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ABSTRACT

This paper describes and evaluates the incorporation of
novel Stress Concentration Region (SCR) in silicon based
cantilevers to enhance piezoresistive displacement, force,
and torque sensitivities. In brief, SCR is a region, on the
cantilever, with a thickness smaller than the cantilever
thickness and of an appropriate length to localize stress
where piezoresistors are implanted. It was found that in
order to improve the sensitivity the length, thickness and
placement of the SCR on the cantilever have to be
optimized. Performing the optimization can result in a 2X,
5X and 3X improvement in the piezoresistive
displacement, force and torque sensitivity, respectively.
ANSYS, a well-known Finite Element Analysis (FEA)
software, was used to analyze and optimize the above
stated parameters of the SCR.
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1 INTRODUCTION

The Atomic Force Microscope (AFM) has, since its
invention in 1986 [1], proven to be an invaluable tool in
the field of physical and bio-chemical transducers. The key
component of an AFM is a cantilever with an integrated tip
and a deflection sensing mechanism [1]. Piezoresistive
deflection sensing is very attractive due to the fact that it
eliminates the use of laser and optics, and has the potential
of multiple cantilever operation [2]. The design of the
cantilever requires the appropriate choice of the
dimensions, spring constant, k, and resonant frequency, f,,
to satisfy certain measurement requirement [3]. For simple
rectangular cantilevers, closed form expressions of the
above stated parameters have been derived [3]. However,
for more complex structures, finite element modeling has
been found to be useful to analyze and optimize these
structures.

2 THEORETICAL BACKGROUND

Piezoresistive cantilever detection has been found to have

silicon results in a change in resistance R with applied stress
as a function of crystal orientation, dopant type and doping
concentration [6]. For a resistor with area Ag, the
piezoresistive sensitivity is given as,

where p, is the longitudinal piezoresistive coefficient (for
stress applied parallel to the current flow in the resistor), pr
is the transverse piezoresistance coefficient (for stress
applied perpendicular to the current flow in the resistor),
load can be a vertical displacement, a vertical force or a
torque; s, is the longitudinal stress, s+ is the longitudinal
stress and Agr is the area of the resistor. The integration has
to be carried out because stress is not uniform along the
length and width of the resistor. Performing the integration
and then dividing the result by the area of the resistor gives
one the average stress in the resistor region.

From Equation (1) it can be seen that maximizing the
stress in the resistor region will maximize the piezoresistive
sengitivity of the device. Taking noise in the resistor into
consideration, the piezoresistor detection capability will
improve as well.

3 DESIGN OF THE CANTILEVER

Two commonly used designs of the cantilever are
analyzed: (a) the rectangular shaped and (b) the U-shaped
cantilever beams. Typical dimensions used were length L¢
= 150mm, width W¢ = 20mm and thickness T = 0.6mm.
The total width of the U-shaped cantilever was B = 80nmm.
Figure 1 shows the dimensions of the rectangular cantilever
and the piezoresistor used in the analysis.
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the disadvantage of less resolution when compared to optical Le Le
detection [4]. The piezoresistive effect in silicon has been

well documented in literature [5]. The piezoresistive effect in Figure 1: Dimensions of the piezoresistor used.



3.1  FiniteElement Analysis

ANSYS [7], popular Finite Element Analysis (FEA)
software, was used to analyze and optimize the parameters of
the SCR to enhance the piezoresistive sensitivity. Two types
of analysis were performed: static analysis and modal
analysis. Static analysis was performed using element type
SOLIDS to simulate the stress generated when a load was
applied right at the edge of the beam with the other end fixed.
This was performed on the rectangular shaped and the U-
shaped cantilever beams.

Using static analysis two types of load were applied:
vertical displacement and vertical force. The stress values
simulated by ANSY S was used to compute the average stress
which was then used to caculate the piezoresistive
displacement and force sensitivity.

In order to compute the piezoresistive torsional
sengitivity, static analysis was performed using element type
SOILID73. This was performed on the U-shaped beam. A
torque was applied along the length of the beam in the center,
right at the edge. Only one leg was used in the sensitivity
computation, as by symmetry the other arm would give the
stress (tensile or compressive) with the opposite sign. Figure
2 shows symmetrica displacement of the U-shaped
cantilever for an applied torque along the axis.
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Figure 2: ANSY S top view plot of vertical displacement with
applied torque showing symmetrical displacement along axis.

Modal analysis was performed on the rectangular shaped
and the U-shaped beam to compute the resonant frequency of
the different structures.

3.2 Sensitivity Calculations

In the computation of the sengitivity, it was assumed that
the piezoresistors were located only on the surface with
infinitesimally small thickness. It was assumed that the
resistors were p-type with longitudinal piezoresistance
coefficient p, = 71.8 x 10™ cm?dyne and transversal
piezoresistance coefficient pr = -66.3 x 10 cm?dyne
assuming a doping concentration in the range of 10% cm3[8].

Asshownin Figure 1, two resistor arms are parallel to the
length of the cantilever along which the current flows, Ry,
and one resistor arm perpendicular to the length of the beam,

R~. The change in the resistance for R and R are given by
the expressions [9],

(DR/R); = pLs) + prSa 2
(DR/R)A =pPLS~ +prsy (3)

where s and s are the stress values in the resistor parallel
and perpendicular to the length of the cantilever.

In the U-shaped cantilever beam, piezoresistors are
placed on both legs of the cantilever. The vertica
displacement and vertical force is extracted by measuring
D(R; + R)/(Ry + Ry) and the torsion by measuring
D(R;-Ry)/(R1+Ry), where Ry and R, are the resistors on each
leg of the cantilever [10]. If the resistors were assumed to
be of the same value, as they usually would be, the above
sensitivity would simply be DR/R, under the resultant stress
in each leg of the cantilever.

3.3 SCR Optimization

The location and thickness of the SCR is very important
and two possible designs were explored, as shown in Figure
3, which is a cross-sectional view of the beam. In one case,
the SCR of length L; was placed a distance L, way from the
edge. In the other case, L, was made O and the SCR was
placed right at the edge of the cantilever. SCR length L of
10mm and 20mm were simulated. In addition, the thickness
of the SCR was aso varied from 0.1 to 0.6mm (0.6rmm thick
SCR isthe same as no SCR) in steps of 0.1nm.
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Figure 3: Cross-sectional view of a beam showing the SCR

4 RESULTSAND DISCUSSIONS

As can be noted form Tables 1 and 2, the piezoresistive
sengitivity is enhanced when compared to the case of no
SCR, only under appropriate choice of the SCR length,
thickness and placement. When the SCR region was placed
10mm away from the edge, no enhancement was observed
even though the stress is concentrated in the SCR region, as
is shown in Figure 4. Enhancement in piezoresistive
sengitivity was observed only when the SCR was placed
right next to the edge of the cantilever. This phenomenon is
easlly explained if 1-D plots of the stress contours are
examined as shown in Figure 5. For the case of L, = 10mm,
the average stress (which is simply the area under the curve)
was found to be about the same as the average stress for the
case of no SCR. The SCR needs to be placed next to the



edge to maximize the average stress when compared to the
case of no SCR.

Parameters | Typel | Typell | Typelll | TypelV

(DR/R)/D |327x |487x |[543x |7.54x

(AY 107 107 107 107

(vertical)

(DR/R)/F | 7.76x |243x |[433x |4.04x

(NN 10° 10 10 10

(vertical)

k (N/m) 422x |200x |125x |1.87x
102 102 102 102

f, (kH2) 32.35 | 21.064 |16.127 | 19.836

Table 1: List of smulated parameters for the rectangular
cantilever with SCR dimensions as.
Type I: Lg=14mm, T¢=0nm (No SCR)
Type Il: Lg=24mm, T«=0.3mm, L;=10mm, L,=10mm
Type l11: Lg=24mm, T «=0.3mm, L;=20mm, L,=0mm
Type IV: Lg=14mm, T,=0.3mm, L,=10mm, L,=0mm

Parameters | Typel Typell | Typelll | TypelV

(DR/R)Y/D |334x [508x |557x |7.72x

(AY 107 107 107 107

(vertical)

(DR/R)/F |388x [125x |221x |202x

(NN 10° 10* 10* 10*

(vertical)

(DR/R)/t 1.37x |232x |32x 3.4 x

(pPNm™) 10" 10" 10* 10*

k (N/m) 8.6 x 405x |252x |3.82x
10 10 10 10

fo (kH2) 3749 | 2248 [1716 |20.711

Table 2: List of smulated parameters for the U-shaped
cantilever where the SCR dimensions are the same asin
Table 1.
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Figure 4: ANSY S Von Mises stress contour plot showing
concentration of stress around the SCR for a vertical
displacement of 50A.
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Figure 5: ANSY S output of 1-D stress along the rectangular
cantilever with and without SCR regions. Dimensions are
shown.

The piezoresistive sensitivity was also found to be a
function of the SCR thickness as shown in Figure 6. The
displacement sensitivity can increase by a factor of 2X
when SCR is decreased from 0.6nm (the case of no SCR) to
0.3mm, below which the sensitivity starts to decrease again.
This phenomenon can be explained by the fact that the
average stress along the given resistor length peaks around
for an SCR thickness of 0.3mm.

As the SCR thickness was decreased further, the spring
constant, k, of the cantilever also decreased, as shown in
Figure 7 and hence the total strain energy stored in the
cantilever for a given displacement (E = ¥kx?) adso
decreased. Below about 0.3mm, the total energy decreases
significantly and so does the displacement sensitivity. The
force sendtivity on the other hand, continues to increase
with decreasing SCR thickness and this is consistent with
the fact that a thinner and a longer (i.e. low k) cantilever is
more sensitive to force and a thicker and shorter cantilever
is more sensitive to displacement. The force sensitivity was
found to increase by afactor of 5X.
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Figure 6: Piezoresistive displacement and force
sengitivity as a function of SCR thickness, where:
Case A: L1=10mm, L,=0nm, Lg=14nm
Case B: L1=20mm, L,=0mm, Lr=24nm.
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Figure 7: Spring constant and resonant frequency as a function
of thickness where Case A and Case B are same asin Figure
6.

The piezoresistive displacement and force sensitivity of
the U-shaped cantilever was found to show the same pattern
as described above for the rectangular shaped. Since torque
is a force measurement, the sensitivity also increases
monotonically as the SCR thickness is decreased as shown in
Figure 8. The torsional sensitivity was found to increase by
3X, when the SCR thickness is decreased to 0.15um.
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Figure 8: Torsional Sensitivity of the U-shaped cantilever as
afunction for SCR thickness where Case A and Case B are
same asin Figure 6.

5 SUMMARY

The design of silicon based cantilevers for Atomic Force
Microscopy has been described in detail. ANSY S software
was used as the basis to simulate the mechanical properties of
the silicon based cantilevers. The incorporation of Stress
Concentration Region (SCR) with thickness less than the
cantilever thickness to localize stress and thus enhance the
piezoresistive sensitivity was explored in detail. Two basic
designs were studied, i.e. a rectangular shaped and a U-

shaped cantilever. It was found that optimal placement and
thickness of the SCR on the cantilever can result in a
significant improvement in piezoresistive displacement,
force and torque sensitivity without much decrease in the
resonant frequency and spring constant.
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