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Abstract— This paper describes piezoresistive cantilever force 

sensors that are used to evaluate the impact force between micro-
handling tools and microparticles in the nano-Newton range. The 
500 nm-thick piezoresistive sensors are made from epitaxial 
silicon on single crystal silicon. This cantilever is based on 
conventional silicon wafers and fabricated using bulk 
micromachining. The cantilevers are 300-500 µm long, 10-20 µm 
high, and 10-18 µm wide. The applied force on this sensor is 
parallel to wafer surface. This structure can eliminate the effect 
of the vertical force, increasing the sensitivity and accuracy of the 
system. The force sensitivity of implemented sensors ranges from 
150 to 300 V/N. The force resolution estimated at 6 nN. 
 

Index Terms— force sensor, nano-Newton force sensor, 
piezoresistive cantilever, piezoresistor. 

I. INTRODUCTION 
HE development of nano-Newton force sensors for 
manipulating microparticles or living cells has become a 
great technological challenge for advanced 

microassembly and future living cells surgery. There are 
several force sensing methods: piezoresistive, capacitive and 
optical laser detection. In general, the piezoresistive method is 
used for nano mechanical sensors [1], binding force 
measurement [2], and bio-chemical mass sensing [3], as 
capacitive and optical methods are difficult to miniaturize 
sufficiently. Piezoresistive transducers are widely employed as 
sensing element in pressure sensors, accelerometers, and 
atomic force microscope (AFM) cantilevers. Recently, 
developments in piezoresistive cantilever fabrication lead to 
submicron cantilevers with pN [4] and even fN [5] resolution. 
However, most of the previously developed high sensitivity 
force sensors employ SOI (silicon on insulator) wafers and 
vertical structures [1,2,4,6]. The high cost of SOI wafers and 
the use of vertical structures, i.e. the applied force is 
perpendicular to the wafer surface, are the main limiting 
factors for the envisioned applications.  

This paper presents a novel piezoresistive cantilever force 
sensor that overcomes these limitations by using regular 
silicon wafers and providing high enough sensitivity and the 
possibility to easily be combined with handling tools. The 
applied forces are parallel to the wafer surface. Nano-Newton 
resolution sensitivity is expected to be achieved. 

II. FABRICATION 
The force sensor consists of a p-type silicon cantilever on 

which p-type epitaxial silicon piezoresistors are integrated. 
Cantilevers with a thickness between 10-20 µm, a length of 
300-500 µm and a width between 10 and 18 µm are realized. 
The fabrication process is based on the DIMES-03 bipolar 
process [7] and can be divided in three major parts, as 
schematically shown in Fig. 1. The first one, Fig. 1a 
comprises the definition of the piezoresistors. The starting 
material is p-type (100) wafers with a 1 µm thick n-type 
epitaxial layer, with a resistivity of 0.5 Ωcm. The 
piezoresistors are formed using a second epitaxial layer, 500 
nm thick, p-doped with a resistivity of 3.75x10-2 Ωcm. By 
using the epitaxial growth a very uniformly doped layer with a 
very accurate thickness can be obtained. The 1-2 µm wide, 
35-75 µm long piezoresistors are defined using reactive ion 
etching (RIE).  

 

 
 

Figure 1. Schematic view of the fabrication processes: a) piezoresistors 
definition; b) insulation and metallization; c) micromachining for the 
cantilever release. 

Piezoresistors are aligned along [110] dimension in the 
(001) plane. The piezoresistors are isolated from the substrate 
and each other by the n-type epilayer and implanted regions 
using boron at 180 keV with a dose of 5x1015 cm-2. The 
contact windows are implanted using arsenic (180 keV, 
5x1015 cm-2) and boron (15 keV, 3x1015 cm-2) for the substrate 
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and the resistor, respectively. 
A 300 nm thick LPCVD silicon nitride layer is deposited as 

electrical isolation layer on front-side and also as backside 
masking layer during silicon etching in KOH. After opening 
the contact windows, a 600 nm aluminum layer is sputtered 
and patterned for resistor interconnects, Fig. 1b. 

The final part of the process, Fig. 1c, consists of the 
cantilever definition and release. First, the bulk silicon is 
etched from the backside in a 33 wt% KOH solution at 85 °C 
to create a 10-20 µm thick silicon membrane. The front-side 
of wafer is protected by using a vacuum holder. Then the 
releasing of the cantilever is done by using RIE to etch the 10-
20 µm remaining silicon from the front side. 

Fig. 2 shows the layout of the piezoresistors. The resistor 
pair located on the cantilever is the sensing resistors 
(resistance changes when stress is applied onto the cantilever). 
Two other resistors are outside of the cantilevers, thus their 
resistance is not depending on the stress and are used for 
compensation in a Wheatstone bridge. The fabricated 
cantilever is showed on the Fig. 3. The cantilevers are 300-
500 µm long, 10-18 µm wide, and 10-20 µm high.  

 
Figure 2. Optical image of the implemented piezoresistors 

 
Figure 3. Optical image of a lateral force-sensing piezoresistive cantilever 

III. MEASUREMENTS AND RESULTS 
The detection of force by piezoresistive cantilever sensor 

depends on the relative change in the resistance. This change 
is best measured by a Wheatstone bridge. There are two 

piezoresistors located on two sides of the cantilever. The 
resistances of those resistors change in an opposite direction if 
a lateral force is applied.  

The resistance change for piezoresistors used in a 
mechanical sensor can be calculated as the function of the 
surface stress in the cantilever. The resistance change due to 
the mechanical stress is given by [8] 
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where x0 is the distance from fixed end of cantilever to the 
investigated point, lπ  and tπ  are the longitudinal and the 

transverse piezoresistance coefficients, lσ  and tσ  are the 

longitudinal and the transverse stresses, respectively. The tσ  
can be neglected in the bending cantilever so the equation (1) 
can be reduced to: 
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The bridge configuration of the resistors compensates for 
the signals caused by a vertical deflection. It reduces the cross 
sensitivity and the offset. 

Fig. 4 shows the schematic views of lateral force-sensing 
piezoresistive cantilever, and the arrangement of the 
Wheatstone bridge. The bridge has four contacts, two of 
which provide the DC or AC supply voltage, the others are the 
outputs. When a lateral load is applied to the tip of cantilever, 
the differential change of resistance occurs on two resistors 
Rs1 and Rs2. Others piezoresistors R1, R2 are the 
compensation resistors. The resistance change on the sensing 
piezoresistors due to the applied force is given by [8]: 
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where z , in the range of 2 to 5 µm, is the distance from 
cantilever neutral axis to the piezoresistor, Ls is the length of 
the piezoresistor, F is the applied force to the tip of the 
cantilever, I = 1/12·W3⋅H is the lateral moment of inertial of 
the cantilever with respect to the [110] axis.  

 

Figure 4. Schematic circuit of the lateral force-sensing piezoresistive 
cantilever 
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When the piezoresistor is changed by R∆  the output signal 
is given by: 

R
RVV cc

out 2
∆

≈             (4) 

where Vcc is the supply voltage and R is the resistance of the 
non-stress piezoresistor.The output is expected to change with 
0.15-0.3 µV when the applied force changes 1 nN, which 
yields a sensitivity of 150 - 300 V/N depending on the 
geometry of the cantilevers and the characteristics of the 
piezoresistive layer with the longitudinal piezoresistance 
coefficients given by [8]: 
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where π11, π12, π44 are three independent coefficients of the 
first order piezoresistive tensor. 
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Figure 5. I-V characteristics of the piezoresistors 

The stiffness of the cantilever at its end is given by 
K=EWH3/4L3 [8], where H, W, L, E are the thickness, width, 
length, and the modulus of elasticity of the cantilever, 
respectively. K can be calculated from the resonance 
frequency, which can be measured. The relation is given by: 
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         (6) 

where m  is the mass per unit length of the cantilever and 
M is the added mass (if any) at the end of the cantilever. The 

value of m  is known from the cross-sectional geometry of 
the cantilever and the mass density of silicon [9]. 
Experimentally, the resonant frequency is obtained by 
mounting this cantilever on a piezoelectric actuator. From 
sweeping the frequency and monitoring the amplitude of the 

output the resonance frequency of the cantilever is detected. 
For the 300 µm long, 18 µm wide, and 10 µm thick cantilever 
the theoretical value of the lateral resonance frequency is 240 
kHz. The corresponding spring constant of the cantilever, K = 
90 N/m. 

 

 
 

  Figure 6.  Picture of the measurement setup. The XYZ manipulator is used to 
bend the cantilever in the lateral and vertical dimensions. 

Figure 5 shows the I-V characteristic of the piezoresistors at 
room temperature. The I-V characterization has a linear 
relation, meaning that the contacts and resistors behave as 
expected. The zero-stress value of the resistors is 31 kΩ. In 
order to characterize the force cantilever, the cantilever is 
bonded on a stable table, a micro-needle is fastened on a XYZ 
manipulator is used to bend the tip of the cantilever, Fig. 6. 
The cantilever is bent over a small angle. Monitoring the 
deflections we received the response of the piezoresistor. The 
applied force and stress are given by, respectively, 

 
F Ku=                     (7) 

( )
0

0

l x
x

zF L x
I

σ −
= −                   (8) 

where u is the deflections of the cantilever.  
Figure 7 show the resistance change of the piezoresitors due 

to the applied stress, the change in piezoresistor value is up to 
30 % when applied stress is about 800 MPa. 
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Figure 7. The resistance change of the piezoresistors due to the applied stress 
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Figure 8 shows the output signal when a lateral force is 

applied. The supply voltage is 1V DC. The voltage-applied 
force curve shows a linear relation. The sensitivity derived 
from this curves is 160 V/N. This experimental result meets 
the above theoretical value meaning that the epitaxial and 
etching processes behave as expected. The bridge 
configuration of resistors not only compensates the common-
mode signals but also for the signal caused by the vertical 
applied forces. In fact, the lateral signal is 19 dB higher than 
the vertical signal for the cantilevers with the stiffness of 90 
N/m. 
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Figure 8. Output voltage due to the applied force, for lateral and vertical 
deflection 

Johnson and flicker (1/f) noise are the two dominant noise 
sources of the piezoresistive cantilever [10]. The Johnson 
power noise spectral density for the resistance R at the 
temperature T is given by:  

4J BS k TR=            (9) 

where kB is the Boltzmann constant. The flicker power noise 
spectral density is given by:  

2 2
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where V is the biased voltage across a resistor with the total 
number of carriers N, f is the frequency, and α is a dimension-
independent device parameter which is between 3.2x10-6 and 
5.7x10-6 in single crystal silicon [10], ρ0 is the charge carrier 
concentration, l, w, t is the piezoresistor length, width, and 
thickness, respectively. In single crystal silicon, the flicker 
noise dominates in the band below 100 Hz. Above this 
frequency it can be neglected in comparison with the Johnson 
noise. 

The equivalent voltage noise in a band fmax - fmin is given by: 

( )
2

max
max min

0 min

4 logn B
fVV k TR f f

lwt f
α
ρ

⎛ ⎞
= − + ⎜ ⎟

⎝ ⎠
   (11) 

 
By using Equation 11 with a band between 2 Hz and 1 kHz 

and the output signal from Fig. 8, the minimum detectable 
force of the piezoresistive force cantilevers can be estimated 
as 6 nN. 

IV. CONCLUSIONS 
This paper presents the design, fabrication and 

characterization of lateral nano-Newton force pizeroresistive 
cantilevers. These cantilevers are based on single crystal 
silicon instead of SOI wafers. The proposed structure and its 
electronic circuit suppress the effect of the vertical force with 
19 dB in practice. A sensitivity of 160 V/N is measured. The 
force resolution of cantilevers is estimated at 6 nN. Our force 
sensor can potentially be used in micro- assemblies and 
biological assays where force feedback is needed. 
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