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ABSTRACT
Design and Optimization of an AFM Probe Based on Piezoresistance
Effect

Mehran Hosseini

Atomic Force Microscopy (AFM) probes with embedded stress sensors have
demonstrated the ability to address key issues such as simplicity, reliability, and
responsiveness to parallel scanning techniques and therefore are promising devices for
AFM applications. Even though there are some other candidates for integration as sensor
parts with the mechanical structure of the device (e.g. MOS transistors), piezoresistive
materials are still among the most attractive sensors used in cantilever-based devices.

Standard CMOS fabrication process is a suitable technology, »which allows
integration of sensor, mechanical parts and electronic signal conditioning/processing
circuits on the same chip.

In this thesis we present design and optimization of an AFM probe with integrated
polysilicon piezoresistive sensor, based on MEMS techniques. Design goal is to optimize
a combination of sensitivity and signal-to-noise (S/N) ratio to achieve the minimum
lower detection limit, while maintaining the other important factors such as
eigenfrequencies, in an acceptable range.

Standard CMOS 0.35pm technology is considered as the target fabrication process
as well as a multistage masked post-CMOS micro-machining process to release the
structure. A sophisticated geometry of the cantilever and the sensor, along with the

optimized length of sensor branches in terms of S/N ratio is achieved.
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THESIS OVERVIEW

The first chapter covers the basic concepts, including the general description of
AFM. Different modes of AFM, as well as its applications and the explanations of the
various systems based on this technique, are also given in this chapter. The related
measurement issues along with the target fabrication technology are discussed in this
chapter as well.

Chapter 2 includes the mathematical and physical explanations of some important
phenomena, which are necessary for design and analysis of the proposed probe structure.

The structure of the proposed probe, followed by a discussion about the target post-
processing steps, is presented in Chapter 3. This chapter also contains the modeling
results of the design, which characterizes the mechanical and electrical aspects of the
probe. Optimization of the recommended design in terms of S/N ratio and eigenfrequency
are also covered in Chapter 3. The conclusion and the key achievements are highlighted

in Chapter 4, along with some recommendations for future works.
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CHAPTER 1 BASIC CONCEPTS

1.1 General Description of AFM
1.1.1 Introduction

Although Atomic Force Microscopy is the most well known application of micro
cantilevers constructed using MEMS techniques, these cantilevers have been proposed
for a variety of applications, including the measurement of topography [1,2] -
acceleration [3] - magnetic fields [4] - acoustic [5] - stress [6] - humidity [7] -
physical/mechanical properties and fabrication variables in the material sciences [8,9] -
magnetic polarization, embedded electric charge [10] - capacitance, and electrical
resistance [11] - Phenomena such as abrasion, adhesion, cleaning, corrosion, etching,
lubrication, plating, polishing and friction [12] as well as application such as data storage
[13] and biological applications like: investigation of DNA, proteins, and cells in
biological studies [14] - structure and component distribution in polymer science[15] and
Pharmaceutical research [16].

The common functional principle of almost all these applications is to measure
deflection of a cantilever as a function of a particular quantity. Sensing mechanism plays
a crucial role in terms of determining the main characteristics of the sensor such as
sensitivity, signal to noise ratio and stability, as well as the application aspects like
responsiveness to parallelism, and sensor components integrated in systems-on-chip have
shown appreciable performance in a majority of these respects.

AFM is a powerful tool for the investigation of morphologies and mechanical

properties of surfaces. The major achievement of AFM lies in its ability to measure tiny




forces acting between a sharp tip and a sample. Even atomic and molecular resolution can
now be obtained using dynamic modes of operation. This technique was developed
mainly to image the surface of materials in atomic resolution and now it is being used to
solve processing and materials problems in a wide range of technologies.

There are some other competitors for AFM, like STM (Scanning Tunneling
Microscopy), SEM (Scanning Electron Microscopy), TEM (Transmission Electron
Microscopy) as well as Optical Microscopy. While there are advantages and
disadvantages for each of these methods, AFM has been proved to be a very efficient
method compared to its competitors.

AFM belongs to a general family of techniques called scanning probe microscopy
(SPM). SPM began with the development of the first scanning tunneling microscope
(STM) at IBM laboratories in Zurich in 1982. The capabilities of STM to resolve the
atomic structures of different materials resulted in the Nobel Prize for its inventors
in1986. The application of STM is restricted to conductor or semiconductor materials, but
AFM is an extensive method that makes the study of any kind of solids (including
insulators) possible. The first AFM was made by meticulously gluing a tiny shard of
diamond onto one end of a tiny strip of gold foil. In the fall of 1985 Gerd Binnig and
Christopher Gerber used the cantilever to examine insulating surfaces. A small hook at
the end of the cantilever was pressed against the surface while the sample was scanned
beneath the tip. The force between tip and sample was measured by tracking the
deflection of the cantilever. They could delineate lateral features as small as 300 A. And
a more complete AFM system was developed in collaboration between IBM and Stanford

University in 1986 [17].




AFM has been used routinely in many scientific and industrial fields in the past two
decades. Today the tip-cantilever assembly typically is micro-fabricated from
Polycrystalline Silicon, Silicon or SisN, and the resolution is in atomic scale (1A).
Natural frequencies of the probe up to 6 MHz [18] and a minimum detectable cantilever
deflection equal to 0.3 A [19] are some examples of the today AFM probes
characteristics.

Fig.1.1 shows an AFM image of a silicon sample surface cut in (111) plane.

i
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Fig.1.1.AFM image of a silicon sample cut in (111) plane

1.1.2 Interaction of the Cantilever Tip and the Sample Surface

AFM is based on the attraction and repulsion forces that exist between the atoms at
the tip of the cantilever and the atoms at the surface of the sample under investigation
(Fig.1.2 (b)). The tips typically have an end radius of 5 nm to 10 nm. Fig.1.2 (a) shows a
diagram of the inter-atomic force versus the distance from the tip to the sample [20]. As

the distance decreases, the attraction force (negative) increases, up to a point in which the




attraction force is the maximum. Further decrease in distance reverses the force direction
and makes it repulsive. Negative distances in the figure happen when the tip passes the

sample surface and goes deeper.
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Fig.1.2. (a) Interaction between the Tip of the AFM probe and the sample (b)Attractive
and repulstve forces between the tip and the sample surface, versus distance

According to the interaction of the cantilever tip and the sample surface, AFM can

be classified as: Contact mode, Non-contact mode and Tapping mode.

Fig.1.3. Interaction of the cantilever tip and the sample surface: (a) Contact Mode (b)
Non-contact Mode (c) Tapping Mode.




1.1.2.1 Contact Mode

The contact mode where the tip scans the sample in close contact with the surface is
the common mode used in the force microscope (Fig.1.3 (a)). The force on the tip is
repulsive with a mean value of 10 ® N. This force is set by pushing the cantilever against
the sample surface with some kinds of positioning mechanism. In contact mode AFM the
deflection of the cantilever is sensed and compared to some desired value of deflection. If
the measured deflection is different from the desired value, the feedback control system
applies a voltage to the positioning mechanism to raise or lower the sample relative to the
cantilever to restore the desired value of deflection. The voltage that the feedback control
system applies to the positioning mechanism is a measure of the height of features on the

sample surface. It is displayed as a function of the lateral position of the sample.

1.1.2.2 Non-contact Mode

The non-contact mode is used in situations where tip contact might alter the sample
in subtle ways. In this mode the tip hovers 50 - 150 Angstrom above the sample surface
(Fig.1.3 (b)). Attractive Van der Waals forces acting between the tip and the sample are
detected, and topographic images are constructed by scanning the tip above the surface.
Unfortunately the attractive forces from the sample are substantially weaker than the
forces used by contact mode. Therefore the tip must be given a small oscillation so that
AC detection methods can be used to detect the small forces between the tip and the
sample by measuring the change in amplitude, phase, or frequency of the oscillating

cantilever in response to force gradients from the sample.




1.1.2.3 Tapping Mode

Tapping mode is a key advance in AFM. Tapping mode overcomes problems
associated with friction, adhesion, electrostatic forces, and other difficulties by
alternatively placing the tip in contact with the surface to provide high resolution and
then lifting the tip off the surface to avoid dragging the tip across the surface (Fig.1.3
(c)). Tapping mode imaging is implemented in ambient air by oscillating the cantilever
assembly at or near the cantilever's resonant frequency using a piezoelectric crystal. The
piezo motion causes the cantilever to oscillate with a high amplitude (typically greater
than 20nm) when the tip is not in contact with the surface. The oscillating tip is then
moved toward the surface until it begins to lightly touch, or tap the surface. During
scanning, the vertically oscillating tip alternately contacts the surface and lifts off,
generally at a frequency of 50 to 500 kHz . As the oscillating cantilever begins to
intermittently contact the surface, the cantilever oscillation is necessarily reduced due to
energy loss caused by the tip contacting the surface. The reduction in oscillation
amplitude is used to identify and measure surface features.

During tapping mode operation, the cantilever oscillation amplitude is maintained
constant by a feedback loop.

Tapping mode inherently prevents the tip from sticking to the surface and causing
damage during scanning. Unlike contact and non-contact modes, when the tip contacts
the surface, it has sufficient oscillation amplitude to overcome the tip-sample adhesion
forces. Also, the surface material is not pulled sideways by shear forces since the applied

force is always vertical. Another advantage of the tapping mode technique is its large,




linear operating range. This makes the vertical feedback system highly stable, allowing
routine reproducible sample measurements.
1.1.2.4 Comparison of Three Methods

In contact AFM electrostatic and/or surface tension forces pull the scanning tip
toward the surface. Contact mode imaging is heavily influenced by frictional and
adhesive forces compared to non-contact or tapping mode.

Non-contact imaging generally provides low resolution and can also be hampered
by the contaminant layer, which can interfere with oscillation.

Tapping mode AFM was developed as a method to achieve high resolution without
inducing destructive frictional forces both in air and fluid. With the tapping mode
technique, the very soft and fragile samples can be imaged successfully. Also,
incorporated with Phase Imaging (described below), the tapping mode AFM can be used

to analyze the components of the sample.
1.1.3 Phase Imaging

Phase Imaging is a powerful extension of Tapping Mode AFM that provides
nanometer-scale information about surface structure often not revealed by other SPM
techniques. By mapping the phase of the cantilever oscillation during the tapping mode
scanning, phase imaging goes beyond simple topographical mapping to detect variations
in composition, adhesion, friction, viscoelasticity, and perhaps other properties.
Applications include identification of contaminants, mapping of different components in
composite materials, and differentiating regions of high and low surface adhesion or

hardness.




1.1.4 Force Curve Measurements

In addition to these topographic measurements, the AFM can also provide much
more information. The AFM can also record the amount of force felt by the cantilever as
the probe tip is brought close to - and even indented into - a sample surface and then
pulled away. This technique can be used to measure the long range attractive or repulsive
forces between the probe tip and the sample surface, elucidating local chemical and
mechanical properties like adhesion and elasticity, and even thickness of molecular layers
or bond rupture lengths.

Force curves (force-versus-distance curve) typically show the deflection of the free
end of the AFM cantilever as the fixed end of the cantilever is brought vertically towards

and then away from the sample surface.

1.1.5 AFM Resolution

tip tip

—/ \

M

(@ (b)
Fig.1.4. The effect of related sizes of tip and sample roughness, on the output signal

The concept of resolution in AFM is different from radiation-based microscopy,
because AFM imaging is a three-dimensional imaging technique. The ability to
distinguish two separate points on an image is the standard by which lateral resolution is

usually defined. There is clearly an important distinction between images resolved by




wave optics and scanning probe techniques. The former is limited by diffraction, and
later primarily by probe geometry and sample geometry. Lateral resolution in the range of

1 ist ypical for AFM probes [22].

1.1.6 Various Designs of Cantilevers

Depending on the application, various designs of cantilever and tip are possible.
Also Actuation mechanism can be based on various physical forces and can be integrated
into or separated from cantilever structure. Fig.1.5 shows two possible designs for AFM
probes.

The micro-cantilevers designed for SPM applications typically have dimensions in

the 100 microns range and their resonance frequencies are in the 10-300 kHz range [23].
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Fig.1.5. (a) A cantilever in which, tip has a separate movement related to cantilever and
this movement is provided by electromagnetic force[24] (b) A cantilever that has a fixed
tip and cantilever movement is caused by PZT actuator[25].




1.1.7 Various Measurement Methods

The force between the tip and the sample surface is very small therefore the
detection system usually measures the force by sensing the deflection of the cantilever.
Detecting micro-movements of the cantilever can be done in several ways and depending
on the method and technology, measurement devices may be integrated or separated from
cantilever frame. Fig.1.6 (a) shows a system in which the deflection of the cantilever is
changed to the deviation of a laser beam from its original path. The movement of the
beam then is detected by photo-detectors and is used for both the deflection measurement
and for adjusting the vertical position of the cantilever [26,27]. Displacement of the order
of 0.1 nm can be measured using optical beam deflection [23].

In Fig.1.6 (b) the sensor part (a piezoresistor) is integrated inside the structure of
the cantilever and a Wheatstone bridge has been used to measure the change in the
resistance of the sensor due to stress, which is in turn a function of the applied force to
the tip. Fig.1.6 (b) also shows the feedback mechanism used to change the position of the
cantilever via a PZT actuator. The systems based on laser beam deviation are more

complex than those based on integrated sensors.

Reference Force
Detector tirror

Laser

@ ()

Fig.1.6. (a) Cantilever deflection detection by Laser beam (b) Using integrated stress
sensors as tension detectors[28].
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Also they face some calibration difficulties and applying parallel techniques (using
several parallel probes at the same time) is not simple in these systems. On the other hand
measurement systems that use integrated sensors are much simpler and are very
susceptible to parallelism. In our design we have chosen integrated piezoresistor sensing,

regardless of any specific method of actuation.
1.1.8 Important Factors in AFM System Design

In designing a complete AFM system there are several important factors that should
be taken into account, among them: sensitivity, resolution, speed, noise effect, power
dissipation, simplicity of manufacturing, having the least effect on the sample, type of
extracted information, geometric dimensions, interaction method of the cantilever (tip)
and the sample, Integrating or separating of actuation mechanism to/from cantilever
structure, sensing method: electronic- electromagnetic- optic etc.,, measurement
technique: differential or simple, and integrating or separating of signal conditioning
circuit to/from the same chip of cantilever structure.

Fortunately, optimization of some of these factors, act on the same direction as of
the others and leads to optimization or at least improvement in other factor(s). For
example, reducing cantilever dimensions could result in lower power dissipation and
higher speed due to higher resonance frequency. But, It is not the case in all situations
and sometimes there is a trade-off between these factors. For example (as we will prove
later) weakening of the connection point of the cantilever and its base, can increase the
strain at the connection point and eventually can increase sensitivity of the system, But it
will reduce the speed of the measurement due to reduction in the natural frequencies of

the cantilever.
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1.2 General Measurement Issues

1.2.1 Definitions

4 Output
Y |
|
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Fig.1.7. General measurement concepts

Fig.1.7 shows the general concepts of any measurement system using sensors. A
sensor is defined as a device that can detect an input signal (or energy) and convert it to
an appropriate output signal (or energy) (usually electric energy).

Sensitivity of a sensor is defined as:

d(output)

Eq.1.1
d(measurand) (Eq.1.D)

Sensitivity =

There is always a limitation in terms of the range of the input that can be measured
by the sensor. For Large values of measurand there is a saturation part in the input-output
relationship of the sensor that determines the Upper detection limit of the input. Detecting

small values of the input, faces another challenge, which is different sources of noise in

12




the system. There is always a noise signal (coming from different sources) that is added
(or subtracted) to the input signal and therefore, the measurement of input signal levels,
below or comparable to this noise level is subject to a serious error. This fact sets a Lower
detection limit to the input signal. As can be derived from Fig.1.7, this lower detection
limit is a function of both, the sensitivity (the slope of the input-output curve) and the
noise level. The distance between these two limits determines the dynamic range of the
Sensor.

Usually there is a range inside the dynamic range, over which the sensitivity of the
device can be considered almost constant, and it is called the linear range of the sensor
(this range does not necessarily start from the lower detection limit). Linearity is defined

over this range as:

|S1-52)
S1+ 52
2

Linearity = x100% (Eq.1.2)

S1 and S2 are the minimum and the maximum sensitivities over the linear range.
The selected sensor for this project is a piezoresistor that is used basically as a strain

gauge. Therefore in the following discussion we concentrate on piezoresistors.

1.2.2 Electronic Noise

Among different noise sources in an electronic device, i.e. thermal noise, shot
noise, generation-recombination noise and //f noise, the dominant contributors in the
operation of a piezoresistor are thermal noise and low frequency (1/f) noise [56]. Thus,
the electronic noise can be computed using the power spectral densities of thermal noise

and low frequency noise [29,30].
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1.2.2.1 Thermal Noise

Voltage fluctuations, at the external terminals of a resistor, can be detected due to
the scattering of electrons by the thermal vibrations of the lattice. These fluctuations are
present above absolute zero temperature, in any device that dissipates energy. Since

higher temperatures lead to increased vibration motion, thermal noise power spectral

density (PSD) (unit V%Iz) is directly proportional to temperature. In addition, thermal

noise PSD is independent of frequency. The thermal noise PSD (S, ) is given by [53]:
Sy =4kTR (Eq.1.3)

where kis the Boltzmann constant, R is the resistance, and T is the absolute
temperature. Assuming a Wheatstone bridge to be used for measuring the change in the

sensor resistance (more on this later), and using a band-pass filter [ f; — f,] to eliminate

the noise effect outside the measured signal frequency range, the rms noise voltage, E ,

due to thermal noise, detectable at the terminals of a Wheatstone bridge will be:

Viw = \JAKTAIR (Eq.1.4)

where Af = f, — f, Hz

1.2.2.2 1/ f Noise

Another important noise source in piezoresistors is 1/f noise, whose PSD varies
inversely with frequency when an external dc bias is applied. Since the PSD is more
prevalent at low frequencies, it is known as low frequency noise as well. Two physical
mechanisms have been proposed to describe the low frequency noise, the first is random

trapping/detrapping of carriers at surface and bulk electronic traps and the second is
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random mobility fluctuations. An empirical formulation for 1/f noise given by Hooge

[29] will be used to model the 1/f noise in the piezoresistor. Hooge’s relation for 1/f noise

PSD is given by
a.V?
S,y = —H— Eq.1.5
LEN Nf (Eq.1.5)

where &, known as the Hooge’s parameter, is an empirically obtained constant which

ranges from 5x107° to 2x10~ (we use &, =10~ for our design) and is sensitive to
bulk crystalline silicon imperfections as well as to the interface quality, V is the applied
voltage, and N is the total number of carriers. The rms noise voltage due to 1/ f noise at

the terminals of a Wheatstone bridge (the same assumptions) is then:

Vi = \/%aﬂ %h{%) (Eq.1.6)

Unlike the thermal noise, 1/f noise occurs under non-equilibrium conditions and is
proportional to the applied voltage. From the inverse relation to the square root of the
number of charge carriers, we see that 1/ f noise increases in smaller volume and higher

resistivity piezoresistors (both results in smaller N).

1.2.3 Measurement Method

The sensing method in our design is based on the change of the resistance of a
polysilicon piezoresistor due to stress. Although we will cover the analytical description
of the following subjects later, to have a basic picture to enable us to talk about
measurement method, the basic concepts and the related simple principles is presented

here.
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Fig.1.8 shows the deformation of a simple rectangular shape resistor under an

applied axial force.
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Fig.1.8. Deformation of a simple resistor due to stress

If the changes in the geometry of the resistor along L, W, and H direction are AL,
AW, and AH respectively, to compute the change of resistance, we have:

R=’07{’ and A=WH = dR:%du%dp-Z—fdA = HR_dL_ dp_dA

L p A
As we will show later;

dL dA_dw dH _

— =g and —2veg
L A |14

where ¢ is the strain and v is the Poisson’s ratio of the material of the resistor. Therefore

@R _ (1+2v)e + ap (Eq.1.7)
R p
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in this equation, the first term; (1+ 2v)e is the contribution of the geometry change of
the resistor and the second term,; d% is due to piezoresistance phenomenon (more on

this later).

The sensitivity of the sensor in this case is usually given by the Gauge factor,
which is defined as the relative change in resistance, R, per unit strain, or
GF=%=(I+ZV)+d—’0 (Eq.1.8)

£ PE

For metals the piezoresistance effect is negligible and since v cannot be more than
0.5, the GF for metals is less than 2. But for silicon (mono-crystalline or poly-crystalline)
depending on the direction and the structure, it can be up to 100 and even more.

A Wheatstone bridge is usually used to convert the changes in the resistance of the
sensor, corresponding to a specific amount of force, to an output voltage. The circuit

configuration of the bridge is shown in Fig.1.9

e - IR { IR C

Fig .1.9. Wheatstone bridge for converting ARs to Voltage
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Assuming that: Rs = Rso+ ARs where Rso is the value of the sensor resistance
without the applied force and 4Rs is the change of resistance in the presence of the force,

the output signal can be calculated using:

RS R
(R3+Rs) (R2+R))

To have zero output voltage in the absence of the force (called balance condition of

. R :
the bridge) we should have: — = Ry and to have the maximum output voltage for a

Rso R,

given force, it can be shown that under the condition of R, =R, =R, =Rso=R the

output voltageis: Vs=-—-ARs (Eq.1.9)

In our design Rs is the resistance of the polysilicon piezoresistor, which is used as a
strain gauge. In practice to enhance the sensitivity of the sensor we do not use the simple
rectangular shape resistors. The conventional shape for semiconductor strain gauges is

shown in Fig.1.10.

Fig.1.10. A conventional polysilicon strain gauge (meander-type resistor)[31]
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Considering this method of measurement, and having the same resistances in the

branches of the bridge (same material and same dimensions), along with a band-pass
filter stage [ f, — f,], to restrict the noise power; the combined effect of thermal noise

and low frequency noise, detectable as a noise voltage on Vs terminals, can be described

as:

v, = \/4kT( f, = fOR+ %a,, h{fi](V—z] (Eq.1.10)

L AN

1.3 Target fabrication technology

1.3.1 CMOS 0.35um Technology

CMOS 0.35um technology is composed of two Polysilicon layers and four Metal
layers, along with insulating Oxide layers in between (Fig.1.11 (a)). The electrical
connection between the layers (not shown in the figure) is possible using so called
Contact and Via layers which are basically made of metals. Contacts are used to remove
the Oxide layer(s) underneath each metal layer and make an electrical (as well as
mechanical) connection between the desired metal layer and Polyl or Poly2 (or
substrate). Vias are used to provide connections between every two metal layers. Every
MEMS device has to be built using a subset of these layers. Therefore the number, the
material, the order, and the thickness of the layers are fixed for each specific technology
(Like CMOS 0.35pm) and cannot be changed by a designer. The layers to be used in the

structure and the geometry of different sections; are the degrees of freedom in designs to
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be fabricated by standard technologies (the possibility of releasing the final structure

using known post-micro-machining techniques should be taken into account).
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Fig.1.11. (a) schematic diagram of the different layers in CMOS 0.35um Technology. (b)
A cross section photograph of a beam fabricated using a similar CMOS technology [32].

The selection of the layers is a function of several factors. Three different groups of
layers (Ploys, Oxides and Metals) have their own specific electrical and mechanical
properties and based on the desired device characteristics, can be used or eliminated.
Having or eliminating poly and metal layers is optional, while design rules make having
the Oxide layers generally compulsory (Although they can be removed locally using
Contacts and Vias). In our design, one of the most important factors that should be
considered in the selection of the layers is the residual stress in the structure of the final
device. The fabrication steps are performed at various temperatures (ranging from room
temperature up to 1200 °C for diffusion and oxidation) and consequently thermo-
mechanical stress will be induced once the chip is cooled down to room temperature. The
difference between the thermal expansion of silicon, polysilicon, Oxide and metal layers

is the main cause of the induced thermo-mechanical stress. Depending on the
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combination of the layers, this stress (also known as residual stress) can causes (often)

upward bending of the released structure (Fig.1.12).

(a) ()

Fig.1.12. Upward bending of the released devices fabricated using CMOS technology,
due to residual stress (a) [33] (b) [34]

Therefore, the combination of layers and their geometries should be in such a way
that this residual stress does not alter the shape of the desired device. Thermo-mechanical
stress is not the only source of stress in the fabricated structure. Dopant induced stress

and stress due to oxidation volume expansion are some other sources [35].

1.3.1.1 Dopant Induced Stress

As dopants are introduced into the polysilicon layers, the mechanical state of the
layers changes. The dopants may substitute for the silicon positions in the lattice. Silicon
atoms are displaced forming extended defects that are lodged in the crystal lattice.
Different dopants have various atomic sizes and therefore have different mechanical
behavior in the crystal. Precipitates and other usually present atoms such as oxygen and

carbon also alter the mechanical properties of the crystal.
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1.3.1.2 Oxidation Volume Expansion

It is well known that in Silicon oxidation, the volume of Oxide is 2.2 times greater
than the volume of the consumed Silicon. For planar oxidation, this presents no problem
since the newly acquired volume pushes the old Oxide upward towards the unconstrained
surface perpendicular to the interface. However, in non-planar regions such as in trench
corners and in constrained regions such as in edges of local oxide areas, this presents a
problem. For these regions, the boundaries are constrained and therefore the newly
acquired Oxide volume compresses against the earlier grown Oxide. Since the Oxide has

no place to move, large compressive strains build up in these regions.

1.3.2 Polycrystalline Silicon

Two of the layers in CMOS 0.35um technology are made of Polycrystalline Silicon
(Polysilicon). Polysilicon comprises small grains of single-crystal silicon separated by
thin boundaries. At the grain boundaries, the grains of different orientations meet,
resulting in an extremely thin amorphous layer. Due to great concentration of dangling
bonds, these boundaries create potential barriers and therefore significantly influence the
electrical properties of the Polysilicon layer. When the films are doped, the doping atoms
can occupy these sites rendering them electrically inactive and thus affect the barrier
height. This barrier is similar to Schottky barrier, through which charge carrier transport
can occur in form of thermionic emission or tunneling.

The basic structure can be small random grains or columnar (Fig.1.13). These
structures are highly dependent on the fabrication process and therefore it is impossible to

give exact electrical and mechanical parameters that are applicable to all kind of
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polysilicon layers. Values considered in our design are therefore average values reported
in numerous research papers on Polysilicon. The applications for polysilicon can be
traced back to the 1960s with the realization that it could be used for gates in MOS
technologies to enable further reduction in dimensions. In the 1970s, it was found to be a
useful material for piezoresistive applications. Since no pn junction was required, these
devices could operate at higher temperatures. In the 1980s, the potential of polysilicon as
a mechanical material was realized. In our design, we utilize the piezoresistance property

of polysilicon to make the sensor part.

AU

(@ ®)

Fig.1.13. Two polycrystalline silicon structure (a) random grains (b) columnar [36]

As mentioned earlier, polysilicon has a considerably higher sensitivity than metal-
based films, although not as high as the single-crystal silicon. Polysilicon has the
advantage of being able to be deposited on various insulating layers. In applications
where polysilicon is used as a piezoresistor, the grain structure is highly significant. The
crystal orientation of individual grains as well as grain boundaries play crucial roles in
this respect. Investigations have indicated that film textures are often dominated by a
small number of orientations. Due to the highly anisotropic nature of piezoresistance in
silicon, the dominant orientations can have a significant influence on the gauge factor of

the material.-
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1.3.3 Post Processing

Post CMOS micro-machining consists of different steps taken on silicon wafer or
die after the device has been fabricated. Multiple procedures can be performed as post-
CMOS-processing such as photolithography, material etching, and material deposition.
There are some key points to be considered when performing these process steps to
insure proper operation of the final device. The steps taken must be compatible with
CMOS technology i.e. they must be performed in low temperature and it should prevent
contamination. Also in wet etching steps specific die areas must be protected against
etching solution. For our device, the most important post micro- machining technique that
has been predicted to release the device is chemical etching.

The etching process in CMOS and MEMS fabrication consists of removing a
specific material by exposing the die to another substance, usually a liquid or gas that will
selectively attack the target material. The main factor in this technique is the etch rate,
which is defined as the thickness etched over time of etching. Although a high etch rate is
usually desired in the manufacturing environment, for post-processing steps, if the etch
rate is too high, the process may be very difficult to control and reproduce. It is very
common to have etch rates on the order of hundreds or thousands of angstroms per
minute.

Another important etching factor, especially in MEMS design is the selectivity of
the etchant. Selectivity is the ratio of the etch rates for various materials. In many cases
photoresist is used as the mask layer to protect specific areas of the die, so etchants must

be selected that do not etch this photoresist mask.
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The first factor to be taken into account when choosing an etchant is whether to use
an isotropic or an anisotropic etchant. Some etchants are purefy isotropic for some
materials, which means they will etch the target material at the same rate in all directions.
The other type of etchants, anisotropic, has different etch rates along different directions
of the target material. Since almost all etchants, more or less attack the mask layers as
well as the target material, for long etches, mask erosion and undercut may be a problem.

The next selection is whether to choose a wet or dry etching process. Wet etching
is a purely chemical process that, if not performed carefully, can have serious drawbacks:
poor process control, and excessive contamination to the system. However, wet etching
can be highly selective. Moreover, unlike dry etching it does not need very special
equipment. Wet etching is used to pattern a wide variety of materials. A table of common

wet etchants and the corresponding target materials has been presented in Tablel.1.

MATERIAL WET ETCHANT MASK
Si (Isotropic) HF + HNO, + Acetic(1:3:8) SiO, or Si,N,
Si (Anisotropic) KOH , TMAH , EDP Si0, or Si,N,
Si0, BHF Photoresist
Si,N, Hot Phosphoric Acid SiO,
Al Phosphoric +Acetic + Nitric Acid Photoresist
Cr HCL Photoresist
Au Kl Photoresist

Table.1.1. Different etchants, their target materials and the corresponding masks [37]
The predicted post-processing techniques for releasing our device is a multi-

masked wet etching process (more on this later)
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CHAPTER 2 THEORY AND DESIGN
CONSIDERATIONS

2.1 Partial Differential Equations Describing Deformation-
Force Relationship

In the following sections we present the analytical description of the physical
phenomena that have been used during the design and simulation of our design.

Assuming that the Cartesian coordinates of each point belong to a solid object is
described by (x, v, z), if we apply a force (F,,F,,F,), a deformation will appear in
the object. As a result of this deformation the new coordinates of the point, will become
(x+u,y+v,z+w).

The resulting strain can be completely described by the deformation components
(u,v, w) and their derivatives.

Following the small displacement assumption, the normal and shear strain

components are given from the deformation as follows [38]:

Ou Yy 1{0u oOv
gx:— gx = — 4 —
Ox Y2 2l ox
& —@ & —Q—l @+a—ﬂ Eq.2.1
y ay yz 2 2 aZ ay ( q . )
w v, 1(5u 8w)
gz:— gxzz ==+t
Oz 2 2\0z ox

The symmetric strain tensor &€ , consists of both normal and shear strain

components:
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gx gxy 6‘xz
E=1¢&, &, &, (Eq.2.2)
gxz 2 yz 82

The resulting stress in the material is described by the symmetric stress tensor (Fig.2.1):

»r
Car }» o,

X

Fig.2.1. Normal and shear stresses applied to a differential element of a solid

o.x Txy sz
= z-yx O-y T)’z Txy = Tyx sz = sz z'yz = sz (Eq23)
zx sz O-z

where 0 ’s are normal stresses and T ’s are shear stresses.

The relationship between stress and strain in a material in linear conditions and in

tensor form is:
o=De¢ (Eq.2.4)

where D is called the elasticity matrix. D' can be described as:
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(1 -v —v 0 0 0 |
-v 1 -v 0 0 0
s Ly v 0 0 0
TE[O 0 0 21+v) 0 0 (Eq.2.3)
0 0 O 0 2(1+v) 0
(0 0 0 0 0 2(+v)

In this equation Eis the Young’s modulus and v is Poisson’s ratio of the material.

Therefore the extension of the stress-strain relationship will be as follows.

o 1-v v 1% 0 0 0 L
O l-v v 0 0 0 &x
g, v v 1-v 0 0 0 y
o |_ E o o o ZZ 0 || %
7, | (A+v)(1-2v) "o i 1 7, | (B426)
z-yz 2 4 yz
7 o 0 o0 o0 0 1—22V | Vs

In a real problem the known input to the system is the volume forces (body forces)

and therefore our goal is to find the relationship between the deformation components
(u,v,w) and the volume force components (Fx,Fy,Fz ), which in turn enables us to find

the resulting strain and stress components.

The required equation is known as Equilibrium equations:

_ 0o, _ or,, o, _F

Ox Oy 0z

or,, 0o, Or,
Kt a2
ot _afyz o, _F

x oy oz
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Using compact notation, this can be written as:

-V.o=F (Eq.2.8)
If we substitute, stress-strain and strain-deformation relationship from previous

equations we will reach the Navier’s equation of equilibrium expressed in the

displacements:

-V (cVu)=F (Eq.2.9)

2.2 Piezoresistivity

Piezoresistivity is a material property where the bulk resistivity of the material
changes as a function of the applied mechanical stresses.

The physical explanation of the phenomenon in terms of the change in energy band
gap between the valance and the conduction bands and the shape of E-k curves, in the

material under stress is as follows.

2.2.1 Quantum Mechanics Explanation of Piezoresistivity

A mechanical stress applied to a crystalline solid is accompanied by a strain. This
strain deforms the crystalline structure and breaks symmetry [39,40]. The destruction of
the symmetry has some noticeable effects on the electronic band structure of the material.

Electron wave functions in the crystal have the same periodicity as the lattice, and
therefore the same symmetry. Fig.2.2 shows the valence and conduction band

configuration of Silicon for different crystalline directions.
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(a) (®)

Fig.2.2. Energy band gap configurations in a crystalline material in different directions
(a) without strain (b) with strain

The upper half of Fig.2.2 (a) shows two edges of the conduction band, filled with
electrons, and in the lower half two edges of the valence bands, filled with holes.
Depending on the current direction, electrons and holes in one band for one direction are

heavier than those in equivalent band of the other direction. The edges are separated by
the band-gap energy E ;. When stress is present, due to the change of lattice constant in

different directions, the equivalent edges are no longer on the same level and shift up-
and-downwards (Fig.2.2 (b)). This modifies the original band-gap. And consequently
changes the value of n, that is an important factor in determining the carrier

concentrations inside the material. The changing gap and density of states modify the

number of thermally excited charge carriers [43]

-E
=NN,e G Eq.2.10
nl 4 v Xpl: kTi| (q )
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In addition, this starts a redistribution of charge from far bands to bands closer to
the gap, which changes their effective mass. Finally, the valence bands also change in

shape, meaning another effective mass change and a modification in the density of states.

1 LK (Eq.2.11)
m B di’ a4

The changing masses modify the mobilities of electrons and holes. The effective
masses and band-gaps are determinative factors in the material's electronic transport

properties. Both concentrations and mobilities appear in the conductivity:

o=e(nu, + pu,) (Eq.2.12)
where, e is the unit charge, » and p are the total electron and hole concentrations,
respectively, and 4, and K, are electron and hole mobilities. The mobilities are a

weighted average over all bands. It should also be noted that under stress, the

conductivity of silicon is no longer isotropic, which makes the tensor notation necessary.

2.2.2 Tensor Equations Describing Piezoresistance Effect

In a 3D anisotropic crystal, the electric field vector E is related to the current

density vector J by a 3x3 resistivity tensor [39].

E=p-J (Eq.2.13)

by

x pl p6 pS Jx
=P P pa e, (Eq.2.14)
z pS p4 p3 Jz

oy
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In a piezoresistive material, these six resistivity components depend on the stress in

the material, and restricting our discussion to the case of isotropic materials, we can

represent the changes in the component values due to stress as:

fractional resistivity changes Ap,/p

P
P
P
Py
Ps
Ps

© © OV vV D

Apy

(Eq.2.15)

The piezoresistance effect can now be described by relating each of the six

to each of the six stress components.

Mathematically this yields to a 6x6 matrix of 36 coefficients. By definition, the elements

: . . : : . -1
of this matrix are called piezoresistance coefficients, 7 ; expressedin Pa™" .

For crystalline materials, the symmetry conditions lead to certain relations between

the different matrix components, which reduce the number of independent, non-vanishing

components to considerably less than 36. For the cubic crystal structure of Silicon and

Germanium, three different coefficients remain, 7,,,7,,7,, , and the matrix takes the

following form:

Combining Eq.2.16 and Eq.2.14 and Eq.2.16 leads to the following relations:

| =

Ap,
Ap,
Ap,
Ap,
Aps

Apy |

oS O O O O

(Eq.2.16)
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p =P+ 7,0, +7,(0, +0,)]

P, :p[1+7r“o'y +7,(0, +0,)]

p; = pAl+ 7,0, +m,(0, +0,)] (Eq.2.17)
Pu = PRyt
Ps = PRT,,
Ps = Pyt

Although Mathematically, the relationship between stress in the material and the
resulting change in the resistivity, has been derived, we prefer, for simulation purposes,

to have the relationship in the form of:
J=p ' E (Eq.2.18)
in which p_1 is the conductivity matrix. Doing the necessary calculations, we will

have:

P2y~ P; PsPs = P3Ps  PaPs ~ P2Ps
p= m PiPs=PiPs  PiPs—P5  PsPs— Pl (Eq.2.19)
PiPs=PiPs  PsPs— PPy PP~ Pe

where:

det p= 010,05 + 20,0595 — P25 = PP} — P3P% (Eq.2.20)
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2.2.3 Temperature and Doping Level Dependency of Piezoresistance

Effect
Piezoresistance coefficients of silicon are functions of both impurity concentration
and temperature. Fig.2.3 shows the decrease of 7, with the increase of the impurity

concentration N for an n-type silicon sample.
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Fig.2.3. &, versus impurity concentration in n-type Silicon [39]

From Fig.2.3 it can be concluded that to keep a reasonably high gauge factor, the
lower amounts of doping level should be chosen.

On the other hand, any piezoresistive coefficient can be expressed as its low-doped
room temperature value, known as 7, multiplied by a factor P(N,T) that is a function of
impurity concentration and temperature.

(N, T)=r, - P(N,T) (Eq.2.21)

Fig.2.4 shows the Piezoresistance factor P(N,T) for a p-type Silicon. This figure

summarizes the discussion as: The piezoresistance effect decreases with increasing
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doping concentration and with increasing temperature. But the decreasing distance
between the curves indicates that the temperature coefficient of the piezoresistivity also
decreases with increasing doping concentration. In practice, sensitivity is often sacrificed
to obtain a lower temperature coefficient, and therefore to increase the stability of the

sensor.
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Fig.2.4. Piezoresistance factor P(N,T) as a function of impurity concentration and
temperature for p-type Silicon [39]

2.3 Mathematical Analysis of Strain in a Cantilever

Although we use the mentioned tensor equations relating force-displacement-strain-
stress and piezoresistivity for simulating the mechanical and electrical behavior of our
device; from a design point of view, they do not offer enough guidelines to be used in
selecting the geometries. Therefore in this stage, we narrow our discussion and utilize
simple theory of bending [41] to analyze the mechanical behavior of a beam subject to a
concentrated load. In the following discussion the words “beam” and “cantilever” are

used interchangeably.
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2.3.1 The Assumptions of the Simple Theory of Bending

(1) The beam is initially straight and unstressed.

(2) The material of the beam is perfectly homogenous and isotropic, i.e. of the same
density and elastic properties throughout.

(3) The elastic limit is nowhere exceeded.

(4) Young’s modulus for the material is the same in tension and compression.

(5) Plane cross sections remain plain before and after bending.

(6) Every cross section of the beam is symmetrical about the plane of bending, i.e. about
an axis perpendicular to the N.A.

(7) There is no resultant force perpendicular to any cross-section.

2.3.2 Simple Theory of Bending

Let’s consider a beam initially unstressed and subject to a constant bending
moment (B.M) along its length, or pure bending. Fig.2.5 (a) shows the cross section of
the beam in the plane of bending. After applying the force the beam will bend to a radius
R as shown in Fig.2.5 (b). Considering a fiber like AB, distance y from the neutral axis
(N.A), according to the simple theory of bending the relationship between M (bending
moment), I (second moment of area of the beam cross section), ¢ (stress in fiber AB), E
(Modulus of elasticity or Young’s Modulus), R (radius of curvature) and y (distance

between fiber AB and Neutral axis) will be:
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(a) (®)
Fig.2.5. Cross section of a beam in the plane of bending (a) before bending (b) after
bending
M_o_E (Eq.2.22)
I y R 4=
In which:
(Eq.2.23)

I= I y®dA  (dAis the area of the strip in Fig.2.6)

Fig.2.6. Cross section of the beam (perpendicular to the plane of bending)
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2.3.3 Relationship Between Loading, Shearing Force, Bending Moment,

Slope and Deflection

Fig.2.7. Bending of a simple cantilever with arbitrary (but uniform and symmetric) cross
section

If a beam that is initially horizontal when unloaded, deflects to a new position
under load, and assuming that the deflection is small and EI is constant along the beam
(Fig.2.7), we have these relationships:

Deflection= z

Slope= 2
ope dx

, d*z
Bending moment = EI e (Eq.2.24)

d’z
Shear force= El —
© dx’

d*z

Load distribution = EI o
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2.3.4 Bending in a Simple Cantilever

Now if we consider a simple cantilever with length L, a rectangular cross section

with a constant £/ and a concentrated load F at the end (Fig.2.8), we will have:

Fig.2.8. Bending of a simple cantilever with uniform rectangular cross section

I—BD3 Eq.2.25
12 ( q' M )
d*z dz Fx®
M _ =EI—=Fx El—=—+k
= dx? = dx 2 ! =
x3
Elz=—+kx+k,
dz - FI?
At x=L, —=0 =k = and At x=L , z=0
dx 2
3
31(2:5"_
3
Deflection: =L lx3—L—2x+L—3 Eq.2.26
eflection: 7l s > 3 (Eq.2.26)
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Slope: &_Fi1, L (Eq2.27)
ope: dx EI|2° 2 <
Bendi e LZ_F (Eq.2.28)
ending moment:  —-5 = q.2.
4z (ma)="2 o L (Eq.2.29)
ey = X = L.
dx® el ° a

On the other hand the second derivative of the displacement at each point of the

beam is related to the radius of the curvature of the beam at that point by this equation:

d’z 1 d’z «
22 e — = - Eq.2.30
dx* R d*> R (Eq-2.30)

where a is the constant of proportionality.

Therefore the following conclusions can be drawn:

2
1) The relationship between all z ,d_ — and F is linear.

x” dx
2) Considering Eq.2.30 we have the maximum curvature and therefore the maximum
stress and strain at the fixed end (next to the base) of the cantilever. Therefore to achieve
the maximum sensitivity, we should consider the lower or upper surface of the beam at
the maximum strain area, as the position of our strain sensor (i.e. piezoresistor) (Fig.2.9)
3) Assuming a constant F

Increasing of L results to increasing of the maximum strain.

Decreasing of E (by selecting a softer material) increases the maximum strain.

Decreasing of B decreases [ and so increases maximum strain.

According to Eq.2.25 and the fact that strain in a fiber, distance y from the N.A is:
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Form Eq.222 = &= (Eq.2.31)

Fig.2.9. The optimum position of the stress sensor with respect to the beam

Assuming that we can place a very thin piezoresistor at the upper surface of the
beam (Fig.2.9) at the most stressed zone (next to the fixed end of the beam) the strain for

the fibers of the sensor will be:

s(x=L)=2Y~L2 DL _ 6FL (Eq.2.32)
R EI BD?\ aEBD?
d— 2aF
FL 12

Therefore to achieve more strain we should reduce D as much as possible. The
effect of reducing D on strain is the most important factor (to the power 2). It should be
mentioned that in practice, the thickness of the sensor should be taken into account and in
this case the increase in the strain due to decrease in thickness will be smaller (due to the

shift of NA toward the sensor).
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2.3.5 Bending in a More Complicated Cantilever

Now let’s consider a more practical cantilever with a tapered free end and a
rectangular hole of length (L —L,) and Width B' which is produced to increase strain at
the fixed end of the beam (Fig.2.10)(based on Eq.2.29). To deduce deflection, slope and
bending moment equations for this beam we should divide the length of the beam to
several intervals and write the equations for each interval separately. Assume that Load F

1s a concentrated load and is applied to a point distance L, from the free end of the beam.

|
5
I

o,

-hh_‘-‘—h_x

Fig.2.10. A cantilever beam suitable for AFM applications

d? d
ofor 0<x<L : Eldxz;zo = £=cl = z,=cx+e,
d’z o BD?
¢ for LISX<L2: EI(x)—deZ :F(x—Ll) in which : I(x):lszx
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12L,F d’z L
. 22— 2 —m(-=L
- " EBD’ = g )
dz, 1,
= —2=mx-L Inx+c,) = z,=m| —x"+cx+c,~Lxlnx
dx 2
d’ BD’
ofor Ly<x<L,: EI=2=F(x-L) inwhich I=
dx 12
dz, F (1 , F((l1 5 L ,
—=—| —x"-Lx+c Zy=—| =X ——x"+cx+c
dx EI(Z 1 5] - EI(6 2 i
d’ B-B"D’
efor L,<x<L : Eld—f=F(x—Ll) in which jz(T)
X

“z_F lxz-—Lx+c z—i lx3——l—"—x2+c x+c
= & EI\2 T T TR e 2 7T

By considering the following boundary conditions we can determine ¢,,¢,,...,Cg .

dz

At x=L : z=0 & E=O = ¢;,C
dz, dz

At x=L,: z;=z & e > GG
dz, dz

At x=L,: z,=2z j=g3 = ,C,
dz, dz,

At x=L, : 2z =z, Ezgx— = ),C,

By a similar discussion we can conclude that (assuming the simple theory of
bending):
1) The maximum curvature and therefore the maximum strain will happen at the fixed

end of the cantilever.
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2) Compared to the similar cantilever but without a rectangular hole, the average strain in

the interval L, < x < L has been increased by a factor B_B"

3) Deflection and therefore strain at the end of the beam, is not affected by the shape of
the beam around the tip.
There are other factors that affect selecting of dimensions and designing of the
cantilever. Some of them are:
e Limited accuracy of simple theory of bending due to it’s simplifying assumptions.
e Non-uniform stress concentration in some areas, that does happen in practice, but
cannot be explained by the simple method described above.
* Dependency of dimensions to applications.
o The eigenfrequencies of the beam that limits the operational speed of the final
system
The first two factors will be compensated using Finite Element Method (FEM)
analysis of the design. The third factor is considered in the design. And the following

discussion studies the eigenfrequencies of the beam.

2.3.6 Cantilever Eigenfrequencies

Bending Eigenfrequencies of a simple cantilever (Fig.2.8) is determined by [42]:

j'z* |EI,
;= 7\ oA j=123,.. (Eq.2.33)

BD?®  AD?
I = = = @, 2
12 12 L 12p

(Eq.2.34)
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The vibrations of a simple beam in its first four bending eigenfrequencies are

shown in Fig.2.11.

Fig.2.11. The vibrations of a beam in the first four eigenfrequencies

Therefore it is obvious that for the simple beam, increasing L and decreasing D and
E, which mentioned as the provisions for increasing the maximum strain, all have
negative effects on the natural frequency of the beam. Based on their position in Eq.2.33,
we can order the negative effect of these factors as:
1- Increasing L, which decreases the natural frequency of the beam by power 2.
2- Decreasing D, that decreases the natural frequency by the same rate.
3- Decreasing E, which decreases the natural frequency by power Y.
The only factor that increases the maximum strain and has no effect on the natural

frequency is decreasing of B.
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2.4 The Facts and Limitations to Be Taken into Account

1.

The maximum curvature and therefore the maximum stress and strain happen at
the fixed end of the cantilever (Eq.2.29).
Considering the overall structure of the design, the more distance of the sensor

part from the neutral plane results in more sensitivity.

. The increase of sensitivity can be accomplished by increasing L, and decreasing

E, B, and D (the most important factor) (Eq.2.32).

The increase of sensitivity by changing the geometry parameters (item c)
negatively affects the eigenfrequencies of the beam (Eq.2.33). Therefore a
compromise should be achieved.

The only factor that increases the maximum strain and does not alter the
eigenfrequencies, is the decreasing of B (Eq.2.32, 33)

In any standard technology that is practically used to fabricate the sensor, the
number, the order, the material, and the thickness of layers are fixed and cannot
be changed by a designer.

The selection of the layers should satisfy the condition of having both mechanical
connection and electrical isolation between the frame of the cantilever and the
sensor part, to make the probe functional.

Residual stress between the layers should be avoided or at least minimized.
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CHAPTER 3 PROBE STRUCTURE AND
MODELING RESUTS

3.1 Description of the Recommended Design for the Probe

The first step in the design process is to select the layers, which should be used to
construct different parts of the probe. A frame and a sensor are the minimum required
parts, but as mentioned, an interface should exist as well, to establish both the mechanical
connection and electrical isolation between the frame and the sensor. Among different

layers in CMOSP35 technology, only the SiO, layers are insulators, and therefore they
are the only candidates for the interface part. The frame can be constructed from SiO,,

Polysilicon or metal layers as well as their combinations. Although both metal layers and
Poly layers can be used as the sensor part, regarding the theory section about comparison
of piezoresistivity in polysilicon and metals, polysilicon layers are the best options for
sensor part.

After studying different possible combinations of the layers and taking into account
all of the mentioned design considerations, Ployl was selected as the frame, Poly 2 as the
sensor and the intermediate Oxide between Poly1 and Poly as the interface layer.

The general outline of the proposed cantilever is a tapered 160 pm x 25 pm
rectangle with a rectangular opening in the middle of the sensor parts (beginning at the
fixed end of the beam). The widths of the Poly2 piezoresistors and the metal parts along
the resistor as well as the lateral distance between adjacent resistor branches are 0.8 um
everywhere. Fig.3.1 displays a general schematic of the recommended probe with its

dimensions.
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Polyl [ Poy2 [ Metant X

Fig.3.1. The general shape of the proposed design (The dimensions are in um)

The existence of this opening confines the stress and intensifies it in its contiguous
areas, on top of which we intend to place the sensors.

Table.3.1 contains the thickness information of the layers in CMOSP35 technology.
The relative thickness of the chosen layers (0.275 um for Poly1, 0.18 um for Poly2 and

0.037 um for the intermediate Oxide) results in positioning the sensor part completely

above the neutral plane of the structure.

LAYER THICKNESS (/f )
Thin/Thick Oxide 1800/2800
Poly1 2750
Oxide 370
Poly2 1800
Oxide 4280
Metall 6650
Oxide 10000
Metal2 6400
Oxide 10000
Metal3 6400
Oxide 10000
Metal4 9250

Table.3.1. Thickness of the layers in CMOSP35 Technology
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This combination also produces the thinnest possible cross section of the device,
which is a very important factor in sensitivity.

Also eliminating all metal layers and almost all Oxides (except intermediate layer
between Polyl and Poly2) has produced a structure with the least possible residual stress
and therefore prevents the unwanted deformation of the beam.

A common drawback of the traditional meander-like strain gauges is the negative
effect of the turning (transverse) parts on sensitivity. While in the longitudinal branches
of the sensor, the strain is in the same direction of the electrical current, in the transverse
parts, strain and current are perpendicular. Taking into account the piezoresistive
coefficients of the material, this phenomenon attenuates the overall performance of the
gauge. In our design we have suppressed this drawback by taking advantage of the 3D
structure of the target fabrication technology. The transverse parts have been replaced
with bridge-like structures built of the combination of ‘Metall’ and ‘Contact’. This
structure establishes the required electrical connection between the resistor branches
without exhibiting any attenuating effect. The resulted form of the sensor has been shown

in Fig.3.2.

Fig.3.2. The combination of Poly2 layers and Metal bridges that forms the sensor part of
the probe
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Even though the doping level of the Poly layers in CMOS technology, is not
disclosed by manufacturers, the estimation below shows that the Poly layers have been
highly doped to reach high values of conductivity. As it is known, high level of doping
increases temperature stability of the sensor response. However, if this level of
temperature stability is not found sufficient for some specific applications, the proposed
structure makes it also possible to further dope the sensor parts in the post-processing
steps, and thus, make it more stable.

The emergence of the piezoresistive sensor parts also makes it possible to passivate
the surface of the piezoresistive sensor parts using soft organic materials and therefore to
prevent degradation of sensor characteristics in working environment, with time.

In the following discussion we study the mechanical and electrical characteristics of
the proposed design. We utilized the finite element method analysis capabilities of
FEMLAB software to model the characteristics of the proposed design. Wherever
analytical calculations were possible, the simulation results have been compared to and
approved by the analytical results. Also some simple test devices have been modeled for
this purpose. For memory and solution time considerations, we have used the symmetry
property of the probe to do the simulation on one half of the proposed design structure.

By applying proper boundary values, the results are valid for the complete structure.

3.2 Neutral Plane and Stress Distribution

The first important factor, which is crucial for the proper operation of the AFM
piezoresistive probe is that the sensor part should be located completely at one side of the
neutral axis. Otherwise both tension and compression will be produced inside the sensor

and the net stress in the sensor will be reduced.
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Fig.3.3 shows the cross section of the probe at sensor areas. The dark red zones
represent those areas having the maximum strain, where, are the location of the sensor.
Because the strain and the resulted stress in the frame are dominantly composed of x-
direction strain and stress (at least more than ten times greater than normal and shear
components in other directions), the graphs are drawn for normal strain and stress in x-
direction, however in the tensor calculations for computing the change of the resistance,

sensitivity, etc. all of the components have been taken into account.

Max: 3653x10™%

y-—j Min: -2312x107

Fig.3.3. Normal strain in x-direction in one y-z cross section of the device in sensor areas

Fig.3.4 displays the corresponding normal stress in x-direction for the same cross
section and Fig.3.5 is the numerical graph that shows the amount of stress for different
points of line AB in Fig.3.4 versus the distance of the point from the top of Polyl. The
linear change of stress in vertical direction in each layer is obvious in this graph. Also is
should be noticed that while strain is a continuous quantity and changes smoothly in
vertical direction inside the structure, the corresponding stress is not. The reduction of

stress in Oxide layer can be seen in Fig.3.5.
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Max: 6214 x10° Pa

X Min: -3932x10° Pa

Fig.3.4. Normal stress in x-direction in one y-z cross section of the device in sensor

arecas
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Fig 3.5. Distribution of normal stress in x-direction along a vertical line AB, shown in
Fig.3.4, in sensor area
It should also be mentioned that due to the existence of the opening in the frame the
distribution of stress between different branches of the sensor, is not uniform and as can
be seen from Fig.3.6, the closer branches to the opening, feel more stress with respect to
the farther ones. To show this phenomenon, the integral of stress in x-direction in the

volume of each branch has been taken as the measure of comparison.
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Fig.3.6. Volume integral of the average stress inside the resistor branches versus the
lateral distance of the branch from the opening.

3.3 Deformation

Fig.3.7 displays the deformation of the probe (resistor length = 90 um) under a

vertical (z-direction) load of 78 nN (which is a typical force value in contact mode AFM).

Max: 866e-5x10° m

Min: 0

Fig.3.7. Deflection of the probe with 90 um resistor length, due to 78 nN vertical load

Fig.3.8 displays z-direction displacement of a vertical line along the length of the

probe (resistor length = 60 um) due to 11 different equidistance forces from 0 to 78 nN.
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The conformity of the curves with the predictions of simple theory of bending is

appreciable in the following respects:

1.

2.

The linear relationship between the applied force and the deflection at each point.
The maximum curvature at the fixed end and zero curvature at the tip.

Zero slope at the fixed end and the maximum slope at the tip.

Fitting to the 3™ degree polynomial relationship between the deflection of each

point and its distance from the fixed end of the beam.

Z-

Displacement(ym) PRI R TR L ITTRRS

o} -

.................. e e e et Distancefmmtheﬁ){edend(x10'4m)

i i i i i 1

02 04 06 0.8 1 12 14 16

Fig.3.8. Deflection of the probe with 60 pum resistor length, due to 11 different vertical

loads

3.4 Distribution of Current Density

Fig.3.9 displays the current density streamlines along with the distribution of the

electric potential throughout the sensor, and Fig.3.10 is a close-up picture of the

connection point between Poly2 and metallic Contact. The tendency of the streamlines to

transfer their way from the polysilicon to the metal using the shortest possible path, has

been shown clearly. This phenomenon, which is due to the much higher conductivity of
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metal in comparison with that of Polysilicon, reduces the effective length of resistor

branches.

Fig.3.10. Streamlines of current density at the connection point of Poly2 and Metal
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This phenomenon does not affect our study since we have mentioned the physical
lengths of the resistors (from the edge of the frame to the border of Poly2 and air)

wherever is applicable, regardless of this phenomenon.

3.5 Optimization in Terms of Signal to Noise Ratio (the Length
of Sensor Branches)

The lower detection limit, one of the main performance factors of any sensor
system, is generally defined by the signal-to-noise (S/N) ratio. The latter is mostly
dependent on noise properties of a sensor gauge and an applied measurement circuit. In
the proposed design, the output signal of the piezoresistive sensor is going to be
measured by a Wheatstone bridge, which is typical for a great variety of sensor systems.
In this chapter we analyze the output signal voltage as well as the noise voltage sensed at
the terminals of the bridge, for a given typical work conditions.

For an arbitrary length of sensor branches (Let’s say L =30um) we assume the
following values:

V=07V, f,=1Hz, f, =5kHz, a, =107*[29], F = 78aN
where V is the supply voltage and f, and f, are the lower and upper cut-off frequencies
of the filtering stage, respectively.

The reason of taking these values for the supply voltage and frequency range in

working condition will be explained below.

. —50 Q
Sheet resistance of Poly2 = 50 /S quare

= Resistivity of Poly2 layer = p=9x107*Q.cm

= from simulation : Sensor resistance =Rs = 7327Q
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& change of the resistance of the sensor due to the applied force = ARs = 27.13Q

(Eq.1.9) = Signal voltage = Vs = 6.48x107*V

(Eq.1.4) = at T=350K : Thermal noise voltage = V,,, =8.41x107V

(Eq.2.12) = conductivity of Poly2 = ¢ = %o =1111.1(Qem) ™" = epu »

Assuming 1, =60 cm% g = dopant concentration in Poly2 = p =1.16x 10 cm™

Volume of the piezoresistor = 4x (30x 0.8x 0.18) =17.28um* =1.728x107" cm®
The number of free carriers, ¥, is equal to the number of dopants inside the piezoresistor

= N = px Volume of the piezoresistor =2 x10°

(Eq.1.6) = Low frequency noise voltage = V., =7.22x107'V
S
(Eq.1.10) = F(half — probe) = 584.46

but all of the above values are for a half of the probe (Section 3.1) therefore for the

complete probe:
S
= e 2x584.46 = 826.55

The main question at this point is: “Is this value for S/N ratio the best possible
value, and if not, under which conditions we can have a better signal to noise ratio?”

To answer this question we have to review the equations describing signal and
noise voltages in the system. We answer this question in terms of different values for the
sensor resistance. Since in the Wheatstone bridge based measurement system, there is an
optimized fixed value for the electric current in the bridge branches (the bridge is

assumed to be in equilibrium) allowing to get the maximum signal voltage at the
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terminals while keeping the temperature of the sensor part in an acceptable level, we
assume the same fixed current value for all different sensor resistances (the constant
current mode). It can be accomplished by matching the supply voltage of the bridge for
each resistor. It is also assume that all resistors in the Wheatstone bridge have the same

value. Considering Eq.1.9 and Eq.1.10, we can conclude that if the value of V,, and V}/
i)

are equal we will have a better value for S/N than what we got in the above calculations.

A small change in the supply voltage (V = 0.82} ), makes these two noise voltages equal.

Therefore we fix the value of %— =1.12x10™* 4 during our study. Fixing the value of
s

RL makes the value of Vs to be a function of ARs only (Eql.9).
s

On the other hand, there are two noticeable sources of noise in the system. If we fix
the frequency range of the filtering stage, typically included in the electronic circuit

following the bridge, then according to Eq.1.4 the thermal noise voltage will be a

function of VRs .

The low frequency noise seems to be a function of both supply voltage and N. In
our study we change the value of the piezoresistor by changing the length of the resistor
branches. Therefore the value of N will be a linear function of the resistor length and
consequently a linear function of the resistance of the sensor.

We assumed the same current for different sensor resistances, and this assumption

makes the value of V a linear function of R, as well. According to Eq.1.6 low frequency
. . . Rs® .
noise voltage will then be a function of s =+/Rs . Consequently the total noise
s

voltage can be expressed as a function of JRs (Eq.1.10).
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If we increase the length of the piezoresistor, the resistance of the sensor, Rs, will

increase in a proportional way and the total noise voltage will increase proportional to

VRs . But the change of the signal voltage will be a function of ARs. Hence if we know
the rate of change in ARs as a function of the resistor length, making a conclusion will
become simpler.

To study the effect of change in the length of the piezoresistor branches on the
relative change in the resistance and consequently the S/N ratio, we studied 11 probe
geometries with different sensor lengths and the same other parameters. In each probe,
the length of the rectangular opening was equal to the length of each branch of the

resistor (Fig.3.11).

S~

e

\/

e
)
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L

Fig.3.11. Three different probe geometries
Using computerized FEM, z-direction force equal to 78 nN was applied to the tips

of the probes and the mechanical and electrical features of the probes were studied.
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Fig.3.12 represents the distribution of stress along the axis of a branch of the sensor

and along the frame.

3.0 | VM. stress [x 10'Pe]

e map s cap o

P R e R C P P TP .
20 i E —e— Sensor
15 I S T Al U —5— .Frame
10 P UL S AU S N N U S

/

0.5 foommectaay s S I 2 SRS
U T ;------.' ...... ;. ...... P S L

S I T T T R N T )

a 20 40 60 80 100 120 140 160

Fig.3.12. Distribution of stress along the axis of a branch of the sensor (resistor length =
105 pm) and along the frame.
The linear decrease of stress distribution along the resistor length means that
increasing the sensor length does not increase change in the resistance due to stress, at the

same rate, because the extended resistor parts feel less stress than their predecessors with

the same length do.
% Change in Resistance
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Fig.3.13. The percentage of change in resistance of the sensor for F=78 nN as a function
of sensor length
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The quantitative explanation of the previous discussion can be seen in Fig.3.13, in
which the relative change of the resistance of the sensor (AR/R) due to the applied force
is depicted as a function of the sensor length.

Consequently, regarding to previous discussion, it can be concluded that due to the
form of the distribution of stress along the sensor and the resulting ARs, there have to be
an optimum length of sensor branches, for which the S/N ratio is maximum. Using the
results of the FEM modeling of 11 different probe geometries, and following the same
assumptions and the same calculation procedure, the respective values of signal and total

noise voltages for different sensor lengths are computed and depicted in Fig.3.14.

5550 Voltage [£V] '
el SOSSOtI SERTN SRR SISt Foos -
3330 }------ heoes S R Sl :
' H —8~ Signal
2220 b-nmmebonnns . —F— ll\lmse X.EBU
1110 - ---- 3o N S S —
: , ; , . |Sen§nr length [

0 20 40 60 B0 100 120 140 160

Fig.3.14. Signal and noise voltages as a function of sensor length (applied force = 78 nN)
The resulting S/N ratio is shown in Fig 3.15. It is clear from the figure that the
optimum length of the sensor in terms of S/N ratio and consequently the lower detection

limit, occurs at about 105 um or at 66% of the probe length.
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Fig.3.15. S/N ratio for different lengths of the resistor branches (applied force = 78 nN)

Hence, due to the form of stress distribution along the cantilever, there is a specific
length of sensor branches, for which the maximum S/N ratio and minimum detection
limit of the force can be achieved. For the taken parameters, the maximum S/N ratio
equal to 1258 corresponding to the lower detection limit equal to 62 pN was calculated
for the optimum length of sensor branches.

The corresponding supply voltage of the bridge for this optimum length of

piezoresistor branches for the complete structure is 5.76 V.

3.6 The Effect of the Rectangular Opening

By fixing the resistor length at its optimum value (105 um), the effect of the
rectangular opening configuration on the sensitivity of the AFM probe, has been studied.
For this, two other probe models were proposed and investigated. In the first model, the
opening was completely eliminated. The resulted straight but narrower structure showed

7% less sensitivity than its predecessor. In the second design, the number of openings
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was increased to six, as shown in Fig.3.16. The modeling proved that the sensitivity

decreased by 5%. Consequently neither of these geometry changes is recommended.

+9-+4+10-
105 b

Polyl

B Fov2 [ Metan

Fig.3.16. The multi-opening counterpart of the probe with the optimum resistor length

3.7 Eigenfrequencies

The eigenfrequencies of different probe geometries obtained on the basis of FEM

modeling, are shown in Table.3.2. Using this table, 20482 Hz is the first eigenfrequency

of the probe with optimum sensor length. This value determines the upper limit for the

scanning speed, and the cut-off frequency to which the signal conditioning stage should

be adjusted.
SENSOR LENGTH 1.ST EIGENFREQUENCY 2.ND EIGENFREQUENCY
(MICRON) (HZ) (HZ)
7.5 15718 98330
15 16327 1.01e5
30 17462 1.04e5
60 19200 1.062e5
90 20152 1.2e5
105 20482 1.29¢5
120 20848 1.36€5
150 22107 1.4e5

Table.3.2. The first and the second eigenfrequencies of the studied probes
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The amount of 5 kHz used in the previous calculations of S/N ratio as the upper
cut-off frequency of the filtering stage, is almost 4 of the first natural frequency of the

beam.

3.8 Optimization in Terms of Eigenfrequency

The structure shown in Fig.3.17 is proposed to increase the natural frequency of the
beam with optimum sensor length. The poly-resistor branch lengths have been increased
almost up to the free end of the beam. Having the metal bridges at the original location,
we have the same effective length and consequently the same amount of resistance for the
piezoresistors. The extended parts only increase the mechanical stiffness of the probe
areas close to the free end, without noticeable affecting of the sensitivity. The modeling
results showed 22170 Hz for the first eigenfrequency of the probe along with 1.2%

increase in S/N ratio.

¢ 50.25
. 105 4 4875 b
*
10
+
XN
Polyt [l Pov2 [ ] Metalt 7 x '

Fig.3.17. The recommended structure of the probe for increasing the eigenfrequency
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3.9 Optimization in Terms of Signal to Noise Ratio (the Width
and the Number of Branches)

Considering that we have fixed the length of each branch of the piezoresistor at 105

pm and RL =1.12x107* 4, we studied the effect of changing the width of each branch
s

and the number of branches (that affects the total length of the piezoresistor). Because of
the memory problems, modeling of this section faced some difficulties; therefore an
analytical approach has been chosen for this part. If we assume that for the new
configuration, the total length of the resistor and the width of each branch have been
multiplied by / and w respectively, and if we assume that /x w is equal to 1, then in the
y-z cross section of the beam (shown in Fig.3.3,4) the area of the Poly2 layer will remain
constant and so will the second moment of area of the cross section. Therefore, according
to the simple theory of bending the mechanical characteristics of the device, like the
position of the neutral plane, the amount of deflection for a specific force and the stress in
each point of the sensor remain the same (the amount of change in the stress, due to the

distance of the branch from the opening is negligible (Fig.3.6)). Hence we can expect the

same value for ARA due to the same force. Therefore for the piezoresistor:

. ) R
R= V/I)/_fi = because the thickness of the Poly2, d, is constant : R—2
1

L
w

(Bql9) = P2 AR R 1
Vs, AR, R w

ot > T [ [T
Ve R, w
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N, (Volume—of —the - resistor), (LWd),

& = & = L and =
Vi R w N, (Volume—of —the—resistor), (LWd),
2
(Eq.1.6) = Vieva ’(ﬁj x(ﬂ) = /%
VLFNI 171 N2 w

!
s —Vs,
(Eq.1.9) & (Eq.1.10) = (—) = L4
N), |1 I
_VTN1+—3VLFN1
w w

Now considering that for R, the values of thermal noise and low frequency noise

it can be concluded that;

are the same and [ij = Vf_l__
1 \/EVTNI

N
RO == R
NJ, Vw*+1\N), N/, Vw*+1\N),

Eq.3.1 shows that to have better S/N ratio for the new resistor geometry, the value

of w should be less than 1 and as small as possible. It means decreasing the width of the
resistor (and increasing the length of the branch in a proportional way) leads to a better
S/N ratio.

Due to the configuration of the resistors, the number of the resistor branches in each
side of the opening should be an even number. On the other hand, CMOSP35 design
rules sets the minimum width of the Poly2 paths equal to 0.35 um (it is already 0.8 um in
the mentioned design). The number of branches in each side of the opening is 4, thus it
can be increased to 6, 8, 10,... providing that the corresponding resistor width remains
greater than 0.35 pm. Therefore the best choice for the number of branches in each side

of the opening is 8, and the resistor width equal to 0.4 pm. This configuration results in
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26.5% enhancement in S/N ratio. The final value of the minimum detection limit of the

probe (considering all enhancements) will be 50 pN.

3.10 Target Post-Processing Steps and Anticipated Problems
CMOS 0.35um technology allows a designer to put Polysilicon and metal layers, as
well as Contacts and Vias wherever needed. However, having Oxide layers is mandatory
and therefore when the proposed design is fabricated, the device is surrounded with
Oxide. These superfluous Oxide layers, along with the substrate area under the device,
have to be etched off in the post-processing steps to release the structure. Fig.3.18
displays a sketch of the layers in the proposed device after fabrication. As it can be
computed from the information given in Table.3.1 the thickness of the Oxide on top of
the device is 3428 nm. Also the thickness of the Oxide on top of the substrate and the

rectangular opening is 3645 nm. These SiO, layers along with the 180 nm Oxide layer
beneath the frame (Poly1) should be all etched away and only the intermediate SiO, layer

between Polyl and Poly2 should remain untouched.

Substrate

Fig.3.18. Schematic cross section of fabricated device before post-processing (the
dimensions are not scaled)
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A four-stage masked chemical etching has been predicted to release the device (the
required masks for steps 1 & 2 have been shown in Fig.3.19):
Step 1: Using mask-1, 3248 nm of Oxide will be eliminated in buffered-HF. After stepl
we still have 180 nm of Oxide on top of the device areas and 397 nm Oxide on top of the

substrate and the opening.

Step 2: Using Mask2, 397 nm of Oxide on the substrate and the opening will be
eliminated in buffered-HF to reach the substrate in these areas. Considering the isotropic
under-etch, there should be still, 180 nm Oxide surrounding the device from all directions

except the fixed end of the cantilever.

Step 3: The substrate is etched away in TMAH to make the required cavity and release

the device (surrounded by 180 nm Oxide) from the substrate.

Step 4: the surrounding Oxide will be eliminated in buffered-HF to reach the surface of
the probe from each direction. The timing in this step is critical because over-etching can

damage the intermediate Oxide layer between Polyl and Poly2.

Using different masks for step 3 and 4 may also be necessary to protect the Pads,
and prevent undesired under-etch. Fig.3.19 shows a schematic of the first two steps of
post-processing. In this figure m1 and m2 are the distances between the edge of the mask-
1 and mask-2 and the corresponding borders in the device or cavity, and are about

3240 nm and 577 nm respectively.
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(a) (b) (©

Fig.3.19. Schematics of (a) the final released device (b) borders of mask-1 (c) borders of
mask-2 (The dimensions are not in proportion)

There are some minor CMOS 0.35um technology design rules violations in the
recommended device (like the dimensions of the Contact parts), which are generally
accepted by manufacturers as intentional. Therefore no problem is expected in the
manufacturing phase.

But in the releasing step, etching all oxide layers except the intermediate layer
between the polys, is a very deliberate process, and therefore remaining of some oxides in
the corners, or conversely over-etching of the layer, is possible. In each case the
sensitivity of the device would be negatively affected.

Also, the surface of the frame will be covered by a very thin native oxide layer,

after release, that does not considerably affect the mechanical structure of the probe.

69




CHAPTER 4 CONCLUSIONS AND
FUTURE WORKS

4.1 Contribution and Conclusions

The goal of this work was to propose an optimized AFM probe structure that can be
fabricated using standard CMOS 0.35um technology and utilizing a multistage masked
post-micromachining process.

An effective structure for an AFM cantilever with integrated piezoresistive sensor,
based on CMOS 0.35um technology has been proposed. Among the large number of
possible combinations from the 12-layer stack of CMOS 0.35um technology, a seemingly
best combination of the layers for different parts of the probe was selected. To avoid the
drawback of the transverse parts of conventional meander-like piezoresistors, a bridge-
like structure was proposed to replace the transverse parts of the piezoresistor.

The advantages of the design are high sensitivity and low detection limit as well as
susceptibility to passivating of the sensor part using soft organic materials to prevent
degradation of the sensor characteristics. The recommended design also exhibits the least
possible residual stress in its structure.

By studying the mathematical equations governing the mechanical and electrical
behavior of the probe and by using the results obtained from finite element method
analysis of the design, the optimum sensor and frame parameters and geometry, in terms
of S/N ratio (and consequently minimum detection limit) as well as eigenfrequency, was
recommended and approved.

Using a 5 KHz band-pass filter in the conditioning circuit, the minimum detection

limit of the final proposed design is 50 pN and its first eigenfrequency is above 22 kHz.

70




These characteristics make the recommended probe a qualified candidate for Contact and

Tapping mode AFM systems.

4.2 Related Publications

Mehran Hosseini, Victor Rossokhaty, Mojtaba Kahrizi, “Design and optimization
of an AFM probe, based on piezoresistance effect”, to be published in the proceedings of

IEEE CCECE 2005

4.3 Future Works

Fabrication of the proposed probe followed by characterization to verify the
theoretical parameters, can be the next step for this work. Some actuation mechanisms
should be considered in the fabricated device to make it testable. Although adding an
actuation mechanism to the design may cause some necessary changes in the structure, it
should not considerably affect the sensitivity of the recommended probe.

Design of the measurement circuits as well as the conditioning and processing
stages and integration of them along with the probe in a single chip can also be

considered.
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Appendix A - Material properties

Table.A.1 shows the mechanical and electrical characteristics of the materials used

in the device structure [45,47,49].

Young’s | Poisson’s | Density | Conductivity | IT11 |I112 | I144
Material Modulus | Ratio (kg ) (/Q.m) ™ |™® *)
(Pa) "
Polysilicon | 1.7x10" | 0.23 2330 1.11x10° -13 |76 |05
Metal 7 %10 0.35 2710 3.16x107 0 0 0
Sio, 7x10Y 0.17 2270 0 0 0 0

Table.A.1. Mechanical and electrical properties of the utilized materials (* =107"' Pa™")
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Appendix - B Description of a Fabricated Test Device

A test device was also designed and fabricated besides the recommended design, to
experimentally measure the piezoresistive coefficients of Poly2 layer in CMOSP35
technology and to evaluate the precision of the modeling process.

To make the fabricated device testable using the available equipment, some
actuation mechanisms had to be predicted and integrated into the structure of the test
device, therefore the test device structure was different from that of the recommended
design.

Two types of thermal actuators as well as an electromagnetic one was predicted
and designed to excite the test probe. In thermal actuation mechanisms, a structure
composed of Polyl as the warm plate and Oxide and Metal2 as the cold plate, was used
to vertically deflect the tip of the probe. Current passes only through Poly1 layer and due
to the generated heat and the resulted expansion of this layer, a downward deflection of
the bridge is produced and pulls the free end of the probe downward. Fig.B.1 Displays
one of the combinations of the probe and the thermal actuator and Fig.B.2. is a sketch of

this actuation method.
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| = Heating Current F = Resulting Force

{ ) Sensor Areas Probe Metal-Oxide-Poly Bridge

S

Fig.B.2. A perspective sketch of the combination of the probe and a thermal actuator

The combination of the probe and its electromagnetic actuator has been shown in
Fig.B.3. In this type of actuation, a path made of Metall, containing two parallel probes
and a connecting bridge was built to provide the actuation current path. Applying a
parallel magnetic field, results in a vertical force to the current path (perpendicular to the

chip plane) and this vertical force is transformed to the probes in each side of the bridge..
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Fig.B.3. The combination of the probe and electromagnetic actuator
Fig B.4. demonstrates a perspective sketch of the this combination of probes and

actuation mechanism.

I = Actuating Current & = Magnetic Field  F = Resulting Force

Probes Bridge

Fig B.4. A perspective sketch of the combination of the probes and electromagnetic
actuator

A four-stage masked post micro-machining process similar to that of the

recommended design was considered for releasing the test device structure and the
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required masks (Fig.B.5) was also designed and fabricated. Fig.B.6 displays a top-view

photograph of the complete fabricated chip.

(b) (@)

Fig B.S. (a) first mask (b) second mask

cooooooQ

Fig.B.6. Top view of the fabricated chip
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Unfortunately due to the delays in the fabrication of the device and the masks, as
well as some equipment problems, the characterization of the fabricated test device was
not possible at the time of thesis submission.

The following paragraphs contain the modeling results (expected) of the fabricated
test device

Fig B.7 shows a top-view sketch of test probe and Fig.B.8 highlights the composed

layers in the sensor part of the probe.

&

165

A4

Fig.B.7. Top view of the test probe (The dimensions are in um).

- Paolysilicon - Sio2 Metal-1

Fig B.8. Perspective view of the sensor parts of the test probe.
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The frame is composed of Oxide layers at the bottom and Metall layer on the top.
The sensor device is located inside the Oxide layer and is made of Polysilicon (Poly2).
Deformation

The analysis was made with 11 force steps from 0 to 0.785N . The maximum
deflection (at the tip) due to the applied load was 2.69um. FigB.9 shows the

deformation along the length of the probe for 11 equidistance load steps. From the figure

the linear relationship between the exerted force and the resulted deflection is apparent.

Displacement x10~° ml
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Fig.B.9. Deflection along the beam for 11 equidistance load steps.

Distribution of stress
One of the design considerations for proble-1 was setting the sensor part in the
most stressed area. And this had to be verified after simulation. Fig.B.10 shows the

distribution of stress along the length of the beam.
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Fig.B.10. Stress distribution along the axis of one branch of the sensor.
As can be seen in this figure (which is derived along the axial line of the first
branch of the resistor) the concentration of stress is between 2.5m < x <17.5m , where

the resistor is located.

Eigenfrequency Analysis
Eigenfrequency analysis of Probe-1 reveals that the first eigenfrequency of the

system is 42562Hz and the second one is 2.77x10° Hz .

Distribution of current density

Fig.B.11 shows the distribution of current density streamlines in a top view cross
section of a part of the sensor. Perpendicularity of stress and current directions that is a
common drawback of meander-like strain gauges, as well as the uneven distribution of

the current through the transverse parts of the sensor is shown clearly.
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Fig B.11. Perpendicularity of stress and current directions, and the uneven distribution of
the current through the bending parts of the sensor.

The relative Change of the Resistance due to the applied force

The relative change in the value of resistance due to a force equal to 7.85x10' N
is measured as 7.65x10™*,

Comparison

In comparison with the recommended probe structure, the fabricated test device
exhibits about 10 times less sensitivity while its first eigenfrequency is almost twice as

much as that of the recommended one.
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