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Abstract—A novel pressure sensor using piezoresistive silicon
nanowires (SiNWs) embedded in a suspended multilayered di-
aphragm is investigated by a probe-based dynamic cycling test
combining the standard bulge testing setup. By utilizing the high
fracture stress of the SiNx film, we explored the behavior of
the SiNW under a level of extralarge compressive strain for the
first time, including strain levels of more than 2.1% under
the static testing and 1.5% under the dynamic testing. Drift of
the initial resistances of the SiNW was observed at different time
intervals during the dynamic testing under a compressive strain
of higher than 1.3%, while the sensitivity of the pressure sensor
basically keeps unchanged. However, there was almost no drift
or degradation observed in the sensor characteristics when an
equivalent point loading within the application working range is
applied to the pressure sensor during the dynamic testing.

Index Terms—Fatigue, large compressive strain, piezoresistive,
pressure sensor, silicon nanowire (SiNW).

I. INTRODUCTION

THE MICROELECTROMECHANICAL systems (MEMS)
pressure sensors have been used in applications ranging

from the automotive industry to various biomedical devices
[1], [2]. One of the earliest research efforts in biomedical
applications is the development for biomedical instrumenta-
tion applications, including cardiovascular catheterization [3].
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The ever-advancing semiconductor process technology renders
making single-crystal silicon nanowires (SiNWs) via top-down
fabrication, a relatively mature approach. This technology fur-
ther enables the potential of shrinking down the sensor size
and increasing pressure sensor sensitivity at the same time [4],
[5]. While large piezoresistive effect of suspended as-grown
SiNWs has been observed [6], [7], the SiNWs further contribute
several merits to pressure sensors, including small footprint,
low power consumption, and CMOS-compatible fabrication
process [7]. To further improve the device performance, we
report a new version of multilayered pressure sensor using em-
bedded piezoresistive SiNWs. The optimization of the SiNW
and the diaphragm structure are discussed with respect to the
noise robustness, sensitivity, and practical applicability [8].

Considering MEMS devices with fragile and/or movable
microstructures, high reliability is the essential concern to
applications. So far, only limited reliability data of MEMS and
SiNWs have been reported [9]–[11]. In order to explore the
commercialization potential of pressure sensors using piezore-
sistive SiNWs, characterization of the fatigue of piezoresistive
SiNWs and the other materials used in the pressure sensors is
necessary. Based on atomic force microscope technique, the
fatigue of SiNWs has been studied by using stress-controlled
cyclic bending test. The experiments are conducted with SiNWs
in the tensile region based on the freestanding suspended
SiNWs; however, in the practical applications, the SiNWs
usually need to be embedded and integrated with other thin
films in order to realize various device functions and will
experience strain in both the tensile and compressive regions. In
comparison with the experiment on the suspended SiNWs, the
device configuration of the multilayered pressure sensor made
it more complicated and interesting to explore the reliability
of the embedded SiNWs as well as the long time performance
of the sensor. Moreover, in our previous study, we successfully
applied an extralarge compressive strain to the SiNW by utiliz-
ing the SiNx film with high fracture stress. Compared with the
counterpart of a large-tensile-strain application by using MEMS
platform, this approach makes it possible to extend the study to
an unexplored compressive strain range higher than ever before
[12], [13].

Here, we report the characterization of an improved mul-
tilayered pressure sensor on its sensitivity in an extralarge
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Fig. 1. (a) Schematic drawing of the pressure sensor. (b) Optical picture of
the pressure sensor chip. (c) SiNW after metal formation. (d) TEM picture of
the SiNW cross section.

compressive strain range and the characteristics related to fa-
tigue concern. The displacement-based cycling test combining
the standard bulge testing shows that the pressure sensor is
improved with good reliability in terms of mechanical strength
as well as the SiNW performance.

II. DEVICE CONFIGURATION AND MEASUREMENT SETUP

The schematic drawing of the sensor is shown in Fig. 1(a),
and the optical microscope (OM) photograph of a whole device
chip is shown in Fig. 1(b). Fig. 1(c) and (d) shows the SEM
picture of a 5-μm SiNW after metal deposition and its cross
section. The multilayered diaphragm comprises the SiNx layer
and the SiO2 layer. The sensor chip shown in Fig. 1(b) is in
square shape with dimensions of 2 mm × 2 mm, and it has a
circular diaphragm of 200 μm in diameter at the center. The
yellow color refers to the SiNx film.

The SiNWs are embedded in the diaphragm between the
4000-Å oxide layer and the 1450-Å BOX layer and located
at the diaphragm edge to gain maximum strain when the
diaphragm deforms. 〈110〉-direction SiNWs at a dosage of
1 × 1014 are chosen for their high sensitivity and robustness
to noise [14]. The sensitivity of the sensor is defined as S =
(ΔR/R)/ΔP , where S represents the sensitivity, R is the
SiNW resistance, and ΔP refers to the differential pressure
uniformly applied to the diaphragm. The 2.5-μm SiNx layer on
top of the oxide layer enables the sensor with a flat diaphragm
of 0.005-μm central deflection and good sensitivity up to 0.32%
(lbf/in2)−1.

The SiNWs are fabricated using the top-down approach.
The photoresist patterns with respect to the nanowires have
a width of 160 nm. Then, this width is further reduced to
110 nm by plasma trimming, which shrinks the critical dimen-
sion to around 110 nm. Deep reactive ion etching is conducted
afterward to pattern the SiNWs. Finally, the cross section of
the SiNWs is reduced to around 90 nm × 90 nm by thermal
oxidation, as shown in Fig. 1(d).

A tungsten needle is attached to a manipulator controlled
by a position system using a piezoelectric bulk PZT actuator.
The needle is deployed to push the diaphragm and transmit the

Fig. 2. (a) Testing setup. [(b) and (c)] Displacement testing with tip located
(b) at the center and (c) 50 μm away from the center. (d) Corresponding tip
profile change against time recorded by OM.

strain to the SiNW. Meanwhile, the electrical measurement of
the SiNW resistance is conducted. The experiment is conducted
at ambient temperature on a probe station platform under a
microscope, as shown in Fig. 2(a). Fig. 2(b) and (c) shows
the different tip positions on the diaphragm in our experiment.
For static measurement, the tip moves down perpendicularly
to the diaphragm at a given velocity of 1 μm/s. For dynamic
cycling measurement, the tip is set to vibrate at a frequency
of 100 Hz along the perpendicular direction to the membrane.
Finally, it is worth noting that the grounding of the needle is of
importance to avoid the electrostatic force generated during the
dynamic testing; otherwise, the accumulated charge due to the
tip–diaphragm interaction will cause dust attachment to the tip.
Fig. 2(d) shows one typical evolution of tip profiles against time
without grounding during the dynamic testing. In such case, the
tip–diaphragm contact position is difficult to judge.

The longitudinal strain across the diaphragm, particularly
at the SiNW area, is extracted using finite-element analysis
(FEA) software ABAQUS. The average strain is extracted and
averaged from the corresponding elements at the SiNW area.
The Young modulus and Poisson ratio values used in the
modeling are obtained from the literature [15], [16], and the
residual stress was extracted from warpage of the wafers, as
shown in the inset table in Fig. 3. Fig. 3(a) and (b) shows
the stress distribution across the diaphragm under two point
loadings exactly at the center and 50 μm away from the center,
respectively. Fig. 3(c) shows the zoom-in area at the SiNW
location at the diaphragm edge. The five-layer structure model
is used to extract the maximum stress inside the SiNx layer.

III. RESULTS AND DISCUSSION

The characterization results are categorized and discussed
based on the two testing methods, i.e., static testing and dy-
namic testing. The static testing mainly provides information on
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Fig. 3. FEM model of the displacement loading (a) at the center of the
diaphragm and (b) near the edge of the diaphragm. (c) Zoom-in picture of the
five-layered meshing of diaphragm edge. Inset table shows the parameters used
in the simulation.

Fig. 4. SiNW resistance change against the tip displacement by static fracture
testing.

the fracture behavior of the diaphragm and the SiNW resistance
change under an extralarge compressive strain. These results
support the dynamic testing in terms of determining the tip
position and vibration amplitude.

A. Static Testing

1) Fracture Testing: The starting contact point is deter-
mined by recording the resistance as the tip moves down toward
the diaphragm at a given velocity of 1 μm/s until the diaphragm
is broken. The inset of Fig. 4 shows a typical measurement
curve under this approach. The starting point and breaking
point are recognized readily and immediately according to the
resistance change points. More specifically, the starting point
is judged when the initial resistance drops, while the breaking
point is known when the resistance suddenly increases. A
typical fracture measurement of the diaphragms with the tip at
the center (red curve) or 50 μm (blue curve) away is shown
in Fig. 4. As can be seen, the diaphragm breaks when the
contact points move downward to a distance of 11 μm with
22% resistance change for the blue curve, in comparison to
20 μm with 17% resistance change for the red one. When the
tip is closer to the diaphragm edge, it is readily understood
from the geometrical point of view that the diaphragm tends

Fig. 5. Ratio of SiNW strain against maximum SiNx stress on tip location.

to break quickly under a shorter pushing distance. In the
meantime, however, it is worth noting that the SiNW exhibits
a higher resistance change as well. Based on the simulation,
the two circled points have identical maximum stresses in the
SiNx layer, while different resistance changes are found in the
SiNWs from the experiment. This fact is explored by using FEA
modeling software ABAQUS and will be discussed in more
details in the next section.

The fracture stress of the composite diaphragm is decided
by the toughest material, i.e., the SiNx layer [16]. In the static
testing, the fracture stress of the SiNx is extracted as well. The
SiNx layer is found to have a fracture stress of around 4.4 GPa.
Based on the maximum von Mises stress from the modeling
and the theories of burst pressure [8], [17], the burst pressure is
derived as around 470 lbf/in2 in average, indicating the strong
mechanical stiffness of the diaphragm.

2) Loading Position Effect on the SiNW Strain: To more
obviously reveal the dependence of the SiNW strain and the
maximum stress in the SiNx film upon the tip position, we
can define a mathematic ratio A as A = εnw/σSiN, where
εnw refers to the strain of the SiNW and σSiN refers to the
maximum stress in the SiNx layer. This ratio can be intuitively
understood as how much compressive strain the SiNW owns
when the SiNx layer has a maximum stress of 1 GPa. It is
found that this ratio depends on the tip position on top of
the diaphragm. Fig. 5 shows the relationship between A and
the tip positions deviated from the diaphragm center toward the
SiNWs, as shown in the inset of Fig. 5. We can apply these data
to interpret the experimental results in Fig. 4. The resistance
changes for the red circle and blue circle are 22% and 16%,
respectively, indicating that a larger strain is applied into the
SiNW for the blue circle point than for the red one. The strains
in the two SiNWs of these two points are around 2.1% and 1.5%
from the simulation, which agrees with the experiments well.
Thus, we can manipulate the tip position on the diaphragm to
generate different maximum longitudinal strains to the SiNW
before fracture. The SiNWs are able to be measured under an
even larger compressive range than that reported before by us.
This result is meaningful by providing a platform to investigate
the behavior of SiNWs or other integratable nanowires as the
sensing elements.

3) Sensitivity Versus SiNW Lengths Under Displacement
Testing: The sensors with different SiNW lengths are studied
using the displacement testing with the tip located 50 μm away
from the diaphragm center. The response curves are recorded,
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Fig. 6. Displacement testing of diaphragms with SiNWs of 1, 2, 5, and 10 μm
in length.

Fig. 7. [(a) and (c)] SiNW resistance change against applied cycles when
the displacement is close to fracture displacement. [(b) and (d)] Optical
pictures of the corresponding fractured diaphragm. (e) Zoom-in profiler of the
tip–diaphragm interaction area on the diaphragm. (f) Profile across the area.

as shown in Fig. 6. As can be seen, the shorter the SiNW,
the higher the measured resistance change of the sensors. This
length dependence is reasonably attributed to the nonuniformly
distributed strain along the SiNW. More specifically, the longer
the SiNW, the lower the average strain that will be applied to
the SiNW under the same displacement loading. The length
effect of the SiNW is of interest in terms of fatigue in our
later discussion under dynamic testing. It is possible that the
longer SiNW would involve more defects than the shorter ones,
which then tend to fail more easily accordingly. These static
characteristics of the SiNWs with different lengths also provide
a basic understanding and reference for the SiNWs and serve as
the foundation for the next step study.

B. Dynamic Testing

1) Fracture Pattern: Fig. 7(a) and (c) shows the SiNW
resistances against time by the dynamic cycling testing when

Fig. 8. S–N curve of the pressure sensor under dynamic testing.

the tip is positioned 50 μm away from the measured SiNW with
vertical movement ranges of 10 and 9 μm, respectively. The
stable periodical shape from each cycle of displacement shows
that both the probe testing system and the pressure sensor are
working properly during the vibration. The resistance changes
of the SiNWs in Fig. 7(a) and (c) are 21% and 25%, respec-
tively. The corresponding strain of the SiNW is extracted as
1.5%. Furthermore, Fig. 7(a) and (c) shows that the diaphragms
suddenly break after 2.7 × 103 and 6.5 × 104 cycles with an
applied stress close to the fracture stress, respectively. The
corresponding OM photographs of the fractured diaphragms
are shown in Fig. 7(b) and (d). In both cases, the red circles
in Fig. 7(a) and (c) show the breakage of the pressure sensor
with a resistance jump; however, there is no transition observed
right before fracture occurred, which indicates that the fatigue
happens due to a sudden brittle fracture. In Fig. 7(a), a constant
resistance appears after the periodical resistance change stops.
Fig. 7(b) reveals that the fatigue happens at the edge of the
diaphragm due to the originally existing flaws. It appeared
in most cases in the tested samples of our experiment. This
is because the edge experiences the largest stress across the
diaphragm during the test. It is worth noting that the measured
SiNW in the yellow circle is operational without damage,
indicating that it happens to be out of the fracture path, possibly
due to the reinforcement from the metal pad at the SiNW area.
In Fig. 7(d), the radioactive shape of the fracture path shows
the high stress around the tip contact area. Such observed shape
is rational as the crack is caused by the needle–diaphragm
interaction [18]. To further illustrate this point, a survived
diaphragm after 9-h vibration under 6-μm dynamic testing
is measured around the contact point. Fig. 7(e) shows the
3-D picture, from which an indent is obviously seen. The
profile measurement reveals the depth of the indent as around
0.072 μm, as shown in Fig. 7(f). These data further prove the
rigidity of the needle and the relative elasticity of the SiNx film.
The indent is formed as a consequence of prolonged interaction
of the needle with the diaphragm, and it eventually evolves into
the crack initiation site. Based on this observation, a needle with
a relatively round tip is preferred in our experiment to reduce
the possibility of breaking the diaphragm from the contact
point, thus elongating and maximizing the dynamic testing time
onto the embedded SiNWs. In fact, during most of the experi-
ments that we conducted, the fatigue of the diaphragm happens
at the diaphragm edge. By extracting the maximum von Mises
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stress from the edge of the diaphragm using simulation, we
are able to derive the fatigue behavior of the SiNx film by
presenting the stress (S) against the number of cycles to failure
(N ), i.e., the S–N curve, as shown in Fig. 8. More details are
discussed in the following section.

2) S–N Curve: The fatigue testing on the SiNx film is
conducted by placing the tip 50 μm away from the diaphragm
center. The displacement range and the maximum stress in the
SiNx film in the testing are shown on the left and right vertical
axes of the S–N curve, as shown in Fig. 8. The yellow and
red dots represent the samples that fatigued before or survived
after the threshold of 1 × 107 cycles during the dynamic testing,
respectively. For the convenience of discussion, three regions
are proposed in the S–N curve graph as follows.

Region 1) The sensor is not able to sustain for quite many
cycles up to 1 × 107. The diaphragm tends to
break quickly under a relatively large stress to
the diaphragm. The maximum stress in the SiNx

layer is more than 3.0 GPa and lower than its
average fracture stress of around 4.4 GPa. The
applied strain in the SiNW is more than 1.4%.
Regarding the applied stress above Region 1, the
diaphragm is damaged quickly.

Region 2) The diaphragm is able to survive exceeding 1 ×
107 cycles when the applied stress is beyond the
working range of the pressure sensor but lower
than that in Region 1. The maximum stress in the
SiNx layer is lower than 3.0 GPa, and the applied
strain to the SiNW is not more than 1.4%. It is
considered that no fatigue happens in this region.

Region 3) Obviously, no fatigue behavior happens in Region
3. This region represents the safe working range
of the sensor, in which our pressure sensors can
perform with good reliability.

Similar fatigue properties for the silicon nitride are observed
in both macroscopic and microscopic scales, and their mecha-
nisms are discussed as a result of the progressive accumulation
of damage [19], [20]. As can be seen, the diaphragm tends to
break quickly in the dynamic test when the maximum stress in
the SiNx layer comes close to its fracture stress; however, it is
able to survive quite an amount of cycles when the maximum
stress is below a certain critical stress for the SiNx film. The
aforementioned observations correspond to Regions 1 and 2,
respectively. As mentioned, Region 3 is considered as the work-
ing range of the pressure sensor and is reasonably considered
as safe operation conditions without fatigue due to the big gap
of Region 2. Furthermore, the pressure sensor usually works
in a very low frequency or quasi-static environment in real
applications; thus, the crack growth rate in the SiNx film is
expected to be even lower by several orders of magnitude
in comparison with that under cyclic loading in the dynamic
testing [21]. Overall, these data serve as a further evidence
of the properties of SiNx as a brittle material and prove the
endurability and reliability of the sensor. Thus, as long as the
pressure sensor is protected from working in Region 2, it is
able to function without breaking the mechanical structure.

Fig. 9. (a)–(c) Bulge testing results of pressure sensors with (a) 1-μm,
(b) 5-μm, and (c) 10-μm SiNWs under 8-μm displacement testing. (d) Sensor
result under 6-μm dynamic testing. (e) Initial resistance against time. (f) Bulge
testing results with pressure sensor under 2-μm dynamic testing.

The detailed performance change during the dynamic testing
is discussed in the following section.

3) Pressure Sensor Characterization During Dynamic Test-
ing: As mentioned before, the probe-based displacement test-
ing is used as it can exert quite high strain to the SiNW with
high frequency of cycling which is difficult to be achieved in the
bulge testing. However, in order to judge the fatigue of the sen-
sor, the bulge testing is preferred because its uniform pressure
application to the diaphragm is able to reasonably eliminate
the uncertainty of the tip positioning onto the diaphragm in
the probe-based testing. Furthermore, even if the tip can be
positioned very exactly, the displacement testing may not be
able to reflect the property change of the films, e.g., whether it
becomes compliant or not, but this can be immediately revealed
by the bulge testing because it is based on force application
other than geometric deformation. Finally, the profiles of the
pressure sensor during the dynamic testing are recorded to
explore the profile evolution.

The experiments are conducted in the three regions that are
mentioned previously using pressure sensors with SiNWs of 1,
5, and 10 μm in length. Totally, 21 samples are measured in our
experiment and conducted in these three regions. Fig. 9(a)–(c)
shows the typical bulge testing results in Region 1. The dynamic
testing is conducted with 8 μm in amplitude, and the applied
strain to the SiNW is around 1.5%. A resistance drift is clearly
observed at different time intervals during the testing, while
no obvious dependence on the SiNW length is found for the
drift. However, the sensitivities of the sensors basically keep un-
changed during the dynamic testing. Fig. 9(d) shows one typical
testing result in Region 2. The applied strain to SiNW is around
1.3% under the 6-μm dynamic testing. The drift phenomenon is
observed in this region as well. Since the sensor is considered
without fatigue behavior in this region, the detailed resistance
drift against time is shown in Fig. 9(e). Finally, when it falls into
Region 3, the drift is interestingly found to have disappeared,
as shown in Fig. 9(f). In this testing, the tip movement range
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Fig. 10. (a) Two-dimensional diaphragm profile of pressure sensor before
dynamic testing. (b) Recorded data of the topography across the diaphragm
before the dynamic testing. (c) Two-dimensional diaphragm profile of the
pressure sensor after 16-h dynamic testing. (d) Recorded data of the topography
across the diaphragm after the dynamic testing.

is set as 2 μm, and the resistance change is around 6%, which
is well within the application range [15]. To explore the cause
of the drift phenomenon, the diaphragm profiles at the time
intervals are recorded. In our measurement, the diaphragm
shows no obvious change before breaking. Fig. 10 shows a
typical comparison of diaphragms before and after the dynamic
testing. As can be seen from Fig. 10(a) and (c), the diaphragms
present basically the same profile with good flatness. Fig. 10(b)
and (d) further proves the nearly identical topography of the
two diaphragms with center deflections of 0.085 and 0.058 μm,
respectively. It is almost impossible to capture the transition
state before a sound diaphragm breaks suddenly due to its brittle
properties.

Combining the results of bulge testing and profile record-
ing during the dynamic experiment, we can reasonably make
some quick comments. First, the mechanical structure of the
diaphragm and the SiNWs basically show no clear degradation
before breaking, and there is a strong adhesion between the
SiNW and its surrounding oxide; otherwise, the sensitivity of
the sensor will be affected. In the report by Tang et al., the
SiNWs demonstrated considerable compliant property under
bending test. The SiNWs are able to be bent repeatedly in a
bending strain of lower than 14% [22]. Second, the drift is of
main concern, and it is related to the applied stress. As ob-
served, the initial resistance change is usually within the range
of 1%. Small stress helps to eliminate the drift phenomenon.

This drift can be reasonably attributed to stress-induced
charge trapping and detrapping in the silicon and oxide in-
terface in the dynamic testing [23], [24]. The charge trapping
and detrapping in the silicon–oxide interface would affect the
carrier density in the SiNW channel, thus causing the drift of
the initial resistance of the SiNW [24]. Due to the relatively
heavy doping level inside the SiNW, slight carrier concentration
change will not have significant effect on the SiNW behavior
[13]. The constant sensitivity during the dynamic testing shows
that the piezoresistive property in the SiNW is not affected in
our pressure measurement range.

It is worth pointing out that the stress-induced trapping and
detrapping phenomenon should follow a certain probability
distribution regarding the stress, which means that a certain
transition area must exist and should reasonably lie in the
migration region from Region 2 to Region 3. It is difficult to
determine the exact threshold when the stress starts to introduce
trapping and detrapping into the interface, and it is supposed to
be a matter of probability. However, since drift of the initial
resistance can be offset by the circuitry, the results reveal
that the pressure sensor is able to function continuously and
properly in Region 2 and consistently within Region 3. To
erase the drift effect of the sensor, deuterium incorporation
is suggested to improve the interfacial oxide quality ascribed
to the deuterium isotope effect. By forming the Si–D bonds
instead of Si–H in the SiO2, such process effectively helps
suppress the generation of oxide traps [25]. Furthermore, from
a practical point of view, with the good waterproof property of
the SiNx film, the multilayered pressure sensor is promising
as a longtime-implanted biomedical device after appropriate
packaging.

IV. CONCLUSION

A novel pressure sensor using piezoresistive SiNWs embed-
ded in the suspended multilayered diaphragm has been investi-
gated by the static test and dynamic cycling test combining the
probe-based testing, bulge testing, and profiler recording. In the
static testing, the SiNx layer is found to have a fracture stress
of around 4.4 GPa, and the SiNW is able to be applied with
a strain of more than 2.1% without breaking the diaphragm.
In the dynamic testing, no obvious mechanical change of di-
aphragm profile is observed during the dynamic testing before
breaking. A large compressive strain level up to 1.5% applied
to SiNWs under dynamic testing is first reported so far. No
obvious fatigue behavior is observed in the SiNWs at different
compressive strain levels. The initial resistances of the SiNWs
drift during the dynamic testing. The drift is found related to
the applied stress, and small stress helps eliminate the drift
phenomenon. However, the sensitivity of the pressure sensor
maintains constant under the bulge testing approach. Overall,
the characterized pressure sensor shows good reliability in
terms of mechanical structure as well as the SiNW performance
and is promising for biomedical applications.
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