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Abstract—The characteristics of piezoresistive silicon nanowires
(SiNWs) under compressive strain as large as 1.7% are reported.
The SiNW is embedded in a multilayered diaphragm structure
consisting of silicon nitride and silicon oxide. After leveraging the
high fracture stress and intrinsic tensile stress of silicon nitride
layer to produce a flat diaphragm, we can create large compres-
sive strain to the SiINW without damaging the diaphragm. The
relationship between SiINW resistance change and applied strain is
measured and investigated with 2-pm and 5-pm SiNWs for both
scientific and practical points of view. This approach demonstrates
the validity to reveal the SiNW properties under large strain, and
the exploration provides good reference for future SiNW-based
MEMS sensor design.

Index Terms—Large compressive strain, multilayered di-
aphragm structure, silicon nanowire (SINW).

I. INTRODUCTION

Y LEVERAGING the advanced semiconductor pro-

cess technology, NEMS-based biosensors using silicon
nanowire (SiNW) have been reported as promising DNA and
protein sensors [1], [2]. Due to the large piezoresistive effect
of SiNWs [3]-[5], using SiNWs as the piezoresistive sensing
element in the pressure-deformable diaphragm operated in the
tensile strain region has been reported [6]. Major research
efforts have been devoted to the characterization of SINW
mechanical properties based on miniaturized or microelec-
tromechanical systems (MEMS)-based testing platform [7]-
[9]. Generally, these characterization approaches are kinds of
method using the bulky test platform to conduct the four-point
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bending for uniform stress [7] or utilizing specially designed
MEMS-based test platforms [8], [9]. However, due to fracture
of samples under test, the four-point-bending setup provides
very limited tensile/compressive strain usually within 0.06%
[3]. On the other hand, characterization of SINWs under large
range of tensile strain has been reported by using MEMS-based
testing platform [8]—-[10]. For example, Lugstein et al. reported
the (111) direction SINWs with applied strain as large as 3.5%
and claimed that the SiNW resistivity drops as the SINW is
elongated exceeding 0.8% strain [8]. However, up-to-date only
piezoresistive property of SiNWs of large tensile strain has
been reported, while the measured data of compressive strain
are usually limited to 0.06% [3]. Four-point-bending bulky
test platform suffers the fracture issue under large compres-
sive strain, and MEMS-device-based testing platform usually
measures a SiINW by artificially assembling the SiNW to
the MEMS device or with synthesized SiNW, in which such
SiNWs are restricted in a small compressive strain range due
to buckling issues. In practical applications, the SiNWs are
usually embedded in the thin films to form a sensor structure
which is used not only in tensile state but also in compressive
state. Therefore, as such investigation of SINW behavior within
a wide range of compressive strain is indispensable. In the
recent report by Kozlovskiy and Sharan, the SINW under large
compressive stress (~1 GPa) is computationally investigated
[11]. Here, we report a MEMS diaphragm consisting of SiINW
piezoresistors for pressure sensor applications characterized in
the large compressive strain range. By leveraging the large
fracture stress of silicon nitride, the measured resistance data
versus compressive strain up to 1.7% are recorded for SINWs
in (110) direction.

II. DESIGN AND FABRICATION

The schematic drawing of the pressure sensor is shown in
Fig. 1(a), while the SEM photo and optical microscope (OM)
photo of a microfabricated multilayered diaphragm with a
diameter of 200 um are shown in Fig. 1(b) and (d), while the
zoom-in image of SiNWs is shown in Fig. 1(c). By confining
the SINW in the surrounding oxide, large compressive strain
could be applied on this flat diaphragm structure to the extent
before the diaphragm reaches the fracture point without buck-
ling issues.

The process flow to fabricate the diaphragm starts with a Si
(100) wafer. After photolithography, the photoresist is trimmed
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Fig. 1. (a) Schematic drawing of the pressure sensor with inset of OM
photograph of needle tip. (b) OM photograph of the fabricated device. (c) SEM
photograph of 5-pm SiNWs after metal deposition and contact via patterning.
(d) SEM photograph of the fabricated device.

to decrease the critical dimension to around 100 nm for the
following silicon etching. Thermal oxidation is conducted then
to further shrink down the dimension of the SINW. Diaphragms
integrated with two kinds of SiNWs are made, while the cross
section of both SINWs is 90 nm x 90 nm and the lengths of both
SiNWs are 2 pum and 5 pm, respectively. The piezoresistive
characteristics of SINWs are created by a p-type implantation
process using BFo+ with a dosage of 1E14 ion/cm? and fol-
lowed by annealing for activation. Next, an extra SiO» layer
of 4000 A is deposited for passivation; after via opening and
metal patterning, 2.5-um silicon nitride film is deposited to
compensate the compressive stress in the SiOq layer. Finally,
DRIE is conducted to release the diaphragm structure.

III. MODELING AND CHARACTERIZATION

A white light interferometer (Vecco NT3300) system is used
to record the surface profile of the microfabricated diaphragm
as shown in Fig. 2(a). Fig. 2(b) shows the measured surface
roughness across the membrane. These data give almost zero
deflection, indicating that the SINW is basically at a normal
state without prestress. To investigate the diaphragm strain
distribution, particularly at the SINW area under a center point
displacement load, finite-element analysis software ABAQUS
is used in a nonlinear analysis mode. A three-layer struc-
ture model is built consisting of 1450-A BOX layer, 4000-A
PECVD oxide, and 2.5-um SiN layer as shown in Fig. 2(c)
and (d). The SiNW is located between the two oxide layers
at the diaphragm edge. The longitudinal strain of the SINW
is extracted and averaged from the elements at the membrane
edge as the displacement load is given from 0 to 20 pm.
The simulation results show that the strain of the diaphragm
edge is in a fairly good linear relationship against the center
displacement (Fig. 3 inset).
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Fig. 2. (a) Three-dimensional topography of fabricated diaphragm structure.
(b) Curve showing surface roughness across the wafer. (c) ABAQUS simulation
of the longitudinal strain in the SINW. (d) Zoom-in picture showing the meshing
and multilayered structure at the membrane edge of SINW area.
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Fig. 3. SiNW resistance change against tip displacement; inset shows the
SiNW strain against the center displacement.

To experimentally characterize the microfabricated SINW
embedded in the MEMS devices, a specially fabricated tungsten
needle is attached to a manipulator controlled by a PZT system
using E-517 Digital Piezo Controller by Physik Instrumente.
The diameter is 5 pm with the fabricated needle tip which
is around 300 nm, which can be reasonably viewed as point
in comparison with the 200-pm diaphragm in diameter. The
needle is deployed to push the diaphragm center, as illustrated
by the white arrow mark in Fig. 1(a), thus deforming the
membrane and transmitting the strain to the SiNW. Mean-
while, the electrical measurement of the SINW resistance is
conducted using the semiconductor parameter analyzer system
(Agilent 4156C). The experiment is conducted on a probe
station platform under a microscope. The tip is carefully aligned
to be positioned directly on top of the center of the membrane
and then moves in perpendicular to the membrane with 1-pum
displacement in each step. This approach takes advantage of the
high fracture stress of silicon nitride and the PZT-based precise
displacement control. Such a setup can exert quite high strain to
the SINW without demanding high pressure which is necessary
to be applied in the bulge test [10]. Fig. 3 shows the measured
resistance change against tip displacement for the sensors with
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2-pm and 5-pm SiNWs. The initial resistances derived from
I-V curves of linear characteristics for the 2-pym and 5-pm
SiNWs are 88 k{2 and 226 k{2, respectively. It shows that the
SiNW resistance keeps constant initially until the onset point
at about 2.0 pm, indicating that the strain introduced by the tip
is transmitted onto the SiNW. The resistance keeps dropping
down to 17.7% for the 5-um SiNW and to 15.8% for the
2-pm SiNW, respectively, as more displacement is continuously
applied to the tip, while the membrane breaks when tip dis-
placement reaches at 22 ym and 14 pm, i.e., diaphragm center
displacements of 20 pm and 12 pm accordingly. These data also
exhibit a larger resistance change in comparison with previous
reported data for bulky silicon under a compressive state, where
such data are usually less than 8%. The enlarged resistance
range further proves the effectiveness of this testing approach.
Moreover, the two curves show good linear behavior up to
center displacement of about 5 pm in Fig. 3. The 2-pym SiNW
curve gives slightly deeper slope than the one of 5-um SiINW
as indicated by the linear fitting line. This is due to the fact that
the 5-pm SiNW sensor senses wider span of longitudinal strain
across its length than the one of 2-pum SiNW; in other words,
the 5-pum SiNW has lower average compressive strain than the
2-pum SiNW under the same diaphragm center displacement.
There is nonlinear region observed for both cases when
the center displacement is larger than 5 pum until the fracture
point. The resistance change decreases as the strain increases
in this region, indicating that the gauge factor of the SINW
drops as the strain increases. Such nonlinear behavior has been
investigated first by Suzuki et al. [13], and stress decoupling
of the degenerate valence band into two bands of prolate and
oblate ellipsoidal energy surface is proposed to explore the
origin of the piezoresistance of p-silicon diffused layers. Our
result is a further evidence to show the nonlinear behavior of
the piezoresistance of p-type silicon in an extended compressive
range. Moreover, the SINW is reported with giant factor by He
and Yang [3]. The compressive range with appeared giant factor
is lower than 0.06%, which corresponds to the red box shown
in the inset of Fig. 3. The evolution of the SINW behavior
under extended region of compressive strain could be of great
value toward revealing the origin of the giant piezoresistive
effect. From scientific point of view, the p-type of SiNW is
not fully understood, and it requires more experimental effort
[14], [15]. Our results revealed the SiNW properties in the
large compressive strain region where it has not been reported
until now. Additionally, in the practical applications, this result
indicates that calibration is required to offset the nonlinearity of
such sensors using the SINW under large compressive strain.

IV. CONCLUSION

In this letter, we have reported the experimental data of (110)
direction SINW under extended compressive strain as large
as 1.7% against 17.7% resistance change, while the nonlinear
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behavior is observed in the large compressive strain region. We
successfully achieved measurement in large compressive strain,
ie., 1.7%, by leveraging the intrinsic tensile stress of silicon
nitride to produce a flat multilayered diaphragm consisting of
silicon nitride, silicon oxide, and embedded SiNWs and by
forming a strong membrane attributed to the high fracture stress
of silicon nitride. Our results revealed the SINW properties
in the large compressive strain region where it has not been
reported until now. It fills the missing link between actual
behavior of SINWs in sensor configuration and preliminary data
of suspended SiNWs measured at bulky testing platform.
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