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Platinum nanoparticle-based strain gauges are elaborated by means of atomic layer deposition on flexible polyimide substrates.
Their electro-mechanical response is tested under mechanical bend-ing in both buckling and conformational contact
configurations. A maximum gauge factor of 70 is reached at a strain level of 0.5%. Although the exponential dependence of the
gauge resistance on strain is attributed to the tunneling effect, it is shown that the majority of the junctions between adjacent Pt
nanoparticles are in a short circuit state. Finally, we demonstrate the feasibility of an all-plastic pressure sensor integrating Pt
nanoparticle-based strain gauges in a Wheatstone bridge configuration.

An important part of the MEMS (Micro-Electro-
Mechanical System) market is currently driven by the
manufacturing of various sensors (pressure sensors, micro-
phones, and inertial sensors) which use piezoresistive trans-
ducers based on monocrystalline silicon." For the last ten
years, the research on piezoresistive transducers has mainly
been focused on the use of nanomaterials to optimize sensi-
tivity, power consumption, and sensor miniaturization.
For instance, Si nanowires,zf4 carbon nanotubes,S*7 gra-
phene,g’lO MoSz,IO SiC nanoribbons,Il Ag nanowires,'z and
metallic nanoparticle (NP) assemblies'* ™" have been
exploited at the laboratory scale to achieve very large gauge
factors (GFs) which rival the state-of-the-art bulk Si gauges.
Although the use of nanomaterials has attracted a lot of
attention in the literature these past few years, many techno-
logical obstacles (manipulation of individual nanostructures,
complexity of the process, sensor reproducibility, etc.) have
yet to be overcome to make nanomaterials the preferred
material for strain sensors. Consequently, alternative reliable
technologies for the fabrication of nanostructured strain
gauges with high GF are still sought by the industry. In this
work, metallic NP-based strain sensors are elaborated by
means of Atomic Layer Deposition (ALD) on flexible sub-
strates. According to the literature, the high sensitivity of
metallic NP strain gauges is attributed to the modulation,
with respect to the strain, of electron tunnelling events
between neighbouring NPs.'*™" These metallic NP strain
sensors are usually elaborated from colloidal solutions which
are transferred to a variety of substrates by inkjet printing,
airbrush spraying, layer-by-layer deposition, centrifugal
method, or convective self—assembly.'3’]6’]8’20 However,
such processes are unconventional for the silicon industry,
and therefore, they cannot address traditional MEMS appli-
cations. These processes are indeed rather suited for the
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development of flexible and stretchable electronic devices
integrated on low-cost polymer substrates. In our opinion,
capitalizing on ALD to grow both metallic NPs and dielec-
tric tunnel barriers provides a greater flexibility for both stan-
dard MEMS integration and flexible/stretchable electronics
and could therefore represent an easier path to adoption by
the industry.

Here, platinum (Pt) NPs were grown by Plasma
Enhanced ALD (PEALD) from the (methylcyclopenta-
dienyl)-trimethyl platinum (MeCpPtMe;) precursor (pulse
and purge durations of 1s and 10s, respectively) and O,
plasma (300W power during 20s with an O, flow of
20sccm) on thermal ALD alumina (Al,O3)*'**? in subse-
quent process steps at 200 °C in an Ultratech FIJI F200 reac-
tor. Figure 1(a) is a bright field TEM (Transmission Electron
Microscopy) image of Pt NPs grown on a 5nm thick Al,O;
film. The Al,Oj; thin film was first deposited at 200 °C from
trimethyl aluminium (TMA) and H,O precursors (pulse and
purge durations of 60 ms and 10 s, respectively, for both pre-
cursors) on an 8nm thick SiO, TEM grid. 50 successive
ALD cycles were needed to obtain this Snm thick Al,O;
layer. The Pt NPs were then grown on Al,O; in the same
PEALD reactor and at the same temperature. The Pt NP
assembly presented in Figure 1(a) corresponds to 45 subse-
quent PEALD cycles. From the distribution plot presented in
the inset of Figure 1(a), we determined a Pt NP average
diameter of 3.1nm and a standard deviation of 0.9nm. It
should be noted that we could modulate the Pt NP average
diameter from 1.5 nm to 5 nm on different samples by simply
varying the number of PEALD cycles from 30 to 60 cycles.

In order to fabricate the metallic nanoparticle-based
strain sensors, we have stacked several Pt NP layers and
Al,O3 tunnel oxide layers, both deposited by ALD in the
same reactor. Figure 1(b) is a High angle annular dark field
(HAADF)- Scanning Transmission Electron Microscopy
(STEM) cross section image of a Pt NP-based strain gauge
integrated on a 75 um thick polyimide (Dupont™ Kapt0n®
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FIG. 1. (a) Bright field transmission electron microscopy image of Pt nanoparticles grown on a 5nm thick Al,Oj3 film. Inset shows the diameter distribution
plot of the Pt NPs. (b) High angle annular dark field-Scanning Transmission Electron Microscopy cross section image of a Pt NP-based strain gauge integrated
on a flexible polyimide substrate. (c) Photograph and schematic illustration of a complete flexible strain sensor.

HN) flexible substrate. In this STEM image, we can observe
a 15nm thick Pt NPs/Al,O; composite layer which was
deposited on an Al,Oz/polyimide substrate. In order to
ensure the nucleation and growth of Pt NPs, we have indeed
first deposited a 10nm thick Al,O3 film on the polyimide
substrate. Then, the Pt NPs/Al,O; sensitive layer was
obtained by intercalating five 50 cycles Pt NPs layers in
between five 12 cycles Al,O3 tunnel oxide layers. From
Figure 1(b), we can roughly observe that the Pt NPs have
diameters inferior to 5 nm which is consistent with the results
presented in Figure 1(a). Moreover, by considering that the
Al,O5 growth rate is 0.1 nm per cycle, the Al,O5 dielectric
tunnel barriers which were intercalated between neighbour-
ing Pt NPs layers should have a thickness of around 1.2 nm.
Finally, aluminum top contacts were patterned on top of the
active multilayer by electron beam evaporation through solid
shadow masks. For the sake of clarity, a photograph and a
schematic illustration of a complete flexible strain sensor are
presented in Figure 1(c).

In order to study the electro-mechanical response of the Pt
NP-based strain gauges, rectangular samples (10 mm x 75 ym
cross section) were subjected to tensile strains by mechanical
bending in two different configurations: buckling (see the pho-
tograph series in Fig. 2(a)) and conformational contact with
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FIG. 2. (a) Photograph series of the flexible strain sensor for displacements
AX ranging from O0mm to 6 mm. (b) Calibration curve of the buckling test
bench (Inset: photograph of the buckling test bench).

cylindrical sample holders of different diameters. Concerning
the buckling configuration, we have first calibrated the test
bench which consists of two micro-manipulators on which the
flexible strain sensor is attached (see inset in Fig. 2(b)). After
mounting the sample, the distance between the clamps was
28 mm. As presented in the photograph series of Figure 2(a),
the radius of curvature at the centre of the bended strain gauge
was adjusted by simply decreasing the distance X between the
two micro-manipulators. The radius of curvature could be
modulated from infinity to 0.5 cm by varying the displacement
AX from 0 to 6 mm (Fig. 2(a)). The resulting tensile strain ¢
could be estimated by the following expression:'*'*

t
&=
t42r.’

ey

where 1, is the radius of curvature in the centre of the gauge
(measured on images in Fig. 2(a)) and t the thickness of the
polyimide substrate (t =75 um). In addition, in order to check
the validity of Eq. (1), finite element simulations were per-
formed with Ansys® 16.2 software. Due to symmetries, only a
quarter of the polyimide beam was meshed using quadrilateral
SOLID186 elements with Young’s modulus and Poisson’s
ratio values of 3.4 GPa (measured from a stress-strain test)
and 0.34, respectively. A pressure, increased by successive
steps up to 1000 mbar, was applied to one end of the beam (in
fact two because of symmetry, and only longitudinal displace-
ments were allowed at the corresponding nodes), while a low
pressure of lmbar was applied below the beam so that it
buckles up. For each step, the surface longitudinal strain at
the middle of the beam and the displacement at its end were
obtained.

The calibration curve of the buckling test bench is
presented in Figure 2(b). Tensile strains up to 0.7% could
be applied with a maximum displacement of 6 mm. This
calibration curve could be fitted with an empirical model
(6= (o x AX)”?, with «~0.047m ™!, f~0.6, and R?>0.997)
and is in agreement with Finite Element Modelling
(Fig. 2(b)).

Figure 3(a) presents a series of Current-Voltage (I(V))
measurements performed with a Keithley® 4200-SCS system
in the buckling configuration with different applied tensile
strains up to 0.5%. From the linear I(V) curves carried out
without any external strain, we could estimate a resistivity of
2.8 x 10*Qcm for the Pt NPs/Al,O; composite thin film
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FIG. 3. (a) Current-voltage characteristics performed in buckling mode with
different applied tensile strains up to 0.5%. (b) The relative variation of
resistance AR/R as a function of tensile strain ¢ obtained in the buckling
mode and in the conformational contact configuration.

which is around 9 orders of magnitude higher than the resis-
tivity of bulk Pt. This high electrical resistivity indicates that
the electron transport is most likely limited at the junctions
between adjacent Pt NPs which suggests the presence of
high contact resistances and/or high tunnel resistances
between NPs. A clear decrease in the current level is evident
from Fig. 3(a) when the tensile strain level is increased up to
0.5%. We can also observe that the I(V) characteristics
remain linear for tensile strain values ranging from 0% to
0.5%, which possibly means that the electron transport
mechanism is unchanged with external strain in the buckling
configuration. Note that the red doted I(V) characteristic pre-
sented in Fig. 3(a) has been carried out without any applied
strain after 13 successive measurements performed with dif-
ferent tensile strains from 0% to 0.5%. This red doted curve
in Fig. 3(a) is perfectly superimposed on the first measured
black I(V) characteristic (also performed without any strain)
which shows the reproducibility of the measurement.

The relative variations of resistance AR/R with tensile
strain ¢ obtained in the buckling mode and in the conforma-
tional contact configuration are both presented in Fig. 3(b).
Concerning the conformational contact configuration, we
have measured the electrical resistance of a 1cm X 1cm
strain gauge which was sequentially fixed on 5 different

cylindrical sample holders with curvature radii r. ranging
from 12.5 mm to 53 mm. The corresponding applied external
strains were again estimated from Eq. (1). A good agreement
is observed in Fig. 3(b) between these two measurement con-
figurations. At a strain of 0.5%, a sensitivity M%/R of 70 is
reached which is comparable to that of the NP-based strain
gauges elaborated from colloidal solutions.'*'*!7-!920" Ag
previously suggested in the literature,'>" the exponential
increase of AR/R with tensile strain ¢ which is observed in
Fig. 3(b) is consistent with the exponential dependence of
tunnelling resistance on the interparticle separation distance.
However, the fact that the sensitivity remains relatively low
(i.e., ARS/R< 10) at low strain (i.e., ¢ <0.2%) possibly indi-
cates that a non-negligible proportion of the Pt/Al,O5/Pt
junctions are in short circuit state.

In order to model the electro-mechanical response of the
Pt NP-based strain sensor, we propose here to consider that
the total resistance R of the Pt NPs/Al,O3; composite gauge
is the sum of 2 contributions

R =Ry + Rq, 2

where Rq, represents the ohmic contribution of the intercon-
nected Pt NPs and Ry represents the tunnelling contribution
of the rest of the Pt/Al,O3/Pt junctions which are operational
tunnel junctions.

Without any applied external strain, the total resistance
Ry of the strain gauge is given by

Ro = (Ra)y + (Rr)y = xRo + (1 — x)Ry, 3)

where the index O refers to a tensile strain of 0% and X is the
ratio (RQ)()/ R().

By considering that the change of the ohmic contribu-
tion is only due to geometric effects, the relative variation of
R, as a function of strain ¢ can be expressed by the following
expression:'

=(1+2 4
Ro) (1+2v)e, 4)

where v is the Poisson’s ratio of the strain gauge. Note that
the eventual change in resistivity due to strain of the inter-
connected metallic NPs has been neglected in Eq. (4).
According to the simplified electron tunneling model
which was used in many different recent studies on NP-
based strain gauges, the relative resistance change with strain

of the tunneling contribution Ry can be expressed as'™'*!?-*°
ARy
Ry~ exp(ge) — 1, (%)

where g is a constant commonly defined as the gauge factor
which characterizes the sensitivity of NP-based strain sen-
sors. It should be noted that all the junctions are considered
parallel to the deformation in Egs. (4) and (5).

Finally, by combining Equations (2), (3), (4) and (5), the
total relative resistance change AR/R, with strain ¢ can be
described as follows:

%:x(l—l—Zl/)S‘F(l —x) (exp(ge) — 1). ©)



Eq. (6) was used to fit the experimental data presented
in Fig. 3(b). For extracted x and g values of 99.8% and
1100, respectively, this simple model properly matches the
electro-mechanical response of the Pt NP-based strain
gauge (Fig. 3(b)). This good agreement confirms first that
the majority of the Pt/Al,O3/Pt junctions are in the short
circuit state. Moreover, it corroborates the fact that the
exponential dependence of the gauge resistance with strain
is due to tunnelling effects between neighbouring NPs. It
should be noted that much better sensitivities could be
reached by minimizing the number of junctions which are
in a short circuit state. In our opinion, these shorts can be
due to a bad conformity of the Al,Oj tunnel oxide layers
which do not completely cover the Pt NPs or to the presence
of defects within the Al,O5 tunnel oxide which behave as
conductive pathways for electrons between adjacent NPs.
We therefore believe that this ohmic contribution could be
reduced in the future by optimizing our ALD process to
grow conformal and defect-free Al,O3 tunnel oxide layers.

Finally, we have taken advantage of the low temperature
ALD process (performed at 200 °C) to develop an all-plastic
pressure sensor integrating Pt NP-based strain gauges. As
depicted in Fig. 4(a), four gauges have been integrated in a
Wheatstone quarter-bridge configuration on a 75 um thick
polyimide substrate. This 75 um thick polyimide film (acting
as a membrane) was then stuck on a 2 mm thick plastic sub-
strate with a 3 x 3 mm? squared hole in its centre. Only one
of the four gauges was placed above the hole in order to
sense any differential pressure applied underneath the polyi-
mide membrane. Figure 4(b) presents the V,, response of
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FIG. 4. (a) Schematic illustration of the plastic pressure sensor integrating
Pt NP-based strain gauges. (b) V,, response of the sensor as a function of
pressure in the [0-200] mbar range.

the sensor as a function of pressure in the [0—200] mbar
range (50 mbar per step) for an input voltage V;, of 1V (Fig.
4(b)). A good linearity is observed (see inset in Fig. 4(b))
with a sensitivity of 4.75 x 10 *bar~! which rivals state-of-
the-art Si technology-based pressure sensors integrating
graphene strain gauges.'® Although the sensitivity could be
further increased by optimizing the design of our pressure
sensor (membrane thickness, size, and position of the
gauges...), this demonstrates the feasibility of an all-plastic
MEMS device integrating Pt NP-based strain gauges.

In this paper, we have investigated the -electro-
mechanical response of Pt NP-based strain gauges elaborated
with a low temperature ALD process. Comparable sensitivi-
ties to that of the NP-based strain gauges elaborated from
colloidal solutions were achieved under mechanical bending
in buckling and conformational contact configurations.
However, we have highlighted that this good sensitivity to
strain was hindered by a high proportion of short circuited
Pt/Al,O3/Pt junctions between neighbouring NPs. Finally,
we have demonstrated the feasibility of our low temperature
ALD process to develop a high sensitivity all-plastic MEMS
pressure sensor. Future works will concern the optimization
of the ALD process by varying the NP morphology and the
thickness of the Al,O5 tunnel oxide.
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