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ABSTRACT 
 
This paper deals with an electromechanical model for 

silicon nanowires with an electrostatic actuation and 
piezoresistive detection. The model, based on electrical 
/mechanical equivalencies, is built of elementary electrical 
equivalent circuit blocks that are constructed as voltage 
controlled current sources. It takes into account the various 
electromechanical forces applied on the nanowire to 
compute its displacement which leads to a change in its 
resistance (piezoresistive effect). As the model is built of 
current sources, it can be implemented in commercial 
circuit simulation softwares in order to predict the dynamic 
behaviour of nanowires and the current level at the output. 
The model has been validated by measurements on high 
frequency resonating silicon nanowires. 
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1 INTRODUCTION 
 
In the last several years, nanoelectromechanical 

resonators have been used to establish record sensitivities in 
force [1], position [2], mass [3][4] and gas concentration [5]. 

The miniscule size of nanomechanical systems (NEMS) 
sensors clearly gives them unprecedented sensitivity to 
external perturbations, but this sometimes comes at a cost. 
The huge impedance mismatch between such small devices 
and their readout electronics, as well as the presence of 
stray capacitances make their characterization very 
challenging. The signal to background ratio (SBR) is often 
extremely small and the signal to noise ratio (SNR) also 
deteriorates. In order to facilitate the readout, an 
electromechanical model could be used to predict the peak 
amplitude and the resonance frequency.  

Electromechanical models of electromechanical devices 
are usually implemented in softwares not easily compatible 
with circuit simulation softwares [4][5]. However, in order 
to use a nano-device as a sensor, a specific electrical circuit 
needs to be designed and an equivalent electrical model of 
the device is needed. Usually, the electrical model used is a 
RLC model which usually gives an electrical response for a 
specific mechanical state. In this paper we present an 
electromechanical model for silicon nanowire resonators 
(SNWR) with piezoresistive detection and electrostatic 
actuation. The model can be easily implemented in 

commercial circuit softwares and allows the accurate 
simulation of the mechanical and the electrical response at 
the same time as is demonstrated by comparing simulation 
to experimental data. This is the first electromechanical 
model reported for resonating silicon nanowire with 
piezoresistive transduction. Previous implementations were 
focused on micromechanical beams that used capacitive 
transduction [6]. 

 

     

Figure 1: SNWR SEM and TEM pictures.  

2 SILICON NANOWIRE RESONATOR 
 

2.1 Silicon nanowire resonator architecture 
and fabrication 

The silicon nanowire resonator (SNWR) studied is 
presented in Figure 1 and its dimensions are given in Table 
1. The nanowire is a suspended beam anchored at both 
ends. It can be electrostatically actuated by an AC voltage 
(VG) applied on the actuation electrode shown in Figure 1. 
When the SNWR is actuated at its resonance frequency an 
in-plane motion is induced. This motion modulates the 
strain in the SNWR and results in a resistance variation due 
to the piezoresistive effect. The resonance frequency of the 
nanowire presented in Figure 1 is calculated with equation 
1. The linear spring constant calculated with equation 2 is 
k=16.82 N/m resulting in a resonance frequency of 94.55 
MHz. 

The fabrication process is based on a 200 mm SOI 
wafer (100) and the fabricated nanowires are oriented 
<110>. The Si film thickness is 160 nm, while the buried 
oxide is 400 nm. First, the film is implanted with boron at 
1·1019 at.cm-3. Next, ebeam lithography is used for the 
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patterning of the nanowires. The routing lines, as well as 
the contact pads, are defined by deep ultra violet 
lithography. The routing and the electrical pads for testing 
are fabricated by AlSi deposition to provide a perfect ohmic 
contact. The nanowire is finally released through a hydro-
fluoric acid vapour process [7][8]. 
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Parameter Dimension in nm 

L 2500 
w 67 
t 160 

W 2340 
g 145 

Table 1: Silicon nanowire resonator dimensions. 

2.2 Gauge factor 

The gauge factor G (given by ∆R/R vs. strain) has been 
measured with a four-point bending bench which can be 
used to apply a tensile or a compressive strain as detailed in 
[7]. The DC measurements of the nanowire relative 
resistance variation as a function of the applied mechanical 
strain are presented in Figure 2. The measured resistance 
when no strain is applied to the SNWR is R0=273 kΩ and 
the extracted gauge factor is G=160.  

The gauge factor is required for the modelling of the 
variation of the resistance as a function of the SNWR 
displacement. The resistance of the nanowire is described 
by equation 3 where x is the nanowire displacement at the 
center of the nanowire [9]. 
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Figure 2: Relative variation of the SNWR resistance as 
function of the strain.  
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3 ELECTROMECHANICAL MODEL 
 
The model is a mass-spring system with a single degree 

of freedom based on mechanical/electrical equivalences 
[6][10]. Two fundamental blocks are needed in modeling 
electrostatically driven resonators with piezoresistive 
transduction: a mass-spring system and a piezoresistive 
transducer. The model is constructed by implementing the 
mechanical differential equation 4 with controlled current 
sources. The current is equivalent to the force and the 
voltage Uv is equivalent to the velocity. Furthermore, the 
displacement x is modeled as a controlling voltage Ux.  
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The SNWR model is based on three circuit elements: an 

integrator implementing the relation between velocity v and 
displacement x (v=dx/dt), a capacitor modeling the inertial 
force -meffdv/dt due to a lumped mass meff (the effective 
mass is meff=k/(2πf0)

2), and a controlled source IFext 
modeling the mechanical fluidic damping and the forces:  
-kx-knlx

3-kv/(2πf0Q)+Fel. k and knl are the linear and non-
linear Duffing spring constants detailed in equations 2 and 
5 [4][11], f0 is the resonance frequency, Q is the quality 
factor of the SNWR, ρ=2329 kg.m-3 is the silicon density 
and Fel is the electrostatic force.  

 
 
 
 
 
 
 
 
 

Figure 3: SNWR electromechanical model.  

Figure 3 shows an implementation of the SNWR 
electromechanical model where the voltages Uv, Ux and 
USNWR are equivalent to the velocity v, the displacement x 
and the voltage at the SNWR ports respectively. The 
current source Iv is controlled by the voltage Uv and Uv=Iv. 
The sum of current at the P point (Kirchoff’s law) in Figure 
3 is equivalent to equation 4. The voltage-controlled current 
source ISNWR, controlled by Ux is used to model the 
nanowire variable resistor as a function of the displacement 
and USNWR=RSNWRISNWR.  
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4 MEASUREMENTS AND SIMULATIONS 
 

4.1 Test setup 

The silicon nanowire resonator presented in Figure 1 
has been measured. The measurements were performed on 
a manual prober with vacuum capabilities under a pressure 
of 10-5 mbar and at room temperature (300K).  

 
 
 
 
 
 
 
 
 

Figure 4: Down-mixing measurement setup.  

The electrical test setup is presented in Figure 4; it is a 
down-mixing measurement setup [9][12]. An Agilent 
81160A RF source with two outputs is used to bias and to 
actuate the nanowire. The two RF outputs are swept in 
frequency to measure the electromechanical response of the 
SNWR. The actuation voltage VG is at f and the biasing 
voltage VSD is at 2f because the piezoresistive effect is a 
second order effect as it can be seen in equation 3. The 
down-mixing frequency used is ∆f=13 kHz and the signal at 
∆f is measured by a SR830 lock-in amplifier (LIA). 
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Figure 5: Down-mixing measurements and HB simulation 
of the model for the current magnitude.  

4.2 Measurements 

The measured signals with the background removed are 
presented in Figures 5 and 6. The results are obtained with 
an actuation voltage VG=1VDC + 30mVRMS and a bias 
voltage VSD=300mVRMS. Figure 5 presents the current 
magnitude as a function of the frequency. The measured 
resonance peak is at 94.56 MHz and its magnitude is about 
18 pA. In Figure 6, the phase of the current versus the 
frequency is shown. The frequency shifts from +180° to -

180° and passes by zero at the resonance frequency. It can 
be noticed in Figure 6 that the measured phase is noisy 
away from the resonance. This noise is due to the fact that 
the phase is modulo 2π and also due to the fact that the 
signal magnitude is very low away from resonance as seen 
in Figure 5. 
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Figure 6: Down-mixing measurements and HB simulation 
of the model for the current phase.  

4.3 Simulations 

The SNWR presented in Figure 1 and Table 1 has been 
modeled using the model presented above and the software 
Agilent Advanced Design System (ADS 2011). The 
parameters needed in the model are the device dimensions;   
the material properties, the gauge factor and the quality 
factor. All the parameters are known or measured except 
the quality factor which has been extracted from the 
previous dynamic measurements. For the Q extraction, a 
lorentzian curve is used to fit the data. From this fit, the Q 
value is found and in the case detailed here is 2700. 
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Figure 7: HB simulation of the displacement and of the 
SNWR resistance variation.   
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The harmonic balance simulation results obtained with 
the model are given in Figures 5 and 6. Figure 5 presents 
the simulation results for the current magnitude and Figure 
6 shows the simulation results of the current phase. It can 
be noticed that the measurements and the simulations are in 
good agreement and thus validates the SNWR 
electromechanical model. 

The mechanical displacement and the resistance 
variation are also simulated at the same time as the output 
current. The simulation results for the displacement and the 
resistance variation are presented in Figure 7. The 
simulated displacement shows that the regime is not 
perfectly linear but it also shows that the onset of non-
linearity is not reached (the so-called critical amplitude). 
The maximum displacement simulated is at resonance and 
the simulation predicts a displacement of about 900 pm. 
This value is below the critical amplitude which is 1.01 nm 
calculated with equation 6 [4][11]. 
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The simulated resistance variation versus frequency 

presented in Figure 7 shows that the resistance varies with 
the square of the displacement (x²) as predicted by the 
equation 3 [11]. The simulation gives a maximum 
resistance variation of about 13 Ω at the resonance which 
represents a variation of about 50 ppm. 
 

5 CONCLUSION 
 
An electromechanical model for silicon nanowire 

resonators based on the mechanical/electrical equivalences 
has been proposed. The model can be implemented in any 
circuit simulation software and does not require 
mathematical programming skills. It can be used to predict 
simultaneously the mechanical and the electrical behavior 
of high frequency SNWRs. 

The model has been validated with down-mixing 
measurements on a SNWR. The harmonic balance 
simulation of the magnitude and phase of the output current 
is in good agreement with the measured results. Also, the 
model allows the computation of parameters such as 
variation of the resistance and displacement versus 
frequency at the same time as the electromechanical 
response. 
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