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The piezoresistive effect in silicon nanowires (SiNWs) has

attracted a great deal of interest for NEMS devices. Most

of the piezoresistive SiNWs reported in the literature were

fabricated using the bottom up method or top down pro-

cesses such as electron beam lithography (EBL). Focused

ion beam (FIB), on the other hand, is more compatible

with CMOS integration than the bottom up method, and

is simpler and more capable of fabricating very narrow Si

nanostructures compared to EBL and photolithography.

Taking the advantages of FIB, this paper presents for the

first time the piezoresistive effect of p-type SiNWs fabri-

cated using focused ion beam implantation and wet etch-

ing. The SiNWs were locally amorphized by Ga+ ion im-

plantation, selectively wet-etched, and thermally annealed

at 700◦C. A relatively large gauge factor of approximately

47 was found in the annealed SiNWs, indicating the poten-

tial of using the piezoresistive effect in top-down fabricated

SiNWs for developing NEMS sensors.

Discovered by Smith in 1954, the piezoresistive effect in semi-

conductors has been investigated and employed in various

Micro Electromechanical Systems (MEMS) applications1–6.

Thanks to its availability, advanced MEMS fabrication pro-

cess, and large gauge factor, silicon (Si) is among the first

choice materials for developing piezoresistive transducers.

The piezoresistive effect of bulk silicon has been utilized in

AFM (atomic force microscope) cantilevers7, acceleration,

tactile, and pressure sensors8–10.

Recent research has paid a great attention to the piezoresis-

tive effect of silicon nano structures, such as nanowires and

nanosheets, to elucidate the quantum confinement effect in

enhancement of the stress/strain sensing property for highly

sensitive and miniaturized sensing devices11,12. The giant

piezoresistive effect in Si nanowires (SiNWs) with a gauge

factor of up to 5000 reported by He and Yang has been a great

motivation for a large number of studies on the characteri-

zation of the nanoscale effect in piezoresistance13,14. Lung-

stein et al. reported the piezoresistive effect of ultra-strained
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SiNWs grown by the vapor-liquid-solid method, with a gauge

factor comparable to that of bulk Si15. Zhang et al. char-

acterized the influence of strain on electrical conductance of

SiNWs grown by a bottom up method, and reported a gauge

factor of 67.116. The piezoresistance of SiNWs reported in

the literature shows different gauge factor values, varying be-

tween several tens to several thousands17–20. This large devi-

ation of the gauge factors indicates that the piezoresistive ef-

fect in Si nanowires significantly depends on the surface state,

concentration (e.g. depleted and highly doped Si), and the fab-

rication process of Si nanostructures. Additionally, the contro-

versy regarding the existence of the giant piezoresistive effect

in Si nanowires implies that more studies need to be carried

out to better understand this effect in nanoscale Si11.

As well as the work on bottom-up grown Si, several stud-

ies have been carried out on the top-down fabricated SiNWs.

Compared to the bottom-up process, the top-down process is

more compatible with the conventional MEMS fabrication and

CMOS integration. In most of the previous studies, SiNWs

were fabricated using the electron beam lithography (EBL) or

photolithography process in which a photoresist layer expo-

sured to electron-beams or ultraviolet-light was employed as

the etching mask to form SiNWs underneath18,20,21. In com-

parison to these processes, focused ion beam (FIB) is simpler

and has become increasingly popular in the fabrication of Si

nanostructures23. Additionally, FIB could also be utilized in

device modifications because it can be used before, after or as

a step in any lithography process24. Furthermore, the thick-

ness of SiNWs fabricated by FIB can also be accurately con-

trolled by the penetration depth of the implanted ion, while

the other top down processes (e.g. EBL, photolithography) re-

quire additional time-consuming steps such as wet/dry etching

Si or thermal oxidation25.

To the best of our knowledge, to date, there has been no

report on the characterization of the piezoresistive effect of

SiNWs fabricated by localized amorphization through FIB

implantation, selective wet etching, and re-crystallization by

thermal annealing process. As the properties of SiNWs are

changed due to amorphization and post-FIB thermal treat-

ment26, the piezoresistive effect of Si NWs fabricated using

this process is expected to be different from that of bulk single

crystalline Si. In this paper, we report on the piezoresistive ef-

fect in released SiNWs fabricated by a top-down process using
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the focused ion beam (FIB) method followed by wet etching

of Si and thermal annealing. A relatively large gauge factor

found in this top-down fabricated SiNWs indicates its high

potential for nano electro mechanical systems (NEMS).

The SiNWs were fabricated from a silicon-on-insulator

(SOI) wafer with the thicknesses of the device layer (low-

doped n-type Si with a carrier concentration below 1014

cm−3), the insulation layer and the substrate layer being 2

µm, 0.2 µm and 200 µm, respectively. In the first step, the

SOI wafer was diced into smaller strips with a dimension

of 200 µm × 3 mm × 20 mm for the bending experiment.

Next, an amorphous Si nanowires embedded in the top of

the SOI wafer was formed using gallium ions (Ga+) implan-

tation (FIB, ™Hitachi FB2200) at a dose of approximately

7×1015 ions/cm2. Since the etching rate of amorphous Si is

much lower than that of single crystalline Si, the amorphous

SiNWs were then formed after under-etching the crystalline Si

layer underneath using wet etching with TMAH (tetramethy-

lammonium hydroxide) as the etchant. Two electrode pads

with a dimension of 200 µm × 200 µm were also formed for

the electrical measurement. Finally, the amorphous SiNWs

were thermally annealed at a high temperature of 700◦C for

60 minutes in a high vacuum chamber. Figure 1 shows the

scanning electron microscope (SEM) images of the fabricated

SiNWs with their length of 10 µm, thickness of 60 nm and

widths of 200 and 300 nm.

The amorphization by ion implantation and the recrystal-

lization by thermal annealing of Si were confirmed using op-

tical measurements. Figure 2 (a) shows the cross-sectional

high resolution transmission electron microscopy (HRTEM)

image of the Ga+ implanted Si films, illustrating the amor-

phized Si layer and the single crystalline Si layer underneath.

After being annealed at 700◦C for 1 hour, the amorphized Si

(a) Fabrication process

(b) SEM images

Wet etching 
TMAHFIB

Ga+

SOI wafer
Dicing Local implantation

Fig. 1 (a) Fabrication process using FIB Ga+ implantation and wet

etching. (b) SEM images of SiNWs.
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Fig. 2 (a)(b) HRTEM images of ion implanted, and thermally

annealed Si, respectively; (c)(d) SAED measurements of the

implanted and thermally annealed Si films, respectively. Note that

the SEAD data was obtained at the points marked inside the blue

circles of figure a and b; (e) Raman spectroscopy of the original Si

film, implanted Si and annealed Si. Note that to reduce the influence

of the substrate, the Raman scattering measurements (™Renishaw

inVia Raman Microscope 514 nm) were performed on the released

Si frames formed by under-etching the Si substrate as shown in the

inset. The laser power in all experiments was 159 µW.

layer was recrystallized and poly crystalline Si was observed

under HRTEM, Fig. 2 (b). The grain size of the recrystal-

lized Si layer was estimated based on the HRTEM image using

an image processing technique27. Accordingly, the annealed

poly-silicon has grain sizes of several tens of nanometers. The

mechanism of the amorphization can be explained due to the

fact that, during the implantation process, Ga+ ion impact can

knock Si atoms from the lattice, resulting in damage in the im-

planted region of the crystal. If the dose is high enough, the

implanted layer will become amorphous. Meanwhile, in the

thermal annealing process, silicon atoms can move into lattice
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sites and impurity (Ga+) can enter substitutional sites in the

lattice28. We also performed selected area electron diffrac-

tion (SAED) measurement of the amorphized and annealed Si

films at the points marked inside the blue circles of Fig. 2 (a)

and Fig. 2 (b). Based on the SAED data, the diffuse rings in-

dicate that the ion implanted Si was amorphized (Fig. 2 (c)),

while the small spots making up a ring from the SEAD of the

annealed Si indicate poly crystalline structures, Fig. 2 (d).

Another well-known technique used to investigate the crys-

tallinity of materials is the Raman spectroscopy. The Raman

spectrum was measured using a laser source with a spot size

of 1 µm, on a released Si frame with a size of approximately

5 µm × 5 µm to avoid the influence of the Si substrate, as

shown in the inset of Fig. 2 (e). In the amorphous Si, no

Raman peak was observed, while the Raman spectrum of the

annealed Si shows a sharp peak at a wave number of approx-

imately 520 cm−1, showing the evidence of the recrystalliza-

tion due to thermal treatment, Fig. 2 (e). The intensity of the

Raman peak at 520 cm−1 of the annealed Si is smaller than

that of pure Si films, indicating that thermal annealing did not

fully recover the amorphized Si layer29. Therefore, the above-

mentioned optical measurements show strong evidence of the

amorphization and recrystallization in our process.

The concentration of impurity (Ga+) was characterized us-

ing the energy dispersive X-Ray spectroscopy (EDX). The re-

sults show that the concentration of Ga is proportional to the

amount of dose. At the dose of ∼ 1015 cm−2 used to fab-

ricate the SiNWs in this study, the concentration of Ga was

found to be ∼2 wt%, corresponding to an atomic concentra-

tion of approximately 1020 cm−3, which is in agreement with

results reported by others previously30. The electrical char-

acteristics of the fabricated SiNWs was then performed us-

ing a ™HP 4145B analyzer. Experimental data shows that

the conductivity of the annealed SiNWs (σ ≈ 0.2 Scm−1) is at

least one order of magnitude higher than that of non-annealed

SiNWs (σ ≈ 0.01 Scm−1), as shown in Fig. 3. This result

indicates that the amorphous SiNWs were recrystallized af-

ter the annealing process, and therefore, their carrier mobil-

ity and thus their electrical conductivity were enhanced. Ad-

ditionally, the carrier concentration also increased due to the

activation of Ga+ by the thermal treatment. The semiconduc-

tor type of SiNWs was investigated by applying the back gate

voltage (Vg). Under a positive Vg, the conductance of SiNWs

increased, while at a negative Vg, the conductance of SiNWs

decreased. This result indicates that SiNWs is a p-type semi-

conductor31, which is formed by the implantation of Ga+ ions

into the Si film. The carrier concentration was calculated us-

ing the following equation:

Np =
1

ρµpq
(1)

where Np is the concentration of activated impurity (Ga+); ρ

is the resistivity of the SiNWs; µp (100 cm2V−1s−1) is the

mobility of Ga+ implanted Si after annealing30; and q is the
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Fig. 3 Comparison of the conductance of annealed/non-annealed

SiNWs. Inset: The current-voltage curve of the non-annealed

SiNWs plotted in nA scale.

elementary charge (1.602× 1019 C). As a result, the carrier

concentration was found to be approximately 2× 1016 cm−3,

which was relatively small in comparison to the dopant con-

centration (1020 cm−3). This result is understandable, since

FIB usually creates crystal defects in Si nanostructures, and

subsequently carriers can be trapped at the grain boundaries

of Si NWs after annealing30.

To investigate the piezoresistance of the annealed SiNWs,

we applied the bending beam method to induce strain into the

SiNWs (Fig. 4 (a) inset). The Si beam with SiNWs on it was

clamped at one end, while the other end was applied with dif-

ferent loads. As the distance from the SiNWs to the surface of

the Si beam (less than 2 µm) is relatively small in comparison

to the thickness of the Si beam (200 µm), we assume that the

strain induced into the SiNWs is approximately equal to that

of the top surface of the Si beam. Therefore, the applied strain

was calculated using the following equation32:

ε =
Mt

2EIi

(2)

where M is the bending moment, t is the thickness of the Si

beam, E is is the Young’s modulus of Si in [110] orientation,

and Ii is the area moment of inertia, respectively. Accord-

ingly, the strain induced into the SiNWs was calculated to be

in a range of 0 to 2500 ppm. Figure 4 (a) shows the current–

voltage curve of two types of annealed SiNWs with diameters

of 200 nm and 300 nm under an applied strain of 2500 ppm.

The decrease in the the current indicates that under an uniax-

ial tensile strain in [110] orientation, the electrical resistance

of both types of the SiNWs increased. Figure 4 (b) presents

the relationship between the shift of the current at a constant

applied voltage of 20 V under different strains varied from

0 to 2500 ppm, showing a good linear relationship between

strain and the change of the current. It is also evident that
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Fig. 4 Characterization of the piezoresistive effect of the annealed

SiNWs. (a) The change of current-voltage characteristics of the

SiNWs with the widths of 200 nm and 300 nm under an applied

strain of 2500 ppm. Inset: The bending experiment setup; (b) The

linear relationship between the current and applied strain of the 300

nm SiNW at a constant applied voltage of 20 V. Inset: The

reproducibility of the current change in the 300 nm SiNW after

several loading cycles at an applied strain of 2500 ppm and an

applied voltage of 10 V. (c) A one dimensional model of the

crystalline structure of SiNWs which contains crystalline grains and

grain-boundaries.

the piezoresistive effect in the fabricated SiNWs has a good

reproducibility after several bending cycles (Fig. 4 (b) inset).

The gauge factor of the annealed SiNWs was then calcu-

lated from the ratio of the relative resistance change (∆R/R)

and the applied strain (ε):

GF =
∆R/R

ε
=−

∆I/I

ε
(3)

where I is the current of the SiNWs. Consequently, the gauge

factor of the 300 nm was found to be approximately 47, and in-

dependent of the applied voltage. Additionally, the gauge fac-

tors of the 200 nm SiNWs (GF = 45) and the 300 nm SiNWs

(GF = 47) did not show a significant difference. The gauge

factor is presented by the change of the geometry and resistiv-

ity of the SiNWs2,11:

GF = 1+2γ+(∆ρ/ρ)/ε (4)

where γ is the Poisson ratio of the SiNWs which varies be-

tween 0 and 0.5. The change of geometry (1+2γ) is between

1 and 2, which is smaller than 5% of the total gauge factor;

therefore, it is obvious that the piezoresistive effect in the an-

nealed SiNWs is due to the change of their electrical resis-

tivity ((∆ρ/ρ)/ε). There are various hypotheses developed to

explain the piezoresistive effect in SiNWs. He and Yang, and

Rowe hypothesized that the potential created at the surface

of SiNWs could lead to a piezopinch phenomenon, resulting

in a giant piezoresistive effect13,14,20,22. However, this elec-

tric potential is only significant for SiNWs with a sufficiently

small diameter and with a low doping sample (ρ ≈ 10 Ωcm),

thus we consider this effect is negligible in our SiNWs20. An-

other possible explanation is the quantum confinement which

changes the band energy structure of Si when its size is shrunk

down to several nanometers33,34. However, again, for SiNWs

with a smallest dimension above 60 nm, the influence of quan-

tum confinement is considered to be irrelevant.

Through thermal annealing, amorphous SiNWs are recrys-

tallized, forming poly crystalline SiNWs30,35,36; therefore, we

employ the model of the piezoresistance in poly crystalline

materials37,38 to explain the piezoresistive effect in the an-

nealed SiNWs, as shown in Fig. 4 (c). Accordingly, the re-

sistivity of SiNWs can be expressed by a crystal region and a

potential barrier region contribution37,38:

ρ = ρcrys(1−
WB

L
)+ρb

WB

L
(5)

where ρcrys and ρb are crystalline Si and potential barrier re-

sistivity, respectively, while L and WB are the average grain

size and the width of the potential barrier. The conductivity

of crystalline Si (σcrys) and potential barrier (σb) are given

by38,41:















1

ρcrys

= σcrys = q2τ(
ph

mh

+
pl

ml

)

1

ρb

= σb =
q2WB

√
2π(kT )3/2

exp(−
qVB

kT
)(

ph
√

mh

+
pl

√
ml

)

(6)
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here k, T , VB are the Boltzmann constant, the absolute tem-

perature, and the height of potential barrier; τ, p and m are

the relaxation time, the carrier concentration and the effec-

tive mass of holes, where the subscripts h and l refer to the

heavy hole and light hole in the valence band. Under me-

chanical strain, the heavy hole and light hole bands are split

and warped, leading to the redistribution of holes in these two

bands following the fact that holes will fill lower energy lev-

els. Consequently, the re-population of holes results in the

change of the hole effective mass. It is obvious that, accord-

ing to Eq. 6, the hole transfer and mass change phenomenons

in the valence band cause the conductivity of both crystalline

Si and potential barrier to change. Utilizing the deformation

potential theory into Eq. 6, the gauge factors of low doped p-

type crystalline Si and the potential barrier were numerically

calculated to be approximately 160 and 21, respectively38,39.

These numerical results are in solid agreement with the ex-

perimentally measured GFs of lightly doped single crystalline

Si1,2 and poly-silicon37,40. Additionally, based on the model

shown in Eq. 6, the gauge factor of p-type poly-silicon with its

grain sizes varying from several tens to hundreds of nanome-

ters has been estimated to be from 30 to 45. Therefore, in

our annealed SiNWs with the grain size of several tens of

nanometers, the gauge factor of 47 indicates that the piezore-

sistance of the as–fabricated SiNWs can be explained based

on the band modification of single crystalline Si and conse-

quently the change of the thermionic/diffusion currents flow-

ing through grain boundaries under mechanical strain. We also

expect that increasing the annealing temperature could enlarge

the grain size of poly-silicon and thus could increase its gauge

factors. In fact, several studies reported in the literature have

proved that thermally annealing the ion implanted Si films at

approximately 1000◦C could almost recover their crystallinity,

and as a consequent improving the piezoresistance36,42,43. As

such, Barlian et al. reported that B+ implanted Si films an-

nealed at above 1000◦C possessed gauge factors of 60% to

90% of crystalline Si43. However, Ga+ ions which have been

commonly deployed in FIB are heavier than B+, causing more

crystal damages due to nuclear scattering. Therefore, it is still

a challenge to fully recover the Ga+ implanted Si films, and

more studies need to be carried out to optimize the annealing

conditions.

Finally, we estimate the piezoresistive coefficient of the an-

nealed SiNWs. The longitudinal piezoresistive coefficient of

the SiNWs (πl) is:

πl =
∆ρ/ρ

χ
≈

GF

E
(7)

here, χ is the stress induced to the SiNWs; and E is Young’s

modulus of the annealed SiNWs. In most previous studies

on the piezoresistive effect in SiNWs, the Young’s modulus

of the SiNWs were assumed to be equal to that of the bulk

Si, and there has been no report on the direct measurement of

the Young’s modulus of SiNWs for calculating the piezoresis-

tive coefficient13,15–17. As the fabricated SiNWs were amo-

phized and then thermally annealed, it is important to inves-

tigate the mechanical properties of SiNWs for estimating the

piezoresistive coefficient. Therefore, we applied the following

in situ method to measure the Young’s modulus of the SiNWs.

Annealed SiNWs fabricated by the same process were trans-

ferred onto a micro electrostatic comb actuator and fixed by

tungsten. The stress applied to the SiNWs was controlled by

varying the applied voltage of the comb drive. The deforma-

tion of the SiNWs was in situ monitored using SEM as shown

in Fig. 5 inset. The detailed description of this experimen-

tal setup can be found elsewhere44. From the relationship

between the applied stress and strain (Fig. 5), the Young’s

modulus of the annealed SiNWs was calculated to be approx-

imately 170 GPa, which is larger than the Young’s modulus of

amorphized SiNWS, and almost the same as that of bulk single

crystalline Si. This result is in agreement with the results ob-

tained from TEM that, after the thermal treatment, the amor-

phized SiNWs were recrystallized, becoming poly crystalline

Si. Consequently, the longitudinal piezoresistive coefficient of

the SiNWs was found to be 28×10−11 Pa−1.

We also conducted tensile testing on the annealed SiNWs.

The results show that in all SiNWs, a brittle fracture occurred

within the elastic deformation region, and no yield point was

observed. The fractured strength of annealed SiNWs was mea-

sured to be approximately 4 GPa, indicating that the SiNWs

can withstand a large strain of above 2.4%, which is ap-

proximately ten times larger than that of the maximum strain

applied to the SiNWs in the experiment for characterizing

piezoresistive effect shown in Fig. 4.
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Fig. 5 Characterization of the mechanical property of SiNWs. Inset:

(a) The SEM image of the SiNWs with dimensions of 60 nm × 200

nm × 5 µm, fabricated using FIB, and then thermally annealed. Two

clamping pads were also formed at the ends of SiNWs to ease the

consequent transferring and clamping process44. ;(b) The schematic

sketch of the experimental setup, in which the SiNWs were

transferred on to an electrostatic comb actuator, and then fixed by

tungsten.
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In conclusion, we characterized for the first time the

piezoresistive effect in p-type SiNWs fabricated by using the

focused ion beam implantation and wet etching process. Gal-

lium ion implantation was carried out to locally amorphize sil-

icon for selective wet etching and for modifying the semicon-

ductor type and doping concentration. After thermally anneal-

ing, the electrical conductivity of the SiNWs was enhanced by

at least one order of magnitude. The annealed SiNWs possess

a large gauge factor of 47. The compatibility of the FIB pro-

cess with conventional MEMS fabrications, the advantages of

FIB over other EBL/photolithography processes, and the large

piezoresistance indicate that the SiNWs fabricated using the

method presented in this study are a good candidate for nano

electromechanical sensing applications.

This work was performed in part at the Queensland node of

the Australian National Fabrication Facility, a company estab-

lished under the National Collaborative Research Infrastruc-

ture Strategy to provide nano and micro-fabrication facilities

for Australia’s researchers.
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