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Abstract Surface stress is a versatile and efficient means to
study various physical, chemical, biochemical and biological
processes. This work focuses on developing high sensitive
piezoresistive microcantilever designs to study surface stress.
The cantilevers are made of silicon with rectangular holes at
their base that also circumscribe a piezoresistor sensing ele-
ment. To find the optimum design, the effects of change in
cantilever width, rectangular hole length and type of dopant
on mechanical properties like deflection, frequency and max-
imum stress are characterised using finite element analysis
software. The surface stress sensitivity characteristics of the
different cantilever designs is ascertained by applying a sur-
face stress on their top surfaces. Results show that the sensi-
tivity is increased by increasing the cantilever width as well
as the length of the hole and the sensitivity of p-type designs
is more than two times the n-type.

1 Introduction

Initially wused in micro-electro-mechanical system
(MEMS)-based pressure and acceleration sensors in 1960s,
piezoresistive sensors have evolved considerably by the
help of the developments in microfabrication techniques
and nanotechnology to be of use in numerous modern
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sensor applications. The structure of piezoresistive sen-
sors is generally cantilever or membrane type, with one or
more doped piezoresistor elements inside. The sensors can
be used to measure the mass change as well as the surface
stress change. The present study will discuss the piezore-
sistive microcantilever sensors for surface stress studies.
The measurement of surface stress variation using micro-
cantilever sensor provides a very high sensitive, rapid and
versatile means to study a variety of physical, chemical,
biochemical and biological phenomena. The effects can
be physical like moisture (Kapa et al. 2008), temperature
(Lin et al. 2012) and thin film intrinsic stress (Wen et al.
2012); chemical like atrazine (Suri et al. 2008), explosive
vapour sensor (Seena et al. 2011), trimethylamine sensor
(Yang et al. 2010); bio-chemical like glucose (Chen et al.
2010), prostate specific antigen (PSA) protein (Lee et al.
2009), and Immunoglobulin G (IgG) (Yen et al. 2009) and
biological like anthrax spores (Fu et al. 2007), severe acute
respiratory syndrome associated coronavirus (SARS-CoV)
(Velanki and Ji 2006), and bacterial virus TS5 (Braun et al.
2004).

The sensitivity of a piezoresistive microcantilever sen-
sor is defined in terms of its ability to convert the surface
stress-induced external stimulus into resistance variation
in its piezoresistor. The resistance can increase or decrease
depending on the combination of the type of mechani-
cal stress, i.e. tensile or compressive, and the transverse
and longitudinal coefficients of piezoresistivity of the
piezoresistor element. The sensitivity can be improved by
cantilever design modification and changing the cantile-
ver material. The cantilever design modifications include
stepped and paddled designs (Ansari et al. 2012; Yang and
Yin 2007; Mohammed et al. 2010; Zhang et al. 2011) and
stress concentration regions (SCR) designs (Bashir et al.
2000; Wahid et al. 2013; Ansari et al. 2013; Ansari and Cho
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2014). The cantilever material change can be changed to a
softer one like SU-8 (Seena et al. 2011; Nordstrom et al.
2008) and SiO, (Yang and Yin 2007; Zhou et al. 2009).
In addition, sensitivity can also be improved by using the
suitable type of dopant (Ansari and Cho 2014). In previ-
ous works, the authors has shown that the sensitivity of
piezoresistive microcantilevers used in surface stress stud-
ies depends weakly on its length (Ansari and Gangadhara
2014) and inversely to its thickness (Ansari and Cho 2014).
Hence, the present work focuses on determining the effect
of increase in cantilever width on its surface stress sensitiv-
ity and on the combined effect of increase in width and the
introduction of rectangular holes to induce high stress con-
centration regions in the designs.

The objective of the present study is to find the opti-
mum cantilever design for improving the sensitivity of
piezoresistive microcantilever for applications in surface
stress studies. To simulate the surface stress, an in-plane
bi-directional tensile force is applied to the top three free
edges of the cantilever. The cantilevers are made of silicon
with a doped piezoresistor inside. Four different cantilever
designs in three modifications are investigated. The canti-
lever designs have different cantilevers widths and number
of rectangular holes circumscribing the piezoresistor. The
modifications are in form of the change in length of the
rectangular holes. The piezoresistor width and thickness is
kept constant. The piezoresistor type is changed as p-type
and n-type. The sensing and reliability characteristics of the
cantilever designs are studied and compared using a finite
element analysis software.

2 Theory and modelling

Surface stress is a surface state wherein the outermost
atomic layer of a solid is pulled inward by the underlying
layers due to inter-atomic attractive forces. The absence of
upper atomic layers results in a redistribution of electronic
charges on the surface due to the change in the equilibrium
positions of the atoms near the surface and a surface stress
in the top layer is generated. Surface stress is an in-plane
phenomena and is normally confined to few top atomic lay-
ers only. Surface stress is intrinsic to every surface and is
generally of the order of 1 N/m on free metal surfaces. Sur-
face stress-based sensors use the change in surface stress
distribution on the surface due to the adsorption of foreign
atoms onto its functionalized surface and the resulting
stress and deflection to determine the quantities of interest.
In microcantilever sensors, the cantilever substrate is
coated and functionalized with either a monolayer film of
known receptor molecules or a thick solid film contain-
ing the receptor molecules. When the unknown analyte
molecules are brought into contact with this active layer,
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analyte-receptor binding reactions takes place and the ana-
lyte is adsorbed onto the cantilever surface. This adsorption
alters the surface stress distribution on the surface and pro-
duces stress and deflection in the cantilever which can be
measured using optical deflection- and piezoresistive-read-
out techniques, respectively. The change is surface stress is
generally less than 0.05 N/m.

In piezoresistive microcantilever sensors, the change
in surface stress and the resulting deflection induces
strain in the piezoresistor element of the cantilever and
changes its electrical resistivity. Piezoresistivity is a
material property which changes its bulk electrical resis-
tivity when pressed. The piezoresistivity of a material
is generally defined in terms of its average longitudinal
(m,) and transverse (7r,) linear coefficients of piezoresis-
tivity. The coefficients depend on the type of dopant and
its doping concentration. In addition, the coefficients also
depend strongly on temperature. The total change in elec-
trical resistance (AR/R) of a piezoresistor with the cur-
rent along the <110> axes, which is also the longitudinal
direction of the piezoresistor and the cantilever, and sub-
jected to longitudinal (S,) and transverse (Sy) direction
mechanical stresses in the piezoresistor can be given as
AR/R = 7,8, + 7,S,.

Figure 1 presents the schematics of the proposed pie-
zoresistive microcantilever designs as seen from above.
The piezoresistor element layout is indicated in black. The
basic model without the rectangular hole, i.e. Model#0, is
also presented for a comparison. The geometric modifica-
tions in forms of introducing a rectangular hole, changing
the piezoresistor length and changing the cantilever width
are shown in the figure. Model#1 has three holes, Model#2
has five and Model#3 has seven identical holes. The width
of piezoresistor leg is constant. The maximum tip deflec-
tion (z,,,) in the cantilevers due to the applied surface
stress (Ay) on their top surface can be approximated as:

3KAy(1—-v) | W

Azmax = 7 W

QL —DI+ @ -D* (1)
where, ¢ is thickness, W is total cantilever width, W’ is
reduced cantilever width due to rectangular holes, [ is
length of rectangular hole, L is total length of the cantilever
and E and v are the elastic modulus and Poisson’s ratio of
the cantilever material. K is a correction factor dependent
on the material and geometric properties of the cantilever
(Sader 2001).

3 Numerical analysis
The microcantilever designs proposed in this study

were characterised numerically using commercial finite
element analysis software ANSYS Multiphysics. The
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Fig. 1 Schematic designs of the | |
proposed high sensitive piezore-
sistive microcantilevers
Model#0 100 um Model#1 100 um
200 um 200 ym
|
|
Model#3 220 ym
Model#2 160 um
200 ym 200 ym

designs were studied first for their structural integrity
by determining the maximum cantilever tip deflection,
fundamental resonant frequency and maximum von
Mises stress, and then for their surface stress sensitivity
by determining the average longitudinal and transverse
stresses induced inside the piezoresistor element of the
cantilevers. The geometric size of the proposed canti-
lever designs is shown in Fig. 1. Models#1-3 represent
the increase in cantilever width and the introduction of
rectangular holes in the cantilevers. The change in hole
length is varied as 25 um for A models, 50 um for B mod-
els and 75 pm for C models. The width of hole is kept a
constant at 20 um. The piezoresistor is 10 um wide and
0.1 um thick, and is located at a depth of 0.1 pm from the
top cantilever surface. The piezoresistors are changed as
n-type and p-type.

Figure 2 shows the typical finite element model of the
piezoresistive microcantilevers used in this study. The solid
finite element models were meshed using 3-D coupled field
8-node scalar SOLIDS elements. Mesh convergence test was
performed for a numbers of cases to confirm the validity of
simulation results. On an average, more than 100,000 ele-
ments were used in each cantilever analysis. The cantilevers
were subjected to three different loads simultaneously, i.e.
a surface stress of 1 N/m which was applied to the top sur-
face of the cantilevers, an ambient operating temperature of
25 °C with convective heat coefficient of air 200 W/m? °C
and a bias voltage of magnitude 1 V. Surface stress was
modelled as in-plane tensile force acting outward normal
to the top three free edges of the cantilevers. The average
longitudinal and transverse coefficients of piezoresistivity

Fig. 2 Typical finite element model of the piezoresistive microcanti-
levers showing the piezoresistor element details (in inser)

Table 1 Material properties of the microcantilevers (WUMKS unit)

Property Si

Elastic modulus (x 10> MPa) 160
Poisson’s ratio 0.23
Mass density (x 10715 kg/um?) 232
Specific heat (x10'? pJ/kg °C) 712
Thermal conductivity (x 10° pW/um °C) 150
Thermal expansion coefficient (x 1075/°C) 2.80

(x10~"" m?N) are, respectively, —31 and —18 for n-type,
and +72 and —66 for p-type (Tufte and Stelzer 1963). The
mechanical properties are listed below in Table 1.
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4 Results and discussion

Figure 3 presents the numerical results for maximum can-
tilever tip deflection, fundamental resonance frequency
and the maximum von Mises stress induced in the canti-
lever designs when subjected to 1 N/m of surface stress on
their top surfaces. The deflections increase with increase
in length of the rectangular holes as well as the cantilever
width. The increase can be attributed to the decrease in
their bending stiffness due to the presence of holes at the
fixed end. The increase in hole length is, however, much
more effective in increasing the deflection. The frequency
results, however, show a pattern opposite to the deflection
case. The frequencies decrease with increase in hole length
as well as cantilever width. Interestingly, the frequency
results for the base models, i.e. AOQ, BO and CO, are almost
same. This suggests the increase in cantilever width has

1.8

Deflection (um)

A2 A3 BO B1

B2 B3 CO C1 C2 C3

Cantilever model

70.0 4

60.0 -

50.0 +

40.0

negligible effect on the frequency. This observation can
also be observed in the other cantilever models to a lesser
extent. This behaviour can be explained by the fact the
increase in cantilever width is increasing linearly both the
bending stiffness as well as the cantilever mass. However,
since the frequency is directly proportional to the in square
root ratio of cantilever stiffness and its mass, the width term
in the two quantities cancels out. Therefore, the increase in
cantilever width has negligible effect on its frequency. The
high frequency of the base models can be attributed to their
high bending stiffness because of no holes at the fixed end.

The results for maximum stresses induced in the can-
tilevers are also presented in Fig. 3. The introduction of
holes is clearly amplifying the amount of stress induced
in the cantilevers. However, since the maximum stresses
inside the cantilevers are well below their fracture strength
of about 300 MPa (Sooriakumar et al. 1995), the designs

Frequency (kHz)
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Fig. 3 Numerical results for tip deflection, resonant frequency and von Mises stress in different cantilever designs
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Fig. 4 Comparison between average values of longitudinal stress,
transverse stress and its difference in the piezoresistor of different
cantilever designs

presented in this study are safe from fracture failure. In
addition, since the typical values of surface stress encoun-
tered in analyte-receptor bonding reactions are less than
0.05 N/m, which is one-twentieth the value used here,
the deflection and stress induced in the cantilevers would
diminish accordingly.

Figure 4 presents the comparison between the average
stress values induced in the piezoresistor element along
its longitudinal and transverse directions for the different
cantilever designs when subjected to 1 N/m surface stress.
The difference in the two stress values is also plotted. It is
obvious in the figure that the introduction of the rectangular
hole at the fixed end in the base models alone increases the
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Normalised sensitivity

longitudinal stress in models A1, B1 and C1 by about 1.74,
1.80 and 2.65 times their respective base model results.
The transverse stress values in these cases, however, show
a decrease in Al and B1 but a slight increase in C1. The
increase in hole length is clearly increasing the stress val-
ues in both direction. The rate of increase in longitudinal
stress is, however, much higher than the transverse stress.

The increase in cantilever width is increasing the lon-
gitudinal stresses but decreasing the transverse stresses
induced in the piezoresistor. The increase can be attributed
to the higher deflections produced in these cantilevers. And,
the decrease can be attributed to the relative less rigorous
displacement constraint boundary length imposed to the
cantilever width at the fixed end. Since the sensitivity of
a piezoresistive microcantilever biosensor depends on the
resistance change induced in the piezoresistor whose mag-
nitude depends on the longitudinal and transverse stresses,
the stress difference values are also plotted in Fig. 4 to
show the effects of the presence of rectangular hole and the
hole length as well as the cantilever width. It can be seen
in the figure that the stress difference values are increasing
with all the three modifications.

Figure 5 shows the normalised surface stress sensitivity
results for the n-type and p-type piezoresistive microcanti-
lever biosensors under a surface stress of 1 N/m. The stand-
ard sensitivity of AO model for n-type and p-type micro-
cantilevers, which is used to normalise the other results, is
about —0.132 and +0.102 %, respectively. The negative
sign for n-type indicates that the total electrical resistance
is decreasing which is because of its negative coefficients
of piezoresistivity. Though the n-type basic microcantile-
ver design AO has a higher absolute sensitivity than corre-
sponding p-type, the geometric modifications incorporated
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Fig. 5 Comparison between normalised sensitivity results in n-type (leff) and p-type (right) cantilever designs
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to improve further the sensitivity are less helpful in case of
n-type, as shown in Fig. 5.

The increase in cantilever width of n-type cantilevers is
decreasing its sensitivity, whereas, it is increasing first and
then decreasing in case of p-type. This is because of the
combined effect of increase in longitudinal and decrease in
transverse stresses in these cantilevers (see Fig. 4). In addi-
tion, since the longitudinal and transverse piezoresistive
coefficients of n-type and p-type piezoresistor have differ-
ent magnitudes and symbols, the contributions to the total
resistance change, i.e. sensitivity, are additive for n-type
but subtractive for p-type cantilevers. The introduction of
rectangular holes increased the sensitivity of Al, B1 and
C1 designs to about 1.5, 1.9 and 2.3 times for n-type and
2.9, 2.7 and 3.7 times for p-type cantilevers than their base
models AO, BO and CO. The effect of increase in hole length
in these deigns, however, has less significant effect and the
maximum improvement is less than 23 % for n-type and
28 % for p-type cantilevers.

The maximum increase in sensitivity achieved in n-type
design by means of introducing the geometric modifica-
tions is about 80 %. In contrast, the same results for p-type
show a maximum increase of about 340 %. Based on the
results shown in Fig. 5, we can conclude that the sensitiv-
ity of piezoresistive microcantilevers can be significantly
increased by incorporating the geometric modifications in
form of high width and rectangular holes. Though Model#3
cantilevers are showing the highest sensitivity, the fabrica-
tion of such designs may be a challenging task. In general,
fabrication of narrow cantilevers is easier than a wide one
from the release point of view. In addition, cantilevers with
long rectangular holes can have a higher probability of
non-zero initial deflections and stresses. Therefore, consid-
ering the microfabrication constraints we can conclude that
p-type B2 microcantilever is the most suitable design for
improving the sensitivity of the piezoresistive microcantile-
ver for surface stress studies. This design is relatively easy
to fabricate and is less susceptible to fabrication-induced
residual stresses.

5 Conclusions

This study investigated new silicon piezoresistive micro-
cantilever designs for surface stress studies application
using finite element analysis software. The objective was
to find the optimum design of the cantilever for such a
study by varying the cantilever width, introducing rectan-
gular hole and increasing the hole length, and by chang-
ing the type of piezoresistor. The designs were character-
ised for their tip deflection, resonant frequency, maximum
stress and surface stress sensitivity. The surface stress
sensitivity of each design was determined by determining
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the average longitudinal and transverse stress in their pie-
zoresistor element. Results showed that the increase in
the cantilever width has mixed results on sensitivity. The
sensitivity decreased with increase in cantilever width
for n-type designs, and first increased then decreased for
p-type designs. The introduction of rectangular holes in
the base deigns A0, BO and CO increased their sensitivity
by about 50 % in n-type and 190 % for p-type designs.
However, when the increase in width is combined with the
increase in rectangular hole length, the sensitivity of the
base deigns A0, BO and CO is improved by about 70, 90
and 130 % in n-type, and 190, 170 and 270 % in p-type,
respectively. In addition, the increase in hole length was
found to have less significant effect on increasing sensi-
tivity and the maximum improvement is less than 23 %
for n-type and 28 % for p-type cantilevers. We found that
the maximum increase in sensitivity achieved by means
of introducing the geometric modifications is about 80 %
in n-type and 340 % for p-type designs. Considering the
design requirements of high resonant frequency, high sen-
sitivity and fabrication challenges, we can conclude that
p-type B2 microcantilever is the most suitable deigns for
surface stress studies.

References

Ansari MZ, Cho C (2014) Effect of p-type and n-type piezoresistors
on characteristics of high sensitive silicon piezoresistive micro-
cantilever designs. Microsyst Technol 10:1007

Ansari MZ, Gangadhara BS (2014) Piezoresistivity and its applica-
tions in nanomechanical sensors. Procedia Materials Science
5:1308-1313

Ansari MZ, Cho C, Urban G (2012) Stepped piezoresistive microcan-
tilever designs for biosensors. J Phys D Appl Phys 45:215401

Ansari MZ, Cho C, Choi W, Lee M, Lee S, Kim J (2013) Improv-
ing sensitivity of piezoresistive microcantilever biosensors
using stress concentration region designs. J Phys D Appl Phys
46:505501

Bashir R, Gupta A, Neudeck GW, Elfresh MM, Gomez R (2000) On
the design of piezoresistive silicon cantilevers with stress con-
centration regions for scanning probe microscopy applications. J
Micromech Microeng 10:483-491

Braun T, Ghatkesar MK, Backmann N, Grange W, Boulanger P, Letel-
lier L, Lang HP, Bietsch A, Gerber C, Hegner M (2004) Quan-
titative time-resolved measurement of membrane protein—ligand
interactions using microcantilever array sensors. Nat Nanotech-
nol 4:179-185

Chen T, Chang DP, Liu T, Desikan R, Datar R, Thundat T, Berger
R, Zauscher S (2010) Glucose-responsive polymer brushes for
microcantilever sensing. J Mater Chem 20:3391-3395

FuL, Li S, Zhang K, Cheng ZY (2007) Detection of Bacillus anthra-
cis spores using magnetostrictive microcantilever-based biosen-
sor. Mater Res Soc Symp Proc 951:0951-E05-04

Kapa P, Liu P, Chen Q, Morishetti D, Mutyala MS, Fang J, Varah-
ramyan K, Ji HF (2008) Moisture measurement using porous
aluminum oxide coated microcantilevers. Sen Actuator B Chem
134:390-395

Lee SM, Hwang KS, Yoon HJ, Yoon DS, Kim SK, Lee YS, Kim
TS (2009) Sensitivity enhancement of a dynamic mode



Microsyst Technol (2016) 22:2279-2285

2285

microcantilever by stress inducer and mass inducer to detect
PSA at low picogram levels. Lab Chip 9:2683-2690

Lin Wu, Cheng T, Zhang QC (2012) A bi-material microcantile-
ver temperature sensor based on optical readout. Measurement
45:1801-1806

Mohammed AAS, Moussa WA, Lou E (2010) Optimization of geo-
metric characteristics to improve sensing performance of MEMS
piezoresistive strain sensors. J Micromech Microeng 20:015015

Nordstrom M, Kelle S, Lillemose M, Johansson A, Dohn S, Haefliger
D, Blaggoi G, Jakobsen MH, Boisen A (2008) SU-8 cantilevers
for bio/chemical sensing; fabrication characterization and devel-
opment of novel read out methods. Sensors 8:1595-1612

Sader EJ (2001) Surface stress induced deflections of cantilever plates
with applications to the atomic force microscope: rectangular
plates. J Appl Phy 89:2911-2921

Seena V, Fernandes A, Pant P, Mukherji S, Rao VR (2011) Polymer
nanocomposite nanomechanical cantilever sensors: material
characterization, device development and application in explo-
sive vapour detection. Nanotechnology 22:295501

Sooriakumar K, Chan W, Savage TS, Fugate C (1995) A comparative
study of wet vs. dry isotropic etch to strengthen silicon micro-
machined pressure sensor. Electrochem Soc Proc 27:95

Suri CR, Kaur J, Gandhi S, Shekhawat GS (2008) Label-free ultrasen-
sitive detection of atrazine based on nanomechanics. Nanotech-
nology 19:1-6

Tufte ON, Stelzer EL (1963) Piezoresistive properties of silicon dif-
fused layers. J Appl Phys 34:313-318

Velanki S, Ji HF (2006) Detection of Feline coronavirus using micro-
cantilever sensors. Meas Sci Technol 17:2964-2968

Wahid KAA, Lee HW, Shazni MA, Azid IA (2013) Investigation on
the effect of different design of SCR on the change of resistance
in piezoresistive micro cantilever. Microsyst Technol 1:1784

Wen L, Yuan Z, Cheng L, Zeng H, Chu J (2012) Study of residual
stress-induced deformation of multilayer cantilever for maskless
microplasma etching. Microsys Tech 18:113-118

Yang SM, Yin TI (2007) Design and analysis of piezoresistive micro-
cantilever for surface stress measurement in biochemical sensor.
Sens Actuator B 120:736-744

Yang R, Huang X, Wang Z, Zhou Y, Liu L (2010) A chemisorption-
based microcantilever chemical sensor for the detection of tri-
methylamine. Sens Actuator B 145:474-479

Yen YK, Huang CY, Chen CH, Hung CM, Wu KC, Lee CK, Chang
JS, Lin S, Huang LS (2009) A novel, electrically protein-manip-
ulated microcantilever biosensor for enhancement of capture
antibody immobilization. Sens Actuator B 141:498-505

Zhang G, Zhao L, Jiang Z, Yang S, Zhao Y, Huang E, Hebibul R,
Wang X, Liu Z (2011) Surface stress induced deflection of a
microcantilever with various widths and overall microcantilever
sensitivity enhancement via geometry modification. J Phys D
Appl Phys 44:425202

Zhou Y, Wang Z, Wang C, Ruan W, Liu L (2009) Design, fabrication
and characterization of a two-step released silicon dioxide pie-
zoresistive microcantilever immunosensor. J Micromech Micro-
eng 19:065026

@ Springer



	An optimised silicon piezoresistive microcantilever sensor for surface stress studies
	Abstract 
	1 Introduction
	2 Theory and modelling
	3 Numerical analysis
	4 Results and discussion
	5 Conclusions
	References




