitored during the deposition process
(Supplementary Fig. 1). A typical conductance evolution curve
measured during the NP deposition process is shown in Fig. 1d.
It exhibits the characteristics describable with a percolation
model3%31, considering the similarity between the coverage of the
NP assembly and the particle filling fraction used in the perco-
lation model, both of which increase with the deposition time. In
our device, the electrodes cover an area ranging from several
square millimeters to several ten square millimeters, resulting in a
huge aspect ratio (total electrode length versus electrode separa-
tion) of the inter-electrode gaps. This morphology leads to a rapid
increase of the conductance after the NP coverage reaches the
percolation threshold, which is determined by the electrode
separation, due to the formation of a large number of conductive
percolation pathways (or say closely spaced NP chains across the
electrodes). Furthermore, due to the quantum tunneling nature of
electron transport, the development of the conductance during NP
deposition is not only dependent on the geometric filling pattern
of the NPs but also dependent on the distribution of inter-particle
gaps along the conductive percolation pathway, which also
changes with the increase of the deposition mass. As a result, a
finely gradual change in the slope of the conductance evolution
curve reported in Fig. 1d can be observed in the vicinity of the
percolation threshold after a few number of conductive percola-
tion pathways are formed, which enables a least measurable
electric current. With a further increase in the deposition time, the
conductance evolution curve soon reaches a rapid rising slope and
the gradual change of the conductance with such rising slope can
span four orders of magnitude or more, rather than displaying an
uncontrollable sudden drastic rising as many classical granular
conductive composites show. This nature is important for the
device to achieve a sensitive and high resolution response to the
change in the inter-particle gap distribution induced by various
physical actions, such as pressure and strain. The slope of the
conductance evolution curve can be finely adjusted by the NP
deposition rate, as shown in Supplementary Fig. 2. Since a pre-
cisely controlled deposition rate can be maintained in the gas
phase cluster beam deposition, a reliable and reproducible pro-
duction of the devices can be assured.
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Fig. 1 Fabrication and characterization of a pressure sensor based on the NP arrays. a A schematic diagram of the piezoresistive barometric pressure
sensor prototype in a quarter cross-sectional view. b The operating principle of our sensors. These red lines linking NPs represent percolation pathways
that may exist in arrays. When a pressure is loaded, more pathways are generated so that the lines become denser. ¢ Photograph of the actuation layer of
the sensor, consisting of a PET membrane covered with Pd NP arrays and Ag IDEs. d Evolution of the conductance between the IDEs during NP deposition.
The insets show a schematic depiction of the inter-particle electron tunneling pathways in metal NP arrays before, close to, and beyond the percolation
threshold. e HAADF-STEM image of the Pd NP arrays. Scale bars in image and inset represent 100 and 10 nm, respectively. f Size distribution of the NPs
measured from e. The distribution fits the lognormal function. Source data are provided as a Source Data file

Microstructural characterizations of the NP arrays. To analyze
the micro-morphological characteristics of NPs, images from the
scanning transmission electron microscopy (STEM) using a high-
angle annular dark field (HAADF) detector (Fig. le) and the
scanning electron microscopy (SEM) (Supplementary Fig. 3)
demonstrate uniform deposition of the NPs across the full area of
the IDEs. The mean diameter of the NPs is about 16 nm (Fig. 1f).
The NPs are well isolated without coalescence. Most of the NPs
are closely spaced, with an inter-particle spacing smaller than 1
nm (inset image in Fig. le). More detail morphological infor-
mation is displayed in Supplementary Note 2.

Generally, NPs of various metals can be used as the
piezoresistive sensing medium. In the present research, palladium
(Pd) NPs were used in preference owing to their less coalescence
(Supplementary Fig. 4) and chemical stability. Although gold has
been preferentially considered as a conductive and chemically
stable element in many sensing applications3?33, the high
mobility and easy coalescence behavior of gold NPs leads to
large instability when they were used to constitute percolative
conducting NP arrays.

Oxidation of metal NPs is a common concern for a device
working under atmospheric ambient directly. Oxidation of Pd
NPs has been observed in a wide range of conditions®. For the
gas phase deposited Pd NPs, our X-ray photoelectron spectro-
scopy (XPS) and high-resolution transmission electron micro-
scopy (HR-TEM) characterizations demonstrated that there is a
PdO, layer of 0.5nm in thickness formed on the NP surface
(Supplementary Fig. 5). Considering PdO, is a p-type semi-
conductor with a relatively low work function, the conductance of

the NP arrays is possible to contain the contribution from the
electrons emitted from the NP surface under the applied bias
voltage. However, since more than one inter-particle nanoscale
gaps may be contained in most of the percolation paths and the
applied bias voltage in the measurement is only 1V, the voltage
drops on each nanoscale gap should generally not be enough to
stimulate the electron emission so that the conductance measured
from the NP arrays is not dominated by the electron emission
mechanism. Although the multi-barrier tunneling nature of
electron transport in the NP array remains unchanged, the
conductance of the array and therefore the response characteristic
of the device will be stabilized to a new value after its exposure to
air, due to the reduction of the inter-particle tunneling barrier
height resulting from the formation of the PdO, surface layer
with a relatively low work function.

Response behavior of pressure sensors based on NP arrays. A
home-made system was used to test the sensing performance of the
sensing elements as shown in Supplementary Note 3 and Supple-
mentary Fig. 6. The response of the device with pressure was
measured by monitoring the conductance as a function of the
applied pressure, which was changed in steps. Figure 2a shows the
pressure-response curves, (AG/Gy) versus AP, where AG = G — Gy,
in which G and G, denote the conductance with and without an
applied differential pressure AP (with reference to atmospheric
pressure), respectively. We first discuss the situation of a sensor
with a 0.05-mm-thick PET membrane. Over the whole applied
pressure range, our sensor showed a steady response to static
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Fig. 2 Detection of tiny differential pressures. a Pressure-response curves for PET membranes of different thicknesses. Error bars represent the s.d. of the
conductance. b AG/Gq versus strain e curves for an actuation layer in the pressure sensor. € The FEA result of the strain distribution on the cross-section
along the center line of the PET membrane under different pressures. d Mechanical deformation at various position on the upper surface of the PET
membrane. x denotes distance between the center of PET and the point as shown in €. The inset is a partial amplification of the low pressure regime. e AG/
Go response of loading and unloading cycles for different pressures. f The RMS error in AG/Gq at different AP. The inset shows a typical AG/Gg
fluctuation, which was used to calculate the RMS errors. Both right axes show the pressure converted from left AG/Gq. g Real-time transient AG/Gq by
applying AP = 0.5 Pa. Data of e, f, and g were from measurements on a sensor with a 0.05-mm-thick PET. h A comparison of the sensitivity and resolution
of the present device with other nanostructure-based pressure sensors. Source data are provided as a Source Data file

pressure, and the conductance under each pressure was constant
(the error bars obtained from statistical analysis of the measure-
ments were too small to be distinguished in the plot in Fig. 2a). The
slope of the pressure-response curves ((AG/Gy)/AP) could be used
to characterize the sensitivity S of the pressure sensor32. For smaller
differential pressures (lower than 60 Pa), there is an approximately
linear relationship between the response and the applied pressure,
with a pressure sensitivity value S = 0.13kPa~!. Above 60 Pa, the
sensitivity dropped to 0.049 kPa—l. A response drop in sensitivity
at higher pressures has been widely observed in recently reported
pressure sensors>>~37. In our sensor devices, the decrease in sen-
sitivity might be attributed to the transition of the deformation
behavior of the PET membrane.

For a thin film assembly of NPs on a flexible membrane, a
compressive strain may induce a decrease in the mean distance to
adjacent NPs, resulting in an increase in the conductance of the
NP array, as shown in Fig. 1b; a tensile strain will have the
opposite effect?®. This could be proved by the changes of relative

conductance influenced by different strain, as shown in Fig. 2b.
Note that the strain shown in Fig. 2b is generated homogeneously
on a free PET membrane which is uniformly deformed along a
single direction (the experimental details are showed in
Supplementary Note 4). It can be well defined by the applied
stress with an exponential correlation within the elastic limit.
Back to the pressure sensor device, the strain generated on the
PET membrane under pressure is not such simple. Since the edge
of the PET membrane supported on the cavity is constrained,
inhomogeneous deformation is generated on the membrane
under applied pressure. We find that when a pressure is applied
to the PET membrane, a compressive strain is generated from the
center of the membrane while a tensile strain is exerted on
the surrounding area. For convenience in analysis, we pay close
attention to the cross section across the center of the circular
membrane, as depicted by the schematic diagram of Fig. 2¢c, in
which the strain distribution over the cross section calculated
from finite element analysis (FEA) is also demonstrated under a
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series of typical pressures. The strains change with position. Their
distribution on the cross section changes with the applied
pressure. The strain versus pressure plot shown in Fig. 2d also
changes significantly from position to position.

The inhomogeneous deformation of the membrane under
pressure induces an inhomogeneous distribution of the inter-
particle distance changes in the NP arrays. The conductance
measured across the electrodes is an integration of the
electron transport over all the conductive percolation pathways,
which contain various inter-particle distances characterized
with a complex function of position and pressure. Therefore,
the response of conductance to pressure is no more a
simple exponential function of pressure. At a smaller applied
pressure, the compressive strain dominates the main area of the
membrane, so that the whole NP array undergoes a conductance
enhancement. An approximately linear dependence between
conductance and pressure is observed. With increasing applied
pressure, a transition from compressive to tensile strain can be
observed as the position changes from center to edge of the
membrane (see Fig. 2d and Supplementary Fig. 7). The extension
of the tensile strain regime makes part of the NP array undergo
a conductance reduction, which diminishes the increase in
conductance generated in the central area. A drop in
the conductance response curve can thus be seen. In the extreme
case, tensile strain might dominate the deformation of
the membrane, resulting in a decrease in the conductance with
an increase in applied pressure (e.g., see the conductance response
at higher pressures in Fig. 3a for a 0.05-mm-thick PET
membrane). However, the decrease in sensitivity at higher
pressures should not pose a significant problem for the operation
of the device.

The stability and repeatability of the sensor were investigated
by examining its recovery in response to repeated pressure
cycles. Figure 2e shows the change in the conductance of our
sensor over four loading-unloading cycles at dynamic pressures
of 32, 64, and 12.8Pa. Our sensor showed a virtually
instantaneous response to increasing pressure and a highly
repeatable response at each applied pressure over all the cycles.
The conductance response upon pressure loading remained
constant within the experimental resolution and recovered to the
initial level after the pressure unloading. The amplitude of the
conductance response corresponding to each pressure loading
was maintained after the loading-unloading cycles. In particular,
with reference to Fig. 2e, it can be seen that the relative change in
conductance at 6.4 Pa applied pressure is 0.062%, with a standard
deviation o of 0.0024%. (The four response parts of curve were

a
15 A
10 A
g 51
Qo I
O] 07 F——
a 0 10 20 30 40
54 ] AP (kPa) p
O 0.05mm L = —0.0037 kPa
10 4 Linear fitting of 0.25 mm
Linear fitting of 0.05 mm
0 10 20 30 40 50
AP (kPa)

collected to calculate the standard deviation.) This indicates that
the sensor could resolve pressure changes as small as 1.5Pa
(within 3-sigma confidence, resolving pressure = (60 x AP)/
(AG/Gy)) without difficulty. This high stability and repeatability
were also demonstrated in a compression test on the NP-coated
PET membrane-based strain-sensing element, wherein the
conductance response characteristic did not show any evident
changes after repeated compressing for over at least 500 cycles
(see Supplementary Note 5 and Supplementary Fig. 8).

We now look at the resolution of the pressure measurement of
the sensor. Generally, the random electrical noise in a piezo-
resistive sensor, which is dominated by thermal and flicker noise,
sets the fundamental lower limit of its piezoresistive transducer
resolution!?. To assess the lower limit of detection of pressure
variation of the sensor, the overall sensing noise on AG/G, was
measured at various differential pressures. A typical fluctuation in
AG/Gy is plotted as a function of time in the inset in Fig. 2f. When
a constant pressure was maintained, the conductance fluctuated
around +0.005%, which corresponds to an uncertainty in the
pressure measurement of about +0.38 Pa (=fluctuated ampli-
tude/S). The root mean square (RMS) noise at different applied
pressures was calculated from the fluctuations in AG/G,, as
shown in Fig. 2f3°. It can be seen that up to 60 Pa applied
differential pressure, the RMS noise is always lower than 0.005%
and remains fairly constant with pressure, making the noise-
limited pressure resolution of the sensor as small as 0.38 Pa.
Figure 2g shows the dynamic response of the sensor exposed to
an impulse of air pressure with a tiny differential pressure
amplitude of 0.5 Pa. The application of the pressure impulse led
to about a 0.0075% increase in G. This relative change in
conductance was well above the conductance fluctuation levels, so
the reversible decrease and increase in G upon loading could be
clearly distinguished from the random electrical noises. This
indicates that our sensor has the ability to reliably detect pressure
variations as low as 0.5 Pa.

In Fig. 2h, a comparison with the state-of-the-art piezoresistive
pressure sensors based on carbon nanotubes® (multi-wall4® or
single-wall®41), graphenes?>42:43, PtSe,3, and GaAs** is shown. It
is clear that the sensitivity of our devices is among the highest
category. The more remarkable is that our sensors show an
excellent resolution which is nearly three orders of magnitude
higher than that of most of the others3>40-42:44 Tt is known that
the ability to detect subtle pressure variations in the regime from
1Pa to 1kPa is crucial for many modern applications. The
ultrahigh resolution realized in this paper is a significant
improvement in current sensing capabilities.
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Fig. 3 Response characteristics of sensors with actuation membranes of different thicknesses. a AG/Gg versus AP curves measured for the sensors having
a 0.05-mm and a 0.25-mm-thick PET membrane. The inset is the logarithmic form of AG/Gq. A pressure difference as tiny as 10 Pa could be discriminated.
Error bars represent the s.d. of the conductance. b Real-time transient AG/Gg of the sensor having a 0.25-mm-thick PET membrane responding to a 30-Pa
differential air pressure impulse. Source data are provided as a Source Data file
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Tailoring the response behavior with membranes. A report has
shown that modifying the mechanical and geometrical properties
of the flexible substrates could change the measuring range of
sensors®. We also investigated how the thickness of the PET
membrane influenced the effective pressure regimes and
sensitivity.

The thickness of the membrane is an important parameter in
pressure sensors. Basically, a thinner and more robust membrane
can offer higher sensitivity because it can undergo larger
deformation at the same applied pressure?®. This is true when
the applied pressure is small. The pressure-response curves
measured for sensors having three different PET membrane
thicknesses are compared in Fig. 2a. The sensitivity is about
0.025 kPa~! for the 0.1 mm PET membrane, and for the 0.25 mm
PET membrane the sensitivity is 0.0042kPa—!. However, at
higher pressures, the sensitivity of the pressure sensor with
thinner PET membrane dropped noticeably due to the expanding
of the tensile strain regions, as discussed above. Since thinner
films tend to be subject to significant visco-elastic creep or even
plastic deformation at higher applied pressure (the plastic limit is
about 1.75%, shown in Supplementary Note 6 and Supplementary
Fig. 9), they have a much more limited pressure range of
operation. As shown in Fig. 3a, the pressure sensor with a
0.05-mm PET membrane can work normally at 0-1.0kPa
differential pressure regime with an insignificant hysteresis (see
Supplementary Fig. 10a). Beyond this pressure, the sensor could
still respond well to the differential pressure up to 40.0 kPa, with a
sensitivity $= —0.0037 kPa~! (negative sensitivity indicates that
the tensile strain dominates the deformation on the PET
membrane). But at higher pressure, the deformation of the
membrane may be plastic so that significant hysteresis emerges

AP (Pa)

—20 -

(see Supplementary Fig. 10b). On the other hand, the response
curve of the sensor with a 0.25-mm PET membrane exhibits a
logarithmic form over the pressure range 0-40.0 kPa shown in
inset of Fig. 3a, which is in agreement with previous discussion.
For this sensor, a linear response and constant sensitivity is
maintained up to 30.0 kPa, beyond which the sensitivity drops
significantly. This means that this sensor can operate normally
with high sensitivity over a very wide pressure range. These
results indicate that both sensitivity and pressure range are
tunable by modifying the thickness of the PET membrane, thus
the sensitivity and pressure regime requirement for different
applications can be satisfied. The dynamic response of the sensor
having a 0.25-mm-thick actuation layer to a pulse of pressure
with a differential pressure amplitude of 30 Pa is shown in Fig. 3b.
From RMS noise analysis, the sensor was found to have a lower
limit of detection of pressure variation as small as 10 Pa. With
that resolution, our sensors could be used as sensitive barometers.

Application as a barometric altimeter. To demonstrate the
application of highly sensitive sensor with ultrahigh resolution
in practical situations, our sensor was used to measure the
altitude of a moving elevator. As is well known, atmospheric
pressure varies with altitude (illustrated in Fig. 4a), and there-
fore, altitude can be determined based on the measurement of
atmospheric pressure.

A sensor with a 0.05-mm-thick PET membrane was positioned
in an elevator. It was found that during the operation of the
elevator, the sensor responded to the altitude change instanta-
neously (Supplementary Movie 1). The greater the altitude, the
lower the pressure, so the conductance clearly decreased floor by
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floor. Figure 4b shows a real-time record of our sensor response
to the movement of the elevator. The elevator was started from
the 14th floor, went down to the first floor and was then lifted
again to the 14th floor, making a stop every two floors. The
output signal of our sensor showed a virtually instantaneous
response to the motion of the elevator. Stepwise conductance
changes could be clearly observed. The device showed a
resolution which was much higher than that was actually
required to respond to a one-floor change in elevation,
demonstrating that our sensor can be used as a sensitive
altimeter. The relative change in the conductance plotted as a
function of the change in altitude (with reference to the 14th
floor) is shown in Fig. 4c. An altitude measurement sensitivity of
—0.00028 m~! is calculated from the slope of the response curve.
An RMS noise analysis suggested that our sensor would be able to
detect a change in altitude as small as 1.0 m.

Conductance response AG/Gy at different altitude was also
calculated according to the AG/G, versus pressure relationship
shown in Fig. 2a and the barometric pressure calculated from a
polytropic atmosphere model (see Supplementary Note 7
and Supplementary Fig. 11). As shown in Fig. 4c, there is a good
agreement between the experimental AG/G, and the calculated
one, verifying that the altitude measurement is reliable. As a
precise barometric pressure sensor, the sensor described in this
paper could be applied as a high-resolution barometric altimeter;
such instruments are now widely required in vehicles, aircraft,
and personal navigation?7+48,

Discussion

In summary, we have developed an efficient, low-cost approach
for the fabrication of piezoresistive pressure sensors using dense
Pd NP arrays deposited on flexible PET membranes, by using the
hypersensitive response of the tunneling conductance of the
closely spaced NP arrays to the tiny strain. Under differential
barometric pressure across the diaphragm, our prototype exhibits
an unprecedented noise-limited pressure resolution, which allows
it to detect subtle variations in pressure of <0.5 Pa stably with an
ultra-high sensitivity of 0.13 kPa~1. Both the pressure range and
sensitivity could be tunable by modifying the thickness of the PET
membrane in order to meet various applied conditions, making it
possible to extend the working pressure range up to 40 kPa. In
addition, our sensor could distinguish an altitude difference of
about 1 m when applied as a barometric altimeter in practical
situations.

The high sensitivity and ultrahigh resolution realized by our
sensor can be attributed to the nature of the current transport,
which is dominated by electron tunneling or hopping (see Sup-
plementary Note 8 and Supplementary Fig. 12) through perco-
lation pathways among closely spaced NP arrays?$4%0. The
tunneling conductance of the NP array is very sensitive to the
inter-particle spacing. It can be written as G « exp (—fI), where I
is the spacing of the adjacent NPs and f is a size- and
temperature-dependent electron coupling term!851,52,  The
exponential relationship means that NP arrays respond to a tiny
pressure-induced deformation of the actuation membranes with
atomic-scale sensitivity. Furthermore, the electrical potential
energy built between adjacent NPs due to electron charging could
sufficiently reduce the random transport of electrons having
energy less than kgT (kg is the Boltzmann constant), which
contribute to the lower energy portion of the statistical distribu-
tion of electron energy, although no Coulomb blockade was
observable at room temperature. As a result, thermal noise may
decrease significantly, which enables an increased sensing
resolution.

Although in this study the superior sensing capabilities
were demonstrated for the measurement of barometric
pressure, we believe that the sensing mode and fabrication
methodologies of this new low-cost piezoresistive pressure
sensor can also be used in the design of other flexible low-
cost pressure sensors for application in a broad range
of fields, such as wearable healthcare systems and ultra-
sensitive e-skins.

Methods

Device fabrication. The fabrication of sensing elements is shown in Supplemen-
tary Note 1 and Supplementary Fig. 1 in detail. PET membrane without any scar
was washed with alcohol and deionized water. Silver IDEs were deposited on the
membrane by shadow mask evaporation in high vacuum. The electrodes contain
an electrode separation of about 15 pum, with an as-prepared resistance large than
1010 Q). Electrodes covered an area ranging from several square millimeters to
several ten square millimeters, resulting in a huge aspect ratio (total electrode
length versus electrode separation) of the inter-electrode gaps. Pd NPs were gen-
erated from a home-made magnetron plasma gas aggregation cluster source in
argon stream at a pressure of about 80 Pa and extracted to a high vacuum
deposition chamber with a differential pumping system. Some deposition para-
meters are displayed in Supplementary Table 1. The Pd NPs were deposited on the
PET membrane fabricated with IDEs. The whole area of the electrodes was uni-
formly covered with the deposited NPs. A constant deposition rate could be pre-
cisely maintained and monitored with a quartz crystal microbalance. During the
deposition, the electric current across the IDE gaps was measured in real-time
under 1.0 V applied bias with a source meter (Keithley 2400). A typical plot of the
conductance evolution of the NP arrays as a function of deposition time is
shown in Fig. 1d. The deposition was stopped when the predetermined con-
ductance values were attained. The piezoresistive pressure sensor was

completed by mounting the PET membrane on a reference cavity using

Teflon O-rings.

Response behavior of the pressure sensor. The piezoresistive pressure
sensor was connected to a pressure controller for applying different pressures
(see Supplementary Note 3 and Supplementary Fig. 6) on the sensors. The
electric conductance of the NP arrays on the actuation membrane was
measured at different pressures with a source meter (Keithley 2400) connected
electrically to the IDEs through vacuum-compatible feedthroughs that were
drawn outside the cavity. A specially designed setup containing a larger
volume stainless-steel chamber connected with thin (8 mm diameter) bellows
was used as the precise pressure controller. The volume of the larger chamber
could be chosen from 6 mL to 7.8 L. The length of the bellows could be finely
adjusted with a long travel micrometer drive to generate small volume changes
in the whole setup. Under static state condition, the small volume change
induced a small pressure change, which could be calculated simply by
employing the ideal gas model assumption. When the chamber was pre-filled
with 1atm air, such a system could generate a static pressure change around
the atmospheric pressure with an extremely high resolution of 0.1 Pa. The
hysteresis in sensors could be measured with this home-made system (see
Supplementary Note 9).

FEA simulation of the strain on the membrane. The commercial software
ANSYS 19 was chosen to perform FEA (see Supplementary Note 10). The flexible
PET substrate used in the pressure sensor was modeled as a disk with actual
geometrical dimensions of 50 um thickness and 5 mm diameter. A Young’s mod-
ulus of 2.8 GPa and a Poisson ratio of 0.38 were assigned to the PET. The edge of
the disk was fixed.

Measurement of conductance versus strain. The actuation layer was removed
from the sensor. Strains were generated from the deformations of the actuation
layer which was subjected to a micrometer step by step (see Supplementary

Fig. 13). When the micrometer worked on the surface that the NPs deposited,
the compressive strain was generated while a tensile strain was generated by
working on the back surface. The quantity of ¢ could be calculated (more details
are given in Supplementary Note 4).

Data availability
The data that support the findings of this study are available from the corresponding
author upon request.

Received: 27 November 2018 Accepted: 9 August 2019
Published online: 06 September 2019

| (2019)10:4024 | https://doi.org/10.1038/s41467-019-12030-x | www.nature.com/naturecommunications 7


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Ma, Y. et al. A highly flexible and sensitive piezoresistive sensor based on
MXene with greatly changed interlayer distances. Nat. Commun. 8, 1207
(2017).

Smith, A. D. et al. Electromechanical piezoresistive sensing in suspended
graphene membranes. Nano Lett. 13, 3237-3242 (2013).

Wagner, S. et al. Highly sensitive electromechanical piezoresistive pressure
sensors based on large-area layered PtSe, films. Nano Lett. 18, 3738-3745
(2018).

Yamada, T. et al. A stretchable carbon nanotube strain sensor for human-
motion detection. Nat. Nanotechnol. 6, 296-301 (2011).

Habibi, M., Darbari, S., Rajabali, S. & Ahmadi, V. Fabrication of a graphene-
based pressure sensor by utilising field emission behavior of carbon nanotubes.
Carbon 96, 259-267 (2016).

Stampfer, C. et al. Fabrication of single-walled carbon-nanotube-based
pressure sensors. Nano Lett. 6, 233-237 (2006).

Lee, S. et al. A transparent bending-insensitive pressure sensor. Nat.
Nanotechnol. 11, 472-478 (2016).

Pang, C. et al. A flexible and highly sensitive strain-gauge sensor using
reversible interlocking of nanofibres. Nat. Mater. 11, 795-801 (2012).
Matsuhisa, N. et al. Printable elastic conductors by in situ formation of silver
nanoparticles from silver flakes. Nat. Mater. 16, 834-840 (2017).

Segev-Bar, M. & Haick, H. Flexible sensors based on nanoparticles. ACS Nano
7, 8366-8378 (2013).

Hussain, M., Choa, Y. H. & Niihara, K. Conductive rubber materials for
pressure sensors. J. Mater. Sci. Lett. 20, 525-527 (2001).

Barlian, A. A, Park, W. T., Mallon, J. R. Jr., Rastegar, A. J. & Pruitt, B. L.
Review: semiconductor piezoresistance for microsystems. Proc. IEEE 97,
513-552 (2009).

Kumar, S. S. & Pant, B. D. Effect of piezoresistor configuration on output
characteristics of piezoresistive pressure sensor: an experimental study.
Microsyst. Technol. 22, 709-719 (2016).

Belavi¢, D., Soba, S., Pavlin, M., Ro¢ak, D. & Hrovat, M. Silicon pressure
sensors with a thick film periphery. Microelectron. Int. 15, 26-30 (1998).
Ramuz, M., Tee, B. C., Tok, J. B. & Bao, Z. Transparent, optical, pressure-
sensitive artificial skin for large-area stretchable electronics. Adv. Mater. 24,
3223-3227 (2012).

Someya, T. et al. A large-area, flexible pressure sensor matrix with organic
field-effect transistors for artificial skin applications. Proc. Natl Acad. Sci. USA
101, 9966-9970 (2004).

Zheng, M. et al. Strain sensors based on chromium nanoparticle arrays.
Nanoscale 6, 3930-3933 (2014).

Herrmann, J. et al. Nanoparticle films as sensitive strain gauges. Appl. Phys.
Lett. 91, 183105-183107 (2007).

Berry, V. & Saraf, R. F. Self-assembly of nanoparticles on live bacterium: an
avenue to fabricate electronic devices. Angew. Chem. Int. Ed. 44, 6668-6673
(2005).

Dukic, M. et al. Direct-write nanoscale printing of nanogranular tunnelling
strain sensors for sub-micrometre cantilevers. Nat. Commun. 7, 12487 (2016).
Sheng, P. & Abeles, B. Voltage-induced tunneling conduction in granular
metals at low temperatures. Phys. Rev. Lett. 28, 34-37 (1972).

Sheng, P., Abeles, B. & Arie, Y. Hopping conductivity in granular metals. Phys.
Rev. Lett. 31, 44-47 (1973).

Berry, V., Rangaswamy, S. & Saraf, R. F. Highly selective, electrically
conductive monolayer of nanoparticles on live bacteria. Nano Lett. 4, 939-942
(2004).

Xie, B. et al. Optimizing hydrogen sensing behavior by controlling the
coverage in Pd nanoparticle films. J. Phys. Chem. C 115, 16161-16166
(2011).

Jeon, J. Y. & Ha, T. J. Waterproof electronic-bandage with tunable sensitivity
for wearable strain sensors. ACS Appl. Mater. Interfaces 8, 2866-2871 (2016).
Digianantonio, L. et al. Influence of the humidity on nanoparticle-based
resistive strain gauges. J. Phys. Chem. C 120, 5848-5854 (2016).

Chen, S., Wei, Y., Yuan, X,, Lin, Y. & Liu, L. A highly stretchable strain sensor
based on a graphene/silver nanoparticle synergic conductive network and a
sandwich structure. J. Mater. Chem. C 4, 4304-4311 (2016).

Kane, J., Inan, M. & Saraf, R. F. Self-assembled nanoparticle necklaces network
showing single-electron switching at room temperature and biogating current
by living microorganisms. ACS Nano 4, 317-323 (2010).

Bunch, J. S. et al. Impermeable atomic membranes from graphene sheets.
Nano Lett. 8, 2458-2462 (2008).

Grimaldi, C. Theory of percolation and tunneling regimes in nanogranular
metal films. Phys. Rev. B 89, 214201 (2014).

Stauffer, D. & Aharony, A. Introduction to Percolation Theory (Taylor &
Francis, London, 1992).

Gong, S. et al. A wearable and highly sensitive pressure sensor with ultrathin
gold nanowires. Nat. Commun. 5, 3132 (2014).

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Miyamoto, A. et al. Inflammation-free, gas-permeable, lightweight, stretchable
on-skin electronics with nanomeshes. Nat. Nanotechnol. 12, 907-913 (2017).
Brandt, B. et al. Oxidation, reduction, and reactivity of supported Pd
nanoparticles: mechanism and microkinetics. J. Phys. Chem. C 111, 938-949
(2007).

Schwartz, G. et al. Flexible polymer transistors with high pressure sensitivity
for application in electronic skin and health monitoring. Nat. Commun. 4,
1859 (2013).

Shin, S. H. et al. Integrated arrays of air-dielectric graphene transistors as
transparent active-matrix pressure sensors for wide pressure ranges. Nat.
Commun. 8, 14950 (2017).

Mannsfeld, S. C. et al. Highly sensitive flexible pressure sensors with
microstructured rubber dielectric layers. Nat. Mater. 9, 859-864

(2010).

Yin, J. et al. Molecularly mediated thin film assembly of nanoparticles on
flexible devices: electrical conductivity versus device strains in different gas/
vapor environment. ACS Nano 5, 6516-6526 (2011).

Liu, X. et al. A highly sensitive pressure sensor using a Au-patterned
polydimethylsiloxane membrane for biosensing applications. J. Micromech.
Microeng. 23, 025022 (2013).

Gau, C,, Ko, H. S. & Chen, H. T. Piezoresistive characteristics of MWNT
nanocomposites and fabrication as a polymer pressure sensor. Nanotechnology
20, 185503 (2009).

Burg, B. R, Helbling, T., Hierold, C. & Poulikakos, D. Piezoresistive pressure
sensors with parallel integration of individual single-walled carbon nanotubes.
J. Appl. Phys. 109, 064310 (2011).

Wang, Q., Hong, W. & Dong, L. Graphene "microdrums" on a freestanding
perforated thin membrane for high sensitivity MEMS pressure sensors.
Nanoscale 8, 7663-7671 (2016).

Zhu, S. E., Ghatkesar, M. K., Zhang, C. & Janssen, G. C. A. M. Graphene based
piezoresistive pressure sensor. Appl. Phys. Lett. 102, 161904

(2013).

Dehe, A., Fricke, K., Mutamba, K. & Hartnagel, H. L. A piezoresistive GaAs
pressure sensor with GaAs/AlGaAs membrane technology. J. Micromech.
Microeng. 5, 139-142 (1995).

Segev-Bar, M., Landman, A., Nir-Shapira, M., Shuster, G. & Haick, H. Tunable
touch sensor and combined sensing platform: toward nanoparticle-based
electronic skin. ACS Appl. Mater. Interfaces 5, 5531-5541 (2013).

Yu, F. et al. Ultrasensitive pressure detection of few-layer MoS,. Adv. Mater.
29, 1603266 (2017).

Wild, G. Optimising the design of a pressure transducer for aircraft altitude
measurement using optical fibre Bragg grating sensors. In 2015 IEEE
International Workshop on Metrology for Aerospace, Benevento, Italy, 123-128
(IEEE, 2015).

Abdelmoula, F. & Cremer, M. Design of a high precision differential altitude
sensor (Statoskop). Aerosp. Sci. Technol. 5, 483-491 (2001).

Middleton, A. A. & Wingreen, N. S. Collective transport in arrays of small
metallic dots. Phys. Rev. Lett. 71, 3198-3201 (1993).

Greshnykh, D., Fromsdorf, A., Weller, H. & Klinke, C. On the electric
conductivity of highly ordered monolayers of monodisperse metal
nanoparticles. Nano Lett. 9, 473-478 (2009).

Xu, K, Qin, L. & Heath, J. R. The crossover from two dimensions to one
dimension in granular electronic materials. Nat. Nanotechnol. 4, 368-372
(2009).

Beloborodov, I. S., Efetov, K. B., Lopatin, A. V. & Vinokur, V. M. Transport
properties of granular metals at low temperatures. Phys. Rev. Lett. 91, 246801
(2003).

Acknowledgements

The authors thank the National Natural Science Foundation of China (Grant nos.
11627806 and 51871091), the National Key R&D Program of China (Grant no.
2016YFA0201002), and the Hubei Key Laboratory of Pollutant Analysis and Reuse
Technique (Hubei Normal University) (Grant no. PA20170204). This research was also
supported by a project funded by the Priority Academic Programme Development of
Jiangsu Higher Education Institutions.

Author contributions

M.C. planned and carried out all the experiments, analyzed the data, and wrote the
manuscript partly. X.Z. executed the STEM and SEM characterization. W.L. helped with
experiments of the response characteristic of the sensors. Z.X. provided support for the
experiment of altitude measuring in elevator. B.X. conceived the experiments and was
involved in all the research phases. G.W. participated in discussing the data and editing
the manuscript. M.H. conceived and supervised the project, collected and analyzed the
data, and wrote the manuscript mainly. All the authors contributed to and commented
on this paper.

| (2019)10:4024 | https://doi.org/10.1038/s41467-019-12030-x | www.nature.com/naturecommunications


www.nature.com/naturecommunications

ARTICLE

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
019-12030-x.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Peer Review Information: Nature Communications thanks the anonymous reviewers for
their contribution to the peer review of this work. Peer reviewer reports are available.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
B

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2019

| (2019)10:4024 | https://doi.org/10.1038/s41467-019-12030-x | www.nature.com/naturecommunications 9


https://doi.org/10.1038/s41467-019-12030-x
https://doi.org/10.1038/s41467-019-12030-x
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	An ultrahigh resolution pressure sensor based on percolative metal nanoparticle arrays
	Results
	Operating principle of the NP array-based pressure sensor
	Fabrication of the NP array-based sensing elements
	Microstructural characterizations of the NP arrays
	Response behavior of pressure sensors based on NP arrays
	Tailoring the response behavior with membranes
	Application as a barometric altimeter

	Discussion
	Methods
	Device fabrication
	Response behavior of the pressure sensor
	FEA simulation of the strain on the membrane
	Measurement of conductance versus strain

	Data availability
	References
	Acknowledgements
	Author contributions
	Additional information




