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This paper presents an innovative nano strain-amplifier employed to significantly enhance the sensitivity of piezore-
sistive strain sensors. Inspired from the dogbone structure, the nano strain-amplifier consists of a nano thin frame
released from the substrate, where nanowires were formed at the centre of the frame. Analytical and numeri-
cal results indicated that a nano strain-amplifier significantly increases the strain induced into a free standing
nanowire, resulting in a large change in their electrical conductance. The proposed structure was demonstrated in
p-type cubic silicon carbide nanowires fabricated using a top down process. The experimental data showed that
the nano strain-amplifier can enhance the sensitivity of SiC strain sensors at least 5.4 times larger than that of
the conventional structures. This result indicates the potential of the proposed strain-amplifier for ultra-sensitive
mechanical sensing applications.

Strain sensors have been widely employed in numer-
ous applications including bio-analysis, inertia sensing, and
structural health monitoring (SHM)1–4. For instance, in
SHM, strain sensors can detect crack generation, delami-
nation between layers, and thermal expansions due to the
changes in temperature5,6. Among several methods to de-
tect strain, the piezoresistive effect in semiconductors has
been widely adopted due to its high sensitivity and simple
readout circuitry7–10.
Recent studies have been focusing on enhancing the

sensitivity of piezoresistive strain sensors by down-scaling
piezoresistive elements to a nanometer scale11. He and
Yang reported a giant longitudinal piezoresistive coefficient
of −3550 × 10−11 Pa−1 in silicon nanowires, which is at
least one order of magnitude large than that of bulk Si
material12. The enhancement of the piezoresistive effect in
Si nanowires was hypothesized to be caused by a piezopinch
phenomenon13. Following the work of He and Yang, a
large number of studies have been carried out to investi-
gate the piezoresistive effect of nanowires fabricated using
different methods and aligned in several crystallographic
orientations. Milner et al. reported the giant piezoresistive
effect in Si micro and nano wires fabricated using a top-
down process14. In addition, the authors also counteracted
the hypothesis of the piezopinch phenomenon, and sug-
gested that the dynamic properties of surface charge on mi-
cro/nanowires could be the main reason causing the signif-
icant change in the piezoresistance of nanowires11,14. Nev-
ertheless, the electrical conductance of Si nanowires, using
the dynamic properties of surface state, varies with time,
which is not a desirable property for practical strain sens-
ing applications. Additionally, in contrast to the results of
He and Yang, the piezoresistive effect in both bottom-up
grown Si nanowires15,16, and top-down fabricated Si17–19

reported recently, did not show significant improvement in
sensitivity compared to when bulk materials are used. In
another study, Nakamura et al. theoretically investigated
the influence of the quantum confinement on the piezore-
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sistive effect in ultra narrow Si nanowires20. Although,
theoretical calculation showed a giant piezoresistive effect
in nanowires, to make the quantum confinement effective,
the diameter of nanowires has to be below a few nanome-
ters, which is relatively challenging to fabricate. Therefore,
to date, the existence of the large piezoresistive effect in
nanowires using electrical approaches is still a controver-
sial topic, and further studies need to be carried out to
verify these methods11.
In this paper, we report a revolutionary mechanical ap-

proach to enhance the sensitivity of piezoresistive strain
sensors using a nanowire-based strain amplifying struc-
ture (hereafter nano strain-amplifier). The nano strain-
amplifier was inspired from the dogbone structure, in
which strain can be magnified in the desired areas. For
the purpose of demonstration, we developed and char-
acterized a p-type cubic silicon carbide (3C-SiC) based
nano strain-amplifier. Silicon carbide was selected in
this work due to its high potential in applications for
harsh environments21,22, including strain sensing devices
for structural health monitoring23–27. The experimental
data shows that, by using the nano strain-amplifier, the
sensitivity of SiC based strain sensor can increase approxi-
mately 6 fold than that of conventional SiC micro and nano
structures. Furthermore, by employing the proposed nano
strain-amplifier, it is possible to obtain a highly sensitive
piezoresistive effect in other semiconductors, as well as in
metals.
Figure 1(a) and 1(b) show the concept of the conven-

tional structures of piezoresistive sensors. The piezoresis-
tive elements are either released from, or kept on, the sub-
strate. The sensitivity (S) of the sensors is defined based
on the ratio of the relative resistance change (∆R/R) of
the sensing element and the strain applied to the substrate
(εsub):

S = (∆R/R)/εsub (1)

In addition, the relative resistance change ∆R/R can be
calculated from the gauge factor (GF ) of the material used
to make the piezoresistive elements: ∆R/R = GFεind,
where εind is the strain induced into the piezoresistor. In
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FIG. 1. Schematic sketches of nanowire strain sensors. (a)(b) Conventional non-released and released NW structure; (c)(d) The
proposed nano strain-amplifier and its simplified physical model.

most of the conventional strain gauges as shown in Fig. 1
(a,b), the thickness of the sensing layer is typically below a
few hundred nanometers, which is much smaller than that
of the substrate. Therefore, the strain induced into the
piezoresistive elements is approximately the same as that
of the substrate (εind ≈ εsub). Consequently, to improve
the sensitivity of strain sensors (e.g. enlarging ∆R/R),
electrical approaches which can enlarge the gauge factor
(GF ) are required. Nevertheless, as aforementioned, the
existence of the large gauge factor in nanowires due to
quantum confinement or surface state, is still considered
as controversial.

It is also evident from Eq. 1 that the sensitivity of strain
sensors can also be improved using a mechanical approach,
which enlarges the strain induced into the piezoresistive ele-
ment. Figure 1(c) shows our proposed nano strain-amplifier
structure, in which the piezoresistive nanowires are locally
fabricated at the centre of a released bridge. The key idea of
this structure is that, under a certain strain applied to the
substrate, a large strain will be concentrated at the locally
fabricated SiC nanowires. The working principle of the
nano strain-amplifier is similar to that of the well-known
dogbone structure, which is widely used to characterize the
tensile strength of materials28,29. That is, when a stress is
applied to the dogbone-shape of a certain material, a crack,
if generated, will occur at the middle part of the dogbone.
The large strain concentrated at the narrow area located at
the centre part with respect to the wider areas located at
outer region, causes the crack. Qualitative and quantita-
tive explanations of the nano strain-amplifier are presented
as follows.

For the sake of simplicity, the released micro frame and
nanowire (single wire or array) of the nano strain-amplifier
can be considered as solid springs, Fig. 1(d). The stiffness
of these springs are proportional to their width (w) and
inversely proportional to their length (l): K ∝ w/l. Con-
sequently, the model of the released nanowire and micro
frames can be simplified as a series of springs, where the
springs with higher stiffness correspond to the micro frame,
and the single spring with lower stiffness corresponds to the
nanowire. It is well-known in classical physics that, for seri-
ally connected springs, a larger strain will be concentrated
in the low–stiffness string, while a smaller strain will be in-
duced in the high–stiffness string30. The following analysis
quantitatively explained the amplification of the strain.

When a tensile mechanical strain (εsub) is applied to the
substrate, the released structure will also be elongated.
Since the stiffness of the released frame is much smaller
than that of the substrate, it is safe to assume that the re-
leased structure will follows the elongation of the substrate.

The displacement of the released structure ∆L is:

∆L = ∆Lm +∆Ln = Lmεm + Lnεn (2)

where Lm, Ln are the length; ∆Lm, ∆Ln are the displace-
ment; and εm, εn are the strains induced into the micro
spring and nano spring, respectively. The subscripts m
and n stand for the micro frames and nanowires, respec-
tively. Furthermore, due to the equilibrium of the stress-
ing force (F ) along the series of springs, the following re-
lationship is established: F = Km∆Lm = Kn∆Ln, where
Km, Kn are the stiffness of the released micro frames and
nanowires, respectively. Consequently the relationship be-
tween the displacement of the micro frame (higher stiffness)
and nanowires (lower stiffness) is:

∆Lm

∆Ln

=
Kn

Km

=
Lmwn

Lnwm

(3)

Substituting Eqn. 3 into Eqn. 2, the strain induced into
the locally fabricated nanowires is:

εn =
∆Ln

Ln

=
1

1− wm−wn

wm

Lm

L

εsub (4)

Equation 4 indicates that increasing the ratio of wm/wn

and Lm/Ln significantly amplifies the strain induced into
the nanowire from the strain applied to the substrate. This
model is also applicable to the case of nanowire arrays, in
which wn is the total width of all nanowires in the array.
The theoretical model is then verified using the finite

element analysis (FEA). In the FEA simulation, we com-
pare the strain induced into (i) non released nanowires, (ii)
the conventionally released nanowires, and (iii) our nano
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FIG. 2. Finite element analysis of the strain induced in to the
nanowire array utilizing nano strain-amplifier.
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strain-amplifier structure, using COMSOL Multiphysics ™.
In our nano strain amplifying structure, the width of the
released frame was set to be 8 µm, while the width of
each nanowire in the array (3 wires) was set to be 370
nm. The nanowires array structure was selected as it can
enhance the electrical conductance of the SiC nanowires
resistor which makes the subsequent experimental demon-
stration easier. The ratio between the length of nanowires
and micro bridge was set to be 1: 20. With this geomet-
rical dimensions, strain induced into nanowires array εn
was numerically calculated to be approximately 6 times
larger than εsub, Eqn. 4. The simulation results show
that for all structure, the elongation of non-released and
released nanowires follow that of the substrate. In addi-
tion, strain was almost completely transferred into conven-
tional released and non-released structures. Furthermore,
the ratio of the strain induced in to the locally fabricated
nanowires was estimated to be 5.9 times larger than that
of the substrate, Fig. 2. These results are in solid agree-
ment with the theoretical analysis presented above. For
a nanowire array with an average width of 470 nm, the
amplified gain of strain was found to be 4.5.

Based on the theoretical analysis, we conducted the fol-
lowing experiments to demonstrate the high sensitivity of
SiC nanowire strain sensors using the nano strain-amplifier.
A thin 3C-SiC film with its thickness of 300 nm was epi-
taxially grown on a 150 mm diameter Si wafer using low
pressure chemical vapour deposition31. The film was in

situ doped using Al dopants. The carrier concentration of
the p-type 3C-SiC was found to be 5 × 1018 cm−3, using
a hot probe technique32. The details of the characteristics
of the grown film can be found elsewhere33. Subsequently,
I-shape p-type SiC resistors with aluminum electrodes de-
posited on the surface were patterned using inductive cou-
pled plasma (ICP) etching. As the piezoresistance of p-
type 3C-SiC depends on crystallographic orientation, all
SiC resistors of the present work were aligned along [110]
direction to maximize the piezoresistive effect. Next, the
micro scale SiC resistors were then released from the Si
substrate using dry etching (XeF2). Finally, SiC nanowire
arrays were formed at the centre of the released bridge us-
ing focused ion beam (FIB). Two types of nanowire array
were fabricated with three nanowires for each array. The
average width of each nanowire in each type were 380 nm
and 470 nm, respectively. Figure 3 shows the SEM im-
ages of the fabricated samples, including the conventional
released structure, non-released nanowires, and the nano
strain-amplifier.

The current voltage (I-V) curves of all fabricated samples
were characterized using a HP 4145 ™ parameter analyzer.
The linear relationship between the applied voltage and
measured current, indicated that Al made a good Ohmic
contact with the highly doped SiC resistance, Fig. 4. Addi-
tionally, the electrical conductivity of both nanowires and
micro frame estimated from the I-V curve and the dimen-
sions of the resistors shows almost the same value. This
indicated that the FIB process did not cause a significant
surface damage to the fabricated nanowires.

The bending experiment was used to characterize the
piezoresistive effect in micro size SiC resistors and locally
fabricated SiC nanowire array. In this experiment one end

FIG. 3. SEM image of SiC strain sensors. (a) Released SiC
micro bridge used for the subsequent fabrication of the nano
strain-amplifier; (b) SEM of a micro SiC resistor where the SiC
nanowires array were formed using FIB; (c) SEM of non-released
SiC nanowires; (d) SEM of locally fabricated SiC nanowires
released from the Si substrate (nano strain-amplifier).

of the Si cantilever (with a thickness of 625 µm, and a width
of 7 mm) was fixed while the other end was deflected by
applying different forces. The distance from the fabricated
nanowires to the free end of the Si cantilever was approxi-
mately 45 mm. The strain induced into the Si substrate is
εsub = Mt/2EI, where M is the applied bending moment;
and t, E and I are the thickness, Young’s modulus and the
moment of inertia of the Si cantilever, respectively. The
response of the SiC resistance to applied strain was then
measured using a multimeter (Agilent ™34401 A).
The relative resistance change (∆R/R) of the micro and

nano SiC resistors was plotted against the strain induced
into the Si substrate εsub, Fig. 5(a). For all fabricated
samples, the relative resistance change shows a good lin-
ear relationship with the applied strain (εsub). In addition,
with the same applied strain to the Si substrate, the resis-
tance change of the SiC nanowires using the nano strain-
amplifier was much larger than that of the the SiC micro
resistor and the conventional non-released SiC nanowires.
In addition, reducing the width of the SiC nanowires also
resulted in the increase of the sensitivity. The magnitude of
the piezoresistive effect in the nano strain-amplifier as well
as conventional structures were then quantitatively evalu-
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FIG. 5. Experimental results. (a) A comparision between the
relative resistance change in the nano strain-amplifiers, non re-
leased nanowires and released micro frames; (b) The repeata-
bility of the SiC nanowires strain sensors utilizing the proposed
structure.

ated based on the effective gauge factor (GFeff ), which is
defined as the ratio of the relative resistance change to the
applied strain to the substrate: GFeff = (∆R/R)/εsub.
Accordingly, the effective gauge factor of the released mi-
cro SiC was found to be 28, while that of the non-released
SiC nanowires was 35. From the data shown in Fig. 5,
the effective gauge factor of the 380 nm and 470 nm SiC
nanowires in the nano strain-amplifier were calculated as
150 and 124, respectively. Thus for nanowire arrays with
average widths of 380 nm and 470 nm, the sensitivity of
the nano strain-amplifier was 5.4 times and 4.6 times larger
than the bulk SiC, respectively. These results were consis-
tent with analytical and numerical models presented above.
The relative resistance change of the nano strain-amplifier
also showed excellent linearity with the applied strain, with
a linear regression of above 99%.

The resistance change of the nano strain-amplifier can
also be converted into voltage signals using a Wheatstone
bridge, Fig. 5(b). The output voltage of the nano strain-
amplifier increases with increasing tensile strains from 0
ppm to 180 ppm, and returned to the initial value when
the strain was completely removed, confirming a good re-
peatability after several strain induced cycles. The linear-
ity of the relative resistance change, and the repeatability
indicate that the proposed structure is promising for strain
sensing applications.

In conclusion, this work presents a novel mechani-
cal approach to obtain highly sensitive piezoresistance in
nanowires based on a nano strain-amplifier. The key factor
of the nano strain-amplifier lies on nanowires locally fab-
ricated on a released micro structure. Experimental stud-
ies were conducted on SiC nanowires, confirming that by
utilizing our nano strain-amplifier, the sensitivity of SiC

nanowires was 5.4 times larger than that of conventional
structures. This result indicated that the nano strain-
amplifier is an excellent platform for ultra sensitive strain
sensing applications.

1Barlian, A. A.; Park, W. T.; Mallon, J. R. Jr.; Rastegar, A. J.;
Pruitt, B. L. Proc. IEEE 2009, 97(3), 513–552.

2Phan, H.-P.; Dao, D. V.; Tanner, P.; Wang, L.; Nguyen, N.-T.;
Zhu, Y.; Dimitrijev, S. Appl. Phys. Lett. 2014, 104, 111905.

3Phan, H.-P.; Dao, D. V.; Wang, L.; Dinh, T.; Nguyen, N.-T.; Qa-
mar, A.; Tanner, P.; Dimitrijev, S.; Zhu, Y. J. Mater. Chem. C

2015, 3, 1172–1176.
4Nguyen, M. D.; Phan, H.-P.; Matsumoto, K.; Shimoyama, I. 26th
IEEE MEMS 2013, 617–620.

5Dharap, P.; Li, Z.; Nagarajaiah, S.;Barrera, E. V. Nanotechnol.,
2004,15(3), 379.

6Yan, C.; Wang, J.; Kang, W.; Cui, M.; Wang, X.; Foo, C. C.; Chee,
K. J.; Lee, P. S. Adv. Mater. 2014, 26(13), 2022-2027.

7Nguyen, M.-D.;Phan, H.-P.; Matsumoto, K.; Shimoyama, I. Int.

Conf. TRANSDUCER, Barcelona, Spain 2013, 70–73.
8Zhao, J.; He, C.; Yang, R.; Shi, Z.; Cheng, M.; Yang, W.; Xie,
G.; Wang, D.; Shi, D.; Zhang, G. Appl. Phys. Lett. 2012, 101(6),
063112.

9Tsai, M. Y.; Tarasov, A.; Hesabi, Z. R.; Taghinejad, H.; Campbell,
P. M.; Joiner, C. A.; Adibi, A.; Vogel, E. M. ACS Appl. Mater.

Interfaces 2015, 7(23), 12850-12855.
10Phan, H.-P.; Dao, D. V.; Nakamura, K.; Dimitrijev, S.; Nguyen,
N.-T. J. Microelectromech. Syst. 2015, 24(6), 1663–1677.

11Rowe, A. C. H. J. Mater. Res. 2014, 29(6), 731–744.
12He, R.; Yang, P. Nat. Nanotechnol. 2006, 1, 42.
13Rowe, A.C.H. Nat. Nanotechnol. 2008, 3, 312.
14Milne, J. S., Rowe, A. C. H. ; Arscott, S.; Renner, C. Phys. Rev.

Lett. 2010, 105, 226802.
15Lugstein, A.; Steinmair, M.; Steiger, A.; Kosina, H.; Bertagnolli, E.
Nano Lett. 2010, 10, 3204-3208. Ultrastrained Silicon Nanowires.

16Huang, C. J.; Yang, C. H.; Hsueh, C. Y.; Lee, J. H.; Chang, Y. T.;
Lee, S. C. IEEE Electron Device Lett. 2011, 32(9), 1194-1196.

17Toriyama, T.; Tanimoto, Y.; Sugiyama, S. J. Microelectromech.

Syst. 2002, 11(5), 605-611. Mechanical Sensors.
18Toriyama; T.; Sugiyama, S. Sens. Actuator A 2003, 108, 244-249.
19Phan, H.-P.; Kozeki, T.; Dinh, T; Fujii, T.; Qamar, A.; Zhu, Y.;
Namazu, T.; Nguyen, N.-T.; Dao, D. V. RSC Adv. 2015, 5, 82121–
82126.

20Nakamura, K.; Dao, D. V.; Toriyama, T.; Isono, Y.; Sugiyama, S.
Nanowires; In-Tech Publisher, 2010; Chapter 15.

21Senesky, D. G.; Jamshidi, B.; Cheng, K.B.; Pisano, A. P. IEEE

Sensors J., 2009, 9(11), 1472–1478.
22Dinh, T.; Dao, D. V.; Phan, H.-P.; Wang, L.; Qamar, A.; Nguyen,
N.-T.; Tanner, P.; Rybachuk, M. Appl. Phys. Exp. 2015, 8(6),
061303, 2015.

23Shao, R.; Zheng, K.; Zhang, Y.; Li, Y.; Zhang, Z.; Han, X. Appl.

Phys. Lett. 2012, 101(23), 233109.
24Gao, F.; Zheng, J.; Wang, M.; Wei, G.; Yang, W. Chem. Comm.

2011, 47(43), 11993-11995.
25Bi, J.; Wei, G.; Wang, L.; Gao, F.; Zheng, J.; Tang, B.; Yang, W.
J. Mater. Chem. C 2013, 1(30), 4514-4517.

26Dinh, T.; Phan, H.-P.; Kozeki, T.; Qamar, A.; Namazu, T.;
Nguyen, N.-T.; Dao, D. V. RSC Adv. 2015, 5, 106083-106086.

27Phan, H.-P.; Dinh, T.; Kozeki, T.; Nguyen, T.-K.; Qamar, A.;
Namazu, T.; Nguyen, N.-T.; Dao, D. V. IEEE Electron Dev. Lett.

2016. (In press) DOI: 10.1109/LED.2016.2579020
28Huang, H; Spaepen, F. Acta Materialia 2000, 48(12), 3261-3269.
29Wernik, J. M.; Meguid, S. A. Mater. Design 2014 59, 19-32.
30Hibbeler, R C. Engineering Mechanics: Statics (14th Edition);
Pearson, 2015.

31Phan, H.-P.; Qamar, A.; Dao, D. V.; Dinh, T.; Wang, L.; Han,
J.; Tanner, P.; Dimitrijev, S.; Nguyen, N.-T. RSC Adv. 2015, 5,
56377-56381.

32Tanner, P.; Wang, L.; Dimitrijev, S.; Han, J.; Iacopi, A.; Hold, L.;
Walker, G. Sci. Adv. Mater. 2014, 6(7), 1542-1547.

33Phan, H.-P.; Dao, D. V.; Tanner, P., Han, J.; Nguyen, N.-T.; Dim-
itrijev, S.; Walker, G.; Wang, L.; Zhu, Y. J. Mater. Chem. C 2014,
2(35), 7176-7179.


