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Abstract 

Scanning probe microscopes (SPMs) are the highest resolution imaging instruments available today and 

are among the most important tools in nanoscience.  Conventional SPMs suffer from several drawbacks 

owing to their large and bulky construction and to the use of piezoelectric materials.  Large scanners 

have low resonant frequencies that limit their achievable imaging bandwidth and render them 

susceptible to disturbance from ambient vibrations.  Array approaches have been used to alleviate the 

bandwidth bottleneck; however as arrays are scaled upwards, the scanning speed must decline to 

accommodate larger payloads.   In addition, the long mechanical path from the tip to the sample 

contributes thermal drift.  Furthermore, intrinsic properties of piezoelectric materials result in creep and 

hysteresis, which contribute to image distortion.  The tip-sample interaction signals are often measured 

with optical configurations that require large free-space paths, are cumbersome to align, and add to the 

high cost of state-of-the-art SPM systems.  These shortcomings have stifled the widespread adoption of 

SPMs by the nanometrology community.  Tiny, inexpensive, fast, stable and independent SPMs that do 

not incur bandwidth penalties upon array scaling would therefore be most welcome. 

The present research demonstrates, for the first time, that all of the mechanical and electrical 

components that are required for the SPM to capture an image can be scaled and integrated onto a 

single CMOS chip.  Principles of microsystem design are applied to produce single-chip instruments that 

acquire images of underlying samples on their own, without the need for off-chip scanners or sensors.   

Furthermore, it is shown that the instruments enjoy a multitude of performance benefits that stem from 

CMOS-MEMS integration and volumetric scaling of scanners by a factor of 1 million.   

This dissertation details the design, fabrication and imaging results of the first single-chip contact-mode 

AFMs, with integrated piezoresistive strain sensing cantilevers and scanning in three degrees-of-

freedom (DOFs).  Static AFMs and quasi-static AFMs are both reported. 

This work also includes the development, fabrication and imaging results of the first single-chip dynamic 

AFMs, with integrated flexural resonant cantilevers and 3 DOF scanning.  Single-chip Amplitude 

Modulation AFMs (AM-AFMs) and Frequency Modulation AFMs (FM-AFMs) are both shown to be 

capable of imaging samples without the need for any off-chip sensors or actuators. 

A method to increase the quality factor (Q-factor) of flexural resonators is introduced.  The method 

relies on an internal energy pumping mechanism that is based on the interplay between electrical, 
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mechanical, and thermal effects.  ¢ƻ ǘƘŜ ōŜǎǘ ƻŦ ǘƘŜ ŀǳǘƘƻǊΩǎ ƪƴƻǿƭŜŘƎŜΣ ǘƘŜ ŘŜǾƛŎŜǎ ǘƘŀǘ ŀǊŜ ŘŜǎƛƎƴŜŘ 

to harness these effects possess the highest electromechanical Qs reported for flexural resonators 

operating in air; electrically measured Q is enhanced from ~50 to ~50,000 in one exemplary device.  A 

physical explanation for the underlying mechanism is proposed.   

The design, fabrication, imaging, and tip-based lithographic patterning with the first single-chip Scanning 

Thermal Microscopes (SThMs) are also presented.  In addition to 3 DOF scanning, these devices possess 

integrated, thermally isolated temperature sensors to detect heat transfer in the tip-sample region.  

Imaging is reported with thermocouple-based devices and patterning is reported with resistive 

heater/sensors.   

!ƴ άƛǎƻǘƘŜǊƳŀƭ ŜƭŜŎǘǊƻǘƘŜǊƳŀƭ ǎŎŀƴƴŜǊέ ƛǎ designed and fabricated, and a method to operate it is 

detailed.  The mechanism, based on electrothermal actuation, maintains a constant temperature in a 

central location while positioning a payload over a range of >35˃ƳΣ ǘƘŜǊŜōȅ ǎǳǇǇǊŜǎǎƛƴƎ ǘƘŜ deleterious 

thermal crosstalk effects that have thus far plagued thermally actuated devices with integrated sensors. 

In the thesis, models are developed to guide the design of single-chip SPMs and to provide an 

interpretation of experimental results.  The modelling efforts include lumped element model 

development for each component of single-chip SPMs in the electrical, thermal and mechanical 

domains.  In addition, noise models are developed for various components of the instruments, including 

temperature-based position sensors, piezoresistive cantilevers, and digitally controlled positioning 

devices.   
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Chapter 1. Introduction 

1.1. Motivation 

The progress of technology from the Neolithic revolution to the Industrial revolution has always been 

concurrent with improvements in the precision and accuracy with which we are able to manufacture 

and inspect things.  For roughly half a century, the microelectronics industry has enjoyed exponential 

ǎŎŀƭƛƴƎ ƛƴ ŎǊƛǘƛŎŀƭ ŘƛƳŜƴǎƛƻƴǎΣ ŀǎ ǇǊŜŘƛŎǘŜŘ ōȅ ǘƘŜ ǿƛŘŜƭȅ ŎƛǘŜŘ aƻƻǊŜΩǎ ƭŀǿ [1].  Today the fabrication of 

features with dimensions of several hundreds of atoms has become routine, as semiconductor 

manufacturing has entered the nanometer regime.  In contrast, conventional manufacturing, inspection, 

and metrology tools have not benefitted from dimensional scaling, and so they are encountering 

limitations in ultimate resolution, stability, and throughput.  It is interesting to note that the cost-of-test 

for an individual transistor has exceeded the cost-of-manufacture per transistor, in part due to this 

disparity in scaling. 

The concept of controlling the atomic structure of matter was proposed as early as 1959 by Richard 

Feynman in his renowned talk ¢ƘŜǊŜΩǎ tƭŜƴǘȅ ƻŦ wƻƻƳ ŀǘ ǘƘŜ .ƻǘǘƻƳ: 

ά.ǳǘ L ŀƳ ƴƻǘ ŀŦǊŀƛŘ ǘƻ ŎƻƴǎƛŘŜǊ ǘƘŜ Ŧƛƴŀƭ ǉǳŜǎǘƛƻƴ ŀǎ ǘƻ ǿƘŜǘƘŜǊΣ ǳƭǘƛƳŀǘŜƭȅ---in the great future---we can 

ŀǊǊŀƴƎŜ ǘƘŜ ŀǘƻƳǎ ǘƘŜ ǿŀȅ ǿŜ ǿŀƴǘΤ ǘƘŜ ǾŜǊȅ ŀǘƻƳǎΣ ŀƭƭ ǘƘŜ ǿŀȅ ŘƻǿƴΗέ 

Imaging individual atoms remained an elusive goal until the introduction of the scanning tunneling 

microscope (STM) in 1981 by Binnig, Rohrer, Gerber, and Weibel [2],[3].   This instrument provided for 

the first time the ability to view the atoms of flat samples in real space, and the history of its 

development was described by its inventors at their Nobel Prize lecture in 1987 [4].  In 1989, scientists 

marked a milestone in the ability to structure the world around us by demonstrating the ability to 

position individual atoms with atomic precision using an STM [5].  These landmark experiments ushered 

in numerous tip-based imaging modalities, known collectively today as the family of scanning probe 

ƳƛŎǊƻǎŎƻǇŜǎ ό{taΩǎύΦ   

{taΩǎ ŀǊŜ ǿƛŘŜƭȅ ǊŜƎŀǊŘŜŘ ŀǎ ǘƘŜ ǿƻǊƪƘƻǊǎŜ ƛƴǎǘǊǳƳŜƴǘǎ ƻŦ ƴŀƴƻǎŎƛŜƴŎŜΦ  ¢ƘŜƛǊ ǇǊƛƴŎƛǇƭŜ ƻŦ ƻǇŜǊŀǘƛƻƴ ƛǎ 

simple and elegant.  A sharp tip is maintained in close proximity to a sample with a feedback controller 

that uses a tip-sample interaction measurement as its process variable.  As the tip is scanned over the 
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ǎŀƳǇƭŜ ǎǳǊŦŀŎŜΣ ǘƘŜ ŎƻƴǘǊƻƭ ŜŦŦƻǊǘ ƛǎ ǊŜŎƻǊŘŜŘΦ  !ƴ ƛƳŀƎŜ ƻŦ ǘƘŜ ǎŀƳǇƭŜΩǎ ǎǳǊŦŀŎŜ ǎǘǊǳŎǘǳǊŜ ǘƘǳǎ ŜƳŜǊƎŜǎ 

as a three dimensional plot of this control effort.   

/ƻƴǾŜƴǘƛƻƴŀƭ {taΩǎ ǎǳŦŦŜǊ ŦǊƻƳ ǎŜǾŜǊŀƭ ŘǊŀǿōŀŎƪǎ ǘƘŀǘ ǇǊŜǎŜƴǘ ŀ ōŀǊǊƛŜǊ ǘƻ ǘƘŜƛǊ ǿƛŘŜǎǇǊŜŀŘ ŀŘƻǇǘƛƻƴ 

ōȅ ƛƴŘǳǎǘǊȅΦ  ¢ƘŜ Ƴƻǎǘ ǿƛŘŜƭȅ ǳǎŜŘ {taΩǎ ŀǊŜ ŀǘƻƳƛŎ ŦƻǊŎŜ ƳƛŎǊƻǎŎƻǇŜǎ ό!CaΩǎύΦ  /ƻƳƳŜǊŎƛŀƭƭȅ ŀǾŀƛƭŀōƭŜ 

!CaΩǎ ǊŜƭȅ ƻƴ ǇƛŜȊƻŜlectric elements to scan a cantilever in 3-D. The use of these materials imposes 

several constraints on the system design. For instance, the strain produced by these actuators is small, 

so their size is several orders of magnitude larger than the achievable scan range. Large, bulky scanner 

designs are susceptible to thermal drift and poor vibration immunity.  In addition, the mass of such 

scanners limits their mechanical bandwidth.  Furthermore, the creep and hysteresis stemming from 

material properties in piezoelectric positioning systems manifest as image distortion.  Although 

phenomenological and empirical models have been developed to mitigate creep, it remains a dominant 

parasitic effect at the nanometer scale.  Closed-loop control of the scanners employing externally 

mounted capacitive position sensors can mitigate this issue; however, the tip-sample interaction is 

several millimeters away from the position sensor, introducing errors in positioning accuracy.  The 

ŎŀƴǘƛƭŜǾŜǊΩǎ Ǉƻǎƛǘƛƻƴ ƛǎ ǘȅǇƛŎŀƭƭȅ ǊŜŀŘ by a laser that is reflected from its rear surface. This imposes 

further constraints on the instrument design.  For instance, if probes are to be operated in parallel to 

improve throughput, the system becomes prohibitively large due to the free-space paths of the optical 

configuration.  

CƻǊ {taΩǎ ǘƻ ŀŘŘǊŜǎǎ ǘƘŜ ǊƛƎƻǊƻǳǎ ŘŜƳŀƴŘǎ ƻŦ ƳŜǘǊƻƭƻƎȅ ŀǘ ǘƘŜ ƴŀƴƻƳŜǘŜǊ ǎŎŀƭŜΣ ǘƘŜȅ Ƴǳǎǘ ōŜ ǎƳŀƭƭŜǊΣ 

faster, and more stable.   

1.2. Thesis Statement 

This dissertation proposes a novel approach to the design and manufacturing of SPM instrumentation.  

More specifically, the thesis statement is: 

All of the mechanical and electrical components that are required for a scanning probe microscope to 

capture an image can be scaled and integrated onto a single chip.  The principles of electro-thermo-

mechanical microsystem design can be applied to yield a chip-scaled instrument that independently 

acquires images of underlying samples, without the need for off-chip scanners or sensors.   

Furthermore, the performance such an instrument stands to benefit from integration and volumetric 

scaling of the scanner and sensor components by a factor of 1E-6.   
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The dissertation validates this thesis by reporting on the following contributions: 

1) The development, fabrication and imaging results of the first single-chip contact-mode AFMs, 

with integrated piezoresistive strain sensing cantilevers and scanning in three degrees-of-

freedom (DOFs).  The contact AFMs reported here may be divided into two categories based on 

their principles of operation: 

a. Static AFMs that measure the topology of an underlying sample while maintaining a 

constant tip-sample interaction force 

b. Quasi-static AFMs that use forced oscillation (off-resonance) of the cantilever and 

higher-harmonic detection of the signal from tip-sample interaction forces, to improve 

resolution in the presence of thermal disturbances 

2) The design, fabrication and imaging results of the first single-chip dynamic AFMs, with 

integrated flexural resonant cantilevers and scanning in three DOFs.  These dynamic AFMs may 

also be divided into two categories based on their principles of operation: 

a. Amplitude Modulation AFMs (AM-AFMs) that maintain a constant amplitude of 

vibration in a resonant cantilever while in the presence of a force gradient from tip-

sample interaction 

b. Frequency Modulation AFMs (FM-AFMs) that maintain a constant resonant frequency in 

an integrated cantilever while in the presence of tip-sample interaction force gradients. 

3) A method to increase the quality factor (Q-factor) of flexural resonators using an internal energy 

pumping mechanism that is based on the interplay between electrical, mechanical, and thermal 

effects. ¢ƻ ǘƘŜ ōŜǎǘ ƻŦ ǘƘŜ ŀǳǘƘƻǊΩǎ ƪƴƻǿƭŜŘƎŜΣ the devices that are designed to harness these 

effects possess the highest Qs reported for flexural resonators operating in air; Q is enhanced 

from ~50 to ~50,000 in one exemplary device.  A physical explanation for the underlying 

mechanism is proposed.   

4) The design, fabrication, imaging, and tip-based lithographic patterning results with the first 

single-chip Scanning Thermal Microscopes (SThMs).  These devices have 3 DOFs and integrated 

thermally isolated temperature sensors to detect heat transfer in the tip-sample region.  

Temperatures are measured with thermocouples and resistive temperature sensors.   

5) The conceptionΣ ŦŀōǊƛŎŀǘƛƻƴ ŀƴŘ ƳŜǘƘƻŘ ƻŦ ƻǇŜǊŀǘƛƻƴ ƻŦ ŀƴ άisothermal electrothermal 

ǎŎŀƴƴŜǊΦέ ¢ƘŜ ƳŜŎƘŀƴƛǎƳΣ ōŀǎŜŘ ƻƴ ŜƭŜŎǘǊƻǘƘŜǊƳŀƭ ŀŎǘǳŀǘƻǊǎΣ Ƴŀƛƴǘŀƛƴǎ ŀ Ŏƻƴǎǘŀƴǘ 

ǘŜƳǇŜǊŀǘǳǊŜ ƛƴ ŀ ŎŜƴǘǊŀƭ ƭƻŎŀǘƛƻƴ ǿƘƛƭŜ ǇƻǎƛǘƛƻƴƛƴƎ ŀ ǇŀȅƭƻŀŘ ƻǾŜǊ ŀ ǊŀƴƎŜ ƻŦ Ҕнл˃ƳΣ ǘhereby 
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suppressing the parasitic thermal crosstalk effects that have thus far plagued thermally actuated 

devices. 

6) The development of models to guide the design of single-chip SPMs and provide an 

interpretation of experimental results.  The modelling efforts include: 

a. Lumped element models for each component of single-chip SPMs in the electrical, 

thermal and mechanical domains. 

b. Noise models for various components of the devices including temperature-based 

position sensors, piezoresistive cantilevers, and digitally controlled positioning devices. 

1.3. Outline of the Dissertation 

The remainder of this dissertation is outlined as follows.   

Chapter 2 is a review of literature related to SPMs and MEMS.  The origins of the types of SPMs that 

have been implemented with the CMOS-MEMS approach are discussed.  Contributions from the MEMS 

community to scanning probe microscopy are then reviewed.  The development of CMOS-MEMS 

processes is discussed.   

Chapter 3 presents the models that are used throughout the design of chip-scŀƭŜŘ {taΩǎΦ  ! ƭǳƳǇŜŘ 

element model is derived for the following components of single-chip SPMs: self-heated resistors, lateral 

electrothermal actuators, flexural suspensions, thermal shunt paths and thermal isolation paths, vertical 

electrothermal actuators, flexural resonant cantilevers, piezoresistive strain sensors, and temperature 

sensors.  The constitutive equations that govern the behaviour of these devices are discussed in 

Appendix B, and the details of the derivations for lumped element parameter values are discussed in 

Appendix C.   

Chapter 4 presents experimental results of the Q enhancement that has been observed in the CMOS-

MEMS flexural resonant cantilevers used in single-chip SPMs.  The models developed in Chapter 3 are 

used to interpret the ~1000X Q-enhancement that has been observed under ambient conditions. 

Chapter 5 discusses the driving and sensing strategies for closed-loop control of SPMs.  Various methods 

to drive actuators are introduced. Methods to compensate for thermal crosstalk and to use temperature 

as a measure of position are introduced, and the relevant noise sources are quantified.  The noise 

behaviour of piezoresistive sensors is also discussed.   
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Chapter 6 focuses on contact AFM.  Specifically, the design of devices for contact and higher-harmonic 

detection-based imaging is described.  This chapter also aims to identify the deleterious effects that limit 

the resolution of single-chip SPMs.  Once the effects are identified, the goal is to develop design 

strategies to maximize the signal-to-noise ratio (SNR) of the tip-sample force measurement.  

Characterization data for the instruments and images acquired in each mode are presented.  

Chapter 7 focuses on dynamic AFM.  Devices that are intended to operate as FM-AFMs and AM-AFMs 

are introduced.  These devices contain incremental improvements that were implemented based on the 

observations from Chapter 6.  Measurements of the device performance and images acquired in each 

mode are presented.  

Chapter 8 introduces two types of SThMs.  The first type makes use of thermocouples that are based on 

the Seebeck effect, while the second type is based on the TCR effect.  The design specifics of SThM 

instruments are explained.  Data from the operation of these instruments is presented and discussed, 

along with an image obtained with the thermocouple-based instrument.  The TCR-based SThM is used to 

pattern a medium with a low melting temperature.   

Chapter 9 reports on the operation of an άisothermal ǎŎŀƴƴŜǊέ ǘƘŀǘ Ƴŀȅ ōŜ ǳǎŜŘ ǘƻ ƛƳǇǊƻǾŜ ǘƘŜ 

performance of single-chip SPMs.  The design is based on modified chevron actuators with figures of 

merit that are an order of magnitude greater than previously reported CMOS-MEMS electrothermal 

actuators.  When operated with the intended drive signals, an isothermal scanner maintains a constant 

average temperature over its entire positioning range.  Operation of the isothermal scanner is reported, 

ŀƴŘ ƛǘǎ ǳǎŜ ŦƻǊ ƻǘƘŜǊ ǘȅǇŜǎ ƻŦ {taΩǎ ƛǎ ǇǊƻǇƻǎŜŘΦ 

Chapter 10 concludes with a comparison of the design principles and measured performance of CMOS-

a9a{ ǎŎŀƴƴŜǊǎ ŀƴŘ {taΩǎΦ  tƻǘŜƴǘƛŀƭ ŀǇǇƭƛŎŀǘƛƻƴǎ ƻŦ ŀǊǊŀȅǎ ƻŦ {taΩǎ ŦƻǊ ǇŀǘǘŜǊƴƛƴƎ ŀƴŘ ƳŜǘǊƻƭƻƎȅ ŀǊŜ 

discussed.  Finally, methods to improve the resolution of each type of SPM are proposed for future 

work.   
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Chapter 2. Literature Review 

 

The contributions presented in this dissertation are multidisciplinary in nature; concepts are borrowed 

from a range of academic disciplines including surface science, electrical engineering, thermodynamics, 

and mechanical engineering.  This literature review identifies specific works that form a foundation for 

the design of chip-ǎŎŀƭŜ {taΩǎΣ ǿƘƛƭŜ ǇƻƛƴǘƛƴƎ ǘƘŜ ǊŜŀŘŜǊ ǘƻ ƳƻǊŜ ŎƻƳǇǊŜƘŜƴǎƛǾŜ ǊŜǾƛŜǿǎ ƻŦ ŀǊŜŀǎ ǘƘŀǘ 

are out its scope.   

The chapter begins with a brief history of scanning probe microscopy, with emphasis on the modes that 

are implemented in this work.  Then, some contributions from the field of MEMS to the surface science 

community are highlighted.  The development of CMOS-MEMS processes like the one used in this work 

is then reviewed.  Methods of actuation in MEMS are discussed and compared.  The methods that have 

been developed to model electrothermal MEMS devices are then reviewed.   

2.1. Scanning Probe Microscopy 

The fundamental concept ōŜƘƛƴŘ ǎŎŀƴƴƛƴƎ ǇǊƻōŜ ƳƛŎǊƻǎŎƻǇȅ ƛǎ ŀƪƛƴ ǘƻ ǘƘŜ ŀŎǘƛƻƴ ƻŦ άŦŜŜƭƛƴƎέ ŀƴ ƻōƧŜŎǘΤ 

the idea is so intuitive that it is difficult to point to its origin.  In an SPM, a sharp tip is moved in three 

dimensions over an object while measuring its interaction with the surface.  The measured quantities 

are used to control the tip-sample separation, and they are stored and processed to reveal an image of 

the underlying sample.  The physical implementation is reminiscent of the phonograph, invented in 1877 

by Thomas Edison [6] and possibly the earliest example of a system that could track topology using a 

stylus to recover information.   In 1928, Synge introduced the concept for a scanning probe near-field 

optical microscope [7].  In 1933, the concept of quantitative measurements of surfaces using stylus 

profilometry was introduced by Abbott and Firestone [8].    In 1972, the Topografiner [9] yielded the first 

measurements of surface microtopography using electronic tip-sample interactions.  Imaging was 

performed using field emission currents, although tunneling currents were measured in a static mode of 

operation.  The Topographiner was not sufficiently isolated from ambient vibration to produce STM 

images.  Also in 1972, Ash and Nicholls used microwave radiation to demonstrate super-resolution 

imaging; a resolution of 150 µm was obtained using radiation with ˂=3cm (that is, ˂ κнллύ [10].     

The invention of the scanning tunneling microscope in 1982 [2] was quickly followed by the publication 

of atomic resolution images of silicon by its inventors [11].  Binnig and Rohrer received the Nobel Prize 
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for their invention iƴ мфусΣ ŀƴŘ ǘƘŜȅ ŀǊŜ ƎŜƴŜǊŀƭƭȅ ŎǊŜŘƛǘŜŘ ŦƻǊ ǘƘŜ ŜȄǇƭƻǎƛǾŜ ƎǊƻǿǘƘ ƻŦ {taΩǎ ǘƘŀǘ 

followed.   In the STM, a sharp, conductive tip is biased with respect to the sample to give rise to a 

tunneling current when the tip-sample separation is between 4-7Å.  Within tunneling range, there is a 

highly non-linear dependence of tunneling current on this gap, and this phenomenon is exploited to 

track topology.  A ~1Å change in the tip-sample separation results in a ~tenfold change in the tunneling 

current.  Reviews of calculation methods for the tunneling current are presented in [12]Φ  {¢aΩǎ ǊŜǉǳƛǊŜ 

that the sample has a clean conductive surface, and they have been largely relegated to vacuum 

operation because many materials grow a native oxide under ambient conditions.   Nevertheless, a large 

number of semiconductors and metals have been investigated using this invaluable tool [13]. 

In 1986, the AFM was invented by Binnig [14] and the first images acquired with the instrument were 

published by Binnig, Quate and Gerber [15].  In the first AFM, a diamond tip placed on a gold cantilever 

interacted with the sample.  The tip-sample interaction force deflected the cantilever, and modulated a 

tunneling current that flowed between the cantilever and a sharp tip that was mounted on top of it.  

Although the inventors anticipated that the instrument could achieve atomic resolution, it took five 

years before Giessibl et. al. demonstrated it [16].  In addition to studies of insulating samples, the AFM 

can achieve atomic resolution under ambient conditions, unlike the STM which requires ultra-high 

vacuum except for a few special cases such as highly oriented pyrolytic graphite (HOPG).  This is due to 

the fact that in air, the surface layer of solids constantly changes due to adsorption and desorption of 

atoms and molecules.  Since there are no conductivity requirements in AFM, one can image virtually any 

flat surface without the need for surface preparation.  Giessibl [17] provides a review of the common 

modes of operation in AFM, while Poggi [18] reviews several applications of the instrument.   

The scanning thermal microscope (SThM) was invented in 1985 [19], and several means of tip-sample 

interaction measurement have been implemented [20].  The first SThM was based on the thermoelectric 

effect in a thermocouple sensor fabricated at the conical tip of a probe.  Electrical resistance 

thermometry was introduced in [21], using a Wollaston wire shaped like a cantilever, enabling 

simultaneous thermal and AFM imaging.  A surface micromachined thermal probe with integrated 1D 

electrostatic actuation was reported in 1997 [22].  A CMOS thermal probe with integrated piezoresistive 

detection is described in [23].  In contrast to the thermocouple probes, resistive probes can be used in 

passive and active modes.  In the passive mode, a constant current is applied to a bridge circuit 

incorporating the sensor.  The bridge voltage is recorded to measure the temperature.  In the active 

mode, large currents flow through the resistor to induce joule heating.  In the constant current mode, 



 8 

the tip-sample heat flux is detected as a change in probe resistance.  In the constant temperature mode, 

a controller is used to maintain either constant resistance.  This method has the advantage of improved 

bandwidth, since the probe does not have to reach thermal equilibrium.  An interesting capability that 

was demonstrated in this mode is subsurface imaging [24].  A different technique for SThM involves 

thermal expansion measurements.  This technique does not rely on temperature sensors that are 

located in the tip-sample region.  In 1994, a bimorph cantilever was used as a sensor; temperature 

changes induced a bending moment in the cantilever that was measured using a conventional AFM.  In 

the modes presented thus far, the tip-sample heat conduction reduces with tip sharpness.  Scanning 

Joule Expansion Microscopy (SJEM) [25] is a mode that does not rely on tip-sample heat transfer, so 

there are no restrictions placed on the sharpness of the tip.  In SJEM, a conductive sample is joule-

heated with a periodic signal, and the material expansion is captured using lock-in techniques, with a 

conventional probe.  Heated AFM [26] is yet another mode related to thermal tip-sample interactions; 

however, it does not directly reveal information about the heat transfer at the tip.  Initially designated 

as an AFM cantilever for thermomechanical data storage [27], the authors have also reported 

topographic imaging with similar probes [28].  In heated AFM, the sharp tip is in contact with the 

sample, and is not used for heat transfer measurements.  A large resistive heater with an appreciable 

TCR is located in the cantilever, and is cooled through the air gap to the sample.  The local topology of 

the sample modifies this gap, which in turn affects the cooling of the heater.  Thus, the resistance of the 

heater is used as a measure of topology.  When the tip is sufficiently hot, samples may undergo a phase 

transition that modifies the air gap, indirectly revealing information about heat transfer at the tip [29].  

This mode does not work in vacuum, and its vertical resolution is affected by the nature of sample 

topology under the heater.   

The Scanning Microwave Microscope is the only type of SPM that can quantify local dielectric and 

conductivity measurements at radio frequencies.  A microwave signal is fed to the tip, and the 

impedance of the tip-sample region changes the reflected signal to reveal images of the local 

electromagnetic properties of the sample.  Ash and Nicholls [10] showed that the near-field resolution 

was determined by the size and geometry of the probe rather than wavelength, and that the Abbe 

ōŀǊǊƛŜǊ ŦƻǊ ǊŜǎƻƭǳǘƛƻƴ ό˂κн ŘƛŦŦǊŀŎǘƛƻƴ ƭƛƳƛǘύ ŎƻǳƭŘ ōŜ ōǊƻƪŜƴ ƛƴ ǘƘŜ ƴŜŀǊ-field.  One popular type of SMM 

employs a sharp tip protruding from the open end of a coaxial resonator with the other side coupled to 

a microwave source [30]. The frequency shift and change in quality factor were used to quantify 

electrical properties (dielectric constant and loss tangent or resistivity) of materials. Concurrently, this 

technique was augmented by shielding the open side of the coaxial resonator and opening a small area 
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for the tip; this way, the electrical field could be confined near the tip and the parasitic capacitance is 

reduced to increase measurement sensitivity [31]. M. Tabib-Azar et al. used a stripline resonator and 

chemically etched a sharǇ ǘƛǇ ǘƻ ŀŎƘƛŜǾŜ лΦп˃Ƴ ǊŜǎƻƭǳǘƛƻƴ[32]. Lai et al. shielded the microwave signal 

using a stripline transmission line to improve spatial resolution by decreasing non-localized tip-to-

sample interaction [33]. Recently, Huber et al. introduced a calibrated SMM based on standard 

calibration samples for both capacitance and dopant profile measurements [34].  

! ƭŀǊƎŜ ƴǳƳōŜǊ ƻŦ {taΩǎ ƘŀǾŜ ōŜŜƴ ŘŜǾŜƭƻǇŜŘ ōŀǎŜŘ ƻƴ ŀ ǊŀƴƎŜ ƻŦ ǘƛǇ-sample interaction mechanisms.  

Table 1 from [35] below contains a chronologically ordered listing of SPM modalities.  Although a 

discussion of each type of SPM is beyond the scope of this dissertation, it should be noted that most of 

these modalities can be integrated in a CMOS-MEMS process.  In fact, many of the modes are supported 

by the devices that are presented herein.  For example, a CMOS-MEMS AFM with a shielded conductive 

path to its tip can be used as a scanning capacitance microscope, scanning attractive force microscope, 

άfǊƛŎǘƛƻƴŀƭέ ŦƻǊŎŜ ƳƛŎǊƻǎŎƻǇŜ, electrostatic force microscope, scanning electrochemical microscope, or a 

Kelvin probe force microscope.  Although the measurement setup for each type of microscope may vary, 

a similar device may be used in all modes.  This example underscores the versatility of the CMOS-MEMS  

manufacturing process, which is the subject of section 2.3. 
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Table 1: The Development of Scanning Probe Microscopy Modes 

1981 Scanning tunneling microscope  G. Binnig, H. Rohrer Atomic resolution images of 
conducting surfaces 

1982 
 

Scanning near-field optical 
microscope  

D. W. Pohl 
 

50 nm (lateral resolution) optical 
images 

1984 Scanning capacitance 
microscope  

J. R. Matey, J. Blanc 500 nm (lateral resolution) images 
of capacitance variation 

1985 Scanning thermal microscope  
 

C. C. Williams, H. K. 
Wickramasinghe 

50 nm (lateral resolution) thermal 
images 

1986 Atomic force microscope C. Binnig, C. F. Quate, Ch. Gerber Atomic resolution on 
conducting/non-conducting 
surfaces 

1987 Scanning attractive force 
microscope  

Y. Martin, C. C. Williams, H. K. 
Wickramasinghe 

5 nm (lateral resolution) non-
contact images of surfaces 

1987 Magnetic force microscope  Y. Martin, H. K. Wickramasinghe 100 nm (lateral resolution) images 
of magnetic bits/heads 

1987 άCǊƛŎǘƛƻƴŀƭέ ŦƻǊŎŜ ƳƛŎǊƻǎŎƻǇŜ  C. M. Mate, G. M. McClelland, S. 
Chiang 

Atomic-scale images of lateral 
(``frictional'') forces 

1987 Electrostatic force microscope  Y. Martin, D. W. Abraham, H. K. 
Wickramasinghe 

Detection of charge as small as 
single electron 

1987 Inelastic tunneling spectroscopy 
STM  

D. P. E. Smith, D. Kirk, C. F. Quate Phonon spectra of molecules in 
STM 

1987 Laser driven STM  L. Arnold, W. Krieger, H. Walther Imaging by non-linear mixing of 
optical waves in STM 

1988 
 

Ballistic electron emission 
microscope  

W. J. Kaiser Probing of Schottky barriers on a 
nanometer scale 

1988 Inverse photoemission 
microscope  

J. H. Coombs, J. K. Gimzewski, B. 
Reihl, J. K. Sass, R. R. Schlittler 

Luminescence spectra on 
nanometer scale 

1989 
 

Near-field acoustic microscope  
 

K. Takata, T. Hasegawa, S. Hosaka, 
S. Hosoki, T. Komoda 

Low frequency acoustic 
measurements on 10 nm scale 

1989 
 

Scanning noise microscope  R. Moller, A. Esslinger, B. 
Koslowski 

Tunneling microscopy with zero 
tip-sample bias 

1989 Scanning spin-precession 
microscope  

Y. Manassen, R. Hamers, J. 
Demuth, A. Castellano 

1 nm (lateral resolution) images of 
paramagnetic spins 

1989 Scanning ion-conductance 
microscope  

P. Hansma, B. Drake, O. Marti, S. 
Gould, C. Prater 

500 nm (lateral resolution) images 
in electrolyte 

1989 Scanning electrochemical 
microscope  

O. E. Husser, D. H. Craston, A. J. 
Bard 

 

1989 Absorption 
microscope/spectroscope  

J. Weaver, H. K. Wickramasinghe 1 nm (lateral resolution) absorption 
images/spectroscopy 

1990 Scanning chemical potential 
microscope  

C. C. Williams, H. K. 
Wickramasinghe 

Atomic scale images of chemical 
potential variation 

1990 Photovoltage STM  
 

R. J. Hamers, K. Markert 
 

Photovoltage images on 
nanometer scale 

1991 Kelvin probe force microscope  M. Nonnenmacher, M. P. O'Boyle, 
H. K. Wickramasinghe 

Contact potential measurements 
on 10 nm scale 

1994 Apertureless near-field optical 
microscope 

F. Zenhausern, M. P. O'Boyle, H. 
K. Wickramasinghe 

Optical microscopy at 1 nm 
resolution 
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2.2. The Role of MEMS in Scanning Probe Microscopy 

The high volume, high yield manufacturing precision achieved by the semiconductor industry in the 

fabrication of integrated circuits (ICs) remains unsurpassed by any other technological endeavour.  At 

the time of this writing, the production of <20nm thin lines is underway.  The deposition, lithography 

and etching techniques borrowed from the IC industry have also enabled the batch fabrication of 

micromechanical components with exquisite dimensional control.  Just as the improvement in IC 

performance is incremental [1], so too are the resolution of fabrication and metrology tools that address 

the challenges at this length scale.  SPMs are the highest resolution tools available for imaging surfaces, 

ŀƴŘ ǘƘŜƛǊ ǇŜǊŦƻǊƳŀƴŎŜ ƛǎ ƴƻ ŜȄŎŜǇǘƛƻƴΤ ǘƘŜ ƛƴǎǘǊǳƳŜƴǘΩǎ ǎǇŜŜŘΣ ǊŜǎƻƭǳǘƛƻƴΣ ŀƴŘ ǎǘŀōƛƭƛǘȅ ŀƭƭ depend on 

improvements manufacturing precision of its constituents. For example, as cantilevers and scanners are 

miniaturized, the speed and stability of SPMs improves.  In Ando [36], a small scanner with a first 

resonance of 60kHz and small MEMS cantilevers with resonance frequencies from 450kHz to 650kHz 

were used to generate video rate (80ms/frame) images of samples to capture the motion of molecules.   

Progress in MEMS has had a profound impact on the SPM community, as a natural consequence of the 

laws of scaling that are discussed in Appendix A.   Micromachining technology has played a significant 

ǊƻƭŜ ƛƴ ǘƘŜ ǇǊƻƎǊŜǎǎ ƻŦ !CaΩǎΣ ǎƛƴŎŜ ǘƘŜ ǘƛǇ-sample interaction force is detected by the deflection of a 

cantilever beam.  The first micromachined cantilevers were built at Stanford [37] out of SiO2 and Si3N4.  

Today, single crystal silicon cantilevers based on a design presented in 1991 [38]  are most common.  In 

1993, atomic resolution AFM images were obtained using a cantilever with an integrated piezoresistive 

strain sensor [39].  The optimization of a piezoresistive cantilever for AFM is discussed in [40].  MEMS 

cantilevers with integrated optical gratings are discussed in [41].  The FIRAT probe is a micromachined 

membrane that is actuated electrostatically, and includes an integrated diffraction grating.  These 

gratings are illuminated by a laser, and the far-field patterns are measured with a photodetector.  

Cantilevers with integrated electrostatic actuation and capacitive detection are discussed in [42].  

Heated AFM probes for thermomechanical data storage and topology imaging were presented in [43] 

and [44].  A piezoelectrically transduced cantilever was presented in [45].  A MEMS-based ring resonator 

with integrated transduction and >1MHz natural frequency was discussed in [46].  Ultra-sharp tips can 

be integrated into silicon cantilevers with various methods, including oxide sharpening and anisotropic 

wet etching.   

Probes that have been developed to support other modes of SPM also enjoy the benefits of 

microfabrication.  A surface micromachined Polyimide thermocouple probe for SThM was presented in 
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[47].  A silicon micromachined probe for KPFM was presented in [48].  Probes for MFM are discussed in 

[49] and [50].  Several probes for SMM have been described in the literature as well [51], [52], [53], [54], 

[55], [56], [33].     

hƴŜ ŀǇǇǊƻŀŎƘ ǘƻ ƛƳǇǊƻǾƛƴƎ ǘƘŜ ōŀƴŘǿƛŘǘƘ ƻŦ {taΩǎ ƛǎ ǘƻ ǳǎŜ ŀ ŦƛȄŜŘ ŀǊǊŀȅ ƻŦ ǇǊƻōŜǎ ǘƘŀǘ ŀǊŜ ŎƻƭƭŜŎǘƛǾŜƭȅ 

scanned using a piezoelectric actuator.  In this configuration, the probe usually incorporates a sensor for 

tip-sample interaction measurements, since the laser-based beam-bounce technique is not amenable to 

ŀǊǊŀȅ ƻǇŜǊŀǘƛƻƴΦ  ! р Ȅ р ŀǊǊŀȅ ƻŦ !CaΩǎ ǿŀǎ ƛƳǇƭŜƳŜƴǘŜŘ ƛƴ ŀ {hL όǎƛƭƛŎƻƴ ƻƴ ƛƴǎǳƭŀǘƻǊύ ǇǊƻŎŜǎǎ 

incorporating piezoresistive sensing for each cantilever [57].  Data storage applications were 

ƛƴǾŜǎǘƛƎŀǘŜŘ ŀǎ ǇŀǊǘ ƻŦ ǘƘŜ άaƛƭƭƛǇŜŘŜέ ǇǊƻƎǊŀƳ ŀǘ L.a [58].  A PZT cantilever array with piezoresistive 

detection was reported in [59].  The Millipede represents the largest and densest 2-D array (32X32, 1024 

cantilevers) of AFM cantilevers to date.   Electrostatically [60] and electrothermally actuated dip-pen 

nanolithography arrays have also been reported.  Arrays of thermocouple probes were reported in [61]. 

A stand-alone single-chip AFM unit including an array of cantilevers with individual 1-DOF actuation, 

detection and control has been reported as well [62], [63].  It is important to note that all of these 

methods ultimately rely on a conventional AFM for scanning. 

Several attempts have been made to incorporate the scanning and sensing functions on-chip.  The first 

microfabricated STM device was a millimeter-scale piezoelectric multimorph with 3 DOF actuation, 

reported in [64].  This scanner achieved atomic resolution on an HOPG sample, with an impressive 20 

frames/second imaging bandwidth.   The maximum scan range of the device was ~45nm x 300nm x 

7500nm, and its stiffness in the tip-sample approach direction was 3N/m.  Another approach is based on 

the SCREAM (Silicon Crystal Reactive Etching And Metallization) process developed at Cornell.  The 

approach is based on high aspect ratio electrostatic comb drives for actuation and selective oxidation for 

the formation of tips and for lateral electrical isolation of suspended microstructures [65].  A scan range 

of 200nm x 200nm was reported, along with an image of a step feature on a grating structure.   Since 

these devices were intended for STM measurements, no sensors were required on the chips ς ie, they 

ŀǊŜ ŜȄŀƳǇƭŜǎ ƻŦ ǎŎŀƴƴŜǊǎ ƻƴƭȅΦ  Lǘ ƛǎ ǘƘŜǊŜŦƻǊŜ ƴƻǘ ǎǳǊǇǊƛǎƛƴƎ ǘƘŀǘ ǘƘŜǎŜ ǿŜǊŜ ǘƘŜ ŦƛǊǎǘ ƳƛƴƛŀǘǳǊŜ {taΩǎΦ  

¢ƻ ǘƘŜ ōŜǎǘ ƻŦ ǘƘŜ ŀǳǘƘƻǊΩǎ ƪƴƻǿƭŜŘƎŜΣ ƴƻ ƻǘƘŜǊ ƳƻŘŜ ƻŦ {ta ƻǇŜǊŀǘƛƻƴ Ƙŀǎ ōŜŜƴ ǊŜǇƻǊǘŜŘ ǿƛǘƘƻǳǘ ǘƘŜ 

use of a conventional SPM for scanning.  A 2-axis electrostatically driven kinematic stage with an 

integrated cantilever is discussed in [66]; the device does not incorporate a sensor, so imaging results 

were not achieved.  A 2-DOF probe with an integrated JFET was presented in [67]. A CMOS-MEMS probe 

with open-loop 3-DOF positioning and integrated force sensing was presented in [68].   
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2.3. CMOS-MEMS Processes 

There is a rich body of literature on various aspects of CMOS technology, including several texts on 

fabrication aspects [69],[70] .  Process technology from a MEMS perspective is also the subject of several 

texts and review articles [71], [72], [73].    By appropriately combining the deposition, lithography and 

etch steps in CMOS with those needed for MEMS, it is possible to fabricate an integrated microsystem in 

a single process sequence.  The devices we consider in this research are based on the co-fabrication of 

CMOS and MEMS, an area that is the subject of a number of commercial and academic research thrusts 

[74], [75].  A review of the development of CMOS-MEMS processes, with emphasis on strategies for 

robust co-integration, has been published by Fedder et. al. [76], and a book on the subject was 

published by Baltes et. al. [77]   Mansour [78] provides an exhaustive review of CMOS-MEMS technology 

applied to RF applications.     

When compared to conventional MEMS processes, the integrated approach offers several advantages.  

The excellent lithographical resolution in CMOS processes offers sub-micron minimum feature sizes that 

can be exploited by micromechanical structures.  The local integration of pre-amplifiers with 

piezoresitive, temperature or force sensing tips stands to improve the signal-to-noise ratio of the 

measurement.  Integrated electronƛŎǎ Ƴŀȅ ōŜ ǳǎŜŘ ǘƻ ƳǳƭǘƛǇƭŜȄ ǎƛƎƴŀƭǎ ǘƻ ŀƴŘ ŦǊƻƳ ǘƘŜ {taΩǎ ǘƻ ǊŜŘǳŎŜ 

Ǉƛƴ ŎƻǳƴǘΣ ǘƘǳǎ ŜƴŀōƭƛƴƎ ǘƘŜ ǇǊŀŎǘƛŎŀƭ ǊŜŀƭƛȊŀǘƛƻƴ ƻŦ ƭŀǊƎŜ ŀǊǊŀȅǎ ƻŦ {taΩǎΦ  ¢ƘŜ ǳƴƛǉǳŜ ŎŀǇŀōƛƭƛǘȅ ǘƻ 

integrate temperature and position sensors within actuators is used for closed-loop scanning operation.   

The development of CMOS-MEMS approaches can be broadly categorized into three process integration 

strategies:  MEMS-First processes, MEMS-Last processes, and MEMS in the CMOS Back End of Line 

(BEOL) stack (CMOS-MEMS processes).  These are the subjects of next sections.   

2.3.1   MEMS-First processes 

The earliest applications that leveraged the integration of released microstructures and integrated 

electronics were pressure sensors fabricated using a MEMS-first approach[79].  In this strategy most of 

the MEMS-specific fabrication steps were performed prior to the electronics fabrication steps with the 

exception of the final device release steps.  The release is typically the last process step since released 

microstructures would not withstand yield losses during standard semiconductor fabrication steps such 

as spin-coating of photoresist during the various patterning steps.  Single crystal silicon (SCS) was used 

as the structural material, from which a diaphragm was etched using a wet anisotropic etchant.  

Transistors, resistors and interconnections were present on the device side of the wafer for increased 
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signal transduction and reduced pin-count.  Both capacitive and piezoresistive approaches were 

implemented. 

In parallel with the pressure sensor development, a 10-mask process for micromachined silicon neural 

probes with integrated signal conditioning and multiplexing circuitry was also under development [80].  

A heavily boron-doped region were used as an etch-stop to define the probe geometry, and dielectric 

passivation layers are used to protect the electronics from the wet etch.  Recently, this process has been 

enhanced to fabricate wireless, RF-powered pressure sensors used to monitor arterial blood flow in 

what is considered to be one of the most sophisticated microsystems ever demonstrated [81]. 

MEMS-first processes consisting of more complex single crystal silicon microstructures combined with 

CMOS electronics have been enabled by the widespread availability of SOI wafers combined with the 

advent of DRIE processes for silicon [82].   In one early example, a DRIE step defined thick poly-Si 

structures over a buried oxide layer.  SCS was epitaxially grown in the surrounding area, and bipolar 

transistors and interconnects were subsequently defined [83].  The fabrication of thick SOI 

microstructures with integrated electronics was greatly facilitated by the introduction of a trench-refill 

isolation process [84], [85].  In this approach, a first DRIE step defines trenches that are refilled with 

oxide.  The wafer is then planarized prior to the CMOS fabrication steps.  Upon completion of the 

electronics, a second DRIE step defines the microstructures that are finally released when the sacrificial 

(buried) oxide is removed.  The SOI structures are left suspended from the walls of the isolation trench. 

Thin film polysilicon structures can also be integrated with electronics using the MEMS-first approach 

[86].  The strategy adopted here begins with the definition of a trench in which the MEMS devices are 

deposited using surface micromachining techniques.  The trench is then filled with a sacrificial oxide, 

and the wafer is planarized prior to CMOS fabrication.  A final release step results in suspended 

microstructures that reside in the trench. 

A desirable feature of MEMS-first approaches is for the MEMS devices to be released and encapsulated 

prior to the fabrication of electronics.  This strategy prevents the CMOS from being exposed to the 

MEMS release steps, while protecting the released MEMS devices from subsequent CMOS processing.  

This feature has been implemented using LPCVD (conformally deposited) oxide or polysilicon to seal the 

holes in a shell that encapsulates the released MEMS device [87], and has yielded extremely stable 

resonators [88]Φ  aƛŎǊƻǎƘŜƭƭ ŜƴŎŀǇǎǳƭŀǘƛƻƴ ǿŀǎ ŦƛǊǎǘ ŘŜƳƻƴǎǘǊŀǘŜŘ ƛƴ ǘƘŜ ƭŀǘŜ мфулΩǎ ǳǎƛƴƎ ŜǇƛǘŀȄƛŀƭ 
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silicon growth to seal a microresonator in vacuum, and several alternative approaches have been 

implemented [89].  

2.3.2  MEMS-Last Processes 

An alternate approach to the integration of CMOS and MEMS involves surface micromachining of the 

structural layers after completion of the CMOS back-end-of-line (BEOL) process steps.  This strategy is 

truly modular and should be compatible with any IC fabrication process.   Process options such as thick 

metallization for integrated RF passives have been available to designers for many years; MEMS-last 

processes are intended to have as negligible an impact on the CMOS front-end process as an additional 

interconnect layer.  This way, circuit designs do not need to be modified.  Storage [90] and display [91] 

applications have leveraged this process integration strategy.  The damascene approach, commonly 

used in CMOS BEOL processes, has also been used to manufacture MEMS devices [92] and is being 

commercialized by companies like Microfabrica to enable prototyping of complex three-dimensional 

geometries using a variety of structural materials.  This approach eliminates surface topology that would 

result from conformal deposition processes, and allows for many layers to be fabricated reliably as long 

as stress effects can be mitigated. 

The primary constraint in MEMS-last processes is the thermal budget of the MEMS process.  Although 

the CMOS transistors can withstand significant thermal processing, the metal interconnect layers suffer 

from increased contact/via resistance due to thermal stress and annealing effects.  For a 0.25m˃ 

process, a thermal budget limit of 10 h at 425 °C has been demonstrated [93].  For a 0.35˃m process it 

was shown that the CMOS could tolerate up to 90 minutes at 525 °C [94].  Another constraint is the 

selection of a sacrificial material, since the CMOS passivation materials may be attacked in the release 

process.  For instance, if SiO2 is used as a sacrificial material to be etched with HF, the intermetal 

dielectric and passivation layers such as SiNx and polyimide would be attacked as well.  Some alternative 

sacrificial materials are photoresist, polyimide, germanium and molybdenum.   

The selection of structural materials varies by application.  In the case of DLP technology, a metal (Al) 

structural layer with desirable optical properties was selected [91].  Gold has also been used for RF-

switch applications and is being studied as a structural material for applications requiring low loss at 

high frequencies [78]. Piezoelectric materials have been integrated on top of the CMOS stack for RF 

applications such as surface acoustic wave (SAW) mechanical filters, thin-film bulk acoustic resonators 

(FBARs) or bulk acoustic wave (BAW) resonators [95], [96].  Zinc-oxide piezoelectric films have been 
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shown to be compatible with CMOS processing, as demonstrated in an early multisensor chip [97].  

Amorphous silicon (a:Si) devices have been integrated with CMOS in a MEMS-last approach using low-

temperature LPCVD [98] and PECVD [99].  In order to improve electrical conductivity, the LPCVD 

material was encapsulated in titanium-tungsten.  PECVD a:Si technology has been developed to deposit 

transistors on plastic substrates at temperatures as low as 100 ºC.  Polysilicon MEMS devices have also 

been deposited at high temperatures.  The CMOS BEOL process had to be modified to withstand the 

high thermal budgets involved and unfortunately this approach resulted in unreliable source-drain 

contacts [100].  Polycrystalline germanium and polycrystalline silicon-germanium films were introduced 

ŀǎ a9a{ ǎǘǊǳŎǘǳǊŀƭ ƳŀǘŜǊƛŀƭǎ ǘƘŀǘ ŎƻǳƭŘ ōŜ ŘŜǇƻǎƛǘŜŘ ŀǘ ƭƻǿ ǘŜƳǇŜǊŀǘǳǊŜǎ ƛƴ ǘƘŜ ƭŀǘŜ мффлΩǎ ŀǎ ǿŜƭƭ 

[101].  Several other structural materials such as silicon nitride [102], vanadium oxide [103],  polymeric 

structural materials [104], and carbon nanotubes [105] have been integrated with CMOS using the 

MEMS-last strategy. 

2.3.3  MEMS in the BEOL CMOS Stack (CMOS-MEMS) 

The existing materials in the CMOS metal-interconnect stack can be used as a structural material for 

MEMS devices, as was initially demonstrated in 1988 [106].  By stacking the via-cuts and omitting the 

underlying metal layers, an opening could be made in the dielectric stack all the way down to the 

substrate.  A timed wet etch was then performed on the substrate in order to release devices.  This 

process resulted in monolithic mechanical structures that could contain multiple electrically isolated 

metal layers in addition to gate and capacitor polysilicon.  Early applications that utilized this integration 

strategy include thermal micro-hotplates with embedded polysilicon resistive heaters for chemical 

sensors [107] and infrared detectors with polysilicon/aluminum thermopiles [108].   

Design rules in conventional CMOS processes do not allow the via-cut approach since they enforce fixed-

size vias that must be overlapped by interconnect metal.  A method introduced in 1996 [109] involved 

post-CMOS reactive ion etching of the dielectric stack and obviated via cuts through the use of the 

uppermost exposed metal layer as a mask.  This method has been used on scaled CMOS down to the 

0.18µm node with aluminum and copper interconnects, and is illustrated below in Figure 1.  The process 

is available through multi-wafer prototyping services with reasonable pricing and turnaround times.  

One variant of this process includes the addition of microfluidic channels in the BEOL layers by removing 

the metal with a liquid etchant [110].  Another enhancement incorporates the CMOS silicon substrate 

into microstructures.  The most recent example of this approach made use of silicon DRIE to make bulk 

CMOS-MEMS.  Front-side dielectric RIE defined etch pits to the substrate and backside DRIE was used to 
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thin the wafer to a ~40µm target thickness in selected areas [111].  This process allows the designer to 

mitigate stress-induced curvature of the BEOL layers by reinforcing plate structures with an SCS backing. 

In this research, we have adopted a CMOS-MEMS process flow that includes a backside window through 

the use of diced grooves using a conventional dicing saw, or trenches using a laser dicing process.  One 

advantage of this approach is its simplicity ς a 2-step, maskless process is used to define structural layers 

and perform the release.  Chips are shipped with the backside grooves already defined by dicing.  

Furthermore, the BEOL layers in a standard foundry CMOS process contain significantly more options 

than conventional bulk or surface micromachining processes.  For instance the designer can define a 2 

µm wide beam structure that contains a piezoresistive position sensor, a temperature sensor, a resistive 

heater, an actuator, and multiple electrically isolated signal lines.  This level of integration is of great 

utility in the design of SPM instrumentation and is uniquely available in CMOS-MEMS processes.   

 

Figure 1: The ASIMPs (Application Specific Integrated MEMS Processes) CMOS-MEMS process results 
in released microstructures suspended over a cavity in the substrate.  b) An accelerometer fabricated 
with the CMOS-MEMS process. 

 

The disadvantages of the process include run-to-run and die-to-die variations in material properties such 

ŀǎ ǎǘǊŜǎǎΦ   {ǘǊŜǎǎ ǊŜŘǳŎǘƛƻƴ ƛƴ ƴŜǿŜǊ ǇǊƻŎŜǎǎŜǎ όуέ wafers and beyond) combined with design patterns 
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to compensate for stress-induced curvature are used to mitigate this issue.  Another issue is the 

turnaround time for receiving released devices ς although 3 months is reasonable for a process of this 

complexity, it is often extended to 4 months and impacts the design cycle significantly.  Many foundries 

are beginning to offer CMOS-MEMS process options for the first time and several iterations will be 

required to identify issues and achieve consistently high yields for a given device.   

2.3.4  CMOS-MEMS for Single-Chip SPMs 

Chip-scaled SPM instruments rely on the concerted operation of various sub-components, each of which 

exploits a range of material properties.  In this section, we illustrate that every aspect of the design of a 

CMOS-MEMS SPM leverages the material properties offered by the process, and conclude with some 

remarks about the values of the material properties in question.   

Coefficient of thermal expansion: Electrothermal bimorph actuation is used to position the tip in three 

ŘƛƳŜƴǎƛƻƴǎΦ  ¢ǿƻ ƳŀǘŜǊƛŀƭǎ ǿƛǘƘ ŘƛŦŦŜǊŜƴǘ ŎƻŜŦŦƛŎƛŜƴǘǎ ƻŦ ǘƘŜǊƳŀƭ ŜȄǇŀƴǎƛƻƴ ό/¢9Ωǎ ƻǊ ʰύ ŀǊŜ ǊŜǉǳƛǊŜŘΦ  

The larger the difference, the better the performance of the actuator.  A figure of merit for the material 

selection in single material electrothermal actuators has been expressed in [112]Υ ChaҐˋκƪ9Σ ǿƘŜǊŜ ˋ ƛǎ 

ǘƘŜ ǘƘŜǊƳŀƭ ŜȄǇŀƴǎƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘΣ ƪ ƛǎ ǘƘŜ ǘƘŜǊƳŀƭ ŎƻƴŘǳŎǘƛǾƛǘȅΣ ŀƴŘ 9 ƛǎ ǘƘŜ ¸ƻǳƴƎΩǎ aƻŘǳƭǳǎΦ 

Sheet Resistance: The resistive material that is used for joule-heating in actuators should have 

appropriate sheet resistance.  The value of the resistor determines the amount of voltage that is 

required to drive the actuator.  CMOS compatible voltages are desirable, since the drive circuitry can be 

implemented on-chip.  At a fixed voltage, a lower value resistor will generate more heat because Joule 

heating process is a function of power, and P= V2/R.  In addition, the resistance of a sensor impacts its 

noise performance, as will be shown in Chapter 5.  

There are conflicting constraints on the temperature coefficient of resistivity (TCR).  For joule-heating, 

ǘƘƛǎ ǾŀƭǳŜ ǎƘƻǳƭŘ ōŜ ŀǎ ƭƻǿ ŀǎ ǇƻǎǎƛōƭŜ ǘƻ ǇǊŜǾŜƴǘ άǘƘŜǊƳŀƭ Ǌǳƴŀǿŀȅέ ŎƻƴŘƛǘƛƻƴǎ ŀƴŘ ƴƻƴƭƛƴŜŀǊƛǘƛŜǎ ƛƴ 

the transfer function of the actuators, which will be discussed in Chapter 5.  However, for the purpose of 

resistive temperature sensing, this value should be maximized. 

The Seebeck coefficient gives rise to a temperature-related voltage at the junctions between different 

conductors.  This quantity should be maximized for temperature sensitivity in SThM, but minimized to 

mitigate thermal noise in sensors.  A figure of merit for thermopower in materials is given in [113], 

x=S2κˁˊΦ 
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The piezoresistivity of a material should be maximized to sense strain in a beam for application in AFM.  

In other types of sensors, a low piezoresistivity may be desirable to suppress strain-induced drifts.   

Both dielectric and conductive materials are needed in order to route signals to sensors and actuators in 

a chip-scaled instrument.  The dielectric materials should have low leakage currents, high breakdown 

voltages, and good mechanical properties if they are to be used as structural materials.  The conductors 

should have low resistance and good mechanical properties.   

¢ƘŜ ¸ƻǳƴƎΩǎ aƻŘǳƭǳǎ ƛǎ ŀƴ ƛƳǇƻǊǘŀƴǘ ƳŜŎƘŀnical material property that influences the stiffness of a 

ōŜŀƳ ŀƴŘ ƘŜƴŎŜ ƛǘǎ ƴŀǘǳǊŀƭ ŦǊŜǉǳŜƴŎȅΦ  !ƭǘƘƻǳƎƘ ŀ ƘƛƎƘ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ƛǎ ŘŜǎƛǊŀōƭŜ ƛƴ ǎƻƳŜ ŀǎǇŜŎǘǎ ƻŦ 

the design of chip-ǎŎŀƭŜŘ {taΩǎΣ ƛǘ ƭƻǿŜǊǎ ǘƘŜ ŀŎǘǳŀǘƛƻƴ ǊŀƴƎŜΦ  ¢ƘŜ ǊŜƭŀǘƛǾŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ of 

ƳŀǘŜǊƛŀƭǎ ƛƴ ŀ ōƛƳƻǊǇƘ ƛǎ ǳǎŜŘ ǘƻ ǎŜǘ ǘƘŜ ƎŜƻƳŜǘǊƛŎ Ǌŀǘƛƻ ƻŦ ǘƘŜ ƭŀȅŜǊǎΦ  LŦ ǘƘŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭƛ ŀǊŜ ǘƘŜ 

same, both materials can be designed to have the minimum feature size in the case of a lateral actuator.   

The thermal conductivity ‖ affects thermal time constants related to heating or cooling a volume of 

material.  Insulating materials are needed to reduce power consumption at the expense of bandwidth.  

The opposite is true for conductive materials.  The specific heat capacity ὧ of a material has the 

opposite effect; it is proportional to the amount of heat required to raise the temperature of the 

material.  The thermal diffusivity combines these material properties Ὀ ‖Ⱦ”ὧ, and may be thought of 

as a thermal analogy to an RC time constant.   

A native oxide layer grows on many materials under ambient conditions.  Noble metals are an exception, 

and are desirable for applications that require conductive junctions like ohmic contacts for probing, or 

STM tips.  CMOS process do not generally offer noble metals as an option.  

Electrical noise in semiconductors is a multivariable effect.  The resistivity, size, and cleanliness of an 

electrical resistor all contribute to the noise spectrum of an electrical resistor. 

The residual stress in deposited materials should be kept low in order to mitigate out-of-plane deflection 

and buckling of flexures and actuators that are intended to operate in-plane.  However, stress gradients 

are useful in the self-assembly of out-of-plane actuators.   

Table 2 is a list of these material properties, along with their values in several MEMS processes.   
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Table 2: Material Properties Available in a CMOS-MEMS Process 

Design Feature Material Property 
Range of Values in CMOS-MEMS 

Processes 

Lateral and vertical bimorphs /¢9Σ ʰ  
1
 !ƭΥ ноΦмΣ hȄƛŘŜΥ лΦрΣ ²ΥпΦр   ϝ˃ Y

-1
 

Vertical bimorphs wŜǎƛŘǳŀƭ {ǘǊŜǎǎΣ ˋ0  
2
 

Oxide: -485 to +250, Al: +73 to 

+232, Poly: -583 to +203    Mpa 

Lateral Flexures, Resonant Cantilevers Youngs Modulus E  
3
 

Si: 155-180, Poly: 130-175, Al: 69, 

Oxide: 57-70  *Gpa 

Lateral Flexures, Lateral Actuators Aspect Ratio
4
 Up to 10:1 (released) 

Resistive heater Resistivity
5
 0.76 to 90   *10

-3 
ʍ ŎƳ 

Resistive Thermometer TCR
6
 -5.0 to +4.38   *10

-3
/K  

Thermocouple (Seebeck) Sh 

Poly: -366.9 to +380, Al: -1.7    

ϝ˃± Y
-1 

Integrated Piezoresistor Gauge Factor, GF Poly: 5-мт tta ʶ
-1 

Dielectric structural layer (isolation) Dielectric Breakdown Voltage 
7
 Intermetal, >200V, Gate: >9V 

Thermal shunt path, isolation path ¢ƘŜǊƳŀƭ /ƻƴŘǳŎǘƛǾƛǘȅ ˁ
8
,
9
 

Oxide: 0.5 to 1.5, Poly: 18 to 45.6,  

Al: 237, W: 174,   *W m
-1
 K

-1
 

Sharp, Conductive tips Native Oxide All materials have native oxide 

Electrothermal actuators ±ƻƭǳƳŜǘǊƛŎ IŜŀǘ /ŀǇŀŎƛǘȅΣ ˊŎ 
Al: 2.4. Oxide: 1.25 to 1.5    

*10
6
 K m

-3
 K

-1
  

Bulk Piezoresistor Piezoresistive coefficient 
4̄4:p-Si:62 to 138, n-Si:-19 to -9.7 

1̄1:n-Si,-38 to 102.2 p-Si,1.1 to 6.6  

 

                                                           
1
 A large difference in CTE causes a greater bending moment upon heating 

2
 Residual stress is needed to generate a self-assembled out-of-plane displacement.  This is required for the tip to 

engage the sample in one type of approach. 
3
 A ƘƛƎƘ ¸ƻǳƴƎΩǎ aƻŘǳƭǳǎ ƛƳǇǊƻǾŜǎ ǘƘŜ ƻǳǘ-of-plane stiffness of lateral flexures and increases the resonant 

frequency of cantilevers 
4
 A high aspect ratio increases the linear range of flexures and prevents out-of-plane buckling under moderate 

loads 
5
 The resistivity determines whether the desired heater resistance can be obtained in a reasonable footprint 

6
 The TCR of a resistive heater should be low to avoid thermal runaway and non-linearity in the transfer function of 

the actuator 
7
 A structural insulating material is critical as it allows for electrical routing throughout the instrument to various 

sensors and actuators 
8
 ! ƳŀǘŜǊƛŀƭ ǿƛǘƘ ƘƛƎƘ ǘƘŜǊƳŀƭ ŎƻƴŘǳŎǘƛǾƛǘȅ Ŏŀƴ ōŜ ǳǎŜŘ ǘƻ ǇǊƻǾƛŘŜ ǘƘŜǊƳŀƭ ǎƘǳƴǘ ǇŀǘƘǎ ŦǊƻƳ άƘƻǘ-ǎǇƻǘǎέ ǘƻ ǘƘŜ 

substrate, and reduce thermal coupling to nearby sensors 
9
 A material with low thermal conductivity can be used to thermally isolate structures from one another, or from 

the substrate (to improve efficiency at the cost of bandwidth) 
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In addition to material properties, there are constraints on the device geometry.   

The device thickness has profound impacts on performance.  A thin layer is useful to concentrate stress 

in piezoresistive regions.  Thick layers are used to improve out-of-plane stiffness and to suppress curling 

effects. 

The layer-to-layer registration is critical in the design of lateral bimorph actuators.  Several layers must 

be aligned in order to generate a common thermal moment to deflect a beam. 

The minimum feature size of a released structure has profound consequences, as it bounds the scaling 

factor and the aspect ratio that can be achieved.  The aspect ratio of structures in a MEMS process is of 

fundamental importance in the design of flexures.  A high aspect ratio enables in-plane flexures with 

appreciable linear ranges, and also suppresses buckling effects.   

To summarise, the design of single-chip SPMs exploits a range of material properties and features that 

are available in CMOS-MEMS processes.  However, there is an important caveat: none of these 

properties are optimized with SPMs in mind.  The goal of a CMOS process is to improve the quality and 

yield of CMOS electronics, which are intended to perform consistently over a wide range of temperature 

and be insensitive to strain from packaging.  These requirements dictate a low TCR and gauge factor.  

The residual stress in CMOS processes must be lowered to mitigate bowing issues as wafer sizes scale 

upwards.   These are examples of CMOS requirements that are in contradiction with the needs of single-

chip SPMs.  Furthermore, the values that are tabulated above are not all available in a single process.  

They represent the overall range that is available in a variety of MEMS processes, as measured and 

presented in [77].  Thus, although piezoresistivity, a Seebeck coefficient, some residual stress and a TCR 

are all available for the MEMS designer to exploit, none of these values are comparable to those 

obtained in a process that has been optimized for sensing these effects.  This reality contributes 

challenges to the design of CMOS-MEMS SPMs.  

2.4. Micro-Scale Actuators 

Actuators enable MEMS to perform physical functions and interact with their environments by altering 

geometry at the micron scale; they are the point at which energy is converted into force and motion.  In 

most cases, an input is converted from the electrical domain to a non-electrical output signal in the 

radiant, magnetic, thermal, mechanical, or chemical domains.   
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In the design process of a microsystem that incorporates actuation several parameters are specified, 

including: output force, displacement, rise-time, power consumption and overall size.  Some metrics 

that have been used to evaluate existing techniques include the maximum strain that can be produced 

by the transduction mechanism, and the maximum work-to-volume ratio that can be attained.  The 

designer must consider all actuators that satisfy the design constraints and make the optimal selection. 

Reviews of existing actuator techniques have categorized and discussed their driving principles [114], 

[115].  Here we briefly discuss transduction principles, and evaluate and compare the performance of 

the actuators.   

Common electrothermal methods of actuation include bimorph actuators (single and multi-material), 

bent-beam or chevron actuators [116], [117], topology optimized structures, and various types out-of-

plane actuators [118], [119]. These devices are further discussed in later sections as they were selected 

for the SPM implementations that are the focus of this research. 

 The volumetric expansion associated with phase changes in materials has been exploited in a large 

number of MEMS actuators.  Microactuation using thermally driven phase changes to induce volume 

expansion has been shown to generate high forces in small volumes; both liquid-air and solid-liquid 

material systems have been explored [120], [121].  Both devices make use of resistive heaters to induce 

the phase transformation, and a flexible membrane to enclose the material while allowing 

displacements.   

Another means of actuation that makes use of phase transformations is the shape memory effect, which 

is exhibited by shape memory alloys (SMA) such as TiNi [122], [123].  This thermally induced crystalline 

transformation between a ductile (Martensitic) phase and a high strength (Austenitic) phase has been 

harnessed in MEMS with the use of thin film deposition techniques such as dual target sputtering.  It is 

important to note that at the micro scale, the limiting factor in the response time of these devices is not 

the thermal mass, but rather the time constant associated with the phase transformation.  

Nevertheless, some benefits of scaling are still evident, such as reduced power consumption.  SMA 

devices exhibit some of the highest work-to-volume ratios among micro-actuators.  In the design of SMA 

actuators, a restoring force must be integrated in order to deform the device while it is in the 

martensitic phase to prepare for the next cycle of operation. 
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Optical actuation using photo-induced phase transition materials such as polydiacetylene can exhibit 

significant induced strains [124].   The resulting bimorph-like actuation can generate forces and 

displacements, but with limited efficiency. 

Thermopneumatic actuation based on volumetric expansion in a single phase has been used to produce 

valves that can sustain differential pressures of ~1MPa [125]Σ ǿƛǘƘ CƭǳƻǊƻƛƴŜǊǘ ϰ ƭƛǉǳƛŘ ŀǎ ǘƘŜ ǿƻǊƪƛƴƎ 

material. 

Photothermal actuation achieves localized heating with incident light that is focused onto a radiation-

absorbing microstructure [126].  A large surface area is typically required to convert optical energy from 

a focused beam into thermal energy, and this reduces the work/volume ratio.  The conversion process is 

reported to have an efficiency of ~50% due to Fresnel reflection losses and mismatches between the 

laser wavelength and finite absorption peaks of the material.   

Actuators based on electrostatic principles incƭǳŘŜ ǎŎǊŀǘŎƘ ŘǊƛǾŜ ŀŎǘǳŀǘƻǊǎ ό{5!Ωǎύ [127], [128] comb 

drives [129], [130], parallel plate designs [131],[132] membrane deformation actuators [133], [134],  S-

shape flexures [135], distributed force actuators [136], [137], and torsional/gimbaled actuators [138].   

The SDA can produce high forces over large distances due to the untethered nature of the device; 

however, the lifetime of the device is severely limited to ~600 mm of travel due to the quality of thin 

films that are used to electrically isolate the substrate from the device layers, as well as catastrophic 

failure due to stiction caused by tribocharging.  The work-to-volume ratio of these devices is the same as 

parallel plate devices, since the field geometry is similar.  Distributed force actuators such as the 

integrated force array can produce larger displacements at the expense of a higher volume.  Although 

the work-to-volume ratio of comb-drives is moderate, their resonant amplitude, efficiency, and 

frequency of operation make them suitable for many applications that do not require mechanical work, 

such as accelerometers, optical devices and RF devices.  Finally, the torsional actuator is used in 

micromirror arrays incorporated in commercial products such as projection displays.  The lifetime of the 

mirrors exceeds billions of cycles, and switching speeds are on the order of milliseconds.   

Impact drive mechanisms [139], [140], [141] and electromagnetic actuators [142], [143] have been 

implemented at micron scales as well.  Magnetically anisotropic materials such as nickel-iron films and 

polymer magnets can be electroplated or otherwise deposited onto microstructures and subsequently 

actuated by external fields [144], [145].  Magnetostrictive materials experience strains when an external 
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magnetic field is applied.  The strains that are produced by this phenomenon have been used to deflect 

a bimorph [146], [147], [148].  

Table 3 has been adapted from Krulevitch [123], Carlen [121], and Fujita [114] in order to quantitatively 

compare the various actuation methods and provide some additional details.  When actuators are 

designed to do mechanical work, a useful figure of merit is the work per unit volume, W.  The static 

displacement and force exerted by an actuator are used to calculate work, and divided by the volume 

occupied by the device.  Resonant motion amplitude is not considered since the actuator is intended to 

bear a load.  It should be noted that for many RF and optical applications of MEMS, the frequency of 

operation is critical and a resonant mode of operation is desired, since the interaction with 

electromagnetic fields does not load the actuator.   

The properties of CMOS-MEMS materials support various electrostatic, electrothermal, and 

electromagnetic actuation options.  Among these options, only electrothermal and electromagnetic 

actuators can provide the desired displacements at CMOS-compatible drive voltages.  Electromagnetic 

actuators made of CMOS-MEMS materials require an external magnetic field.   Thus, among all types of 

MEMS actuation, the requirements for integration are uniquely possessed by electrothermal actuation.   

This research employs lateral and vertical thermal bimorph actuators comprising aluminum and silicon 

dioxide as the driving materials.  An important advantage of this approach is its low voltage 

requirement, which is suitable for CMOS integration; on-chip circuits can provide the voltages (<5V) and 

currents (>1mA) that are needed.  Another consideration is that the available materials for 

electrothermal actuation have favorable properties.  Al and SiO2 have ǎƛƳƛƭŀǊ ¸ƻǳƴƎΩǎ aƻŘǳƭƛΣ ŀ ƭŀǊƎŜ 

difference in thermal expansion coefficients, and a large difference in thermal conductivity.  The 

implications of these properties will be emphasized in Chapter 3.    

The lateral electrothermal actuators used in this work can provide a large (20µm) static displacement; 

this quantity impacts the achievable scan-range of the SPM.   With the use of certain design patterns, 

the out-of-plane actuators can achieve >40 µm range.  The out-of-plane range of motion sets the 

maximum vertical elevation of sample features that can be imaged.  Since the vertical range scales with 

the square of length (L2), while the stiffness scales with 1/L3, there is a tradeoff between range and 

stiffness.  It is common to combine several vertical actuators in parallel to increase stiffness while 

maintaining the same range of motion.  The position resolution of the actuator is also inversely related 

to its range of motion.  This has profound consequences on the operation of the instrument.  A high 

speed, high resolution instrument requires a stiff actuator with limited vertical scan range.  At the  



 25 

Table 3: Comparison of Actuators by Transduction Type 

Actuator type Implementation Details Work-per-volume 
equation 

W/V (J/m
3
) Frequency of 

operation (Hz) 

Phase Change Solid-liquid ρ

σ

Ўὠ

ὠ
‖ 

1.0 x 10
7
 1 

Liquid-vapour ρ

σ

Ўὠ

ὠ
‖

 
2.03 x 10

4 
 

Austenite-Martensite „Ͻ‭ 2.5 x 10
7
 75 

Austenite-Martensite „Ͻ‭ 6.0 x 10
6
  

Microbubble ὊϽ‏

ὠ
 

3.4 x 10
2
 100 

Optically induced „Ͻ‭ 4.74 x 10
1
  

Thermopneumatic External pump source ὊϽ‏

ὠ
 

1.2 x 10
6
 5 

Thermal Single material 
expansion 

ρ

ς
Ὁ‌ϽɝὝ  

4.6 x 10
5
  

Bimorph ρ

ς

ὑ Ͻ‏

ὠ
 

4.0 x 10
4
  

Optically heated ρ

ς
Ὁ‌ϽɝὝ  

4.74 x 10
1
  

Electromagnetic Ideal ὓ ϽὃϽ‏

ς‘Ͻὠ
 

4.0 x 10
5 

1 x 10
5 

Permalloy ὓ ϽὃϽ‏

ς‘Ͻὠ
 

2.8 x 10
4 

2 x 10
2 

Solenoid ὔ

ὠ
 

1.6 x 10
3
 1 x 10

3 

Magnetostrictive Cylinder σ

ς

‗„

ὠ
 

1.0 x 10
7 

1 x 10
3 

Electrostatic Parallel plate, SDA ‐ὺὃ‏

ςὫὠ
 

1.8 x 10
5 

1 x 10
5 

Comb drive ‐ὺὰ‏

Ὣὠ
 

3.4 x 10
3 

1 x 10
4 

Integrated force array ‐ὺὃ‏

ςὫὠ
 

7.0 x 10
2 

2.5 x 10
4 

Piezoelectric PZT ρ

ς
Ὠ Ὁ Ὁ 

1.2 x 10
5 

1 x 10
6 

Zno ρ

ς
Ὠ Ὁ Ὁ 

1.8 x 10
2 

1 x 10
7 

Muscle  ὊϽ‏

ὠ
 

1.8 x 10
4 

5 

 
╥: material volume 
Ў╥:   change in material volume 
ⱥ:  bulk modulus 
Ɑ:  mechanical stress 
:ꜗ  is the mechanical strain 
╕: external driving force 
♯: displacement under actuation 
╔: ¸ƻǳƴƎΩǎ aƻŘǳƭǳǎ 
♪: coefficient of thermal expansion 
╣: temperature change 
╚╫░□▫►▬▐: bimorph stiffness 

 
╜╢: permanent magnetic bias 
═: electrostatic electrode area 
Ⱨ: permeability 
╝: number of turns 
ⱦ╢: magnetostriction 
Ⱡ: permittivity  
○: voltage potential 
▌: gap between electrostatic electrodes 
■: electrostatic electrode width 
▀ : piezoelectric coefficient 
Ὁ: electric field 
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system level, the vertical scan range of the device places a constraint on the position resolution of the 

coarse approach mechanism.  In addition to the aforementioned qualities, electrothermal actuators also 

enjoy small footprints and ease of fabrication in a CMOS-MEMS process.   

This work relies heavily on the performance of electrothermal actuators.  The final geometry of a given 

design is influenced by a range of constraints, including: range of motion, mechanical bandwidth, 

stiffness, operating temperature, position resolution, power efficiency, footprint, sensitivity to thermal 

crosstalk, and sensitivity to external vibrations. A model of the electrothermal actuator should therefore 

be capable of predicting these quantities, and their sensitivity to design parameters.  Appendix B  

provides a review of the methods that have been used by various authors to capture the behaviour of 

electrothermal actuators.  Chapter 3 provides an overview of the lumped element models that have 

been developed over the course of this work.  
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Chapter 3. Development of Coupled Electrothermomechanical Models 

This section develops models that predict quantities in the electrical, thermal and mechanical domains 

for various components of chip-scaled scanning probe microscopes.  Each of the many parts of a chip-

scaled SPM has performance specifications that are influenced by effects in these three domains.  To 

build a model for a single element, one must consider solutions of the constitutive equations in each 

domain, and the nature of the coupling between domains (intra-domain coupling).  The components are 

further interconnected to one-another in various ways; the SPMs consist of many elements that are 

coupled within each of the domains (inter-domain coupling).  In this chapter, lumped element models of 

various components are developed using analytical expressions in Appendix B as a starting point.  When 

a lumped element model fails to capture important distributed effects, the models are enhanced.  The 

models are then interconnected to shed light on how the coupling between elements impacts device 

performance.  A comprehensive model of the SPM therefore seeks to capture the interplay of the 

components within various domains; the model ultimately serves to guide the design process to 

enhance the desired effects and suppress the parasitic ones.   

Every component of the CMOS-MEMS SPMs can be modeled using lumped element equivalent circuits 

according to the principles described by Senturia [149].  In the electrical domain, the use of the ὩO ὠ 

convention implies that the voltage is the across variable, and the current is the through variable.  In the 

mechanical domain, the ὩO ὠ convention implies that the force is the across variable, and the velocity 

is the through variable.  In a circuit representation, a capacitor replaces the compliance of the spring 

that stores potential energy, while an inductor is the analog of the mass that stores kinetic energy.  The 

effort and flow variables are conjugate power variables, meaning that their product in a given circuit 

element is equal to the power in that element.  In the thermal domain, the thermal convention implies 

that the temperature is the across variable, and the heat current is the through variable.  A thermal 

capacitor stores heat energy, and a thermal resistor represents the reciprocal of thermal conduction.  

The effort and flow variables in the thermal convention are not conjugate power variables, so one must 

use the heat energy to keep track of energy flow. 

This chapter begins with a discussion of the components of a CMOS-MEMS SPM.  For each component, 

the dominant effects contributing to device performance are first identified from analytical expressions, 

and then directly incorporated into a lumped-element representation.   Experimental results are the 

most quantitative way to evaluate these devices, followed perhaps by Finite Element Analysis (FEA), 

both of which were heavily used over the course of this work.   However, it is often the most simplistic 
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model with a minimal set of parameters that can provide the required insight to guide the design 

process.  The focus of this chapter is to develop such models and to elucidate the effects that contribute 

to and detract from the performance of single-chip SPMs. 

3.1.   Components of a CMOS-MEMS SPM 

 
At a glance, while a CMOS-MEMS SPM is scanning a sample, the nature of each distinct building block in 

the instrument is obscured by its monolithic construction undergoing continuous, coordinated flexural 

deformations.  The behaviour of such a system, simultaneously responding to a multitude of inputs and 

generating a multitude of outputs, would be difficult to capture in a single continuum model.  In fact, 

the meshing process alone for such a device could take several hours.  The problem becomes tractable 

when it is divided into various sub-components that are each intended to serve a single purpose.   

The elements of a scanning probe microscope that are modeled in this work are:  self-heated resistors, 

lateral quasi-static electrothermal actuators, flexural suspensions, thermal shunt paths and thermal 

isolation paths, vertical dynamic electrothermal actuators, resistive and thermocouple-based 

temperature sensors, flexural resonant cantilevers, and piezoresistive strain sensors.  The last two 

components in this list are used in conjunction to produce the effects that are the focus of Chapter 4, so 

their modeling is deferred to the next chapter. 

A description of the model development for each component follows.   

3.2. Self-Heated Resistor 

Joule heating that occurs in self-heated resistors is the source of power for all of the actuators used in 

this work.  The heaters are treated as localised sources of heat, and their placement within the actuator 

influences the time and position dependent temperature distribution.   Because the polysilicon material 

used in CMOS processes possesses a TCR, the local temperature influences the electrical resistance.  This 

is a source of feedback from the thermal domain to the electrical domain, and it results in a non-

linearity in the voltage-to-position transfer function of the device.  A more significant non-linearity 

stems from the fact that the heat power is proportional to the square of the voltage input.  Both of 

these effects are captured in the lumped element model.   

3.2.1    Electrical Model 

The electrical domain representation of the resistor is simply a voltage source and two resistors.  The 

first resistor value is the room-temperature value of the polysilicon resistor that is embedded within an 
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actuator.  The second resistor value captures the temperature dependence of the polysilicon material.  

A circuit diagram of the electrical domain representation is shown in Figure 2.   

 

Figure 2: Electrical Domain Representation of a Self-Heated Resistor  

3.2.2  Thermal Model 

The full analytical solution of the heat equation in the thermal domain reveals the temperature 

distribution in the resistor.  The heat conduction problem is solved with a spatially constant source term 

that represents Joule heating, fixed temperature boundary conditions that represent conductive cooling 

to the substrate, and a temperature-dependent sink term that represents convection to the 

atmosphere.   

For the development of compact models, the time-dependent temperature distribution in a self-heated 

resistor may be calculated using several methods.  One approach is to discretize the one-dimensional 

heat equation using finite difference methods.  In the DC steady-state, a network of resistors may be 

used to model heat conduction.  This approach reveals the steady-state temperature distribution, but 

does not capture the thermal time constant of actuators under quasi-static operation.  With the addition 

of heat source elements (voltage sources) and heat capacity elements (capacitors), a large number of 

elements may predict the temperature distribution and frequency response.  Yet another approach is to 

calculate the impulse response of the heater, expressed in terms of eigenfunctions that match the 

boundary conditions.  A lumped RC circuit and impulsive source can represent each mode.  A small 

number of modes can accurately predict behaviour up to moderate frequencies. However, when the 

heater is loaded with a thermal mass or more complex boundary conditions are imposed, the 

eigenfunctions need to be recalculated.  Thus, this method is most useful for simple geometries.  Finally, 
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the device may be represented by a single resistor to account for conductive cooling, a single resistor to 

account for convection, and a single capacitor for the heat capacity of the device.  Although this 

approach may accurately predict the average temperature of the heater, it carries no spatial information 

about the temperature distribution.   

In the lateral and vertical actuators used throughout this work, the heater resistors may be considered 

as localised sources of heat current, so the simple lumped element representation is appropriate 

because the spatial information is not important.  A model that includes these thermal elements is 

shown in Figure 3.  Although this method provides reasonable estimates of the heat flow, the actual 

temperature is dependent on the placement of the resistor within the actuator.  The model must reflect 

this, as illustrated in the following example. 

 

Figure 3: Thermal Domain Representation of a Self-Heated Resistor 

Consider the vertical bimorph actuators with embedded heater resistors shown in Figure 4.  The two 

devices are identical, except for the resistor placement.  In the first example, the heater is located near 

the base of the actuator, such that the thermal resistance to the substrate is low.  In the second 

example, the heater is located near the tip, such that the thermal resistance is high.  For the purpose of 

illustrating temperature distribution under DC steady-state conditions, the bimorph itself may be 

modeled simply as a thermal resistor.  The tip heater and base heater are placed 100µm and 1µm away 

ŦǊƻƳ ǘƘŜ ǎǳōǎǘǊŀǘŜ ŀƴŎƘƻǊΣ ǎƻ ǘƘŜ ǊŜǎƛǎǘŀƴŎŜ ǾŀƭǳŜǎ ŀǊŜ мллʍ ŀƴŘ мʍ ǊŜǎǇŜŎǘƛǾŜƭȅΦ 

The results of static FEA are shown in Figure 4 along with values for the temperature and deflection of 

each device.  The maximum temperature, average temperature and overall deflection of the tip-heated  
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Figure 4: FEA Simulation of Bimorph Under Base (left) and Tip (right) heating 

device are higher than those of the base-heated device.  Since the electrical power input is identical, the 

tip-heated device is more efficient under DC steady state conditions.  

It is interesting to note that if the heat sources are replaced with fixed temperature boundary 

conditions, the behaviour of the actuator is reversed; that is, the bimorph with the hot tip is less 

efficient than the bimorph with the cold tip.  Although both bimorphs have almost the same average 

temperature of ~325K, the device with the hot tip deflects 8µm, while the other device deflects 11.3µm.  

In the figureΣ ǘƘŜ ǘǿƻ ǎƛǘǳŀǘƛƻƴǎ ŀǊŜ ŘŜƴƻǘŜŘ ŀǎ άƘŜŀǘŜŘέ ǾǎΦ άƘƻǘέ ŎƻƴŘƛǘƛƻƴǎΣ ǿƘŜǊŜ ƘŜŀǘŜŘ ǊŜŦŜǊǎ ǘƻ 

the presence of a heat source and hot refers to a temperature boundary condition. Note also that the 

ǘƛǇ ŀƴƎƭŜǎ ƛƴ ǘƘŜ άƘƻǘέ ŎŀǎŜ ŀǊŜ ǾŜǊȅ ŎƭƻǎŜΣ ƛƳǇƭȅƛƴƎ ǘƘŀǘ ƛŦ ƻƴŜ were only interested in the tip angle (as in 

micromirror applications), the average temperature would be a sufficient parameter to simulate.   

The cold tip / hot base condition may seem like an unlikely scenario, since the anchor to the substrate is 

usually the dominant cooling path.  However in this work, there are two scenarios in which this 

temperature distribution occurs.   Under dynamic operation, the AC component of the temperature 

decays exponentially away from the heater due to the thermal capacitance of the beam.  This effect is 

pronounced when the frequency of operation is higher than the corner frequency of an actuator, as in 
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the case of resonant cantilevers.  Another scenario is when vertical actuators are placed at the distal end 

of lateral actuators.  If the vertical actuator is off while the lateral actuator is on, convective cooling 

dominates for the vertical actuator, so the tip may be colder than the base.  This DC case will be 

considered in the development of vertical bimorph actuator models, where it will be shown that the 

temperature gradient over the length of the actuator must be considered.  The AC case will be 

considered in the development of resonant cantilevers. 

3.2.3 Voltage-source Drive 

The electrothermal model of a self-heating resistor is shown below in Figure 5.  A voltage source 

provides the input to the device.   

 

Figure 5: Electro-Thermal Representation of a Self-Heated Resistor 

The governing equation of this first order system is [149]: 

 
ὅ
ὨὝ

Ὠὸ

Ὕ

Ὑ

ὠ

Ὑ ρ ‌Ὕ
 (3.1) 

This expression contains two non-linearities that affect the voltage-to-temperature (and therefore 

voltage-to-Ǉƻǎƛǘƛƻƴύ ǘǊŀƴǎŦŜǊ ŦǳƴŎǘƛƻƴ ƻŦ ŀŎǘǳŀǘƻǊǎ ǘƘŀǘ ŀǊŜ ǳǎŜŘ ƛƴ ǘƘŜ {taΩǎΦ  ¢ƘŜ ŦƛǊǎǘ ƴƻƴ-linearity is 

the ὠ  dependence, which may be removed with a non-linear inversion by taking the square root of the 

voltage signal before it is applied to the heater.  The second non-linearity results from the presence of 

the temperature term in the denominator below ὠ .  Since the TCR is small, the following 

approximation can be made: 
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 ὠ

Ὑ ρ ‌Ὕ

ὠ

Ὑ
ρ ‌Ὕ  (3.2) 

Substituting back into (3.1) and collecting terms gives: 

 ὨὝ

Ὠὸ

ρ

Ὑ ὅ
ρ
‌Ὑ ὠ

Ὑ
Ὕ

ὠ

Ὑ
 (3.3) 

The thermal time constant for this system, assuming a constant ὠ , is: 

 
†

Ὑ ὅ

ρ
‌Ὑ ὠ
Ὑ

 (3.4) 

which depends on the value of the input voltage.  The steady-state temperature rise of this linear 

system with negative feedback is: 

 

Ὕ

Ὑ ὠ
Ὑ

ρ
‌Ὑ ὠ
Ὑ

 
(3.5) 

If the resistor has a positive temperature coefficient, the value of the denominator term increases with 

applied voltage, implying that the slope of Ὕ ὠ decreases, and stable operation is possible.  For 

ƴŜƎŀǘƛǾŜ ǘŜƳǇŜǊŀǘǳǊŜ ŎƻŜŦŦƛŎƛŜƴǘǎΣ ǘƘŜ ǎƛǘǳŀǘƛƻƴ ƛǎ ǊŜǾŜǊǎŜŘΣ ŀƴŘ ǘƘŜǊŜ ƛǎ ŀ Ǉƻǎǎƛōƛƭƛǘȅ ƻŦ άǘƘŜǊƳŀƭ 

Ǌǳƴŀǿŀȅέ ŀǘ ǎǳŦŦƛŎƛŜƴǘƭȅ ƘƛƎƘ ǾƻƭǘŀƎŜǎΦ  ¢ƘŜ ǘŜǊƳ άǘƘŜǊƳŀƭ Ǌǳƴŀǿŀȅέ ƛǎ ǳsed to describe the situation in 

which there is positive feedback between the input voltage and the temperature, making it possible for 

the temperature to rise at a fixed input voltage.  Beyond a characteristic threshold voltage, this would 

result in catastrophic device failure due to overheating.    

Figure 6 below shows measured results of the resistance variation of self-heated resistors as a function 

of applied voltage.  A resistive ladder circuit consisting of a fixed resistor and the device under test is 

used to measure the current and voltage simultaneously to compute the unknown resistor value.  In one 

device, the resistor is encased in a rigid plate that does not experience significant out-of-plane 

deflection.  The temperature coefficient of voltage (TCV) of this device is negative.  In another device, 

the resistor is placed in a thin beam that curls upon the application of heat (only the Metal 1 layer is 

used, resulting in a bimorph actuator).  The TCV in this case is positive, even though the polysilicon 

material is the same.  The reason for this discrepancy is the fact that the second device experiences 
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compressive stress as a result of the bending in the beam, an effect that will be discussed further in 

Section 4.2.  Thus, the TCR of the material cannot be inferred from self-heating if the resistor 

experiences heat and strain simultaneously.   

 

Figure 6: The temperature coefficients of resistivity in CMOS polysilicon are strain-dependent 

Based on the data, one can extract meaningful quantities related to the TCR and piezoresistivity of the 

material as follows.  To measure the TCR, the stress-free resistor is placed in a microclimate oven.  The 

temperature dependent data is matched to the second order polynomial fit from Figure 6 to obtain a 

power coefficient of resistivity (PCR) for stress-free material.  This coefficient relates the linear 

dependence of temperature on the applied power.  To extract piezoresistance, one must first calculate 

the strain in the beam that is to be measured.  In most cases, a Metal-1 beam is used for piezoresistive 

sensing, so the placement of the polysilicon layer with respect to the neutral axis of the beam is known.  

The second order polynomial fit of the bimorph data from Figure 6 can then be used to extract a PCR for 

strained materials.  In the case of this material in the Metal-1 bimorph geometry, the effect of 

piezoresistivity is 2.3x higher than that of the TCR, with the opposite sign.  Thus, for a bimorph beam in 
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static deflection, the strain dependence dominates over the temperature dependence and reverses the 

TCP.  It is important to note that the magnitude of compressive strain in the resistor increases with 

temperature (and applied power), because the bimorph bends downwards and the polysilicon layer is 

placed below the neutral axis of the beam.  Therefore, the coefficient of piezoresistivity of the material 

is negative, since it is defined with respect to tensile stress. 

3.3. Lateral Electrothermal Actuators  

[ŀǘŜǊŀƭ ŜƭŜŎǘǊƻǘƘŜǊƳŀƭ ŀŎǘǳŀǘƻǊǎ ŀǊŜ ǳǎŜŘ ǘƻ ǎŎŀƴ ǘƘŜ ǘƛǇ ƻǾŜǊ ǘƘŜ ǎŀƳǇƭŜΩǎ ǎǳǊŦŀŎŜΦ  ¢ǿƻ ǘȅǇŜǎ ƻŦ 

actuators have been investigated in this work: multimorph actuators that are based on the bimorph 

effect, and chevron actuators that are based on single-material expansion.   The methods developed in 

this section may be applied to both types of actuators, by choosing the appropriate conversion from the 

thermal to the mechanical domain.  This discussion focuses on the multimorph actuator implementation 

shown in Figure 7.  The composite beam consists of materials that are present in the BEOL steps of the 

CMOS fabrication process.  In the layout of the beam, the lower metal layers are intentionally offset 

from the top metal layers in order to obtain the cross-section shown in the figureΦ  {ƛƴŎŜ ǘƘŜ ¢9/Ωǎ ƻŦ 

Aluminum and SiO2 are different, a temperature increase results in a thermally generated mechanical 

moment along the length of the beam, causing the multimorph to deflect in the plane of the substrate 

(laterally).  The moment is the effort source, and mechanical potential energy is stored in the deflected 

beam. 

A single bimorph beam is not sufficient to provide the force and out-of-plane stiffness that are required 

for SPM operation.  It is therefore desirable to couple several beams together.  Because the tips of the 

bimorphs deflect in an arcuate fashion, it is not possible to simply connect them with a plate at the 

distal end, since this would impose a zero-moment constraint and eliminate any deflection from 

bending.  The design pattern in Figure 7 is used to cancel the rotation at the tips by combining the 

beams in a symmetrically reflected fashion, such that they may be attached.  The overall deflection 

achieved with such a design is ½ of what can be achieved with a full-length bimorph.  Because of the 

vertical asymmetry in the cross section of the beams, a vertical deflection arises due to a thermal 

moment in the y-direction.  This parasitic out-of-plane motion is undesirable because it is in the tip-

sample direction, and could result in significant image distortion.  The out of plane bending is canceled 

by way of another reflection, as shown.  The end result is a lateral actuator with stiffness and output 

force that scales with the number of cascaded beams in the design.  The lumped element model may be 
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adjusted with multiplicative factors to incorporate the increased number of beams and the effects of 

reflections on the design.   

Before delving into the model development, it should be noted that several unique design constraints 

are applied to lateral actuators for SPM scanners.  

1. Resonant Frequency:  The objective of the scanner is to raster-scan the tip of the SPM in the 

ǇƭŀƴŜ ƻŦ ǘƘŜ ǎŀƳǇƭŜ ǎǳǊŦŀŎŜΦ  ¢ƘŜ ǊŜƎƛƳŜ ƻŦ ƻǇŜǊŀǘƛƻƴ ƻŦ ǘƘŜ ŀŎǘǳŀǘƻǊǎ ƛǎ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ άǉǳŀǎƛ-

ǎǘŀǘƛŎέ ōŜŎŀǳǎŜ ǘƘŜȅ ǇǊƻŘǳŎŜ ƭŀǊƎŜ ǎǘŀǘƛŎ ŘƛǎǇƭŀŎŜƳŜƴǘǎ ŀǘ ƘƛƎƘ ǎŎŀƴƴƛƴƎ ǎǇŜŜŘǎ όǊŜƭŀǘƛǾŜ ǘƻ 

conventional scanners), but they do not operate in mechanical resonance; nevertheless, a high 

mechanical resonant frequency is desirable to suppress the excitation of vibrations from 

external sources.  In dynamic AFM, a source of vibration is the resonance of the vertical 

actuator, which will be discussed in section 3.5.  External sources of vibration include building 

vibrations (<1kHz), acoustic vibrations (<10kHz), and vibrations from laboratory equipment 

(<1kHz).  The resonant frequency of the lateral actuators used in this work is above 50kHz. 

 

 

Figure 7: Lateral Multimorph Geometry.  The cross-section of the beam contains lower metal layers 
that are laterally offset from the top metal layers in order to create a bending moment.  Beams are 
folded to match in-plane tip rotation and out of plane curl. 
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2. Thermal time constant: Another constraint is that the velocity of the scan is should be 

controllable, since the user may wish to increase the scan speed without introducing aberrations 

or reducing the scan window.  Thus, the actuators should be capable of a range of operation 

frequencies without compromising their range or linearity.  The maximum frequency of 

operation of thermal actuators is limited by their thermal time constants, which are related to 

how quickly heat can be added or removed from their thermal mass.  The thermal time 

constants of the actuators used in this work range from 0.1ms-10ms, depending on their 

thermal mass and thermal resistance.  This translates to maximum frequencies of operation of 

100Hz to 10kHz, and thus enables video-rate scan speeds: a 10kHz actuator can produce an 

image with 800 lines at 25 frames per second.   The rate limiting factor for imaging then 

becomes the bandwidth of the tip-sample interaction measurement, instead of the scanner 

dynamics that may be a bottleneck in conventional instruments. 

3. Range of motion: A third constraint is introduced if the user wishes to zoom to a particular 

location in the image, such that the actuators must be capable of maintaining a static offset 

deflection.  The multimorphs used here can produce up to 20µm of static deflection.  If larger 

static deflections are required, flexures may provide a geometric advantage to increase the scan 

range; however, this reduces the overall stiffness and resonant frequency of the SPM.    

4. The out-of-plane stiffness places a fourth constraint on the lateral actuators, as they are in the 

mechanical path between the tip and substrate.  Depending on the type of tip-sample 

interaction, the overall stiffness requirements of the system may range from 0.1 N/m (contact 

AFM) to 10-50N/m (STM, FM-AFM).   

5. A fifth constraint is that the operating voltage should be compatible with the CMOS process, so 

that driver circuitry can be integrated on-chip.  The actuators require <5 volts, and the value of 

the heater resistor can be reduced easily to lower the operation voltage further at the expense 

of increasing current consumption.   

6. Another constraint is that the maximum operating temperature of the actuators cannot exceed 

thermal budgets of CMOS processes, since the BEOL materials will delaminate at high 

ǘŜƳǇŜǊŀǘǳǊŜǎ όŀōƻǾŜ Ϥорлх/ύΦ    

7. The power efficiency influences many aspects of the performance of electrothermal actuators.  

A high efficiency actuator will reach greater temperatures at a given input power.  Efficiency 

may be increased by thermally isolating the actuator from the substrate.  It will be shown in 



 38 

section 5.3 that improving the efficiency of the actuator lowers the minimum detectable 

displacement in the presence of noise.   

8. Sensitivity to thermal crosstalk is related to power efficiency.  If an actuator is isolated from the 

substrate but not from neighboring devices, it will be more sensitive to thermal crosstalk.  To 

improve signal to noise ratio, actuators should have a short thermal path to ground and be 

isolated from one another.   

3.3.1  Electrical Model  

The electrical model of the actuator calculates the amount of joule heating in a resistor that is subject to 

an applied voltage.  The temperature-dependence of this resistor is captured through feedback from the 

thermal domain.  The V2 dependence of heat generation is captured in the thermal domain.  This is 

identical to the model of a self-heated resistor embedded in a rigid plate, as discussed in the preceding 

section.   

3.3.2  Thermal Model 

The thermal model for a lateral actuator must capture the temperature distribution along the length of 

the beam.  Several observations can be made from the solution to the heat problem[150].  First of all, 

the solution takes the form of a dissipating thermal wave with a propagation constant and penetration 

depth.  As the frequency increases, the penetration depth decreases.  We denote the turnover 

frequency ft as the frequency at which the thermal wave does not reach the end of the beam.  At this 

ŦǊŜǉǳŜƴŎȅΣ ǘƘŜ ōŜŀƳ ƛǎ ŎƻƴǎƛŘŜǊŜŘ άǘƘŜǊƳŀƭƭȅ ƭƻƴƎΦέ  ¢ƘŜ ŎƻƴǎǘǊƛŎǘƛƻƴ ƻŦ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ŘƛǎǘǊƛōǳǘƛƻƴ ƛǎ 

the reason that thermal actuators have a limited bandwidth, beyond which the amplitude rolls off like a 

single-pole RC transfer function.  A second observation is that the phase of the temperature oscillations 

varies along the length of the beam.  As the frequency is increased, the phase along the length of the 

beam may vary by 180 degrees, meaning that the moment applied at the base of the beam is opposite 

in phase when compared to the smaller moment applied at the tip.  This detracts further from the 

attainable deflection at higher frequencies.  A third observation is that the amplitude of the 

temperature variation near the tip of the beam is much smaller than at its base.  This intuitive result 

implies that sensors prone to thermal disturbances should be located far away from the heaters, 

especially when heaters are operated at a frequency for which the beam is thermally long.   

The development of a lumped element model that captures thermal effects begins with a finite 

difference approximation of the 1-D heat equation as detailed in Appendix B.2.  The beam is assumed to 
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have a constant cross-section with isotropic thermal conductivity ‖, density ”, and heat capacity ὧ.  For 

the beam with the geometry shown in Figure 7, the values for these parameters are calculated as: 
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A capacitor captures the time dependence of the temperature, implemented as the current through a 

capacitor with a value of: 

 ὅ ςὃ”ὧЎὼ 
(3.8) 

The thermal conductivity between nodes is represented as a resistance with the value: 

 Ὑ Ὑ Ὑ ЎὼȾ‖ὃ 
(3.9) 

A third resistor represents heat loss through convection: 
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 One section of the thermal model shown in Figure 8 does not include any heat sources, since the self-

heated resistors are placed in discrete locations outside of the bimorph beams.  The heaters cannot be 

integrated within the slender actuator beams for several reasons.  The width of the beams must be 

minimized in order to achieve appreciable deflections from the bending moments.  Such narrow beams 

do not provide enough sidewall protection for the polysilicon resistors, which would be exposed and 

etched away during the silicon etch step of the release process.  In addition, long thin resistors with 

large resistance values would require voltages that exceed the CMOS process specifications.   

Furthermore, the piezoresistivity of the material would contribute additional nonlinearities upon 

deformation.  In fact, the combination of thermal and piezoresistive effects in slender beams has been 

exploited to create self-sustaining mechanical oscillators [151].  Vertical actuators do not need to be 

narrow, since the bending moments generate deflections in the out-of-plane direction.  Thus, a resistor 
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embedded within the actuator would have sufficient sidewall protection and could possess a reasonable 

resistance value.  Nevertheless, such a configuration would still suffer from piezoresistive nonlinearities.   

 

Figure 8: Thermal Domain Representation of a Lateral Electrothermal Actuator 

3.3.3 Mechanical Model 

The dynamic temperature distribution from the thermal model is coupled to the mechanical domain in 

order to calculate bending moments and deflection.  The thermal dynamics are responsible for the low-

frequency roll-off that is observed in the transfer functions of these components.  The actuators are 

intended to operate well below their mechanical resonant frequency to provide quasi-static 

displacements, so the dynamics in the mechanical domain are not considered in the model.  For static 

mechanical analysis, the model of a lateral actuator consists of voltage sources representing the 

moments from thermal expansion and residual stress, and a spring (capacitor) that stores potential 

energy, as shown below in Figure 9. 

 

Figure 9: Mechanical Domain Representation of a Lateral Electrothermal Actuator 
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The static Euler-Bernoulli beam equation is used to calculate the deflection in a beam under a constant 

moment load, as detailed in C.2.   Under these conditions, which represent the simplest case, the value 

of the voltage source representing the moment from residual stress is: 

 ὠ ȟ ὓȟ  
(3.11) 

 ὠ ȟ ὛͺȟЎὝ 
(3.12) 

Where a scaling factor Ὓͺȟ  was introduced to express the voltage source in terms of temperature.  

The value of the capacitor that represents the flexural rigidity of the actuator beam is: 
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Ὧ

ὒ

ὉὍ ȟ
 (3.13) 

If the deflection of the beam is required, the tip angle must be integrated.  Since the force exerted by (or 

on) the actuator is at the tip, it is desirable to choose a spring constant and force source that reflect the 

end-point load geometry.  This represents the second case.  Values for the capacitors and voltage 

supplies are derived based on energy methods in order to properly represent the strain in the beam 

under a thermal moment, while referring the force to the tip.  The new voltage sources are: 
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The new capacitor has a value of: 

 
ὅ ȟ

ὒ

τὉὍ ȟ
 (3.16) 

The model shown below in Figure 10 produces the correct displacement while appropriately scaling the 

moment such that the blocked force at the tip of the actuator is accurately represented by the new 

voltage source. 
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Figure 10: Mechanical Domain Representation of Electrothermal Actuator Deflection. 

The difference between these models points out a subtle property of lateral electrothermal bimorph 

actuators.  It is tempting to assume that if an actuator beam is loaded by a beam with the same 

geometry, its deflection will reduce by 50%, since the load is matched to the source.  However, this is 

only the case if the load is experiencing the same moment as the bimorph.  If the load experiences a tip-

referred force from a cantilever with the same geometry, then the bimorph will produce 4/7 of its initial 

displacement.  This favorable scenario arises from the discrepancy between the apparent stiffness of the 

beam and the lower stiffness of a fixed-free cantilever, which is σὉὍ ȟȾὒ.  However, the situation is 

degraded when the symmetric configuration of 2 opposed bimorphs is adopted, as was done in this 

work.  In this configuration, only ½ of the strain energy in the beam is used to displace the load, since 

the other half of the beam is actuating in the opposite direction.  The situation is exacerbated if the 

loading beam is in the guided-end configuration.  This issue will be revisited in Chapter 9.   

The third and most relevant case considers a temperature gradient over the length of the beam, which 

was shown to be an important effect in the FEA analysis of Figure 4.  In this case, the thermal moment is 

a function of position, so the values of the capacitors and voltage sources are recalculated by direct 

integration of the beam equation in section C.2.    The slope of the temperature between nodes of the 

thermal model is represented by: 

 
ά

ЎὝ ЎὝ

ὒ
 (3.17) 

The new value for the tip angle is calculated by direct integration of the beam equation with a gradient 

in the moment load.  Integrating once again yields the tip displacement.  Energy methods are used to 

calculate the effective linear spring constant of the beam, which results in a capacitance of: 
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The corresponding voltage source is: 
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The complete quasi-static model of the electrothermal bimorph is shown in Figure 11.  The model 

accounts for thermal gradients and provides a realistic estimation of the tip-referred force and 

deflection by considering the strain energy produced by thermal bending moments.  The quasi-static 

nature of the model means that it ignores the dynamics in the mechanical domain, which is why there is 

no lumped resistor to represent damping and no lumped capacitor to represent mass.  The charge on 

the capacitor instantaneously follows the voltage on the source, scaled by a judiciously chosen 

compliance factor.   Note that the resistor used to capture convection is tied directly to ground, since it 

is not affected by thermal isolation. 

 

Figure 11: Electro-Thermo-Mechanical Model of Deflection 

The test structure in Figure 12 is used to quantify the thermal isolation achieved by increasing the length 

of the thermal path between the heater and substrate.   The static deflection of the bimorph beams is 

first captured in vacuum to quantify the thermal conductivity of the isolation chains materials.  The 

figure shows the first set of vacuum measurements which was taken at a high power in order to obtain 

appreciable deflections to improve the measurement resolution.  Unfortunately, at these high 
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temperatures and stresses, the bimorphs plastically deform and do not return to their original positions.  

Note that the bimorph without thermal isolation does not experience this deformation, because it does 

not reach a high enough temperature and deflection.  Because of this effect, the increase in isolation 

chains does not seem to produce a linear increase in deflection.  At lower voltages, with a new test 

structure, a linear increase was observed.  With this data, the model is validated without convective 

effects.   An FEA model that captures the temperature distribution in thermal isolation chains of various 

lengths will be discussed in section 3.4.   

 

Figure 12: Deflection of Thermally Isolated Bimorphs in Vacuum. (a) Test structure before actuation.  
(b) Test structure under an applied square wave voltage.  Inset: Test structure after thermally induced 
plastic deformation. 

Next, static deflection data is obtained over a range of voltages in air.  These results are used to quantify 

the convective heat transfer quantities.  Data was captured with the same devices using a stroboscopic 

motion capture system, and is presented below in Figure 13.  After 10 thermal isolation links, convective 
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losses begin to dominate and establish a point of diminishing returns ς the addition of more isolation at 

this point is futile.   Note that in vacuum, since there are only conductive losses, such a point of 

diminishing returns does not exist.   

 

Figure 13: Frequency Response (left) and Static Deflection (right) of Thermally Isolated Bimorphs in Air 

Finally, a dynamic frequency sweep is performed to capture the locations of the poles in the thermal RC 

transfer function.  These values are used to set the thermal capacitances in the model.  The static model 

eventually fails when mechanical dynamics come into play at high frequencies, where resonance is 

clearly observed.   

In this section, it has been shown that the mechanical deflection of thermally actuated beams is linear in 

proportion to temperature.  In fact, even when there is a thermal gradient along the length of the beam, 

the deflection at the tip is linear with the temperature and the thermal gradient.  It is therefore 

important to seek a driving scenario in which the temperature can be controlled in a linear fashion, in 

order to guarantee the controllability of the actuators.  A commercially available precision IC multiplier 

(AD532) was configured to take the square root of an applied input voltage, then apply it to the 

actuator.  The linearization of the output position with respect to the input voltage is demonstrated by 

measurements taken in a scanning electron microscope (SEM), shown in Figure 14.   A high-contrast 

image of the edge of the actuator was first obtained, and then aligned with the slow-scan direction of 

ǘƘŜ {9aΦ  ¦Ǉƻƴ ŀŎǘǳŀǘƛƻƴΣ ǘƘŜ ŘŜŦƭŜŎǘƛƻƴ ƻŦ ǘƘŜ ŀŎǘǳŀǘƻǊ ǿŀǎ ƻōǎŜǊǾŜŘ ƛƴ ŘƛǊŜŎǘƛƻƴ ƻŦ ǘƘŜ {9aΩǎ Ŧŀǎǘ-

scan axis.  In order to capture quasi-static behaviour, the SEM scan rate was set to 30 seconds, and the 

actuator input signal was chosen with a period of 10 seconds.  
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Figure 14: Scan Linearization with Square-Root Circuit.  SEM image corresponds to a slow scan in the 
direction orthogonal to actuation. 

3.3.4  Flexural suspensions 

Flexures are used throughout the design of CMOS-a9a{ {taΩǎ ǘƻ ŎƻƴƴŜŎǘ ŎƻƳǇƻƴŜƴǘǎ ǘƻ ƻƴŜ ŀƴƻǘƘŜǊ 

mechanically.  In the electrical domain, flexures may be used to carry signals between components.  

Thermal coupling between components is an unavoidable consequence when the flexures are used for 

electrical routing.  The design of compliant structures is an area of significant interest in the MEMS 

community, and there are methods to optimize the shape of flexures for mechanical or geometric 

advantage, or for a desired motion path [152], [153].   

In this work, the design constraints on flexures are simple: for example, in-plane flexures are intended to 

be rigid in the direction of applied force, and compliant in the orthogonal direction.  In addition, they are 

constrained by the overall stiffness budget of the instrument.  Furthermore, Manhattan-style 

geometries are generally enforced in the design-rule-checking process by the CMOS foundries.  To 

circumvent this restriction for simple beam geometries, a Cadence script was written to generate beams 

with arbitrary lengths and angles that comply with the design rules.  Thus, the range of flexure designs is 

limited to: 

1. Guided-end beams that are used to provide high stiffness and high compliance in orthogonal 

directions.  A crab spring is a good example of such a flexure mechanism.  

2. Serpentine and spiral designs are used to provide rigidity in a linear direction and compliance in 

a rotary direction.  These flexures also provide motion amplification, but there is a linear trade-

off between mechanical advantage and geometric advantage. 
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3. Chevron designs are used to provide rectilinear motion amplification.  These designs also involve 

a direct trade-off between mechanical and geometric advantage. 

3.3.5  Electrical Domain 

Several electrical routing paths may be incorporated into a single flexure to enable the interconnection 

of sensors and resistive heaters throughout the instrument, and to provide a signal path to the tip.  At 

low frequencies, the electrical path is simply modeled as a series resistor.  Although the CMOS 

interconnect Aluminum has excellent conductivity, the flexure geometry is typically long and thin, 

resulting in a series resistance that cannot be ignored for sensor applications.  The resistance should also 

be considered when large currents are routed through flexures to power actuators.  For example, in one 

ŘŜǎƛƎƴΣ ŀ ƭƻǿ ǊŜǎƛǎǘŀƴŎŜ όғмллʍύ ǾŜǊǘƛŎŀƭ ŀŎǘǳŀǘƻǊ ǊŜǉǳƛǊŜǎ рƳ! ǊƻǳǘŜŘ ǘƘǊƻǳƎƘ ŀ ƭƻƴƎΣ ǘƘƛƴ όолл µm 

x2µm) flexure.  This is a violation of the foundry design rules, and its severity is increased by the fact that 

the beam is thermally isolated from the substrate.  The self-heating in the flexure causes plastic 

deformation in the metal of the flexures at high temperatures and strains, resulting in permanent 

deformation of the device [154].  To lower this resistance, one may use all of the metal layers in parallel 

to route critical signals.  In addition, for differential signals that are intended to operate in a Wheatstone 

bridge configuration, the series resistance should be matched.  The problematic nature of series 

resistance in the shared ground path of sensors will be encountered in section 0 which discusses 

άƎǊƻǳƴŘ ōƻǳƴŎŜΦέ   

The situation is exacerbated by the presence of leakage currents that are captured in the model by a 

shunt resistor.  The leakage currents are particularly problematic when the tip-sample interaction signal 

is a low current signal, as in the case of STM or in the characterization of nano-scale electronic devices.  

The use of a triax configuration or driven shield configuration is common practise in these scenarios. 

 At moderate frequencies, a signal routed through a flexure may experience capacitive coupling to the 

ground plane on the top and/or bottom metal layers.  A measured bode plot reveals the effect of this 

impedance on the transfer function at high frequencies.  This situation introduces challenges in the 

measurement of small AC signals, such as those encountered in KPFM.  The triax method may be used 

here, but only up to the bandwidth of the driver circuit, which is inversely proportional to its 

transimpedance gain ς in other words, low signal currents are associated with low bandwidths.  The 

resonant frequency of the KPFM may be lowered to remedy this symptom, but the imaging bandwidth 

will suffer as a consequence. 
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Compliant flexures are used to route a microwave signal to the tip of the SMM instrument.  At 

frequencies of 3-20GHz, the impedance of the transmission line may be cƻƴǘǊƻƭƭŜŘ ǘƻ рлʍ ǘƻ ƳŀǘŎƘ ǘƘŜ 

impedance of the rest of the system, thereby preventing energy loss through reflections which would 

occur at points of impedance mismatch.  A micro-coaxial design provides controlled impedance and 

prevents capacitive coupling of the propagating signal to the sample surface.  Using microwave 

transmission line test structures, it was determined that for the short distances of propagation 

encountered in the SMM, impedance matching is less of a concern than capacitive coupling to the 

substrate.  Of greater importance are the series resistance of the transmission line, which should be 

minimized in order to conserve the reflected power from the tip-sample region, and the capacitance to 

ground.  The mechanical requirements of the flexuǊŜΩǎ ŎƻƳǇƭƛŀƴŎŜ όƛΦŜΦ ǘƘƛƴ ŀƴŘ ƭƻƴƎύ ŀǊŜ ǘƘŜǊŜŦƻǊŜ ŀǘ 

odds with the desire for a low series resistance (i.e. wide and short).  In addition, it may be desirable to 

use only the top and bottom metal layers for routing, in order to decrease the capacitance to ground.  

The model in Figure 15 may be used to represent the routing of electrical signals through a flexure up to 

GHz frequencies, when impedance matching is not a concern.   

 

Figure 15: Electrical Model of Routing in Flexures 
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3.3.6  Thermal Domain 

The mechanical design of flexures favors long and slender beams to reduce the loading on actuators.  

¢ƘŜǎŜ ŎƻƳǇƻƴŜƴǘǎ ŀǊŜ ŎƻƴǎƛŘŜǊŜŘ ǘƻ ōŜ άǘƘŜǊƳŀƭƭȅ ƭƻƴƎέ ŀǎ ǿŜƭƭΣ ǎƻ ǘƘŜ ƘƛƎƘ ŦǊŜǉǳŜƴŎȅ ŀŎǘǳŀǘƛƻƴ ƻŦ 

resonant cantilevers does not result in the transmission of AC heat through them.  Instead, each end of 

the flexure assumes a temperature that is equal to the sum of the quasi-static temperature (from low 

frequency lateral actuation) and the RMS temperature from high frequency actuation.  The beams 

present a thermally conductive path between interconnected devices, so the model must capture this 

DC and quasi-static heat flow from end-to-end.  The model from section 3.3.2 may be used, with a single 

capacitor to capture the small heat capacity of the beam and two resistors to capture the thermal 

conductance.  The value of the capacitor is: 

 ὅ ςὃ”ὧὒ 
(3.20) 

The value of the resistors is: 

 Ὑ Ὑ Ὑ ὒȾ‖ὃ 
(3.21) 

The effective density, specific heat capacity, and thermal conductivity of the beam are calculated from 

equations (10.59) and (10.60).  The cross section of a flexure is typically simpler than that of a lateral 

bimorph, since the internal metal layers are not offset.  The number of members in the equations is 

therefore reduced to a maximum of 8, as shown in Figure 15 above, from the electrical model.   

3.3.7  Mechanical Domain ς Orthogonal Scanners 

The mechanical model of a flexure must capture its quasi-static deflection and the loading force that it 

applies.  The three flexural suspensions designs that are used in this work are orthogonal suspensions, 

cylindrical suspensions, and chevron suspensions.   

An XY stage that employs guided-end flexures to decouple orthogonal in-plane actuators is shown in 

Figure 16, along with its mechanical lumped element model.  The loading effect of the flexures is 

captured by a capacitor that is placed in series with the actǳŀǘƻǊΩǎ ƳŜŎƘŀƴƛŎŀƭ ŎŀǇŀŎƛǘƻǊΦ  Lǘ ǎƘƻǳƭŘ ōŜ 

noted that the flexure that is physically connected to the x-direction actuator (the x-flexure) presents a 

load to the y-direction actuator, and vice versa.  The deflection of the shuttle is the same as the 

deflection of the actuators since the flexures are rigid in their axial directions.  The out-of-plane 

compliance of the flexures detracts from the overall vertical stiffness of the device.  In the Z-direction, 
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the mechanical path from the tip to the substrate consists of 2 identical flexure springs and 2 identical 

actuator springs, which may be modeled as a combination of 3 springs for convenience.  The two flexure 

springs are combined into a single capacitor, which is connected in series with the actuator capacitors.   

 

Figure 16: Mechanical Model of X-Y Flexural Suspension 

Since the beams are folded into a U-shape, axial loading can be neglected.  The out-of-plane stiffness of 

the flexural suspension, from the stage to the connection points on the actuators, may be modeled as 

the parallel combination of 2 pairs of series-connected guided-end beams.  The capacitor has a value of: 
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 (3.22) 

And the in-plane stiffness and capacitance values are: 
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The trade-off that must be considered in the design of orthogonal guided end suspensions is that the 

out-of-plane stiffness and in-plane stiffness are linearly related, for a given beam cross-section.  Thus 

decreasing the length of the flexure will increase the out-of-plane stiffness at the expense of adding a 

load to the lateral actuator, reducing the scan-range of the instrument.  The beam should have a high 

aspect-ratio to minimize out-of-plane buckling and to improve the linearity of its in-plane stiffness.   
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3.3.8  Mechanical Domain ς Cylindrical Coordinate Scanners 

An SPM that employs a suspension for cylindrical coordinate scanning is shown in Figure 17.  Actuators 

are placed in parallel such that the tip motion can be controlled in 3 degrees of freedom.  Common-

mode actuation results in tip displacements in the radial direction ὶ.   Differential actuation results in tip 

displacements in the angular direction —.   A coordinate transformation is used to convert the rectilinear 

displacements of the in-plane actuators to the cylindrical motion of the tip.  The vertical actuator in this 

design makes use of a design pattern similar to lateral electrothermal actuators in order to cancel the 

tip-rotation so that the motion of the tip is in the z-direction.   

 

Figure 17: Flexural Suspension for Cylindrical Coordinate Scanning 

The serpentine spring in a cylindrical suspension is responsible to converting the linear motion of the 

actuators into rotation about the z-axis of the chip.  The spring should be designed to have low torsional 

rigidity to minimize the load to the lateral actuators, and to reduce the mechanical coupling between 

them.  In addition, the tip-referred out-of-plane stiffness should not be overly compromised.  In other 

words, the torsion spring should be compliant to in-plane torque, but stiff to out-of-plane torque.  These 

designs are subject similar stiffness-to-range tradeoffs as other flexural suspensions.  The device in 

Figure 17 above has a lateral range of 120µm and a vertical range of >50µm, but it is too compliant to 

use in the SPM modes discussed here.   
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A simple geometric model to calculate the position of the tip based on the in-plane deflections of the 

lateral actuators is: 

 
— ÔÁÎ

ώ ώ

Ὠ
ȟ     ὶ ὒ

ώ ώ

ς
 

(3.24) 

where Ὠ  is the distance between the actuators and ὒ  is the length from the tip to the base of the z-

actuator.  This model is valid for small deflections and a large separation between flexures.  In reality, 

the linear motion of the actuator gives rise to a reaction force and a torque at the base of the torsion 

springs, so one must balance the force and moment equations.  FEA is used to determine the effective 

spring constants for various geometries, as shown in Figure 18.   

 

Figure 18: FEA of Cylindrical Scanner Flexural Suspensions.  Top Left: S-shaped springs are compliant in 
the Z-direction.  Center: Torsional spring is compliant due to angled segments. Right: Improved 
suspension design. 

The lumped element model for cylindrical scan flexural suspensions (Figure 19) considers the 

mechanical coupling between the actuators that is caused by the torsion springs.  In the model it is 

assumed that the left actuator exerts a torque on the right spring, and vice versa.  The two serpentine 

flexures are lumped into a single torsion spring that is modeled with a capacitor that stores strain energy 

upon bending.  The charge on this capacitor represents the angular deflection of the tip.   The model 

reflects the fact that the torsion springs experience opposite bending moments from the left and right 

actuators, by choosing different polarities for the voltage sources.  The thermal moment in the actuators 
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must now be shared between the flexural rigidity of the actuator beams, the torsional stiffness of the 

suspension, and the compliance of the opposite actuator due to coupling through the flexures.  When 

one actuator is fully extended, iǘ άǇǳƭƭǎέ ǘƘŜ ƻǘƘŜǊ ŀŎǘǳŀǘƻǊ ƛƴ ǘƘŜ ǎŀƳŜ ŘƛǊŜŎǘƛƻƴΣ ǇƻǘŜƴǘƛŀƭƭȅ ŎŀǳǎƛƴƎ 

unwanted distortions in the scan pattern of the tip.  An effective way to reduce the coupling is to 

increase the distance Ὠ  between flexures; however, this reduces the scan range in the — direction, as 

indicated by equation (3.24).  This loading is reflected in the wiring of the model.  When both actuators 

are actuated by the same amount, there is no loading, and thus no charge on the capacitor that 

represents the torque spring.   

 

Figure 19: Mechanical Model of Cylindrical Scanner Flexural Suspension 

The torsional rigidity of the suspension is first converted to a linear spring constant.  For small angles, 

the angular deflection of the spring is: 

 ὊὨ

Ὧ
— (3.25) 

Where Ὧ is the torsion spring constant.  The linear restoring force from the torsion spring may be 

expressed in terms of geometric parameters.  Under the small angle approximation,  

 —Ὠ ώ ώ 
(3.26) 
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The effective linear spring constant and capacitance are: 
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Ὧ
 (3.27) 

CƭŜȄǳǊŜǎ Ƴŀȅ ŀƭǎƻ ōŜ ǳǎŜŘ ǘƻ ǇǊƻǾƛŘŜ ŀ ƎŜƻƳŜǘǊƛŎ ƻǊ ƳŜŎƘŀƴƛŎŀƭ ŀŘǾŀƴǘŀƎŜΦ  ¢ƘŜ ŎƘŜǾǊƻƴ ƻǊ άǎŀƎƎƛǘŀƭ 

ǎǇǊƛƴƎέ ǎǳǎǇŜƴǎƛƻƴ ǎƘƻǿƴ ƛƴ Figure 20 is used to provide a geometric advantage to amplify the motion 

of a chevron actuator. 

   

Figure 20: Motion Amplifying Chevron Suspension 

The stiffness of such a structure in the direction of the actuator represents its load capacitance  [155]: 
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The stiffness in the orthogonal direction is: 

 
ὑ
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 (3.29) 

These expressions consider bending only.  The geometric advantage, or gain of the structure can be 

calculated by equating the potential energies in both directions and solving for the ratio of deflections: 
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In other words, for an input in the ὼ direction of 1µm, the output deflection in the ώ direction is ὸὥὲ‌ 

µm.  The lumped element model of a motion amplification flexure includes a capacitor ὅ placed in 

ǎŜǊƛŜǎ ǿƛǘƘ ǘƘŜ ŀŎǘǳŀǘƻǊΩǎ ŎƻƳǇƭƛŀƴŎŜ ǘƻ ŎŀǇǘǳǊŜ ǘƘŜ ƭƻŀŘƛƴƎ ŜŦŦŜŎǘ ƻƴ ǘƘŜ ŀŎǘǳŀǘƻǊΦ  ! ǎŜŎƻƴŘ ŎŀǇŀŎƛǘƻǊ 

ὅ may be used to capture the output-referred stiffness of the device.  The values of the corresponding 

gain and capacitances are:  
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3.4. Thermal Shunt Paths and Thermal Isolation Paths  

Chip-ǎŎŀƭŜŘ {taΩǎ ƘŀǾŜ Ƴŀƴȅ ƭƻŎŀƭƛȊŜŘ ƘŜŀǘ ǎƻǳǊŎŜǎ that must operate independently in order to scan 

the tip, and to measure tip-sample thermal interactions.  In addition, many of the sensors distributed 

throughout the structure and at the tip are sensitive to temperature.  Therefore, thermal management 

is of great importance. 

A thermal shunt path should provide a short thermal path to the substrate, which acts as a heat sink.  

This way, heat is redirected to the substrate instead of to other parts of the SPM.  The mechanical 

loading of the element should be minimized, and its electrical conductivity can be used for signal 

routing.   

Thermal isolation paths provide a robust mechanical connection between parts, with a high resistance in 

the thermal domain.  In many cases, an electrical path is required as well.  One example of such a 

structure is shown in Figure 21, where a temperature sensor is intended to measure the heat transfer in 

the tip-sample region.  In this case, the heat flow to the sample should dominate over heat flow to the 

rest of the SPM.   
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Figure 21: Thermally Isolated Tip. 

In SThM, the dynamics of the thermal shunt path become important.  The phase and amplitude of the 

temperature at the tip location must be obtained in order to extract information about the local thermal 

conductivity and heat capacity in the tip-sample region.   

3.4.1  Electrical Domain 

The electrical domain representation for a thermal shunt path is a single resistor.  Only the low 

frequency and moderate frequency behaviour need to be captured, since these elements are not used 

to carry high frequency signals.   

In order to increase the thermal resistance in the device of Figure 21, a long and tortuous path is 

introduced between the ends of the structure.  Heat and electrical current are forced to flow through 

tungsten vias that have small cross-sections of ~450nm x ~450nm.  The electrical resistance per via and 

the sheet resistance of the metal layers are provided by the foundry and incorporated into the lumped 

electrical resistance in the model: 
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Ὑ ὔὙ „ ȟ

ὒ

ὃ
 (3.32) 

When evaluating the summation, the lengths ὒ and cross-sectional areas ὃ are taken with respect to 

the direction of current flow.   

3.4.2  Thermal Domain 

 Shunt paths are represented in the same way as flexures in the thermal domain.  Isolation paths, 

however, must include the additional thermal resistance introduced by the Tungsten (w) vias which 

have lower thermal conductivity.  In the DC temperature distribution of a thermal isolation path, most of 

the thermal gradient occurs along the length of the vias, since they are narrow and have a high aspect 

ratio.  This can be observed in the FEA results from Figure 21, since there is a noticeable temperature 

difference between the top and bottom of the unit cell, but not along its length.  If electrical routing is 

not required, a purely mechanical thermal isolation path may be used by removing the vias to force heat 

to flow through the SiO2.   In Figure 22 it is shown that heat flux through the Aluminum layers is ~5X 

higher than conduction through the SiO2.  The device has a 150K temperature difference between the 

heater and anchor.    

 

Figure 22: Thermal Conduction in a Composite Beam 

When vias must be used for electrical routing, each unit in the thermal isolation chain is treated as a 

lumped model with the representation derived in section 3.3.2.  The series resistance of each unit is: 
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When evaluating the summation, the lengths ὒ and cross-sectional areas ὃ are taken with respect to 

the direction of heat flow.  The thermal conduction of SiO2 is neglected.  The thermal capacitance for a 

unit is evaluated by: 

 ὅ ὔ”ὧ ὠ ”ὧὠ 
(3.34) 

where ὔ is the number of vias, and the summation is over the Aluminum and SiO2 segments in the unit.  

Since these structures have more surface area than a monolithic beam, the resistor that captures 

convection considers the vertical surfaces: 
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 (3.35) 

 where ὸ  represents the total thickness of the beam.  A model for a chain of 3 elements is shown in 

Figure 23.   

 

Figure 23: Thermal Domain Model of a Thermal Isolation Chain 

A transient simulation showing the temperature at 5 different elements of the thermal isolation chain is 

shown in Figure 24.  This plot reveals the amplitude and phase dependence of temperature along the 

beam, showing that the amplitude decays and the phase lags along the length of the beam as expected. 
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Figure 24: Amplitude and Phase Dependence of Temperature in a Thermal Isolation Chain 

3.4.3  Thermal Transmission Line Model 

Lumped parameter models like the one presented above are useful when the wavelength of interest is 

larger than the geometry being considered.  As the frequency of the thermal excitation source is 

increased, the full solution to the heat equation shows that the AC temperature has an exponential 

dependence on position, as well as a phase dependence.  To capture this behaviour, a distributed 

parameter model should be developed.  The methodology shown here is borrowed from the concept of 

transmission lines in the field of microwave engineering.  The lumped parameter models for a 

microwave transmission line and the thermal isolation path are the same, except for the additional 

series inductance of the microwave transmission line.  Details on the derivation of the distributed 

parameter model are included in section C.3.   

The model begins with a section of the thermal conduction path with the values of the components 

scaled to match its length, as shown in Figure 25 ōŜƭƻǿΦ  !ŦǘŜǊ YƛǊŎƘƻŦŦΩǎ ±ƻƭǘŀƎŜ ƭŀǿ ƛǎ ŀpplied to this 

model, one takes the limit as the length of the section approaches zero.  The value for the characteristic 

impedance of the line is: 
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Where ‎ ‌ Ὦ‍ Ὑ Ὃ Ὦ‫ὅ  is the complex propagation constant.  The series impedance 

in the model is: 

 
ὤ

Ὑ

‎

Ὡ ρ

Ὡ ρ
ὤÔÁÎÈ

‎ὒ

ς
 (3.37) 

The value for the shunt impedance is: 
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Figure 25: Thermal Transmission Line Model 

The voltage waveform representing the temperature on the line in the time domain is: 

 
ὠὼ

ὍπὙ

‎
Ὡ  (3.39) 

It is assumed that the current Ὅπ is known and expressed in terms of the forward voltage in the line.  

The voltage may be evaluated at any number of points along the line and its value may be applied to the 

corresponding nodes in the mechanical domain.  

It is possible to obtain the time and position dependent temperature in a beam under AC excitation with 

FEA software; however, the FEA solver used in this work requires a transient thermal boundary 

condition at each frequency of interest, and many time-steps would be required for the model to reach 

steady state so that the amplitude and phase can be measured.  The utility of the distributed parameter 
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model is underscored by its rapid convergence, enabling parametric optimization during the design 

process.  The model also provides insight into measurements obtained with scanning thermal 

microscopy. 

3.4.4  Mechanical Domain 

The mechanical model for a thermal shunt path is the same as a flexure of similar shape.  The moment 

of inertia of the beam varies along its length, since the segments are joined with thin beams.  In the 

mechanical model, the length-weighted average of the thin sections and thick sections can be used to 

evaluate the value of a single lumped capacitor, because the segments are short.  For example, for a  

cantilever with point-loading in the ᾀ direction,  
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The stiffness and capacitance of such a structure would then be 
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Different values for stiffness may be similarly derived based on geometry and loading conditions.   

3.5. Vertical Electrothermal Actuators 

Vertical electrothermal actuators are used to adjust the tip-sample separation.  The static deflection of 

the vertical actuator is an important quantity, since it is plotted to reveal sample topology.  Vertical 

actuators in this work are based on the thermal bimorph principle; they are a simplified version of the 

lateral multimorphs discussed in section 3.3.    

In many ways, the design requirements of vertical actuators are more demanding than those of lateral 

actuators.  The following are some examples of design constraints. 

1. The out-of-plane stiffness of the z-ŀŎǘǳŀǘƻǊ ƛǎ ǘȅǇƛŎŀƭƭȅ ǘƘŜ άǿŜŀƪŜǎǘ ƭƛƴƪέ ƛƴ ǘƘŜ ƻǾŜǊŀƭƭ ƻǳǘ-of-

plane stiffness budget, because the actuator must be compliant enough to deflect in this 

direction.  Depending on the type of SPM, Ὧ may vary from <1N/m to >50N/m.   

2. The range of motion of the z-ŀŎǘǳŀǘƻǊ Ƙŀǎ ǎŜǾŜǊŀƭ ƛƳǇŀŎǘǎ ƻƴ ǘƘŜ ƛƴǎǘǊǳƳŜƴǘΩǎ ǇŜǊŦƻǊƳŀƴŎŜΦ  ! 

large deflection in the z-direction increases the height of topographical features that can be 

imaged, and also relaxes the constraint on the resolution of the coarse approach mechanism.  A 
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large range of motion may be achieved at the cost of stiffness.  The range-to-stiffness trade-off 

can be illustrated for the case of a constant-temperature, tip-loaded bimorph: 

 
ᾀ

ὓὒ

ςὉὍ
ȟ Ὧ

σὉὍ

ὒ
 (3.42) 

In other words, if the length is increased, the range increases as ὒ while the stiffness decreases 

as . 

3. The bandwidth of the z-actuator is necessarily the highest among all actuators in the SPM.  For 

instance, in order to track topology, the z-actuator must deflect several times to track sample 

topology within a single line-scan.  In addition, for dynamic modes of operation, the actuator must 

excite a resonant mode in a flexural cantilever, which is usually above the bandwidth of the 

actuator.  The bandwidth may be defined as the location of the thermal pole set by the thermal 

RC time constant, which can also be related to the length of the actuator. 
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4. The open-loop position resolution can be defined simply as  

 Ўᾀ
ᾀ

ς
 

(3.44) 

where ᾀ  is the maximum achievable deflection, and ὲ is the number of bits of resolution of 

the digital-to-analog converter (DAC) that is driving the actuator.  This is an oversimplification that 

does not consider noise contributions to the position resolution of a closed-loop system, as will be 

shown in section 5.3.1.  Nevertheless, the trade-off between position resolution and range is 

revealed in this expression. 

These constraints are intended to illustrate that the z-actuator performance is the result of design 

tradeoffs that are defined on a case-by-case basis for each type of SPM.  Some additional constraints are 

hard limits that are defined by the process, like the thermal budget and operating voltage.  There are, of 

course, various other constraints that may be defined in terms of material properties and geometry.  

Some examples are power efficiency, work-per-unit-volume, thermomechanical noise, maximum strain, 

and damping (squeeze film and thermoelastic).   
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3.5.1  Electrical Domain 

The electrical model of the actuator calculates the amount of joule heating in a resistor that is subject to 

an applied voltage, and the temperature-dependence of this resistor is captured through feedback from 

the thermal domain.  The input voltage may be divided into a DC component and an AC component.   

The DC component is applied to track topology, while the AC component is used in dynamic modes.  In 

FM-AFM and AM-AFM, the AC component places the cantilever in resonance to increase the tip-sample 

force sensitivity.  An AC signal may also be used to force a non-resonant oscillation, and subsequently 

demodulate and filter the output in order to improve noise performance.  A schematic of the lumped 

parameter model in the electrical domain is included in the thermal model in Figure 26 below. 

3.5.2  Thermal Domain 

For quasi-static operation, the thermal model is similar to the lateral actuator model.  Following the 

development of the lumped model from equations (10.49)-(10.61), the values for the components in the 

circuit are: 
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(3.45) 
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(3.46) 
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The schematic of the thermal model with a single lumped capacitor is shown in Figure 26.  If the 

temperature gradient is sought, the difference between the endpoints of the model may be used to 

determine the slope of the temperature function.   
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Figure 26: Electro-Thermal Model of a Vertical Actuator. 

 

The introduction of an AC source must be handled in accordance with the power dissipation in the 

thermal domain.  At low frequencies, the contributions of the AC and DC sources may be calculated 

separately.  Because the temperature is proportional to the power dissipated, the instantaneous input 

voltage is squared to calculate the value of the effort source in the thermal domain.  With no DC term, 

the frequency of the AC temperature is doubled.  To avoid this in practise, the minimum value of Vdc is 

chosen to be ½Vac.  At high frequencies, well beyond the thermal cutoff, the AC component of the 

output temperature can be neglected.  However, power is still being dissipated in the resistor.  In this 

frequency range, the RMS value of the electrical AC term must appear as a DC term at the thermal 

output.  The temperature of the actuator is proportional to this DC term, so that there is a static 

displacement at the output.  In the intermediate frequency regime, where the AC component is 

attenuated but still present, the RMS value of the electrical AC signal is split into an AC thermal 

component and a DC thermal component.  The intermediate frequency regime is relevant when a 

thermal actuator is used to excite mechanical resonance in a cantilever, since the mechanical resonant 

frequency is usually higher than the thermal cutoff frequency for actuators that are used in this work.  

Most solvers for lumped element models consider the AC and DC cases in separate simulation 

environments.  The DC component at the output must therefore be calculated for a given operating 

frequency: 
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Alternatively, a transient simulation may be performed to extract this information, as shown in Figure 

27.   

 

Figure 27: Transient Simulation of a Vertical Actuator at Different Input Frequencies. 

Simulation output from transient analysis of thermal transmission line LEM in circuitlab.  

3.5.3  Mechanical Domain 

The temperature distribution from this model is coupled to the mechanical domain via the moment or 

force source, similar to the lateral actuator of section 3.3.  The procedure is simplified for the bimorph 

case, by virtue of the fact that there are only 2 layers to consider in the cross-section of the beam.  First, 

the location of the neutral axis of the beam is calculated as the modulus-weighted centroid of the beam.  

Then, the effective bending stiffness of the beam is calculated.   Moments from residual stress and 

thermal stress are then expressed in terms of the material properties and beam geometry.  Finally, an 

expression for the deflection is presented.  Details of this derivation process are included in Appendix 

C.2.  As with the lateral actuators, there are three cases that are derived for the mechanical model of 

the vertical actuator.  The most relevant case captures the position dependence of the actuator when it 
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is experiencing a temperature gradient.  The capacitor that represents the flexural rigidity of the beam is 

used when tip angle is desired: 
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The voltage source representing the thermal moment is: 
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If the model seeks to determine the tip deflection, energy methods are used to capture the strain 

energy in the beam.  The stiffness of the beam in this case is represented by a capacitor with a value of: 
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And the voltage is: 
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In the model shown in Figure 28 below, the displacement at the tip of the actuator is represented by the 

charge ή on the capacitor ὅ.  At frequencies above the thermal RC cutoff, the temperature distribution 

along the length of the actuator becomes important.  In order to couple temperature values from 

multiple points in the thermal model to corresponding points in the mechanical model, one must 

consider both the tip angle and displacement, since the initial angle of a given segment contributes to 

the deflection at the end of the segment.  The overall deflection is thus weighted by the product of the 

angle and distance to the tip, as shown in the complete model.   
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Figure 28: Electro-Thermo-Mechanical Model of a Vertical Actuator 
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3.6. Temperature Sensors 

The influence of local temperatures on the operation of single-ŎƘƛǇ {taΩǎ Ƙŀǎ ōŜŜƴ ŘŜǎŎǊƛōŜŘ ƛƴ ǎŜǾŜǊŀƭ 

of the component models presented so far.  The model of a self-heated resistor presented in section 3.2 

illustrates the coupling between the electrical and thermal domains, and methods to linearize the 

output temperature and mitigate thermal runaway issues.  In addition, it was observed that for bimorph 

geometries in which the resistor experiences both strain and heat, the piezoresistance effect may 

dominate over the TCR.  

Temperature sensors are used to measure heat transfer at the tip-sample region in Scanning Thermal 

Microscopy.  The sensors may use either the TCR of the polysilicon material, or the Seebeck effect at the 

polysilicon-to-metal thermocouple.  The electrical domain representation of the resistive temperature 

sensor is similar to that of a joule-heating resistor.  The thermocouple is modeled as a temperature-

dependant voltage source in the electrical domain.  The heat capacity of the temperature sensor is 

important when harmonic temperature variations occur at the tip-sample interface.  Thus the thermal 

domain representations must capture dynamic effects.   

3.6.1  Resistive Temperature Sensors 

The design considerations for resistive temperature sensors are different from those for heaters.  The 

model of a resistive temperature sensor is the similar to that of a self-heated resistor placed in a bridge 

circuit to detect the change in resistance.  A self-heating resistor should be in good thermal contact with 

an actuator in order to improve efficiency, whereas a resistive temperature sensor should be thermally 

isolated to improve sensitivity to an input temperature.  In the model, the input temperature to be 

measured is that of the sample, and the heat flow occurs in the tip-sample region.  Ideally, heat flow 

from the rest of the instrument should be minimized, which is the motivation behind the thermal 

isolation chain.  Another difference is that the heater resistor circuit should be designed to prevent 

thermal runaway at high temperatures, whereas the resistive sensor circuit should be designed to 

improve resolution at low temperatures.  In the model of the resistive sensor, a current source is used in 

conjunction with a negative TCR resistor.  The differential equation governing temperature in the 

current driven case is  

 ὨὝ

Ὠὸ

ρ ‌ὙὙ Ὅ

Ὑ ὅ
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 (3.53) 
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which is different from the voltage driven case in equation (3.3).  In this case, the thermal time constant 

is: 

 
†

Ὑ ὅ

ρ ‌ὙὙ Ὅ
 (3.54) 

The steady state temperature can now be expressed as: 
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which may be recognized as a system with negative feedback for negative ‌ .  Since ‌  is small in the 

resistive sensors used here, one may choose to drive the sensor with a voltage source in order to benefit 

from positive feedback.  However, the voltage setting should still be limited to prevent thermal 

runaway. 

3.6.2  Thermocouples 

 The CMOS-MEMS process may also be used to implement temperature sensors based on the 

thermoelectric effect, using a pair of junctions between materials with different Seebeck coefficients.  

When the junctions are at different temperatures, a potential difference is generated.  SEM images of a 

design with a resistive temperature sensor and one with a thermocouple are shown in Figure 29 for 

comparison.  The routing for the thermocouple must use the same materials that are at the junction, 

otherwise the thermovoltages would cancel.  Only one thermal isolation chain is required, since the 

polysilicon is beneath the metal layers used in the chain. 

 

Figure 29: Resistive Temperature Sensor (Left) and Thermocouple (Right) 
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3.6.3  Electrical Domain 

The voltage generated by the thermocouple arises from the coupled flow of electrical and heat currents, 

which is described by irreversible thermodynamics [149].  In a CMOS process, there are several materials 

with different Seebeck coefficients ‌ that may be coupled to form junctions in the design process.  

Thermocouples of high resistivity polysilicon and Aluminum are used in this work.  The voltage 

generated by the thermocouple is: 

 
ὠ ‌ ‌ ὨὝ (3.56) 

The value of the voltage source depends on the difference in temperature between the two junctions on 

either end of the thermocouple.  The temperature at the tip is influenced by tip-sample heat 

conduction, whereas the temperature at the base is influenced by heat from the remainder of the 

instrument.  In practise, a self-heated resistor may be placed at the base of the thermal isolation chains, 

in order to maintain a fixed reference temperature above the sample temperature.  In this case, the tip 

ƛǎ ǘƘŜ άŎƻƭŘέ ƧǳƴŎǘƛƻƴΦ   ¢Ƙƛǎ ƘŜŀǘŜǊ Ƴŀȅ ōŜ ƻǇŜǊŀǘŜŘ ƛƴ ŀ ŦŜŜŘōŀŎƪ ƳƻŘŜΣ ƛƴ ƻǊŘŜǊ ǘƻ ŎƻƳǇŜƴǎŀǘŜ ŦƻǊ 

temperature variations in the device.  Alternatively, the heater may be used to provide an AC heat 

currenǘ ǿƘƛŎƘ ƳƻŘǳƭŀǘŜǎ ǘƘŜ άƘƻǘέ ƧǳƴŎǘƛƻƴ ǘŜƳǇŜǊŀǘǳǊŜΣ ǎǳŎƘ ǘƘŀǘ ƭƻŎƪ-in techniques may be used to 

extract the temperature difference.  It is important to note that in this case, AC modulation does not 

offer immunity to the temperature variations in the remainder of the device.  This is because the 

ǘŜƳǇŜǊŀǘǳǊŜ ǾŀǊƛŀǘƛƻƴǎ ŘƛǎǘǳǊō ǾŀƭǳŜ ƻŦ ǘƘŜ ǎŜƴǎƻǊΩǎ ƻǳǘǇǳǘ ƛƴǘǊƛƴǎƛŎŀƭƭȅΣ ŀǎ ƻǇǇƻǎŜŘ ǘƻ ŀŘŘƛƴƎ ǊŀƴŘƻƳ 

noise.   Thus, upon demodulation, these temperature variations will reappear directly in the signal of 

interest.  Therefore, modulation of the base temperature has the same effect as modulating the drive 

current of a resistive temperature sensor: it limits the bandwidth of the Johnson and 1/f noise 

contributions to the output signal.  Sensitivity is further improved by the addition of thermal isolation 

between junctions at either end of a thermocouple.   The electrical domain model of the thermocouple 

is simply a temperature dependent voltage source. 

3.6.4  Thermal Domain 

The temperature at either end of the thermocouple is required in order to calculate the voltage that is 

generated in the electrical domain.  A heater resistor is placed near the base of the device in order to 

modulate temperature to enable lock-in measurement techniques.  The thermal path from the base to 

the tip is modeled using a thermal transmission line, because the phase and amplitude difference 
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between these points contributes directly to the output signal.  It is important to consider the frequency 

dependence of the thermal transmission line when selecting an operating frequency for SThM 

measurements.  Ideally, the thermal impedance of the transmission line should be matched to the tip-

sample impedance to maximize the sensitivity of the measurement.  In ambient conditions, with a 

relatively large tip radius (~100nm), the CMOS-MEMS process may achieve good impedance matching; 

however, for very sharp tips in vacuum operation, process modifications may be needed to achieve this 

goal.  The impedance of the thermocouple may therefore be a limiting factor in the temperature and 

spatial resolution of an SThM instrument.  

3.6.5  Mechanical Domain 

The position of the tip of the thermocouple is an important quantity, since it influences the amount of 

heat transfer to the sample.  The position of the base of the thermal isolation chain is set by the vertical 

actuator to which it is connected.  A small additional deflection occurs due to the bimorph-like 

behaviour of the thermal isolation chain.  The temperature distribution from the thermal domain may 

be used to calculate the thermal moment in the thin (metal_1) segments of the chain.  The bending 

stiffness of the chain is also dominated by the thin connecting segments. In the model below, the 

rotation of the tip is obtained simply by considering the only the lengths of the metal_1 segments in the 

capacitor.  To calculate the vertical deflection of the tip, one would include the angular projection over 

the length of the thick segments.  It is assumed that the small angular deflection of the tip directly 

modulates the tip-sample gap, as indicated by the variable load impedance in the thermal domain.   

A complete model of the thermocouple is included below in Figure 30.   
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Figure 30: Thermocouple Model 
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Chapter 4. Quality Factor Enhancement in Resonant Cantilevers with 

Integrated Piezoresistors 

The components that have been modeled in Chapter 3 may be combined into scanners that can be used 

to position a sharp tip over sample, which is a fundamental requiremenǘ ƛƴ ǘƘŜ ƻǇŜǊŀǘƛƻƴ ƻŦ {taΩǎΦ  ¢ƘŜ 

measurement of the tip-sample interaction is based on a sensor that can preferentially detect quantities 

that are of interest.  In AFM, the tip-sample interaction force is detected by measuring the deflection of 

a cantilever.  If the cantilever is placed in resonance, its sensitivity to an applied force is enhanced, as 

will be shown in this chapter.  

In a single-chip AFM, the piezoresistive effect is used to detect the deflection of a cantilever.  A 

polysilicon resistor with modest piezoresistivity is integrated into a composite beam of Aluminum and 

Silicon Dioxide.  Because the beam is made of two materials with dissimilar thermal expansion 

coefficients, it deflects in response to a temperature rise, producing unwanted strain in the piezoresistor 

that detracts from tip-sample interaction measurements.  The dynamics of the beam are determined by 

its shape and the material properties of its constituents.  In this work, the beam itself is modeled first, 

since the thin polysilicon layer has minimal influence on its mass, stiffness, and resonant frequency.  

Once the dynamics of the beam are uncovered, the piezoresistor is modeled.  The coupling between the 

two occurs in the thermal domain through self-heating, and in the mechanical domain through strain 

from resonance and from bimorph actuation.  Once the piezoresistor is modeled, it will be shown that 

under certain circumstances, the presence of a piezoresistor may have a significant impact on the 

dynamics of the cantilever. 

4.1. Flexural Resonant Cantilevers 

Flexural resonant cantilevers are used to improve the sensitivity of the piezoresistors to tip-sample 

interaction forces.  The sensitivity of the force measurement is improved by the Q-factor of the 

resonator, up to a factor of Q2 in the case where the displacement sensor noise dominates over the 

ŎŀƴǘƛƭŜǾŜǊΩǎ ǘƘŜǊƳƻƳŜŎƘŀƴƛŎŀƭ ƴƻƛǎŜ [156].  This section focuses on the electrical, thermal and 

mechanical models of the flexural resonators themselves, while section 4.2 discusses the piezoresistors 

that are embedded inside them.   

There are two approaches to resonant cantilevers that are explored in this work.  The self-actuated 

resonant cantilever (SARC) consists of a bimorph beam with an integrated heater and piezoresistor.  In 
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essence, the SARC is a vertical electrothermal actuator that uses the same polysilicon resistor for 

piezoresistive detection and Joule heating for vertical actuation to track topology.  The temperature 

distribution in the vertical actuator may be modeled using the finite difference method, with a 

dependant resistance that is modulated by the TCR and the coefficient of piezoresistivity.  This is 

problematic because heat from thermal actuation couples directly to the strain sensors, and obscures 

the signal from tip-ǎŀƳǇƭŜ ŦƻǊŎŜ ƛƴǘŜǊŀŎǘƛƻƴΦ  ¢ƘŜ ǘŜǊƳ άŦŜŜŘǘƘǊƻǳƎƘέ ƛǎ ƻŦǘŜƴ ǳǎŜŘ ǘƻ ŘŜǎŎǊƛōŜ ǎƛƳƛƭŀǊ 

coupling problems resulting from capacitive coupling in the electrical domain, and in this case the 

ǇƘŜƴƻƳŜƴƻƴ ƛǎ ƳƻǊŜ ŀŎŎǳǊŀǘŜƭȅ ŘŜǎŎǊƛōŜŘ ŀǎ άǘƘŜǊƳŀƭ ŦŜŜŘǘƘǊƻǳƎƘΦέ  {ŜǇŀǊŀǘƛƴƎ ǘƘŜ ƘŜŀǘŜǊǎ ŦǊƻƳ ǘƘŜ 

sensor and placing them at opposite ends of the cantilever may mitigate the thermal feedthrough issue, 

at the expense of either the efficiency of the actuator, or the sensitivity of the piezoresistor.  If the 

piezoresistor is placed at the base and the heater at the tip, the efficiency of the actuator is reduced.  

Conversely, with the piezoresistor at the tip and the heater at the base, the force sensitivity is 

compromised.  Some insight into the SARC design pattern will be provided in section 4.2.5, which 

discusses the dynamic model of piezoresistive strain sensors.   

Some recent research effort has focused on electrothermally actuated, piezoresistively detected 

micromechanical resonators [157]Φ  ¢ƘŜǎŜ άLн.!wέ ŘŜǾƛŎŜǎ ǿƛǘƘ ǊŜǎƻƴŀƴǘ ŦǊŜǉǳŜƴŎƛŜǎ ǳǇ ǘƻ мтсaIȊ ǳǎŜ 

the same resistors for heating and piezoresistive sensing, which implies that they experience both 

thermal and electrical feedthrough.  At such high frequencies, electrical feedthrough is more significant 

than thermal feedthrough because the thermal time constants are so short that the AC temperature 

amplitude is low.  In this work, the frequencies are low enough that thermal feedthrough is significant, 

but electrical feedthrough may be eliminated by the use of separate resistors for heating and sensing.   

Based on the preceding discussion of the drawbacks of the SARC pattern, conventional wisdom would 

guide the designer towards a design in which the heater and sensor are separate.  Nevertheless, it was 

desirable to investigate the effects of thermo-mechanical coupling within a self-heated, strain-sensing 

resistor.  As it turns out, the Q-factor of the SARC may be enhanced by internal feedback mechanisms 

that result from the interplay of quantities in the electrical, thermal, and mechanical domains.  In 

addition, the use of such a design pattern in a Wheatstone bridge configuration provides an excellent 

match at a frequency near the mechanical resonance.  For a single-chip SPM to utilize this enhancement, 

a separate vertical actuator would be required for tracking topology, so the design is referred to as a 

hybrid mode of SARC operation.  This phenomenon will be discussed in section 4.2 below. 
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The approach discussed in this section is the externally actuated resonant cantilever (EARC), which uses 

a vertical bimorph actuator or a rotating actuator to excite a flexural mode within a beam that has an 

integrated piezoresistor, as shown in Figure 31.    The external vertical actuator may be thought of as a 

άǎƘŀƪŜǊΣέ ǎƛƳƛƭŀǊ ǘƻ ǘƘŜ ǇƛŜȊƻŜƭŜŎǘǊƛŎ ŀŎǘǳŀǘƻǊǎ ǳǎŜŘ ƛƴ ŎƻƴǾŜƴǘƛƻƴŀƭ !CaΩǎΦ  ¢ƘŜ ŀŎǘǳŀǘƻǊ ƛǎ ŘŜǎƛƎƴŜŘ 

with multiple beams to increase its stiffness, resulting in a higher resonant frequency than the flexure.  A 

higher resonant frequency also improves the loaded Q of the flexural resonator by undercoupling the 

resonators.  To further separate the resonant frequencies of these components, a proof mass may be 

added to the tip of the flexural resonator.  The EARC design has several advantages over the SARC 

design, which were observed over the course of this work: 

1) The EARC has improved thermal immunity, since the piezoresistor may be located further from 

the heat source.  In addition, at high frequencies, the thermal wave from the z-actuator 

constricts, resulting in further suppression of heat coupling.  By contrast, the thermal bending 

moment that is responsible for exciting the flexural resonance is collocated with the 

piezoresistor in the SARC. 

2) The EARC is more robust to tip-crashes, since the stiffness of the vertical actuators can be high 

enough to overcome pull-in forces without compromising the force sensitivity of the sensor that 

is in a separate, more compliant cantilever.  By contrast, in the SARC, if the vertical actuator is 

stiffened, the force sensitivity of the integrated strain sensor is reduced.  

3) The EARC design pattern supports higher resonant frequencies.  As the resonant frequency of 

the flexural cantilever is increased (by reducing its length or the tip mass), the thermal envelope 

in the stiff vertical actuator is compressed further, improving the thermal immunity of the strain 

sensor.  In the SARC design, the strain sensor shrinks along with the thermal envelope, and so it 

is still co-located with the high AC temperature region.   

It should be noted that the EARC may be operated in a hybrid mode in which the piezoresistive sensors 

are used for resonant actuation and the external vertical actuator is used to track topology.  This mode 

benefits from the Q-factor enhancement of the SARC with reduced thermal coupling from the external 

actuator that tracks topology.   

4.1.1  Electrical Domain 

The electrical model of the EARC is simply a conductive path that does not contribute to its thermal or 

mechanical behaviour.  This conductor is often the only path that may be used to route signals to the tip 
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of the instrument.  Since the signals to the tip are often low current signals that are susceptible to noise, 

a capacitor may be included to capture the coupling between the underlying piezoresistor and the EARC 

conductor.  An AC current arises in the piezoresistor at resonance because the change in resistance 

modulates the DC bias that is applied to it.  The model that considers these coupling effects is similar to 

the electrical routing model in a flexure that was shown in Figure 15.  In the EARC model, the cross 

section of the beam only consists of 1 metal layer and the piezoresistor, and the metal layer may be 

used to route a signal to the tip.  This signal may be an AC signal as required by Scanning Capacitance 

Microscopy (SCM), Scanning Thermal Microscopy (SThM), Scanning Gate Microscopy (SGM) or Kelvin 

Probe Force Microscopy (KPFM); or it may be a DC signal, as required by Scanning Spreading Resistance 

Microscopy (SSRM), Conductive AFM, or Scanning Voltage Microscopy (SVM).  In these cases, the 

parasitic capacitance couples the tip signal to the piezoresistor signal, contributing parasitic AC 

feedthrough in both directions.  There are two solutions to the feedthrough problem.  The first is to rely 

on frequency domain techniques to separate the signals, since the resonant frequency of the AFM may 

be different from the signal to the tip.  This method does not always work, since it may be desirable to 

use lock-in detection techniques based on the modulation of the tip signal by the cantilevers resonance.  

Another solution is to route the tip signal in a separate flexure that is placed in parallel with the EARC.  

This solution increases the effective stiffness of the system, thereby reducing the strain captured by the 

piezoresistor.  Examples of both approaches are shown in Figure 31.   

 

Figure 31: Externally Actuated Resonant Cantilevers 
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4.1.2  Thermal Domain 

In the thermal domain, the EARC model and the embedded piezoresistor model are inexorably tied 

together, because it is assumed that the temperature remains constant over the cross-section of the 

beam.  This assumption is verified by FEA.  In the cross section of Figure 22 the heat flux through the 

members in the beam was shown to vary as a function of their thermal conductivity.  In the same 

analysis, the temperature range over the cross section of the beam was found to remain within ~5K, 

while there is a 150K temperature difference over the length of the beam.   

The temperature in the EARC is influenced by heat entering or leaving from either end, and by the heat 

generated in the piezoresistor.  If a thermal gradient exists along the beam length, the model is split into 

segments with dimensions that are based on the location of the piezoresistor within the beam.  One 

may choose to represent the component with a transmission line model or a lumped parameter model.   

Because the heater is located at a distance from the piezoresistor in a well-designed EARC, the 

temperature variations at the location of the piezoresistor have a small amplitude and a different phase 

compared to the signal from resonance.  Under these conditions, the lumped parameter model suffices.  

The distal end of the EARC may be extended by a plate, as shown in Figure 31.  The convection from this 

plate is captured by a load resistor placed at the distal end of the model.  When the tip approaches a 

sample, heat is conducted through the gap between the plate and the sample.  This conductive transfer 

is modeled with a separate resistor with a value that depends on the geometry of the air gap and the 

material properties of the sample.  Assuming that the thermal impedance of the substrate-air gap is 

large compared to the thermal impedance in the substrate, the value of the resistor that captures 

conductive heat transfer is: 

   

Ὑ

ὰ
ςίὭὲ—Ὠ

Ὧ ύ ὰ
 (4.1) 

where ὰ  and ύ  are the length and width of the plate, — is the angle between the plate and sample, 

Ὠ  is the tip-sample distance, and Ὧ  is the thermal conductivity of air.  Here, it has been assumed 

that the Raleigh number (from equation (10.28)) is small, so that only conductive effects are considered 

in the plate-sample gap.  The thermal model of the EARC is shown in Figure 32. 
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Figure 32: Thermal Model of Externally Actuated Resonant Cantilever 

4.1.3  Mechanical Domain ς Quasi-Static Model 

The cross section of the EARC is similar to that of a vertical electrothermal bimorph actuator, except in 

the region where the piezoresistor is embedded.  In that region, the multimorph formulation from 

equation (10.67) may be used to calculate the effective bending stiffness, with the coordinate system 

rotated to match out-of-plane bending. 

 
ὉὍ ȟ Ὁ ᾀᾀὨᾀὨώ (4.2) 

where the members include the oxide, polysilicon, and metal layers.  In the regions where there is no 

polysilicon, equation (10.133) may be used to calculate the effective bending stiffness.   The beam 

experiences a moment from residual stress, a moment from thermal stress, and a moment from tip-

sample interaction.  The moment from tip-sample interaction is: 

 ὓ ȟ ὼ Ὂ ὒ ὼ 
(4.3) 

The other moments can be calculated using equations (10.134)-(10.135), where it is assumed that the 

thin, short polysilicon sensor with a thermal expansion coefficient close to that of SiO2 (when compared 

to that of Aluminum) does not contribute to deflection.  The self-heating of the sensor does contribute 

to the thermal moment in its section of the beam, as indicated by the coupling to the thermal domain.  

Since the temperatures from the thermal model of the piezoresistor consider self-heating, the 

calculation of the thermal moment is straightforward.  The values of the voltage sources and capacitors 

corresponding to the moments and stiffness of the beams are calculated using (10.144)-(10.145).  
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Values for the capacitors and voltage sources in the tip-referred case may be calculated using (10.147)-

(10.148).  A scaling factor must be used for the moment from tip-sample interaction force because the 

capacitor used in the model does not represent the cantilever spring constant from a tip load.  The 

scaling factor accounts for the difference between tip-loading and moment-loading from thermal 

actuation, as discussed in section 3.3.3.  Like the thermal model, the mechanical model is subdivided 

into sections based on the location of the strain sensor.  The moments and deflections are therefore 

calculated at various points along the beam.  The quasi-static model of the EARC in the mechanical 

domain is shown below in Figure 33.  This model only considers 2 segments, corresponding to the case 

where the piezoresistor is located at the base of the beam. 

 

Figure 33: Thermal Domain Model of Externally Actuated Resonant Cantilever 

4.1.4  Mechanical Domain ς Dynamic Model 

When the beam is excited at an AC signal close to its resonant frequency, its mechanical dynamics come 

into play.  The EARC is excited at its base by a vertical bimorph actuator that provides a linear 
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ŘƛǎǇƭŀŎŜƳŜƴǘ ǿƛǘƘ ŀ ǎƳŀƭƭ ǊƻǘŀǘƛƻƴΦ  Lƴ ŀŘŘƛǘƛƻƴΣ ǘƘŜ ōŜŀƳΩǎ 5/ ǘŜƳǇŜǊŀǘǳǊŜ contributes a constant 

thermal moment that pre-stresses it.  FEA shows that for a beam at room temperature with the 

dimensions considered here, the natural frequency is 34981Hz.  The frequency is reduced to 34216Hz 

when the temperature is increased to 400K, presumably due to the temperature coefficient of elasticity, 

combined with the flattened shape of the beam.  Although these factors contribute to a shift in the 

resonant frequency, the beam is assumed to be in free-vibration to calculate the natural frequency.   

The lumped element model of the dynamic EARC consists of a resistor to represent damping, a capacitor 

to represent compliance, and an inductor to represent the effective mass.  To obtain values for these 

quantities, the natural frequency of the mode of interest is first obtained.  The time-dependent Euler-

Bernoulli beam equation may be solved using the method of separation of variables with the following 

boundary conditions: 
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(4.4) 

where ‘ is the mass per unit length of the beam.  Separating ύὼȟὸ into position-dependent and time-

dependent functions: 

 ύὼȟὸ ὢὼὝὸ 
(4.5) 

The beam equation can now be separated into two ordinary differential equations: 
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where the dimensionless wavenumber ὥ is related to the angular frequency :by ‫ 
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 (4.7) 

The solution to the position dependent function is: 
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 ὢὼ ὅÓÉÎὥὼ ὅÃÏÓὥὼ ὅÓÉÎÈὥὼ ὅÃÏÓÈὥὼ 
(4.8) 

where ὅ constant coefficients. The solution to the time dependent function is: 

 Ὕὸ ὨÓÉÎ‫ὸ ὨÃÏÓ‫ὸ 
(4.9) 

where Ὠ are constant coefficients.  Applying the boundary conditions results in the following expression 

for the mode shape: 
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where ‗ and ὅ are integration constants.  For the first mode, ὲ ρ, ‗ ρȢψχυ and ὅ πȢχστ.   

The natural frequency (or the first mode) of the beam is: 
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The dynamic model represents discrete modes that are obtained from the time-dependent solution of 

the Euler-Bernoulli beam equation.  Several modes can be connected in parallel if one wishes to capture 

higher modes in the model.  The value of the capacitor is: 
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The effective mass can be calculated from: 
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And the resistance Ὑ that represents damping in the system may be fitted from experimental results.  

The unloaded Q-factor of the EARC may be extracted from measurements using the concepts from 

[158].   

4.2. Piezoresistive strain sensors 

Piezoresistivity is a material property whereby the bulk resistivity of a material changes under applied 

strain.  Piezoresistive strain sensors are used in AFM and related SPM modes that must detect small tip-
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sample forces.  The piezoresistance of polysilicon has been widely investigated [159],[160],[161][162].  

The design of piezoresistive-based MEMS sensors has been analyzed from a system perspective, to 

quantify the achievable dynamic range while considering noise contributions from various components 

in the system [163].  The optimization of single-crystal-silicon piezoresistive u-shaped cantilevers for 

AFM application has also been reported in [164].  The sensitivity was optimized by varying the length, 

width, and thickness of the cantilever, as well as the dopant depth, dopant concentration, and surface 

treatment and anneal process parameters.  Within a CMOS-MEMS process, the foundry controls the 

thickness and vertical position of the polysilicon layer, as well as all the process parameters.  The 

polysilicon material is therefore not optimized for piezoresistivity, and the optimization problem is 

reduced to the sizing (width and length) and placement of the sensor within a flexure.   

The piezoresistors are fabricated using the high-value polysilicon material, since this material usually has 

the highest gauge factor among the released layers in the CMOS-MEMS process [68], [165].  When the 

grain orientation is random, the material can be considered isotropic.  In addition, since the 

piezoresistive layer is thin, it is assumed that it does not contribute to the effective stiffness ὉὍ  of 

the beam.  The vertical placement of the sensor near the bottom surface of a flexure means that when 

the beam is bending, the sensor experiences longitudinal strain.  These considerations imply that the 

change in resistance is proportional to the local bending moment.   

Piezoresistivity is defined as: 

 

”

‬”
”

‭
 

(4.14) 

where ‬” represents the change in resistivity, ” is the original resistivity of the material, and ‭ is the 

applied (uniaxial) strain.  In addition to piezoresistive effects, the resistor value changes due to its 

deformed geometry under strain.  For a material with no piezoresistivity, the change in resistance is: 

 ЎὙ

Ὑ
‭ρ ς’ (4.15) 

The direction of current flow may be in the same direction as the applied strain (longitudinal), or in the 

perpendicular direction (transverse).  The Gauge Factor (GF) of a material is defined as the fractional 

change in resistance, Ὑ, of a material per unit strain, ‭.  For the longitudinal case, GF is given by: 
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Because the piezoresistive layer is thin and embedded within the beam material, only the last term in 

equation (4.16) will be used to calculate the resistance change due to strain in a flexure.  Another way to 

express the fractional resistance change is to use the piezoresistive coefficients “, which are related to 

stress: 

 ЎὙ

Ὑ
“„ “„ (4.17) 

It is desirable to exclusively measure tip-sample interaction forces with these sensors; however, several 

other factors contribute to the senǎƻǊΩǎ ƻǳǘǇǳǘ ǎƛƎƴŀƭ [150].  First of all, the magnitude of the TCR in the 

material is so high that it may obscure the signal from strain.  In fact, for a given tip deflection, the signal 

from thermal effects may be 20x greater than the signal from strain effects.  Exacerbating this problem 

is the fact that the piezoresistive coefficient itself is sensitive to temperature ς the sensitivity of the 

piezoresistor is reduced as the temperature is increased.  This results in a modified expression for the 

piezoresistivity: 

 ” ” ρ ‌  
(4.18) 

In addition to the parasitic thermal effects, the sensor is embedded in a bimorph beam.  Even if the 

bimorph is not intended to operate as an actuator, it will deflect in response to local temperature 

variations, and the resulting strain is captured by the piezoresistor.  A third source of parasitic coupling 

is capacitive coupling from signals routed over the sensor.  If the thermal actuator signal is routed over 

the piezoresistor, the coupled signal is at the same frequency as the desired measurement.  Finally, if 

the sensors share a ground wire with other components of the system, the finite resistance of the wire 

causes coupling of the shared signals into the seƴǎƻǊ ƻǳǘǇǳǘΦ  ¢Ƙƛǎ ǇƘŜƴƻƳŜƴƻƴ ƛǎ ƪƴƻǿƴ ŀǎ άƎǊƻǳƴŘ 

ōƻǳƴŎŜΦέ  ¢ƘŜ ƳƻŘŜƭ ƻŦ ǘƘŜ ǇƛŜȊƻǊŜǎƛǎǘƻǊ Ƴǳǎǘ ǘƘŜǊŜŦƻǊŜ ŀŎŎƻǳƴǘ ŦƻǊ ŜƭŜŎǘǊƛŎŀƭΣ ǘƘŜǊƳŀƭ ŀƴŘ ƳŜŎƘŀƴƛŎŀƭ 

effects.  All of these sources contribute to the sensor output even when there is no tip-sample 

interaction.  It is therefore important to include these parasitic sources in the model, and to use the 

model to guide the design process of the instrument with the objective of reducing these effects.   

A bias voltage is applied to a Wheatstone bridge circuit that contains the piezoresistor. The power in the 

ǇƛŜȊƻǊŜǎƛǎǘƻǊ ŎŀǳǎŜǎ άǎŜƭŦ-ƘŜŀǘƛƴƎΣέ ǿƘƛŎƘ ƛǎ ǎƻǳǊŎŜ ƻŦ ǘƘŜ ǘƘŜǊƳŀƭ ŦŜŜŘōŀŎƪΦ  Lƴ ŀŘŘƛǘƛƻƴΣ ǎƛƴŎŜ ǘƘŜ 

piezoresistor must be placed inside a bimorph due to process constraints, its temperature causes 
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parasitic strain from deformation, which is the source of the mechanical feedback.  Since the length of 

the piezoresistor is short, distributed thermal effects are negligible.  In the mechanical domain, a 

capacitor is used to represent the compliance of the cantilever.  The strain that is experienced by the 

piezoresistor can be captured by considering the charge on this capacitor.  The dynamic behaviour of the 

beam containing the piezoresistor is important when it experiences flexural resonance.  In this case, a 

mass-spring-damper model may be used.  The strain in the piezoresistor in the resonant case must be 

calculated based on the resonant mode shape.  A tip-sample interaction force can be approximated with 

a linear spring (capacitor) and damping resistor.    

4.2.1  Electrical Domain ς Quasi-Static Model 

The piezoresistors respond to capacitive coupling and ground bounce in the electrical domain, 

temperature from the thermal domain, and strain from actuation and tip loading in the mechanical 

domain.  The quasi-static model applies to DC and AC conditions when the beam is not in mechanical 

resonance.  Modeling of the piezoresistor in the electrical domain is accomplished with separate 

resistors that experience feedback from the thermal and mechanical domains.  The initial value of the 

resistor is Ὑ.  The value of the resistor that captures thermal effects is: 

 Ὑ Ὑ‌ ɝὝ 
(4.19) 

where ‌  is the temperature coefficient of resistivity and ɝὝ is coupled from the thermal domain.  The 

value of the resistor that captures strain is calculated by taking the average strain in the sensor, and 

multiplying by the piezoresistive coefficient: 
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Ὑ” ρ ‌ ɝὝ

ὒ ὸ
‭ ὼȟᾀὨᾀὨὼ (4.20) 

where ὒ  is the length of the piezoresistor, ὸ  is the thickness of the piezoresistor, and ‭ is the 

strain in the longitudinal direction ὼ.  Equation (4.20) assumes that the piezoresistance is linear, which is 

a valid assumption for small strains.   The strain itself can be expressed in terms of the bending 

moments, whether they are due to residual stress, thermal stress, or point-loading: 
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where ᾀ is the position of the neutral axis of the beam.  The capacitance ὅ  between the metal 

routing layer and the polysilicon below it is calculated based on measured parameters provided by the 

foundry design kit.  Alternatively, the value may be extracted directly from the layout within the 

Cadence design environment.  In many cases, the routing of the signal from the piezoresistor is in close 

proximity to other signal lines, which adds another parasitic capacitance that may also be extracted 

from layout.  The electrical domain representation of a piezoresistive strain sensor is shown in Figure 34. 

 

Figure 34: Electrical Domain Representation of a Piezoresistor 

4.2.2  Voltage or Current Drive ς Quasi-Static Case 

Thus far, it has been shown that the static model of a piezoresistive strain sensor includes feedback from 

both the mechanical and the thermal domains, to the electrical domain.  In addition, there are 

feedforward paths from the electrical domain to the thermal domain (through joule heating), and from 

the thermal domain to the mechanical domain (through thermal expansion of the bimorph).  It is 

interesting to note that static quantities in the mechanical domain may therefore indirectly influence 

the temperature of the sensor, which is elucidated in the following scenario.   

Consider a cantilever with an integrated piezoresistive strain sensor that has a positive coefficient of 

piezoresistivity.  When the cantilever experiences static strain from tip-loading (a mechanical domain 

effect), the resistance of the sensor is increased.  With constant-voltage drive, this implies that less 

power will be dissipated in the sensor, which in turn cools down the bimorph.  This new, lower 

ǘŜƳǇŜǊŀǘǳǊŜ Ƴŀȅ ǊŜǎǳƭǘ ƛƴ ǎŜǾŜǊŀƭ ǇǊƻōƭŜƳŀǘƛŎ ŜŦŦŜŎǘǎΦ  CƛǊǎǘ ƻŦ ŀƭƭΣ ǘƘŜ ōƛƳƻǊǇƘΩǎ ŘŜŦlection will 

decrease due to its lowered thermal moment, resulting in a possible tip-crash.  Second of all, the lower 

bending moment reduces the strain in the beam, which counters the signal from the tip-sample 

interaction, thereby reducing the sensitivity of the instrument.   The severity of these problems is 
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compounded by the cooling of the bimorph due to tip-sample heat transfer.  When the bimorph is 

cooled, its deflection decreases; this increases the likelihood of a tip crash.  In addition, if the 

temperature coefficient of resistivity is also positive, the cooling will increase electrical resistance and 

reduce power even further.  If, instead, the sensor is driven with a constant current source, these 

problems are mitigated.  In fact, the use of a current source results in positive feedback and provides 

some gain to the tip-sample strain signal.  Of course, the current must be limited to prevent thermal 

runaway, but this requirement is aligned with the general objective of minimizing self-heating, in light of 

the negative temperature coefficient of piezoresistivity.  This example illustrates that the sign and 

magnitude of ‌  and ὋὊ are of importance to the performance of the system, and that the type of 

source may be judiciously chosen to counter problematic feedback effects.  The insight provided by this 

model is useful when interpreting results of contact-mode AFM.   

4.2.3  Thermal Domain 

The temperature distribution in a polysilicon strain sensor is the result of a combination of self-heating 

and thermal coupling from other parts of the instrument.   In the thermal domain, the sensor and the 

flexure within which it is located must be connected in parallel, since it is assumed that the small cross-

sectional area of the beam is isothermal.  A thermal model similar to the finite difference model 

developed for lateral actuators may be used (section 3.3.2), with the addition of source terms that 

represent self-heating.  Alternatively, the transmission line model developed in 3.4.3 may be used, if the 

precise time and position dependence of temperature is required.  In both cases, the thermal model of 

the flexure must be partitioned such that it can be connected to nodes in the sensor model.  In Figure 35 

below, the finite difference approximation is used.  The heat current from the piezoresistor is injected 

into the flexure, and the temperature distribution from the flexure model is connected in parallel with 

the piezoresistor.  Since the piezoresistor is embedded within the flexure beam, convective cooling may 

be ignored.  Instead, the temperature nodes of the piezoresistor are directly connected to the 

temperature nodes in the flexure model, which are connected to convection resistors.   Also, because 

the sensor is designed to operate at the mechanical resonant frequency of the beam, several nodes are 

present in the model to capture the dynamic temperature dependence along the length of the beam.  

To calculate the rate of local heat generation in the piezoresistor, the heat current source computes 

electrical power using the local resistance and the current from the electrical domain.  To obtain the 

local resistance value, the electrical domain representation must also be partitioned into several series-

connected resistors.   
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Figure 35: Thermal Model of a Piezoresistor 

4.2.4  Mechanical Domain ς Quasi-Static Model 

The polysilicon strain sensor is embedded within a flexure, so the strain that is experiences can be 

obtained from the mechanical model of the flexure.  Although the flexure itself does not contain a 

heater resistor, its cross-section is that of a bimorph, so a thermal moment exists.  Other moments that 

contribute to strain in the cantilever are the moment from residual stress, and the moment from tip-

sample interaction.  Since the moments are known from the vertical bimorph models, and are present 

as voltage sources in therein, it is convenient to substitute the individual moments into (4.21) to 

calculate the average strain in the piezoresistor: 
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where ὓ ȟ ὼ is the moment due to an applied force at the tip (tip-sample force), which can be 

expressed as: 

 ὓ ȟ ὼ Ὂ ὒ ὼ 
(4.23) 

where ὒ  is the length of the cantilever (flexure) and the coordinates in are taken with respect to the 

beam origin, such that the placement of the piezoresistor within the flexure influences the strain in the 

sensor.  Each of the contributing moments is available as a voltage source, so it is useful to separately 

evaluate their strain contributions individually, and then sum them to obtain the total strain.  The 

average strain from the constant residual moment is:   
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Since the residual moment is constant, there is no need to include a dependent variable in the 

longitudinal ὼ direction. 

 The average strain from the thermal moment, including a thermal gradient, is: 
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The average strain from the tip-sample interaction force is: 
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Equations (4.24)-(4.26) express the average strain in terms of geometric parameters and quantities that 

are available from the mechanical model of the flexures (constants that are lumped into ὑ , ὑ , and 

ὑ ), and a single source term that corresponds to a voltage source (also from the flexure model).  

Since the moments and forces are already represented as voltage sources elsewhere, there is no need to 

incorporate them or the capacitors that they feed into the piezoresistor model.   

Strain is a dimensionless quantity and its value in this model is used only to adjust the value of the 

electrical resistor.  It is convenient to express strain as a voltage, because a voltage-controlled resistor is 

easy to implement in Spice-like solvers.  The voltage sources corresponding to the moments and forces 

are scaled by the gains ὑ , ὑ , and ὑ  from (4.24)-(4.26), and then summed.  This value is then used 

to adjust the resistor in the electrical domain, which will be shown in the complete model of the sensor.  

The quasi-static mechanical domain model of the piezoresistor is shown in Figure 36.  This model is 
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easily partitioned to match the other models if the local piezoresistive change is required.  In the 

partitioned model, the residual strain term would remain constant, the thermal moment would be 

applied from the corresponding segment in the thermal domain, and the tip-sample moment would 

come from the mechanical domain, in which the local voltage sources are scaled according to their 

distance from the tip.   

 

Figure 36: Strain in a Piezoresistor Represented as a Voltage 

4.2.5  Mechanical Domain ς Dynamic Model 

When the flexure is in resonance, an additional source of strain dominates over the thermal, residual, 

and tip-sample force-related strains, in a properly designed system.  This strain relates to the mode-

shape of the resonance of the flexure, and may ōŜ ƻōǘŀƛƴŜŘ ŦǊƻƳ ǘƘŜ ŘƛǎǇƭŀŎŜƳŜƴǘ ƛƴ ǘƘŜ ŦƭŜȄǳǊŜΩǎ 

mechanical domain model.   

The average strain may be obtained by evaluating equation (4.21) at the vertical position corresponding 

to the center of the sensor 
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Where ὓ ȟ ὼ is the moment due to resonance.  But it is known from equation (10.62) that: 
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where ὃ  is the resonance amplitude.  Thus, the second derivative of the mode shape may be 

substituted into the integral of equation (4.27). 
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(4.29) 

A plot of the strain in the flexure is shown in Figure 37 for the first mode, normalized to the length ὒ.   

 

Figure 37: First Mode Shape and its Derivatives for a Resonant Cantilever 

The piezoresistor is placed to capture the strain from resonance, which is almost constant for the first 

1/3 of the beam.  Thus, the average value can be taken simply as the value at the center of the sensor in 

the longitudinal direction.  That is: 
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(4.30) 

This is an important result, because it implies that the piezoresistor need not be placed at the base of 

the beam in order to preferentially capture the strain from resonance.  A larger piezoresistor will 

produce less noise, while the strain remains close to its maximum value.  In addition, the base of the 

actuator is where the parasitic thermal moment is highest, since the heat source is placed at the base of 

the beam for maximum efficiency.  By offsetting the placement of the piezoresistor, one may increase 

immunity to the parasitic thermal signal to preferentially capture strain from resonance.  This is in stark 
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contrast to static AFM operation, where the moment (and strain) from tip-loading increases linearly and 

reaches a maximum at the base of the cantilever such that the piezoresistor must be placed where the 

temperature is highest.   

4.2.6  Electrical Domain ς Dynamic Model 

Micromechanical resonators have been developed for electronic timing and filtering applications in part 

because their high Q-factors can provide good frequency stability, electrostatic actuation consumes little 

power, and batch fabrication offers lowered costs.  For circuit designers, it is convenient to capture the 

resonant behaviour of the system exclusively in the electrical domain, using a lumped parameter model 

that does not need to explicitly reveal quantities in the mechanical or thermal domains.  This circuit 

simplification is performed by incorporating the intra-domain coupling elements (for example, 

transformers in the case of electrostatic resonators) into the electrical lumped element values, which 

then ōŜŎƻƳŜ ǘƘŜ άƳƻǘƛƻƴŀƭ ŎŀǇŀŎƛǘŀƴŎŜΣέ άƳƻǘƛƻƴŀƭ ǊŜǎƛǎǘŀƴŎŜΣέ ŀƴŘ άƳƻǘƛƻƴŀƭ ƛƴŘǳŎǘŀƴŎŜΦέ  Lƴ [166], a 

3-port model for a comb-drive resonator was developed using this method.  In [157], a 1-port circuit 

model was developed for electrothermally actuated resonators with piezoresistive readout.  In this 

section, a dynamic electrical model of is developed to facilitate the design of the electronics for dynamic 

AFM modes.  In the model the EARC is considered as a flexural resonator with an integrated 

piezoresistive sensor that is excited through inertial forces by a vertical actuator with a separate 

resistive heater.  There are two ports, one for the heating resistor of the actuator and another for the 

piezoresistor.  Both the input voltage to the heater resistor port and its input impedance remain 

constant (aside from the TCR effect, which may be ignored for small signal AC analysis), while the 

ǇƛŜȊƻǊŜǎƛǎǘƻǊ ǇƻǊǘΩǎ ŎƻƳǇƭŜȄ ƛƳǇŜŘŀƴŎŜ ŎŀǇǘǳǊŜǎ ŀƭƭ ǘƘŜ ŘȅƴŀƳƛŎǎΦ  Lƴ ŀŘŘƛǘƛƻƴΣ ǘƘŜǊŜ ƛǎ ƴƻ ŘƛǊŜŎǘ 

feedthrough in the electrical domain because the components are electrically isolated.  To reduce the 

circuit to the electrical domain, the values of the lumped parameters are scaled to account for thermal 

feedthrough, thermal and mechanical dynamics, and the effect of the AC amplitude at the heater 

resistor input.  The procedure for uncovering these values consists of determining the overall transfer 

function from input to output, one energy domain at a time, yielding an overall value for the 

transconductance of the circuit, Ὣ .  Expressions for the R, L and C values are then obtained as a 

function of Ὣ . 

In the circuit, the vertical electrothermal actuator model from section 3.5 is connected to the flexural 

resonant cantilever model from section 4.1, which is in turn connected to the piezoresistor model.  The 

AC deflection at the tip of the actuator is applied as a body force to the cantilever, which is assumed to 
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be in resonance.   A DC input applied to the piezoresistor terminals will therefore give rise to an AC 

current, modulated by piezoresistor.   

The electrical to thermal transfer function of the actuator may be expressed in the Laplace domain as: 
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 (4.31) 

where the square root circuit has been used to linearize the system, and it is assumed that a DC bias 

offsets the AC voltage to a positive value.  The temperature to vertical displacement transfer function 

may be derived from the simplified circuit below in Figure 38.   

 

Figure 38: Electrical representation of an EARC  

The force generated by the thermal moment (Vin) is shared between the deflection of the vertical 

actuator and the acceleration of the mass of the resonator, so they are connected in series in the ὩO ὠ 

convention.  On the other hand, since the inertial forces of the resonator (and the load mass) are 

deflecting the spring, these components are connected in parallel.  The scaling factor from temperature 

to force is related to the material properties and geometry of the actuator, as discussed in section 3.5.3 

for the case of vertical bimorphs.  Since the linear deflection of the actuator is of interest, and the force 

should be referred to the tip, equation (4.31) may be scaled using equation (10.142) to obtain the 

transfer function from input voltage to output force: 
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Several observations can be made about this circuit and how it relates to device performance.  The goal 

of the design is for the actuator to produce a static deflection to track topology, while providing a 

dynamic deflection to excite the resonator.  Thus, the DC voltage of the force source is used exclusively 

to deflect the actuator (by charging its capacitance), and no current flows into the resonator.  At 

ǊŜǎƻƴŀƴŎŜΣ ǎƻƳŜ !/ ŎǳǊǊŜƴǘ Ŧƭƻǿǎ ǘƘǊƻǳƎƘ ǘƘŜ ŀŎǘǳŀǘƻǊΣ ŀƴŘ ǘƘŜ ǊŜǎǳƭǘƛƴƎ ŎƘŀǊƎŜ ƛƴ ǘƘŜ ǊŜǎƻƴŀǘƻǊΩǎ 

capacitance represents the instantaneous tip deflection.  The resonance of the two systems should be 

decoupled to avoid the excitation of unwanted vibrations in the actuator, and to minimize energy loss 

from the resonator to the rest of the instrument.  Intuitively, if the actuator has a high stiffness-to-

weight ratio (high resonant frequency) and the resonator is designed to have a low resonant frequency, 

the two resonators will be undercoupled.  The effect of a stiff actuator, represented by a small 

capacitor, is to attenuate the transfer functions of both components while reducing the loading on the 

resonator, as shown in Figure 39 below.   

 

Figure 39: Loading Effect of Vertical Actuator on EARC Frequency Response 

In order to compute the transfer function from the thermal domain to the mechanical domain, the 

resonant frequency is first calculated.  At resonance, a coupling factor is introduced to capture the effect 

of the impedance mismatch between the actuator and resonator, which is desirable in this case because 

a matched impedance would cause the actuator to vibrate along with the resonator.  The charge on the 

ǊŜǎƻƴŀǘƻǊΩǎ ŎŀǇŀŎƛǘŀƴŎŜ ƛǎ ǘƘŜƴ ŎŀƭŎǳƭŀǘŜŘΦ   
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The resonant frequency may be calculated by setting the imaginary part of the admittance to zero as 

follows: 
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As the admittance of the circuit approaches zero, the remaining real component the impedance is scaled 

upwards.  A series-shunt transformation of the capacitive branch of the circuit may be performed at this 

point.  The equivalent values of the parallel resistance and capacitance are: 

 Ὑ ȟ᷆ Ὑ ρ ὗ               ὅ ȟ᷆  ὅ ρ ὗ ὅ  
(4.36) 

The Q-factor of the resonator may be calculated as: 
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Where it was assumed that ὗ ḻρ.  At resonance, only the parallel resistance remains as the load to 

the circuit, and the voltage across the resonator may be obtained with: 
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Where the subscript ὶὩί corresponds to resonator quantities and the subscript ὥὧὸ is for actuator 

quantities.  The coupling factor may be expressed as: 
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(4.39) 

Assuming that the actuator has a high stiffness to weight ratio and neglecting the small series damping, 

the coupling factor may be simplified: 
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To limit the ac deflection of the actuator, the coupling factor should be increased by decreasing ὅ  

(i.e., increasing the spring constant Ὧ ).  This has the desired effect of pushing the pole of the 

ŀŎǘǳŀǘƻǊΩǎ ǘǊŀƴǎŦŜǊ ŦǳƴŎǘƛƻƴ ǘƻ ŀ ƘƛƎƘŜǊ ŦǊŜǉǳŜƴŎȅΣ ǿƘƛƭŜ ŀǘǘŜƴǳŀǘƛƴƎ ōƻǘƘ ǘƘŜ ǘǊŀƴsfer functions of the 

actuator and the resonator.   

To continue with the derivation of the transfer function from temperature to resonator deflection, the 

ŎƘŀǊƎŜ ƻƴ ǘƘŜ ǊŜǎƻƴŀǘƻǊΩǎ ŎŀǇŀŎƛǘƻǊ ƛǎ ŎŀƭŎǳƭŀǘŜŘΦ  ¢ƘŜ ǾƻƭǘŀƎŜ ŀŎǊƻǎǎ ǘƘŜ ǊŜǎƻƴŀǘƻǊ ƛǎ ƻōǘŀƛƴŜŘ ǳǎƛƴg 

Ὑ ȟ᷆ as the impedance of the resonator, in series with the actuators compliance.  This voltage is 

multiplied by ὗ to obtain the resonant current, and the current is integrated (divided by ί) to obtain the 

charge ή .  The voltage across the resonator is: 
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The current through the capacitor is: 

 Ὅ ί ὗὠ ί 
(4.42) 

Finally, the charge on the capacitor is: 
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The transfer function from input force to resonant displacement may be expressed in terms of the Q-

factor, using equation (4.37).   
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(4.44) 

The charge on the capacitor represents the amplitude of the resonant motion, which relates to the 

strain in the beam.  To return to the electrical domain, the transfer function from deflection to 
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resistance is calculated.  The strain in the piezoresistor is calculated using equation (4.30), substituting 

the charge on the capacitor for the amplitude: 
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(4.45) 

Where the function ὓ ȟ  is evaluated for the first mode shape of the beam, at the center of the 

piezoresistor.  The term in brackets may be thought of as a strain sensitivity shape factor Ὓȟ  that 

scales the strain based on the first mode shape of the beam.  Equation (4.45) may be written compactly 

as: 

 ‭ ί ή ίὛȟ  
(4.46) 

The piezoresistance of the device is used to transfer these quantities back into the electrical domain:  

 Ὑ ί ‭ ίὙ” 
(4.47) 

If a DC bias is applied to the piezoresistor, the current flowing through it is the motional current: 
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The transfer function from the resonant deflection to the motional current is: 
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The total transfer function, from the input voltage of the actuator to the output current of the 

piezoresistor is called the motional admittance ὣ  of the device.  Multiplying all of the transfer 

functions: 
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Expanding the terms: 
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The middle term in this expression accounts for thermal rolloff, which occurs at a much lower frequency 

than the resonant frequency of the flexure.  The inverse of the thermal time constant of the actuator is a 

much smaller quantity than the natural frequency of the resonator: † Ὑ ὅ Ḻ‫ .  For 

example, a typical vertical actuator used in this work may have a thermal time constant of ~2-3ms, while 

the mechanical resonant frequency of the flexures is ~20kHz. Therefore, based on the fact that 

ρ Ὑ ὅ ί Ὑ ὅ ί, the following simplification can be made,: 
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(4.52) 

This simplification preserves the attenuation that is caused by operation beyond the thermal cut-off 

frequency.  The motional impedance of the circuit is the inverse of the admittance: 
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(4.53) 

 Separating the real and imaginary components: 
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Based on these expressions, the real component of the impedance is a factor of ὅ ‫ὗ bigger than 

the imaginary component.  Since ὅ Ḻ‫ὗ, the imaginary component of the impedance is 

negligible compared to the real component.  Also, it can be observed that based on the sign of the 

piezoresistive coefficient, the small motional resistance may be positive or negative.  A negative 

resistance with sufficient loop gain has been shown to sustain oscillation using a thermally actuated, 
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piezoresistively transduced micromachined resonator [167].  In the present circuit, the negative 

resistance would have to surpass the value of Ὑ; thus far, self-sustained oscillation has not been 

observed in these devices.   

The electrical domain model of the EARC with an integrated piezoresistive sensor, at resonance, is 

represented by the series RLC circuit in Figure 40.  The motional resistance ὶ is taken to be the real 

component of the motional impedance.  The resonant frequency of the device is then accounted for by 

inserting a motional capacitance ὧ  and a motional inductance ὰ with values that are chosen based on 

Q and ‫ , which may be measured.  Optionally, a series inductor may be added to account for the small 

phase shift due to the imaginary component of the motional impedance from equation (4.55).  

Expressions for ὶ, ὰ, and ὧ  are: 
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Figure 40: Motional Impedance of EARC 

Without the square-root circuit present, the transfer function Ὄ ί from equation (4.31) should be 

modified to include the square-law relationship between voltage and temperature.  The power is 

proportional to temperature and follows: 
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The modified transfer function only considers the AC term at the excitation frequency :‫ 
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This transfer function is valid for a large DC offset and a small AC signal.  Unfortunately, if used in the 

present configuration, the DC bias (which tracks topology) will modulate the resonant amplitude and 

contribute to image distortions and degraded controller performance.  This issue is depicted below in 

Figure 41.   If the AC input voltage is held constant, the vibration amplitude increases with the offset 

voltage.   

 

Figure 41: Modulation of the AC Amplitude of Vibration by a DC offset. 

4.3.  Electromechanical and Mechanical Quality Factor Enhancement  

It is possible to drive the piezoresistor directly with an AC signal.  In this case, the AC thermal actuation 

from self-heating is concentrated in the piezoresistor.  A DC bias voltage or current may be added to 

increase the output signal if the piezoresistor is placed in a bridge configuration.  The separate vertical 

actuator may be used to track topology while the piezoresistive bimorph is in resonance.  This 

configuration is shown below in Figure 42, where the left half of the image is similar to the driving 

method for I2BAR devices reported in [168].  Because this method does not correspond to either the 

SARC (in which the piezoresistor also acts as a vertical actuator) or the EARC (in which the piezoresistor 

only has a DC bias across it), it is referred to here as a hybrid mode.  One might think that in the direct-
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drive configuration, feedthrough from the excitation signal would combine with TCR effects to obscure 

the signal of interest.  However, a unique Q-factor enhancement mechanism has been observed when 

operating in the SARC mode.  Q-factors of >50,000 have been measured in air using this method; the 

same cantilevers, when excited using the EARC technique without a DC offsetΣ ǎƘƻǿŜŘ ƳŜŀǎǳǊŜŘ vΩǎ of 

only ~50.  The Q increases with the applied DC bias up to a point, beyond which it drops.  In addition, the 

amplitude of the AC component is not observed to adjust the Q factor.   

 

Figure 42: Hybrid Mode of Operation That Enhances Quality Factor 

To measure the response of the cantilevers using piezoresistive detection, a Wheatstone bridge 

configuration is used.  The sense and balance resistors are located in different branches of the bridge in 

order to mitigate ground bounce caused by vertical and lateral actuators that may share a common path 

to the ground pin.  The bridge configuration is shown below in Figure 43.   

Several mechanisms are believed to contribute to the enhanced Q measured in the hybrid mode of 

operation.  The dominant mechanism is the result of localized matching in the bridge circuit that occurs 

near the resonant frequency, when both sides of the bridge share the same phase value.  Although this 

property improves the dynamic range of the measurement, it does not improve the sensitivity of the 

cantilever (minimum detectable force).  Another mechanism is Q-factor enhancement under driving 

force control, which has been used in the AFM community (where it is known as Q-control [169]) to 

improve tip-sample interaction force resolution.  In this method, a signal that is opposite to the damping 

term in the equation of motion of the resonator (negative damping) is injected along with the driving 
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force.  Precise control of the phase of this additional signal is required to ensure that it compensates the 

damping, which is proportional to velocity (90 degrees out-of-phase with position).  A position sensor is 

often used to measure the ǊŜǎƻƴŀǘƻǊΩǎ Ƴƻǘƛƻƴ ŀƴŘ ƎŜƴŜǊŀǘŜ ǘƘŜ v-control signal.  

 

Figure 43: Configuration of piezoresistive bridge circuit used for dynamic operation of cantilevers 

Parametric pumping, a well-known non-linear dynamics phenomenon, is yet another way to enhance 

the Q-factor of a resonator.  Parametric enhancement of the Q-factor of a cantilever was first 

demonstrated in the context of AFM in [170] and has been studied in the MEMS community [171], 

[172], [173].  Although the dynamics of the processes are well understood, the particular mechanisms 

contributing to the self-Q enhancement of SARC devices has not yet been fully investigated.  

Measurements indicate that higher harmonics are generated by thermal and piezoresistive modulation 

of the resistor value; however, this effect has not been isolated from the negative damping effect.  To 

understand the proposed mechanisms, the dynamic mechanical and electrical models from section 4.2.5 

and 4.2.6 are a good starting point.   

The remainder of this chapter provides insight into Q-enhancement mechanisms based on 

measurements from the electrical and mechanical domains.   
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4.3.1  Electrical Domain Measurements 

Measurements in the electrical domain were performed with the use of a lock-in amplifier.  The data 

reflects the nature of the interaction of electrical, thermal and mechanical effects combined with the 

transfer functions of the bridge configuration and instrumentation.  To interpret measurements from 

the half-bridge configuration in Figure 43, it is instructive to examine a measurement of a single 

piezoresistor under voltage excitation. This measurement is used to identify the quantities that 

ƛƴŦƭǳŜƴŎŜ ǘƘŜ ǎŜƴǎƻǊǎΩ ƻǳǘǇǳǘΦ   Once the model has been established, the frequency-dependent effects 

of the half-bridge circuit are examined. 

Figure 44 is a simplified model that corresponds to the measurement of a single piezoresistor placed 

under a strain-sensing cantilever beam.  A current source in the thermal domain represents self-heating 

in the device.  Two nodes are present in the thermal domain, to separately capture the temperature of 

the piezoresistor and the temperature of the bimorph.   

 

Figure 44: Measurements of hybrid-mode operation reflect quantities in the electrical, thermal and 
mechanical domains 
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In Section 3.2.3 it was observed that for a bimorph in static operation, the piezoresistance may 

dominate over the TCR.  In dynamic operation, there is a temperature gradient in the SiO2 between the 

piezoresistor and the Aluminum layer.  The bimorph deflection depends on the temperature difference 

between the metal and dielectric layers, and gives rise to a strain-dependent modulation of the 

resistance.  On the other hand, the temperature in the piezoresistor gives rise to a TCR-dependent 

modulation of the same resistor.  In order to interpret the frequency-dependent phase and amplitude 

response of the device, the model must separately capture the effects of strain and temperature.  The 

temperature of the resistor is scaled by the TCR, and the strain in the bimorph (proportional to 

deflection) is scaled by the piezoresistive coefficient.  Since the two contributions are opposite in 

direction, the difference in the quantities is applied to the electrical resistor.  In the electrical domain, a 

²ƘŜŀǘǎǘƻƴŜ ōǊƛŘƎŜ ƛǎ ǳǎŜŘ ǘƻ ƳŜŀǎǳǊŜ ǘƘŜ ǎŜƴǎƻǊΩǎ ƻǳtput resistance.  The bridge is powered by a large 

DC signal and a small AC signal.  In practise, the DC bias voltage is used to provide power to the resonant 

device, via modulation of its resistance through piezoresistive and TCR effects; effect of the DC signal is 

not captured by the Spice model, but its influence may be captured by varying parameters that are 

influenced by temperature and by adjusting the input thermal current.  Parasitic capacitors are included 

to account for coupling to the the z-actuator signal and ground, which may occur in the scanner.  The 

input stage of the lock-in amplifier is AC-coupled, as indicated in Figure 44.  To capture the mechanical 

resonance, each mode may be represented as a series RLC combination, and multiple modes may be 

cascaded in parallel. 

Figure 45 illustrates the output of the model at three nodes from the model.  The temperature of the 

piezoresistor is represented as its voltage value in the thermal domain, scaled by the TCR.  The strain in 

the piezoresistor is represented by its deflection in the mechanical domain, scaled by the 

piezoresistivity.  The difference between these values represents the change in resistance that is applied 

to the electrical resistor in the bridge circuit.  A low-frequency pole representing the thermal time-

constant of the bimorph occurs at ~1kHz, while a higher frequency pole representing the vertical time 

constant from the heater to the Aluminum top surface occurs at ~50kHz.  At the resonance frequency 

(~140kHz), the amplitude of the signal from piezoresistive modulation may surpass that of the thermal 

signal.  

Figure 46 illustrates the frequency response of the signals at the inputs of the lock-in amplifier.  The AC 

coupling capacitors at the inputs serve as low-pass filters, attenuating both signals from DC to a roll-off 

frequency at ~1kHz.  The effect of parasitic capacitive coupling in the measurement setup has been  
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Figure 45: Temperature, strain and resistance change in piezoresistor (simulated) 

 

Figure 46: Simulated Bode plots of sensor input, balance input, and differential measurement. 
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confined to the balance branch for convenience, where it contributes a zero.  Since the measurement 

setup is differential, only the difference in parasitic coupling is considered.  The simulations presented 

above convey that even with a differential measurement setup, the signal of interest at mechanical 

resonance is minute in comparison to other effects in the system.  Measurements of the quarter-bridge 

circuit are compared with simulation results in Figure 47.  To obtain this data, the bridge was first 

balanced using an off-chip matching resistor and a potentiometer.  With an AC voltage of 50mV applied, 

the DC bias was tuned to 700mV, 1400mV, and 2100mV to obtain the curves shown below.  To simulate 

the effect of a DC bias, the thermal conductivity was tuned. 

 

Figure 47: Comparison of simulations to data obtained by tuning the DC bias applied to the bridge 

Remarkably, the transfer function of the system changes significantly with the DC bias.  This happens in 

part because of the temperature dependence of the thermal conductivity of polysilicon [174], which  

adjusts the phase of the signal in order to reshape the transfer function.  This property in Silicon has 

been used to fabricate temperature sensors based on the thermal diffusivity modulation [175].  The 
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simulated response with thermal conductivity as a parameter reveals similar tuning behaviour.   Tuning 

the DC bias in the simulation does not alter the response, since none of the linear elements include a DC 

bias dependence.  The precise location of the poles and zeros depends on the values of the input 

impedance of the lock-in amplifier, the value of the parasitic capacitance, and temperature-dependent 

material properties of the sample under test.  The unknown values are partially responsible for the 

discrepancy between the measurement and simulations.  In addition, these simulations do not account 

for feedback from the thermal and mechanical domains to the electrical domain.  The feedback occurs 

due to the TCR and piezoresistivity of the material.  A third discrepancy arises from the nonlinearity that 

is caused by the dependence of the electrical resistance on the input voltage.  Despite the imperfect 

match, these results provide an intuitive framework to understand the mechanism behind the 

electromechanical Q-factor enhancement that may be obtained with CMOS-MEMS thermal-

piezoresistive cantilevers in the hybrid mode. 

Based on the data presented above, it is clear that the piezoresistive cantilevers must be matched both 

in amplitude and phase in order to obtain a measurement with reasonable dynamic range.  A balance 

resistor with the same dimensions is thus placed in an arrangement that is thermally symmetric with 

respect to the sensor, but it does not have a proof-mass attached.   The proof mass lowers the thermal 

pole of the sense resistor, resulting in a relative phase shift that may approach 90 degrees if the poles 

are far enough apart.  This phase shift forms the basis for electromechanical Q-enhancement.  At the 

mechanical resonant frequency, the phase of the piezoresistor signal undergoes a reversal (180 

degrees), and crosses that of the balance resistor.  If the thermal lag is 90 degrees at this frequency, it is 

possible to achieve an excellent match by tuning the magnitude with only the real impedances that are 

available in the potentiometer.  Once the bridge is balanced, the phase may be adjusted with a DC bias 

voltage as demonstrated in the quarter-bridge configuration above.   

This type of Q-factor enhancement was observed in several devices, including AM and FM devices with 

integrated scanners.  The data in Figure 48 below was taken with the FM-AFM device that will be 

discussed in Section 7.1.  The DC-bias dependence of Q is evident in the amplitude and phase responses.  

Although the perceived Q extrapolated from the -3dB bandwidth and the slope of the phase response 

indicates a high Q-value, it should be noted that this corresponds only to the electromechanical Q of the 

transfer function.  The benefit of this mechanism is therefore to improve the dynamic range of the 

measurement of thermal-piezoresistive cantilevers.  A similar matching effect is exploited in a Wien 

Bridge oscillator. 
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Figure 48: Quality Factor Enhancement as a Function of DC Bias Voltage in a Self-Actuated Resonant 
Cantilever 
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In the context of AFM, it is not necessary for the match to occur at the resonant frequency.   In fact, 

depending on whether the instrument is operating in the repulsive or attractive regime, the preferred 

frequency of operation is slightly above or below resonance, where the slope of the mechanical transfer 

function is highest.   Under these conditions, the devices in this bridge configuration can provide an 

excellent match and improve the overall system performance.  Figure 48 shows measured results of 

such a match obtained with a device that has a proof-mass attached.  The proof mass lowers the 

thermal pole of the bimorph as well as its mechanical resonant frequency.  

4.3.2  Mechanical Domain Measurements 

The mechanical Q-factor of these cantilevers sets the minimum detectable force that can be achieved. 

This fundamental limitation has led researchers to investigate various methods to augment the Q 

including the use of tuning forks, efforts to reduce anchor losses, operation in vacuum and at low 

temperatures, selection of low mechanical loss cantilever materials, the use of parametric pumping and 

negative damping, etc.  For AM-AFM, the increased Q reduces the bandwidth of the sensors due to 

longer settling times from ringing effects.  This is not a limitation in FM-AFM, ǿƘŜǊŜ vΩǎ ŜȄŎŜŜŘƛƴƎ 

10,000 in vacuum are often used. 

To measure the mechanical Q of the cantilevers used in this work, a laser vibrometer was used.  The 

instrument separates the mechanical measurement from artifacts that are present in the electrical 

measurement.  It is shown that the mechanical Q can be adjusted by a factor of about 30%, by tuning 

the DC bias applied to the piezoresistor at resonance.    

Several measurements were performed to quantify the Q-factor of resonant cantilevers exclusively in 

the mechanical domain.  To interpret the measurement results, consider the case of a SARC with 

negative piezoresistance and negative TCR, operating under a constant DC voltage bias with a small 

sinusoidal AC signal at the natural frequency of the cantilever beam.  The power in the piezoresistor is: 
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The temperature therefore contains a large AC component at the fundamental frequency and a ,‫ 

small, phase-shifted (quadrature) component at ςIt is possible that this second harmonic component  .‫ 

contributes to parametric amplification, even though the ςcomponent of the signal is orders of ‫ 

magnitude smaller than the driving force at However, it should be noted that thermal bimorphs with  .‫ 
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stress-free resistors do not show quality factor enhancement.   In fact, stress-free bimorph devices 

suffer from low Q-factors of ~50 that cannot be tuned.   This observation suggests that merely including 

a ςterm in the excitation of the resonator is not a sufficient condition to achieve Q-factor ‫ 

enhancement.   

Since the resistor is placed in a bimorph, piezoresistive and thermal effects modulate the resistance as a 

function of the input power, giving rise to nonlinearity.  In addition, there is feedback from both 

domains to the electrical domain, also arising from the TCR and piezoresistivity of the material.  The DC 

bias can be thought of as a reservoir from which power is drawn dynamically by the AC modulation of 

resistance.   ¢Ƙƛǎ ǇƘŜƴƻƳŜƴƻƴ Ƴŀȅ ōŜ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ŀ άŘȅƴŀƳƛŎ ǇƻǿŜǊ ǇǳƳǇέΦ  If the pump power is 

180 degrees out of phase with the motion of the device, it acts to suppress the temperature change in 

the actuator.  This effect may be modeled as negative feedback, as discussed in Section 3.2.3.  If, on the 

other hand, the resistance variation is in phase, (e.g. if a negative TCR effect dominates and there is no 

phase lag between the applied voltage and the temperature), the power modulation results in positive 

feedback.  Conversely, if the resistor is driven with a DC bias current, the phase dependence of power is 

reversed (positive/in-phase TCR results in positive feedback, negative/180-degree TCR results in 

negative feedback).   The diagram in Figure 49 represents the feedback paths and nonlinearity that 

results from the variation in the resistance, which modifies the electrical domain transfer function.  

Linear time-invariant methods may not provide an adequate model for such a system. 

 

Figure 49: System representation of a thermal-piezoresistive cantilever 

It is instructive to examine the frequency-dependent behaviour of this feedback mechanism.  At low 

frequencies (below the -3dB frequency of the bimorph), the resistance and input voltage are in-phase, 

due to the combination of compressive stress from actuation and a negative coefficient of 

piezoresistivity that dominates over TCR effects.  As the DC bias voltage is increased, the AC resistance 
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suppresses the power that is required for periodic Joule heating (more negative feedback).  With a DC 

bias current, power is added in phase with the actuation signal (positive feedback).  Thus, the feedback 

ƳŜŎƘŀƴƛǎƳ Ƴŀȅ ƛƴŦƭǳŜƴŎŜ ǘƘŜ ŀƳǇƭƛǘǳŘŜ ƻŦ ǘƘŜ ŀŎǘǳŀǘƻǊΩǎ ŘƛǎǇƭŀŎŜƳŜƴǘΦ 

One decade above the bimorphΩǎ thermal pole όōǳǘ ōŜƭƻǿ ǘƘŜ ǇƛŜȊƻǊŜǎƛǎǘƻǊΩǎ ǘƘŜǊƳŀƭ ǇƻƭŜύ, there is a 

“Ⱦς phase shift between the applied voltage and the temperature and position of the bimorph.  No 

phase shift occurs between the input signal and the piezoresistor temperature.  This effectively 

separates the TCR and strain-dependent contributions to the resistance.  When the bimorph is at its 

maximum deflection, the piezoresistor experiences compressive strain, resulting in an increase in 

resistance.  Since there is a constant DC bias voltage, the power in the resistor is reduced.  The 

temperature of the piezoresistor is reduced instantly, but the bimorph temperature is subjected to a 90 

degree phase lag.  The opposite occurs when the cantilever is at its minimum deflection ς the 

piezoresistor temperature increases, followed by an increase in the bimorph temperature.  In this 

intermediate frequency range, the thermal pump power provides positive feedback, while the 

piezoresistive pump influences damping.  The range of frequencies for which this occurs may be tailored 

by sizing the piezoresistor and bimorph in layout.  A small resistor and a large thermal mass will extend 

the frequency range and vice versa. 

Above the thermal pole of the piezoresistor, both contributions experience a 90 degree phase shift; 

however, there is another additional 90-degree phase shift between the generation of piezoresistive 

pump power and bimorph temperature, arising from the lag in the thermal response of the 

piezoresistor.  The 180 degree phase shift between the piezoresistive pump power and the bimorph 

position means that the strain effect provides positive feedback, while the TCR influences damping. At 

high frequencies, the attenuated amplitude of thermal fluctuations and mechanical motion suppresses 

the pump power.     

In each frequency regime discussed above, the designer may also wish to incorporate a mechanical 

resonance.  Mechanical resonance adds 90 degrees of phase lag to the motion of the cantilever while 

leaving the phase of the TCR effect unchanged.  At low frequencies, the TCR pump power continues to 

provide positive or negative feedback (depending on the choice of voltage or current source) while the 

resonant piezoresistive pump influences damping.  If the resonance occurs in the intermediate 

frequency range, the TCR and piezoresistive modulation both provide feedback, but the sign of the 

piezoresistive pump is reversed to achieve a net positive feedback.  Finally, at high frequencies, both 
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pump contributions influence the damping.  However, because of the reduced amplitude of the 

temperature and position fluctuations, compensation of the damping term is reduced.   

The preceding discussion considers the contributions of the each pump individually on the basis of its 

phase in a given frequency regime.  In reality, the phase and amplitude of the transfer function for the 

total pump power has a continuous variation in phase and amplitude, caused by the difference in the 

TCR and piezoresistance coefficients as well as the relative magnitudes and phases of temperature and 

position at a given frequency.  The regions in which Q-enhancement may occur must therefore be 

determined by examining the overall frequency response of the device, which was explored in Figure 45. 

It can now be deduced that many combinations of feedback and damping may be achieved by tailoring 

the frequency response of a thermal-piezoresistive cantilever.  One example of a scenario in which the 

piezoresistive pump may compensate the damping term at resonance is depicted below in Figure 50.     

 

Figure 50: Quality Factor Enhancement Under Driving Force Control 

It is interesting to note that the distribution of strain in the piezoresistor is perfectly matched to its 

mode shape in resonance, so that the pump power is also proportional to the deflection at any point in 

the beam.  This mode-matched pumping may enable higher order modes to be enhanced, since regions 
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with large positive curvature will experience less pumping while regions with large negative curvatures 

will receive more power. 

The efficiency of this mechanism depends on the heat capacity and thermal conductivity of the beam.  If 

the piezoresistor is integrated throughout the length of the beam, the time constant associated with 

heat propagation is only a function of the thickness of the beam.  This is in stark contrast to the base or 

tip heating methods used for vertical actuation, where the entire volume of the cantilever contributes to 

the thermal mass that loads the heater.  Nevertheless, the thickness of the beam imposes an upper limit 

on the frequency at which this pumping mechanism is efficient.  Beyond the vertical thermal time 

constant of the beam the thermal wave constricts and experiences a phase shift that may be modeled 

with a transmission line in the vertical direction.  At low frequencies, the lateral (i.e. axial) propagation 

ƻŦ ƘŜŀǘ ǿƛƭƭ άǎƳŜŀǊ ƻǳǘέ ǘƘŜ ǘŜƳǇŜǊŀǘǳǊŜ ŘƛǎǘǊƛōǳǘƛƻƴΣ ŀƴ ŜŦŦŜŎǘ ǘƘŀǘ ƛǎ ŘŜƭŜǘŜǊƛƻǳǎ ǘƻ ǘƘŜ ƭƻŎŀƭƛȊŜŘ 

mode-shape matching.   

To quantify the mechanical Q, several experiments were performed on thermal-piezoresistive 

cantilevers.  The step response was first captured to observe ringing at the natural frequency of the 

beam (Figure 51).  This measurement was repeated at various DC bias levels in order to determine 

whether the pump power contributes to the Q-factor.  The rising edge step response data reveals the Q-

factor with an applied DC bias, while the falling edge data measures the response to a step input with no 

DC bias.  The Q-factor was extracted by fitting an exponential curve to the envelope of the ringing 

response.  In order to remove the effect of the RC time constant in the thermal domain, the average 

displacement of the cantilever was first subtracted from the data, yielding a symmetric envelope. 

 

Figure 51: Quality Factor Extracted from Ringing Envelope 
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The data shows that a DC bias voltage increases the Q-factor of this device, which has a resonant 

frequency of ~5.5kHz.  The Q enhancement reaches a maximum at 1.5V, and then falls off.  In all cases, 

the Q with a DC bias is higher than the Q without a DC bias, indicating that energy from the DC bias is 

periodically pumped into the system.  Since there is no periodic excitation in this measurement, the 

pump power can only arise from piezoresistive modulation, and not from the TCR.  Interestingly, the 

temperature dependence of the Q-factor is negative, as can be inferred from the 0-DC bias 

measurements (falling edge) which are taken before the device has reached thermal equilibrium.   

In the next set of measurements, a small AC input signal was applied in combination with a DC bias. At 

the instant that the AC component was turned off, the ring-down envelope was captured and fitted.  

Data was obtained using both current and voltage sources, with varying DC bias levels.  The measured 

results (Figure 52) indicate a resonant frequency of ~140kHz.   

 

Figure 52: Left, extraction of envelope after removal of AC signal. Right, Q-factor as a function of DC 
bias power 

Only the piezoresistive ǇǳƳǇΩǎ contribution is present in this data, since the measurement is performed 

after the AC signal is removed.  The downward trend in both curves shows that the temperature 

coefficient of the Q-factor is negative, as with the previous device.  Since there is a 180 degree phase 

difference between the pump powers in the two cases, it may be assumed that current drive further 

increases the damping, while voltage drive reduces it.   

Another set of measurements was performed on this device in order to ascertain the TCR contribution 

to the energy pumping mechanism.  In this case, the response was measured when the AC component 

was turned on, and the resulting envelope is shown in Figure 53.  As the input power is increased, both 
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the current and voltage responses show improved Q-factors up to a maximum value of ~240, followed 

by a reduction in Q.  In both cases, the effect of including the TCR contribution is to lower the Quality 

factor of the resonator when compared to results obtained with only piezoresistive pumping.  These 

results suggest that as the phase of the pump is adjusted by the DC-bias power, a threshold is crossed at 

which one pumping mechanism begins to dominate over the other. 

 

Figure 53: Left, extraction of envelope upon addition of AC signal. Right, Q-factor as a function of DC 
bias power. 

Laser vibrometer measurements were also performed to quantify the nonlinear effects that occur in this 

system.  When the pump power exceeds a threshold level, higher harmonics can be observed in the 

frequency response of the cantilever.  At low frequencies, negative feedback from piezoresistivity 

suppresses the amplitude of the cantilever response.  Near the thermal roll-off frequency, the amplitude 

of the cantilevers motion is sufficient to modulate its resistance due to both TCR and strain effects.  

Since the thermal pump does not experience a phase shift, it contributes positive feedback while 

contribution of the piezoresistive pump is reduced and phase-shifted. At these frequencies, a large 

number of higher harmonics are clearly observable as shown in Figure 54.  At intermediate frequencies, 

the threshold of power required to observe higher harmonics increases until the required power 

exceeds the power-handling capability of the device.  This is expected, since the thermal pole relating to 

the bimorph temperature contributes a roll-off in the amplitude response of the cantilever, even though 

the temperature fluctuations may remain at the same magnitude.   

Interestingly, there are isolated points in the intermediate frequency regime (above thermal roll-off) 

that do generate a large number of harmonic peaks.  These frequencies are integer fractions of the 




































































































































































































































