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ABSTRACT 

We propose a new non-destructive extraction method 
of gauge factor (GF) of nanowires (NW) for in-line 
monitoring of this parameter and piezoresistive material 
properties comparisons. Unlike destructive conventional 
techniques which also suffer from reproducibility issues, 
this method allows a direct measurement of the GF locally 
at the nanoscale and at the wafer level. GFs have been 
reliably measured on a wide range of silicon-based NEMS 
resonators with different designs, crystalline structures 
and doping levels. For monocrystalline devices, the 
extracted values are in good agreement with typical 
values obtained for NWs fabricated with well-controlled 
top-down processes. These values are also compared with 
polysilicon (polySi) NEMS, which look promising for 
low cost solutions. 
 
INTRODUCTION 

Since the fifties, monocrystalline silicon is well 
known and used for its strong piezoresistive properties. 
Silicon-based piezoresistive devices have been introduced 
in several sensing applications, such as pressure sensors, 
accelerometers, cantilever force sensors, inertial sensors 
and strain gauges [1]. Moreover, piezoresistivity is now 
commonly used in CMOS, known as substrate [2] 
induced- or process [3] induced-strain for mobility 
enhancement. The piezoresistive effect is quantified by a 
change in the electrical resistivity when a mechanical 
stress is applied. The relative resistance variation is 
proportional to the axial strain and is simply expressed as 

εγ ×=Δ RR /  where γ  is the piezoresistive GF. This 
resistance variation is mainly modeled by the 
piezoresistive tensor which accounts for the modulation of 
holes and electrons effective masses under strain [4]. 
Commonly, a high GF value for p-type silicon is 
associated to a longitudinal stress following the [110] 
direction. In this case, equal opposite values are obtained 
for longitudinal and transverse piezoresistive coefficients 
[1].  

Piezoresistive coefficients and associated GFs of a 
bulk material are usually extracted by the four-point 
bending measurement [5-6]. The sample should be 
cleaved ( 82× cm 2  in our experimental apparatus for 
example) and placed on a support rod to be submitted to a 
tensile or a compressive strain. This technique is slow, 
destructive since the samples must be cleaved, and suffers 
from repeatability issues. These drawbacks make it 
impossible to process GF data statistically at the wafer 
level. Moreover, at the nanoscale (NEMS devices) the 
piezoresistance is subject to surface and or dimensional 
effect that may affect its value as recently evidenced by 
several authors, which make relevant a simple, non-

destructive method to monitor this property. For instance, 
a giant piezoresistance effect demonstrated by [7] was 
attributed by interface effects [5] and not reproduced with 
well controlled top-down processing, as used in the 
following study [8]. 

In this study, we demonstrate a new method to extract 
the local longitudinal GF directly at the wafer level. To 
this end, NWs are embedded into a simple 
nanomechanical device which can be used for in-line 
testing during fabrication or co-integration of NEMS 
devices. The results are then compared with the 
conventional method and some reference values to 
validate this approach. 
 
NEMS STRCUTURE AND FABRICATION 

The GF-testing device design is inspired from a 
NEMS sensor for chemical or mass sensing applications 
[9-10], see Figure 1. In this work, the device is only used 
in DC mode to properly study NW gauges properties. Its 
fabrication process is summarized in Figure 2. The NEMS 
is structured from a Silicon On Insulator (SOI) wafer by 
etching the top silicon. The top silicon and the buried 
oxide layers thicknesses are respectively 160 and 400nm. 
Electrical wires and pads are made with aluminum silicide 
(AlSi) metallic layer. The structure is then released by 
vapor hydrofluoric acid (HF) etching. The NEMS 
structure consists of two suspended piezoresistive p-
doped silicon NWs connected to a rigid-enough lever (a 
cantilever) in a symmetric bridge configuration. The lever 
is electrostatically actuated, which induces high axial 
stress in the two piezoresistive gauges thanks to a large 
lever arm. 

 
 

 
Figure 1: Top view SEM of the NEMS structure. 
Piezoresistive gauges are connected to a lever arm. 
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Figure 2: NEMS fabrication sequences: (a) Boron atoms 
implantation and activation, (b) Etching of the silicon top 
layer to define the NEMS (c) Passivation, metal 
deposition and etching for defining the metallic pads and 
(d) Release of the structure with a vapor HF to obtain 
suspended structure. 
 
EXPERIMENT 

With a van der Pauw method, we measured the 
resistivity of the layer before the NEMS fabrication step, 
therefore a nominal gauge resistance gR  of 1.5 k Ω  was 
extracted. Considering the access resistances, this result is 
consistent with the electrical resistance measurement on 
the gauges. The maximum actuation voltage was fixed at 
25 V before the collapse or the breakdown of the beam 
(experimentally we found a pull in voltage superior to 30 
V). A low detection current through the gauges, below 
100 µA, prevents from any actuation perturbation and 
avoids the NW gauges self-heating. The corresponding 
bias voltage is 250 mV. The gauge relative resistance is 
expected to vary with the DC actuation voltage applied to 
the electrode actV . Indeed, the stress within one gauge can 

be expressed as 2
acts VE ××= ασ  where E is the Young’s 

modulus of silicon and sα  is some transduction factor (in 
V-2). Electromechanical Finite Element simulations were 
performed to obtain precise values of sα  (see Figure 3). 

On the other hand, the relative piezoresistive gauge 
resistance variation is ERR gg // σγ ×=Δ . 
Experimentally, resistance of a single gauge was 
monitored while varying actV . Figure 4 shows the 
electrical current through the gauge and relative resistance 
variation with respect to the actuation voltage, a high 
signal-to-noise ratio is obtained thanks to the significant 
lever arm of this design. As expected, the relative 
resistance variation follows a quadratic law with the 
actuation voltage: 2

exp)/( actegg VRR ×=Δ α , where eα  is 
an experimental factor (in V-2). Nevertheless, the 
proximity of the actuation electrode induces a linear field 
effect within the NWs, which adds up to the purely 
piezoresistive effect in the I-V curves shown in Figure 
4(a)-(b). Poisson equations and continuity transport 
equations were solved numerically using an Arora 
mobility model [11] with a commercial TCAD tool 
(Silvaco’s ATLASTM) to model the contribution of this 
effect (insets in Figure 4 (a)-(b)), yielding the simple 
equation: actVI 910−≈ . This linear effect does not impact 

piezoresistive properties and can be subtracted from the I-
V curves for GF extraction (Figure. 4 (c) and (d)). The 
device corresponds to a bridge configuration and the 
gauges feel an opposite stress for the same actuation 
voltage (applied on the same actuation electrode): the 
gauge resistance increases with the actuation voltage due 
to a tensile stress while the other gauge resistance 
decreases due to a compressive stress. These observations 
are consistent with others experiments for P-type silicon 
[5]. Finally, se αγα ×=  is plotted over sα  in Figure 5 for 
different device designs. The linear fit yields a GF value 
of 284 ±  for both tensile and compressive stresses. 

 
DISCUSSIONS 

In order to compare the experimental results with 
theoretical predictions, the theoretical GF value from the 
works of Richter et al [12] were analyzed. They used both 
a 66×  pk ⋅  Hamiltonian and a tight binding model to 
predict the shear piezoresistive coefficient of p-type 
silicon according to both the dopant concentration and the 
temperature. At room temperature and for a doping level 
of 19101×  cm-3, they find a percentage of about 570 ± % 
of the shear piezoresistive coefficient maximum value. 
That corresponds to other references [13] [14]. In the 
[110] direction, the maximum value (corresponding to a 
doping level < 16101× cm-3) of the longitudinal 
piezoresistive coefficient lπ   measured is 11108.71 −× Pa-1 
[15]. 

 
 

Figure 3: (Color) Electromechanical simulation of NEMS 
for an actuation voltage of 15 V. (a) The color legend and 
red arrows respectively represent the beam deflection and 
the electric field lines. (b) Simulated gauge stress on the 
surfaces between the gauges and the beam. Negative and 
positive values respectively represent a tensile and 
compressive stress. The average pressure on the surfaces 
is 8.0 MPa. 
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Figure 4: (a-b) I-V measurements of the gauge current 
versus the actuation voltage. The beam deflection involves 
a tensile stress on one gauge (a) and a compressive stress 
on the other (b). (c-d) Relative gauge resistance 
variations as a function of actuation voltage. A linear 
component of the current as a function of the actuation 
voltage (insets of (a) and (b)) due to a field effect between 
the gauges and the actuation electrode is suppressed. 

Figure 5: Comparison between simulation and 
experimental coefficients for different actuation-beam 
gaps and beam lengths. The linear fit gives directly the 
GF value. 
 

 
Therefore the doping levels used in our experiments 
involves a theoretical GF value of 

68505.070.0 ±≈±××≈ Elπγ . Comparison of the GF 
values between our method and the four-point bending 
measurement was performed on rectangular-box-shaped 
devices ( 3µm 25.025.03 ×× ). I-V measurements for each 
applied stress were performed to extract the resistance 
variation. As shown in Figure. 6, the GF is extracted 
thanks to the linear fit of the relative resistance variation 
as a function of strain curve and equal to 488 ± . This 
points out that our method is consistent with the 
conventional method and the expected theoretical value, 
i.e. 284 ± , 488 ±  and 685 ±  respectively. Giant 
piezoresistance effects [7] in suspended Si NWs have 
been quite widely studied these last years. This 
phenomenon does not concern highly doped top-down 
NW [8]. Moreover, the NW cross-section in this work is 
one order of magnitude larger than the NWs concerned by 
the giant piezoresistance effect. This characterization 
method could be extended on other piezoresistive 
materials providing the signal to noise ratio is sufficiently 
high. As example our method allowed for easy 
measurement of three different polySi NEMS GFs, briefly 
presented in Table 1. 

 
Figure 6: Four-point bending measurement performed on 
three devices (3×0.25×0.16 µm3) The linear fit gives 
directly the GF value. 
 
 

Table 1. Comparison between extracted GFs with conventional and new method. Results are in good agreement. Unlike 
monocrystalline silicon, GF value for PolyB material increases with doping level. 

 PolyA PolyB PolyC Single crystal silicon 

Deposition conditions 0.175 Torr, 
580° C 

0.2 Torr, 620° C 
(columnar) 

0.375 Torr, 
580° C SOI wafers 

 
Doping level 

 
2.9 ×1020cm-3 1019 cm-3 1020 cm-3 7 ×1019cm-3 1019 cm-3 1020 cm-3 

GF from conventional 
method 22 15 33 19 88 68 

GF from the new 
method 18 13 32 15 84 53 
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CONCLUSIONS 
In conclusion, a new characterization and extraction 

method of GF was presented. This design can be added as 
a test structure to monitor this parameter in parallel with 
other NEMS devices. Therefore it is fast enough to 
characterize a large number of NEMS at the wafer level 
and is hence compatible with NEMS VLSI. The results 
are consistent with theoretical data and with the 
conventional method and can be extended to other 
piezoresistive materials. 
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