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Abstract

Scanning probe microscopes (SPMs) are the highest resolution imaging instruments available today and
are among the most important toslin 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 retidan
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 langchanical path from the tip to the sample
contributesthermal drift. Furthermore, intrinsic properties of piezoelectric materials result in creep and
hysteresis, which contribute to image distortion. Theg#gmnple interaction signals are often measured
with optical configurations that require large fregpace paths, are cumbersome to align, and add to the
high cost of statef-the-art SPM systems. These shortcomings have stifled the widespread adoption of
SPMs by the nanometrology community. Tinyxjpensive, 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, th#it gf the mechanical and electrical
components that are requed for the SPMto capture an image can be sedland integrated onto a
single CMOS8hip. Principles of microsystem desigmne applied toproduce singlechip instruments that
acquire images of underlying samplas their own without the need for offchip scanners or sensors.
Furthermore,it is shown thathe instrumens enjoy a multitude of performancbkenefitsthat stemfrom

CMOSMEMSintegration and wlumetric scaling of scanners by a factor of 1 million

This dissertation details the design, fabaiion and imaging results of the first singlkip contactmode
AFMs, with integrated piezoresistive strain sensing cantilevers and scanning in three eufgrees

freedom (DOFs). Static AFBtsdquasistatic AFMsre both reported.

This work alsincludesthe development fabrication and imaging results of the first singldp dynamic
AFMs, with integrated flexural resonant cantilevers aBdDOFscanning. Singlechip Amplitude
Modulation AFMs (AMAFMs)and Frequency Modulation AFMs (FAMFMs)are both shown to be

capable of imaging samples without the need for anyobip sensors or actuators.

A method to increase the quality factor {f@ctor) of flexural resonatorss introduced. The method

relies on a internal energy pumping mechanism that is based ba interplay between electrical,



mechanical, and thermal effectst 2 G KS o6Sad 2F GKS |dziK2NRa (y26f SR
to harness these effects possess the highelsictromechanicalQs reported for flexural resonators
operating in airelectrically measured) 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-tipsed lithographic patterning with the first singthip Scanning
Thermal Microscopes (SThMaie also presented In addition to3 DOFscanning, these devicgmssess
integrated thermally isolated temperature sensors to detect heat transfer in thesample region.
Imaging is reported withthermocouplebased devices ah patterning is reported with resistive

heater/sensors.

'y GA&A20KSNXIE St S @ediduR arfdabidaed, andaOnetfiofl SoNdperate at is
detailed. The mechanism, based on electrothermal actoiat maintains a constant temperature in a
central location while positioning a payload over arange38>Y > (1 KSNX 06 & detitkioldB a4 & A y 3

thermal crosstalk effects that have thus far plagued thermally actuated dewitiesntegrated sensors

In the thesis, models areéleveloped to guide the design of singkehip SPMs ando provide an
interpretation of experimental results. The modelling efforts inclulenped element model
development for each component of singlehip SPMs in the electrical, thermal and mechanical
domains In addition, mise modelsare developedor various components of thimstruments,including
temperaturebased position sensors, piezoresistive cantilevers, and digitally controlled positioning

devices.
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Chapter 1lntroduction

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
a0FftAY3 Ay ONRGAOIE RAYSyaAzyaI[l]l TodayihBaRricdlion®R o6&
features with dimensions of several hundreds of atoms has become routine, as semiconductor
manufacturing has gered 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 interegtio note that the cosbf-test

for an individual transistor has exceeded the eoStmanufacture 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

Feynmanin hisrenowned tatk K SNBX Qa tf Syde 2F w22Y i GKS .2dG2Y

G.dzi L FY y204 FFNIAR (G2 02y aARS-Nithe gré&at fdfivkeywetcanlj dzSa G A
NN} y3aS G4KS Fid2vya GKS gle& ¢S 6+ydT GKS @SNEB Fi2Ya

Imaging imdlividual atoms remained an elusive goal until the introduction of the scanning tunneling
microscope (STM) in 1981 by Binnig, Rohrer, Gerber, and W2]i§8]. 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[#981n 1989, scientists

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

position individal atoms with atomic precision using an S[BY These landmark experiments ushered

in numerous tipbased imaging modalities, known laztively today as the family of scanning probe
YAONR&aO2L)Sa o0{taQaivad

{taQad N’ ¢6ARStf@ NBIFNRSR a GKS g2N]J K2NARS AyaldN:
simple and elegant. A sharp tip is maintained in close proximity to a santpleveedback controller

that uses a tipsample interaction measurement as its process variable. As the tip is scanned over the
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as a three dimensionagllot of this control effort.

| 2y @Sy A2yt {taQa &adzFFSNJ FNBY aSOSNIftf RNIgol O a
08 AYRdzaUGNEO® ¢tKS Y2aild ¢6ARSte& dzaSR {taQa INB [di2Y
l CaQa NXBflectricelemdnis B iscarfa cantilever ifD3 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 achewalain 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 inpiezoelectric 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. Clodedp control of the scanners emplimg externally

mounted capacitive position sensors can mitigate this issue; however, theatiple interaction is

several millimeters away from the position sensor, introducing errors in positioning accuracy. The
OFyiAt SOGSNDa LI aby @& lagey thah i refliécdetIodnlité fedr suNdBd. Rhis 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-$pece path®f the optical

configuration.

C2NJ {taQa (G2 FIRRNBKaa (KS NAI2NRdzaz RSYlFIyRa 2F YSiON

faster, and more stable.

1.2. ThesisStatement
This dissertation proposes a novel approach to the design and manufacturBighfinstrumentation.

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 principlelea@fo-thermo-
mechanicalmicrosystem design can be applied to yield a clsipaled instrument thatindependently
acquires images of underlying sampleswithout the need for off-chip scanners or sensors.
Furthermore, the performance such an instrument stantts benefit from integration andvolumetric

scalingof the scanner and sensor componerty a factor of E6.



The dissertation validates this thesis by reporting on the following contributions:

1) Thedevelopment fabrication and imaging results of the firsinglechip contactmode AFMs,
with integrated piezoresistive strain sensing cantilevers and scanning in three dedrees
freedom (DOFs). The contact AFMs reported here may be divided into two categories based on
their principles of operation:

a. Static AFM that measure the topology of an underlying sample while maintaining a
constant tipsample interaction force

b. Quasistatic AFMs that use forced oscillation (oésonance) of the cantilever and
higherharmonic detection of the signal from tgample interation forces, to improve
resolution in the presence of thermal disturbances

2) The design, fabrication and imaging results of the first sioglp 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 (AMFMs) 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 (FAFMs) that maintain a constant resonant frequency in
an integrated cantilever while in the presence ofs@mple interaction force gradients.

3) A method to increase the quality factor{f@ctor) of flexural resonators using amernal energy
pumping mechanism that is based on the interplay between electrical, mechanical, and thermal
effects.¢ 2 GKS 06Sad 27F (kS devickitikapaElasigriey t8 BainésR tHeSe&
effects possess the highest Qs reported for flexuesbnators operating in aiQ 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-tipsed lithographic patterning results with the first
sinde-chip Scanning Thermal Microscopes (SThMs). These devices have 3 DOFs and integrated
thermally isolated temperature sensors to detect heat transfer in thes@imple region.
Temperatures are measured with thermocouples and resistive temperature sensors

5) The conceptiorE FF o NROF A2y | YR YS lsktieral @cEtrotiednd8INI (A 2 y
a0 yySNWé ¢KS YSOKFIyAays olFaSR 2y StSOGNRGK
GSYLISNI G§dzNE Ay | OSYUuNIt f20FGA2Yy ¢Khefely L2 &AA G



suppressing the parasitic thermal crosstalk effects that have thus far plagued thermally actuated
devices.
6) The development of models to guide the design of shufjip SPMs and provide an
interpretation of experimental results. The modelling effomiclude:
a. Lumped element models for each component of sirgfigo SPMs in the electrical,
thermal and mechanical domains.
b. Noise models for various components of the devices including temperatased

position sensors, piezoresistive cantilevers, andallgicontrolled positioning devices.

1.3. Outline of the Dissertation

Theremainder 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 withhe CMOSVMIEMS approach are discussed. Contributions from the MEMS
community to scanning probe microscopy are then reviewed. The development of -CEMS

processes is discussed.

Chapter 3 presents the models that are used throughout the design ofschip SR {t aQa ®
element model is derived for the following components of sirgigo SPMs: selieated resistors, lateral
electrothermal actuators, flexural suspensions, thermal shunt paths and thermal isolation paths, vertical
electrothermal actuates, flexural resonant cantilevers, piezoresistive strain sensors, and temperature
sensors. The constitutive equations that govern the behaviour of these devices are discussed in
Appendix Band the details of the derivation®if 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 sioylip SPMs. Theodels developed in Chapter 3 are

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

Chapter 5 discusses the driving and sensing strategies for diospdontrol of SPMs. Various methods
to drive actuators arentroduced. 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.



Chapter 6 focuses orontact AFM. Specifically, the design of devices for contact and higneronic
detectionbased imaging is described. This chapter also aims to identify the deleterious effects that limit
the resolution of singlehip SPMs. Once the effects are ideadfi the goal is to develop design
strategies to maximize the sigA@-noise ratio (SNR) of the tgample force measurement.

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

Chapter 7 focuses on dynamic AFM. iDew that are intended to operate as FMFMs and AMAFMs
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 frothe operation of these instruments is presented and discussed,
along with an image obtained with the thermocougilased instrument. The T@Rsed SThM is used to

pattern a medium with a low melting temperature.

Chapter 9 reports on the operation of aisothermald OF Yy SNE G KI G YI& 065 dzaSt
performance of singkehip SPMs. The design is based on modified chevron actuators with figures of

merit that are an order of magnitude greater than previously reported CRME®IS electrothermal

actuatas. When operated with the intended drive signals,isothermalscanner maintains a constant

average temperature over its entire positioning range. Operation ofgbhermalscanner is reported,

FYR Ala dzaS F2NJ20KSNJ GelLlSa 2F {taQa Aa LINRLRaAaSRO®

Chapte 10 concludes with a comparison of the design principles and measured performance of CMOS
a9a{ a40FlyySNA IyR {taQao t 20SyaGAlLt LI AOFGAZ2Y A
discussed. Finally, methods to improve the resolution of egple of SPM are proposed for future

work.



Chapter 2Literature Review

The contributions presented in this dissertation are multidisciplinary in nature; concepts are borrowed
from a range of academic disciplines including surface science, electrical enginteringydynamics,

and mechanical engineering. This literature review identifies specific works that form a foundation for
the designofchigt OF £ S {taQaX ¢6KAfS LRAYyIGAYy3d (GKS NBIFRSN

are out its scope.

The chaptebegins with a brief history of scannipgobe 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 CM@EMS process 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. ScanningProbe Microscopy

The fundamental concei SKAY R aOFyyAy3a LINRPO6S YAONRaAO2LR Aa
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 slurface. The measured quantities
are used to control the tigample 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 Edim [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 probiettear
optical microscop [7]. In 1933, the concept of quantitative measurements of surfaces using stylus
profilometry was introduced by Abbott and Firestoj@. In 1972, the Topografingd] yielded the first
measurements of surface microtopography using electronieséimple interactions. Imaging was
performed using field emissiczurrents, 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 demonstrateresgiation

imaging; a resolution of 150m was obtained using radiation wittr3cm (that is< Kk H J10j. 0

The invention of the scanning tunneling microscope in 1J232vas quickly followed by the publication

of atomic resolution images of silicon by its inventgt4]. Binnig and Rohrer received the Nobel Prize

a2

.



for their inventony wmdoyc> FyR GKS& FNBE 3ISYySNrfte ONBRAGSR
followed. In the STM, a sharp, conductive tip is biased with respect to the sample to give rise to a
tunneling current when the tigample separation is between7A. Withintunneling range, there is a

highly nonlinear dependence of tunneling current on this gap, and this phenomenon is exploited to

track topology. A ~1A change in the-iample separation results in a ~tenfold change in the tunneling

current. Reviews of aallation methods for the tunneling current are presentedi2]® { ¢taQad NBI d:
that the sample has a clean conductive surface, and they have beeglylamjegated 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 invaluabl&3pol

In 1986, the AFM was invented by Binfiig] and the first images acquired with the instrument were
published by Binnig, Quate and Gerlpgs]. In the first AFM, a diamond tip placed on a gold cantilever
interacted with the sample. The tgample interaction force deflected the cantikr, 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. denstrated it[16]. In addition to studies of insulating samples, the AFM
can achieve atom resolution under ambient conditions, unlike the STM which requires -bigha
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 changestd 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. GiesdiB] provides a review of the common

modes of operation in AFM, while Poff8] reviews several applications of the instrument.

The scanning thermal microscope (SThM) was invented in fi¥85and several means of tgample
interaction measurement have been implement@®]. The first SThM was based on the thermoelectric
effect in athermocouple sensor fabricated at the conical tip of a probe. Electrical resistance
thermometry was introduced if21], using a Wollaston wire shaped like a cantilever, enabling
simultaneous thermal and AFM imaging. A surface micromachined thermal probe withatetkd D
electrostatic actuation was reported in 19¢22]. A CMOS thermal probe with integrated piezoresistive
detection is described if23]. In contrast to the thermocouple probes, resistive probes can be used in
passiveand 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 joudating. In the constant current mode,



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
bandwidt, since the probe does not have to reach thermal equilibrium. An interesting capability that
was demonstrated in this mode is subsurface imadi®j. A different technique for SThM involves
thermal expansion measurements. This technique does not rely on temperature sensors that are
located in the tipsample region. In 1994, anborph 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 tgample heat conduction reduces with tip sharpness. Scanning
Joule KEpansion Microscopy (SJE2b] is a mode that does not rely on tganple 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 usingnlée&hniques, with a
conventional probe. Heated AF[26] is yet another mode related to thermal tgample interations;
however, it does not directly reveal information about the heat transfer at the tip. Initially designated
as an AFM cantilever for thermomechanical data stor§gé], the authors have also reported
topographic imaging with similar probd28]. In heated AFM, the sharpptis 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 tls 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 infotiaa about heat transfer at the tif29].

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
conductvity measurements at radio frequencies. A microwave signal is fed to the tip, and the
impedance of the tippample region changes the reflected signal to reveal images of the local
electromagnetic properties of the sample. Ash and Nichab$ showed that the neafield resolution

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

o NNASNI T2NJ NBaztdziazy 6<kH RAHT Qde Popuiattype 6f SMM G0 O 2
employs a sharp tip protruding from the open end of a coaxial resonator with the other side coupled to

a microwave sourcg30]. 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 sidthefcoaxial resonator and opening a small area



for the tip; this way, the electrical field could be confined near the tip and the parasitic capacitance is
reduced to increase measurement sensitiiBl]. M. TabibAzaret al. used a stripline resonator and
chemically etched ashal A LJ (2 | OKA S&F Laietalnshigfded\ii ankrowdaieisgnal
using astripline transmission line to improve spatial resolution by decreasinglocalized tipto-
sample interaction[33]. Recently, Hubeet al. introduced a calibrated SMM based on standard

calibration samples for both capacitance and dopant profile measurenjdsis

I £ FNBS ydzYoSNI 2F {taQa KI @S -satmpe/inteRastigndiechadBiRs. 6 I a SR
Table 1 from [35] below contins 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 CMK®BEMS process. In fact, many of tm@des are supported

by the devices thiaare presented herein. For example, a CMIEMS AFM with ahieldedconductive

path to its tip can be used assaanning capacitance microscgseanning attractive force microscope

GNR QG A2y f ¢ TFeditidGtic 1orcendoacOpasdalthing electrochemical microscope a

Kelvin probe force microscope. Although the measurement setup fortgaehof microscopenay vary,

a similar device may be used in all moddhis example underscores the versailitf the CMOSAEMS

manufacturing process, which is the subject of sec8dh



Tablel: The Development of Scanning Probe Microscopy Modes

1981 | Scanning tunneling microscop¢ G. Binnig, H. Rohrer Atomic  resolution images o
conducting surfaces
1982 | Scanning neafield optical | D. W. Pohl 50 nm (lateral resolution) opticq
microscope images
1984 | Scanning capacitanc| J. R. Matey, J. Blanc 500 nm (lateral resolution) image
microscope of capacitanceariation
1985 | Scanning thermal microscope | C. C. Williams, H. K 50 nm (lateral resolution) therma
Wickramasinghe images
1986 | Atomic force microscope C. Binnig, C. F. Quate, Ch. Gerb{ Atomic resolution on

conducting/norconducting
surfaces

1987 | Scaming  attractive  force| Y. Martin, C. C. Williams, H. | 5 nm (lateral resolution) non
microscope Wickramasinghe contact images of surfaces
1987 | Magnetic force microscope Y. Martin, H. K. Wickramasinghe| 100 nm (lateral resolution) image
of magnetic bitsheads
1987 | a CNA OG A2yl f ¢ F C. M. Mate, G. M. McClelland, | Atomicscale images of laterg
Chiang (*frictional") forces
1987 | Electrostatic force microscope | Y. Martin, D. W. Abraham, H. | Detection of charge as small
Wickramasinghe single electron
1987 | Inelastic tunneling spectroscop D. P. E. Smith, D. Kirk, C. F. Qug Phonon spectra of molecules
STM STM
1987 | Laser driven STM L. Arnold, W. Krieger, H. Walther Imaging by nodinear mixing of
optical waves in STM
1988 | Ballisic  electron  emissior] W. J. Kaiser Probing of Schottky barriers on
microscope nanometer scale
1988 | Inverse photoemissior| J. H. Coombs, J. K. Gimzewski| Luminescence spectra 0
microscope Reihl, J. K. Sass, R. R. Schlittler| nanometer scale
1989 | Nea-field acoustic microscope| K. Takata, T. Hasegawa, S. Hos{ Low frequency acousti
S. Hosoki, T. Komoda measurements on 10 nm scale
1989 | Scanning noise microscope R. Moller, A. Esslinger, Tunneling microscopy with zer
Koslowski tip-sample bias
1989 | Scanning sphprecession| Y. Manassen, R. Hamers, | 1 nm (lateral resolution) images (
microscope Demuth, A. Castellano paramagnetic spins
1989 | Scanning iorronductance| P. Hansma, B. Drake, O. Marti,| 500 nm (lateralresolution) imagesg
microscope Gould, C. Prater in electrolyte
1989 | Scanning electrochemicg O. E. Husser, D. H. Craston, A
microscope Bard
1989 | Absorption J. Weaver, H. K. Wickramasingh{ 1 nm (lateral resolution) absorptio
microscope/spectroscope images/spectroscopy
1990 | Scanning chemical potentig§ C. C. Williams, H. K Atomic scale images of chemig
microscope Wickramasinghe potential variation
1990 | Photovoltage STM R. J. Hamers, K. Markert Photovoltage images 0
nanometer scale
1991 | Kelvin probe force microscope| M. Nonnenmacher, M. P. O'Boyl| Contact potential measurement
H. K. Wickramasinghe on 10 nm scale
1994 | Apertureless neafield optical | F. Zenhausern, M. P. O'Boyle, | Optical microscopy at 1 nn
microscope K. Wickramasinghe resolution

10



2.2.The Role of MEM# 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 iempemt in IC
performance is incrementdl], so too are the redution of fabrication and metrology tools that address

the challenges at this length scale. SPMs are the highest resolution tools available for imaging surfaces,
FYR GKSANI LISNF2NXI yOS Aa y2 SEOSLIIAZY Tdepérid®n Ay & (0 NX
improvements manufacturing precision of its constituents. For example, as cantilevers and scanners are
miniaturized, the speed and stability of SPMs improves. In A88p 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 ofdamto capture the motion of molecules.

Progress in MEMS has had a profound impact on the SPM community, as a hatural consequence of the
laws of scaling that are discussedAippendix A Micromachining technology has playa significant
NREfS Ay (KS LINE I NBsampledriteradtiah dofréd iE detedted ByShe defletion of &.J
cantilever beam. The first micromachined cantilevers were built at Stafi8didut of SiQ and SiN,.
Today, singlerystal silicon cantilevers based on a design presented in [38)1are most common. In
1993, atomic resolution AFNhiages were obtained using a cantilever with an integrated piezoresistive
strain sensof39]. The optimization of a piezoresistive cantilever for AFM is discl[40]. MEMS
cantilevers with integrated optical gratings are discussefti}. The FIRAT probe is a micromachined
membrane that is acated electrostatically, and includes an integrated diffraction grating. These
gratings are illuminated by a laser, and the-fiatd patterns are measured with a photodetector.
Cantilevers with integrated electrostatic actuation and capacitive detactioe discussed if42].
Heated AFM probes for thermomechanical data storage and topology imaging were presefdé&dl in
and[44]. A piezoelectrically transduced cantilever was present¢dsh A MEMShased ring resonator
with integrated transduction and >1MHz natural frequency was discussptbjn Ultrasharp tips can

be integrated into silien 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 pfob&ThM was presented in

11



[47]. A silicon micromachined probe for KPFM was present4Bin Probes for MFM are discussed in
[49] and[50]. Several probes for SMM have been described in the literature agsigl|52], [53], [54],
[55], [56], [33].

hyS FLIINRFOK (2 AYLINRB@ZGAY3I (KS o0FYyRGARIGK 2F {taQa
scanned using a piezoelectric actuator. In this configuration, the probe usually incorporates iafgenso
tip-sample interaction measurements, since the lasased bearrbounce technique is not amenable to

I NNJ &8 2LISN}IGAZY ® Il p E p FENN}Y& 2F 1 CaQa 6l a AY
incorporating piezoresistive sensing for each cawéte[57]. Data storage applications were
AYy@SaGA3IraGSR & LI NI 2 F[58) MPZTacankilévér artaldviktls giezoresi@iv@ NI Y |
detection was reported if69]. The Millipede represents the largest and denseBt &tray (32X32, 1024
cantilevers) of AFM cantilevers to date. Electrostatid&d} and electrothermally actuated dipen
nanolithography arrays have also been reported. Arcfyhermocouple probes were reported [61].

A standalone singlechip AFM unit including an array of cantilevers with individu8lQF actuation,

detection and control has been reported as w@R], [63]. It is important 6 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 functichgponThe first
microfabricated STM device was a millimeseale piezoelectric muitiorph 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 tgample approach direction was 3N/m. Anothepegach 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 forateral electrical isolation of suspended microstructuf@s]. 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, noagensere required on the chipsie, they

I NB SEIF YL Sa 2F a0l yySNBA 2yféeo LG A& GKSNBT2NB vy
¢2 GKS 06S8ad 2F GKS lFdzZik2NDR&d (y26fSR3IST y2 20KSNI Y
use ofa conventional SPM for scanning. AaxXs electrostatically driven kinematic stage with an
integrated cantilever is discussed [#6]; the device does not incorporate a sensor, so imaging results

were not achieved A 2DOF probe with an integrated JFET was presentf@l/inA CMOSMEMS probe

with openloop 3-DOF positioning and integrated force sensias presented if68].

12



2.3.CMOSMEMS Processes

There is a rich body of literature on various aspects of CMOS technology, including several texts on
fabrication aspectf9],[70]. Process technology from a MEMS perspective is also the subject of several
texts and reviewarticles[71], [72], [73]. By appropriately combininthe deposition, lithography and

etch steps in CMO®ith those needed for MEM@S,is possible to fabricate an integrated microsystem in

a single process sequence. The devices we consider in this research are based efalneatmn of
CMOS and MEMSnh area that is the subject of a number of commercial and academic research thrusts
[74], [75]. A review of the development of CM@BEMS processes, with emphasis on strategies for
robust ceintegration, has been publishedy Fedder et. al[76], and a book on the subject was
published by Baltes et. 4if7] Mansour[78] provides an exhaustive review of CMBIEMS technology
applied to RF applications.

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

The excellent lithographical resolution in CMOS processes offenmgunbn minimum feature sizes that

can be exploited by micromechanical structures. The local integration ofarmppifiers with
piezoresitive, temperature or force sensing tips stands to improve the signadise ratio of the
measurement. Integrated electranO& Yl & 0S5 dzaSR (2 YdzZ GALX SE &aA3Iyl ¢
LAY O2dzylis GKdza SyloftAy3a GKS LINI OGAOFE NBFEATFGA

integrate temperature and position sensors within actuators is used for cllmsgziscanning operation.

The development of CMGBEMS approaches can be broadly categorized into three process integration
strategies: MEM®irst processes, MEMSst processes, and MEMS in the CMOS Back End of Line
(BEOL) stack (CMEMS processes). Theme the subjects of next sections.

2.3.1 MEMSFirstprocesses

The earliest applications that leveraged the integration of released microstructures and integrated
electronics were pressure sensors fabricated using a MtstSpproacki79]. In this strategy most of

the MEMSspecific 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 spincoating of photoresist during the various patterning steps. Single crystal silicon (SCS) was used
as the structural material, from which a diaplgm was etched using a wet anisotropic etchant.

Transistors, resistors and interconnections were present on the device side of the wafer for increased

13



signal transduction and reduced poount. Both capacitive and piezoresistive approaches were

implemerted.

In parallel with the pressure sensor development, aniflsk process for micromachined silicon neural
probes with integrated signal conditioning and multiplexing circuitry was also under develop&dgnt

A heavily borordoped region were used as an etstop to define the probe geometry, and dielectric

passivation layers are used to protect the electronics from theeteh. Recently, this process has been
enhanced to fabricate wireless, fRBwered pressure sensors used to monitor arterial blood flow in

what is considered to be one of the most sophisticated microsystems ever demong@aied

MEMSTirst processes consisting of more complex singlystal silicon microstructures combined with
CMOS electronics have been enabled by the widespread availability of SOl wafers combined with the
advent of DRIE processes for silid82]. In one early example, a DRIE step defined thick-$ioly
structures over a buried oxide layer. SCS was epitaxially grown in the surrounding area, and bipolar
transistors and interconnects were subsequently defin@8]. The fabrication of thick SOI
microstructures with integrate electronics was greatly facilitated by the introduction of a trenefil
isolation proces$84], [85]. In this approdt, 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 whecrifiata

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

Thin film polysilicon structures can also be integrated with electronics using the MEM&pproach

[86]. The strategy adopted here begins with the definition of a trench in which the MEMS devices are
deposited ing 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 dIEMSTirst 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 subs&@ME$ 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 dé¢8ifje and has yielded extremely stable
resonators[88]d® aAONRaKStf SyOl LJadzZ FGA2y 61 a FANARG RSY:?
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silicon growth to seal a microresonator in vacuum, and several alternative appmodehee been

implemented[89].

2.3.2MEMSLast Processes

An alternate approach to the integration of CMOS and MEMS involves surface micromachining of the
structural layersafter completion of the CMOS ba@nd-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 yearsjaStEMS
processes are intended to have as negligible an impatherCMOS frorend process as an additional
interconnect layer. This way, circuit designs do not need to be modified. St@@igend display91]
applications have leveraged this process integration strategy. The damascene approach, commonly
used in CMOS BEOL processes, has also been used to manufacture MEMSf§vacesk is being
commercialized by companies like Microfabrica to enable prototyping of complex-tinmensianal
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 pimary constraint in MEM&st 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 stresid annealing effects. For a 0:8b
process, a thermal budget limit of 10 h at 4Z5 has been demonstratd83]. For a 0.35m process it

was shown that the CMOS could tolerate up to 90 minutes at°€2®4]. Another constraint ishe
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 @éxSind 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 selec{®d]. Gold has also been used for-RF
switch applications and is being studied as a structural material for applications requiring low loss at
high frequencieq78]. Piezoelectric materials have been integrated on top of the CMOS stack for RF
applicatilms such as surface acoustic wave (SAW) mechanical filterdijltibulk acoustic resonators

(FBARS) or bulk acoustic wave (BAW) resond8%} [96]. Zineoxide piezoelectric films have been
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shown to be compatible with CMOS processing, as demonstrated in an early multisens@7ghip
Amorphous silicon (a:Si) devices have been integrated with CMOS in a-Bi&EM§Bproach using low
temperature LPCVIP8] and PECVIP9]. In order to improve electrical conductivity, the LPCVD
material was encapsulated in titaniutangsten. ECVD a:Si technology has been developed to deposit
transistors on plastic substrates at temperatures as low as?@OPolysilicon 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 saliede
contacts[100]. Polycrystalline germanium and polycrystalline siigermanium films were introduced

4 a9a{ &0GNHzOGdzNYf YIFIGSNAIfa GKIFIG O2dzZ R 0SS RSLIRa.
[101]. Several other structural materials such as silicon nifd@2], vanadium oxid¢103], polymeric
structural materials[104], and carbon nanotulse[105] have been integrated with CMOS using the

MEMSIast strategy.

2.3.3MEMS in the BEOL CMOS Stack (CNHEMS)

The existing materials in the CMOS métadrconnect stack can be used as a structural material for
MEMS devices, as was initially demonstrated 988[106]. By stacking the vieuts 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 otdeelease 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 inclu@é thermal micrehotplates with embedded polysilicon resistive heaters for chemical

sensorqd107]and infrared detectors with polysilicon/aluminum thermopild€98].

Design rules in convential CMOS processes do not allow theatiaapproach since they enforce fixed

size vias that must be overlapped by interconnect metal. A method introduced in[199Finvolved
postCMOS ractive 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
0.18um node with aluminum and copper interconnects, and is illustrateldwen Figurel. The process

is available through mukivafer prototyping services with reasonable pricing and turnaround times.
One variant of this process includes the addition of microfluidic channels in the BEOL layenswinge

the metal with a liquid etchanfl10]. Another enhancement incorporates the CMOS silicon substrate
into microstructures. The most recent example of this approach made use of silicon DRIE to make bulk

CMOSMEMS. Fronside dielectric RIE fiaed etch pits to the substrate and backside DRIE was used to
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thin the wafer to a ~4m target thickness in selected ared41]. This process allows the designer to

mitigate stressnduced curvature of the BEOL layers by reinforcing plate structures with an SCS backing.

In this research, we have adopted a CM@BMS processdlv 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 simpligjts 2step, maskless process is used to define structural sayer

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 processEor instance the designer can define a 2

pm 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 isabf gre

utility in the design of SPM instrumentation and is uniquely available in @XEMS processes.
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Figurel: The ASIMPs (ApplicatioBpecificintegrated MEM3Processes) CMOBIEMS process results
in releasedmicrostructuressuspended over acavity in the substrate. b) An accelerometer fabricated
with the CMOSMEMS process.

The disadvantages of the process include-teinun and dieto-die variations in material properties such
a adNBaao { NB&aa NBaredz@ndbeyohd) Eoyhbiné®Gwitls designipdedS 4 4 S a
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to compensate for stressduced curvature are used to mitigate this issue. Another issue is the
turnaround time for receiving released deviogglthough 3 months is reasonable for a process of this
compkxity, it is often extended to 4 months and impacts the design cycle significantly. Many foundries
are beginning to offer CMGE8EMS process options for the first time and several iterations will be

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

2.3.4CMOSMEMSfor SingleChip SPMs

Chipscaled SPM instruments rely on the concerted operation of varioussuiponents, each of which
exploits a range of material properties. In this section, we illustrate that every asptwt design of a
CMOSMEMS 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 usqubsition the tip in three
RAYSYaArzyao ¢o2 YFGSNAILIfaAa 6A0K RAFFSNBYylU O2STFFAC
The larger the difference, the better the performance of the actuator. A figure of merit for the material
selection in sing! material electrothermal actuators has been expressdd12]Y Ch a [6'KISINSZ ~ A &
G§KS GKSNXYIf SELIyarzy O2SFFAOASYGTZ |1 Aa GKS GKSNY

Sheet Resistance: The resistive material that is used for -jmdéing in actuators should have
appropriate sheet resistance. The value of the stesi determines the amount of voltage that is
required to drive the actuator. CMOS compatible voltages are desirable, since the drive circuitry can be
implemented onchip. At a fixed voltage, a lower value resistor will generate more heat because Joule
heating process is a function of power, and\BfR. In addition, the resistance of a sensor impacts its

noise performance, as will be shownGhapter 5

There are conflicting constraints on the temperature coefficient ofstagty (TCR). For jouleating,
GKAA OFftdzS aK2dZ R 6S Fta f2¢ | a LlaairotsS (2 LINBGS
the transfer function of the actuators, which will be discusse@apter 5 However, ér the purpose of

resistive temperature sensing, this value should be maximized.

The Seebeck coefficient gives rise to a temperatetated voltage at the junctions between different
conductors. This quantity should be maximized for temperature semgitiviSThM, but minimized to
mitigate thermal noise in sensors. A figure of merit for thermopower in materials is giveri3i
x=8k ¢~ ®
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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 suppressinttaged drifts.

Both dielectric and conductive materials are needed in order to route signals to sensors and actuators in
a chipscaled instrument. The dielectric materialsould 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.

¢KS |, 2dzy3Q& a2 Rdz dzanical matetiay property jBaNfiflueyides the Sidifess of a

0SIY YR KSYyOS AGa yladaNIt FNBIjdzSyoe o 't GK2dAK |
the design of chigd OF f SR {taQaxX Al f26SNBR GKS I OQlGdzfiAzy NJ
YFEGSNRAEFEAE Ay | 0AY2NLK A& dzASR G2 &aSi G4KS 3S2YSi

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 capaciof 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 propei@es | 7 ¢ and may be thought of

as a thermal analogytan 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 procaks 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 residuastress in deposited materials should be kept low in order to mitigateofytiane deflection
and buckling of flexures and actuators that are intended to operaf@ane. However, stress gradients

are useful in the selhissembly of oubf-plane actuatos.

Table2is a list of these material properties, along with their values in several MEMS processes.
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Table2: Material Properties Available in a CM@3EMS Process

Design Feature Material Property Rang ofValues in CMOSIEMS
Processes
Lateral and vertical bimorphs / ¢9% h lfY Ho®mM=Z hEARS
N . 5 i Oxide:-485 to +250, Al: +73 to
Vertical bimorphs wSaARdzl §° { UN
+232, Poly:583 to +203 Mpa
. Si: 155180, Poly: 13475, Al: 69,
Lateral Flexures, Resonant Cantileve, Youngs Modulus E .
Oxide: 5770 *Gpa
Lateral Flexures, Lateral Actuators Aspect Ratid Up to 10:1 (released)
Resistive heater Resistivity 0.76t090 *10m OY
Resistive Thermometer TCR -5.0to +4.38 *10/K
Poly:-366.9 to +380, AKL.7
Thermocouple (Seebeck) hg N
F>+ Y
Integrated Piezoresistor Gauge Factor, GF Poly:5MT ttTa &
Dielectric structural layer (isolation) | Dielectric Breakdown Voltade Intermetal, >200V, Gate: >9V
) ) R . Oxide: 05to0 1.5, Poly: 18 to 45.6
Thermal shunt pathisolation path CKSNXYEE /1 2V Rd; L
Al: 237, W: 174, *W K
Sharp, Conductive tips Native Oxide All materials have native oxide
. . ~ Al: 2.4, Oxide: 1.25 th.5
Electrothermal actuators 2t dZYSUNRO | S| 6 3.1
*10° K m° K
" 44p-Si:62 to 138, #8i-19 t0-9.7
Bulk Piezoresistor Piezoresistive coefficient ) )
" 11:n-Si;38 to0 102.2 gSi,1.1 t0 6.6

LA large difference in CTE causes a greater bending moment upon heating

% Residual stress is needed to generate a-asfembled oubf-plane displacement. This is required for the tip to
engage the sample in one type of approach.

PAKAIK |, 2dzy3Q& a2 Rdzofddane stiffriedsdid8aial fiéxkirs agddiicreases the resonant
frequency of cantilevers

* A high aspect ratio increases the linear range of flexures and preventsf-glane buckling under moderate
loads

®The resstivity determines whether the desired heater resistance can be obtained in a reasonable footprint
®The TCR of a resistive heater should be low to avoid thermal runaway addhearity in the transfer function of
the actuator

" A structural insulatingnaterial is critical as it allows for electrical routing throughout the instrument to various
sensors and actuators

81 YFGOUSNALE 6AGK KAIK GKSNXIEE O2yRdzO0GA OA G & LRI € 0 $ 2 dzdl K
substrate, and reduce thermal coupling to nearby sensors

° A material with low thermal conductivity can be used to thermally isolate structumes fsne 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 Bagrofound impacts on performance. A thin layer is useful to concentrate stress
in piezoresistive regions. Thick layers are used to improv®fopiane stiffness and to suppress curling

effects.

The layetto-layer registration is critical in the desigh 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 ratichit 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 enabjdarnia flexures with

appreciable linear ranges, and also suppresses buckling effects.

To summase, the design of singlehip SPMs exploits a range of material properties and features that
are available in CMA8EMS processes. However, there is an important caveaitre of these
properties are optimized with SPMs in mind. The goal of a CMOS pisdesmprove 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 stressn 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 navailhble 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, althougpiezoresistivity, 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 cealitibutes
challenges to the design of CMOEMS 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 coegr@nto force and motion. In
most cases, an input is converted from the electrical domain to aehectrical output signal in the

radiant, magnetic, thermal, mechanical, or chemical domains.
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In the design process of a microsystem that incorporatesaitin several parameters are specified,
including: output force, displacement, risiene, 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 transdudbn mechanism, and the maximum wealid-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 discussieddtiving principle§114],
[115]. Here we briefly discuss transduction principles, and evaluate and compare the performance of

the actuators.

Common eatctrothermal methods of actuation include bimorph actuators (single and rmaterial),
bent-beam or chevron actuatord 16], [117], topology optimized structures, and various types-ofit
plane actuator4118], [119]. These devices are further discussed in later sections as they were selected

for the SPM implementations that are the fecof 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 generatehhigrces in small volumes; both liquédr and solidiquid
material systems have been explorg®0], [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 usepbfise transformations is the shape memory effect, which

is exhibited by shape memory alloys (SMA) such aqT2R], [123]. This thermally induced crystalline
transformation betveen 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 irethesponse 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 tHaghest workto-volume ratios among micractuators. 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 usimp photoinduced phase transition materials such as polydiacetylene can exhibit
significant induced strain$124].  The resulting bimorphke actuation can generate forces and

displacements, but with limited efficiency.

Thermopneumatic actuation based on volumetric expansion in a single phase haadsbto produce
valves that can sustain differential pressures of ~INI2%5])Z A GK Cf d2 NRPAYSNI un f Alj

material.

Photothermal actuation achiegelocalized heating with incident light that is focused onto a radiation
absorbing microstructur§l26]. A large surface area is typically required to convert optical energy from

a focused beam into thermal energy, and this reducesabek/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 principlesfindzRS & ONJ G OK R NJ12r§ [128]Camtizl ( 2 NE
drives[129], [130], parallel phte designg131],[132] membrane deformation actuatorgl33], [134], S

shape flexureg§135], distributed force actuatorg136], [137], and tosional/gimbaled actuator§l138].

The SDA can produce high forces over large distances due to the untethered nature of thee devic
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 triboclging. The worko-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 volitheugh

the workto-volume ratio of comhdrives 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 RFcele 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 mechanismg139], [140], [141] and electromagnetic actuatorfl42], [143] have been
implemented at micron scales as well. Magnetically anisotropic materials such asiminkidms and
polymer magnets can be electroplated or otherwise depositatbanicrostructures and subsequently

actuated by external fieldd.44], [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].

Table3 has been adapted from Krulevit¢h23], Carlen121], and Fujitd114]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 volumeThW. 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 thatrfmany 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 CMGEEMS materials support viaus electrostatic, electrothermal, and
electromagnetic actuation options. Among these options, only electrothermal and electromagnetic
actuators can provide the desired displacements at Ch@8patible drive voltages. Electromagnetic
actuators made o€EMOSMEMS 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 actuatmgpdsing 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:abiip circuits can provide the voltages (<5V) and
currents (>1mA) that are eeded. Another consideration is that the available materials for
electrothermal actuation have favorable properties. Al @i@ haved A YAt I NJ |, 2dzy 3Q& a2 R«

difference in thermal expansion coefficients, and a large difference in thermal cowithucti The

implications of these properties will be emphasize€imapter 3

The lateral electrothermal actuators used in this work can provide a large (20um) static displacement;
this quantity impacts the achievable seenge of the SPM. With the use of certain design patterns,
the outof-plane actuators can achieve >40n range. The oubf-plane range of motion sets the
maximum vertical elevation of sample features that can be imaged. Since the vertical range dbales wi
the square of length ¢), while the stiffness scales with #/lthere 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 piosi 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 rangbe At
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Table3: Comparison of Actuators by Transduction Type

25

Actuator type Implementation Details| Work-per-volume WV (J/n?) Frequency of
equation operation (Hz)
Phase Change Solidliquid p Yo | 1.0x 10 1
a0
Liquickvapour p Yo | 2.03x 16
g @
AusteniteMartensite , D 2.5x10 75
AusteniteMartensite , D 6.0 x 16
Microbubble Q0 3.4x16 100
@
Optically induced , D 474 %10
Thermopneumatic External pump source jov) 1.2x16 5
W
Thermal Single material Pol 'y 4.6 x 10
expansion C
Bimorph pU J 40x106
: C (") 3
Optically heated g.o| Y 4.74x1
Electromagnetic Ideal 0 DI 4.0x 10 1x 10
¢
Permalloy 0 DI 2.8x10 2x10
¢ W
Solenoid v 1.6x 10 1x10
W
Magnetostrictive Cylinder o_. 1.0x 10 1x 10
C @
Electrostatic Parallel plate, SDA -0 01 1.8x 10 1x 10
¢"Qw
Comb drive -0 & 3.4x16 1x 1d
"Qw
Integrated force array -0 01 7.0x 16 25x16
¢"Qw
Piezoelectric PZT g 00 o 1.2x16 1x 10
Zno ? 00 O 1.8x 16 1x1d
Muscle "0 1.8x 10 5
@
T material vdume 1 i permanent magnetic bias
Y change in material volume = electrostatic electrode area
a: bulk modulus H: permeability
a mechanical stress 4l number of turns
T is the mechanical strain Yy magnetostriction
3: external driving force £ permittivity
#: displacement under actuation o: voltage potential
F L 2dzy3Q& a2 Rdz dza | : gap between electrostatic electrodes
b: coefficient of thermal expansion n electrostatic electrode width
4: temperature change . piezoelectric coefficient
Ly 5. »bymorph stiffness (o} electric field



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 aforementioneditigs electrothermal actuators also

enjoy small footprints and ease of fabrication in a CM@EMS process.

This work relies heavily on the performance of electrothermal actuators. The final geometry of a given
design is influenced by a range of coasits, 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 actuaboitcstherefore

be capable of predicting these quantities, and their sensitivity to design paramet&ppendix B
provides a review of the methods that have been used by various authors to capture the behaviour of
electrothermal actuators. Chapter 3provides an overview of the lumped element models that have

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

This section develops models that pradjpantities in the electrical, thermal and mechanical domains
for various components of chipcaled scanning probe microscopes. Each of the many parts of-a chip
scaled SPM has performance specifications that are influenced by effectssmttinee domans. To

build a model for a single element, one must consider solutions of the constitutive equations in each
domain, and the nature of the couplinptweendomains (intradomain coupling). The components are
further interconnected to oneanother in variois ways; the SPMs consist of many elements that are
coupledwithin each of the domains (intedomain coupling). In this chapter, lumped element models of
various components are developed using analytical expressiolyspandix Bas 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 comprehens& 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 CM@3EMS SPMs can be modeled using lumped element equivalent circuits
according to the principles described by Sentljti49]. In the electrical domain, the use of thi¥ ©
convention implies that the voltage is the across variable, and the current is the through variable. In the
mechanical domain, th&° w convention implies that the forcesithe 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 theaheurrent 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

usethe heat energy to keep track of energy flow.

This chapter begins with a discussion of the components of a EMWEDMS SPM. For each component,

the dominant effects contributing to device performance are first identified from analytical expressions,
and then directly incorporated into a lumpeelement 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 woHtowever, 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 ddract from the performance of singlehip SPMs.

3.1. Components of a CMGBEMS SPM

At a glance, while a CM@EEMS SPM is scanning a sample, the nature of each distinct building block in
the instrument is obscured by its monolithic construction undergoinginanus, 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 procesalone for such a device could take several hours. The problem becomes tractable

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

The elements of a scanning probe microscope that are modeled in this warksattheated resistors,
lateral quasistatic electrothermal actuators, flexural suspensions, thermal shunt paths and thermal
isolation paths, vertical dynamic electrothermal actuatongsistive and thermocoupibased
temperature sensorsflexural resomant cantilevers,and piezoresistive strain sensorsThe last two
components in this list are used in conjunction to produce the effects that are the foctisapter 4 so

their modeling is deferred to the next chapter.
A desciption of the model development for each component follows.

3.2. SeltHeated Resistor

Joule heating that occurs in séléated resistors is the source of power for all of the actuators used in

this work. The heaters are treated as localised sources of hedttheir 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 asource of feedback from the thermal domain to the electrical domain, and it results in @ non
linearity in the voltagdo-position transfer function of the device. A more significant Hfiararity

stems from the fact that the heat power is proportional tiee 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 rooftemperature 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 showFigare2.

%6

ATR, g

4

Figure2: Electrical Domain Representation of a Seléated Resistor

3.2.2ThermalModel

The full analytical solutiorof the heat equationin the thermal domain reveals the temperature
distribution in theresistor. 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 temperatwd@ependent sink term that remsents convection to the

atmosphere.

For the development of compact models, the tidependent temperature distribution in a sdieated

resistor may be calculated using several methods. One approach is to discretize tdanensional

heat equation uimg finite difference methods. In the DC steadgite, a network of resistors may be

used to model heat conduction. This approach reveals the stetadg temperature distribution, but

does not capture the thermal time constant of actuators under gigitic 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 implse 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 frequencmsever, 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 geomietnizity,
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the device may be represented by a singdsistor 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 splatiadation

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 inFigure3. Although this method provides reasonable estimates of the heat flow, the actual

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

this, as illustrated in the following example.

% Rth,iso

N

Figure3: Thermal Domain Representation of a Seléated Resistor

Consider the vertical bimorph actuators with eeduled heater resistors shown Figure4. 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 satestis 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 steastyte conditions, the bimorph itself may be
modeled simply as a thmal resistor. The tip heater and base heater are placed 10&pgnlpm away

FNRY GKS adzoaiGNIGiS yOK2NE a2 (KS NBarxaaryoOoS gt f dz

The results of static FEA are showrigure4 along withvalues for thetemperature and deflection of

each device. The maximum tempéure, average temperature and overall deflectiortlod tip-heated
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pbmph_1-NT35THESIS_OOPBMPH_1 | 30 Jul 2013 | Coventor Data

TISTHESIS_OOPBMP 29 Jul 2013 | Coventor Data

Heated Base (10x) Bimorph Heated Tip (10x)

Max Temp: 291.49K \/ Max Temp: 313.35K
Avg Temp: 286.68K Avg Temp: 297.94
Max Z: 1.998pm Anchor Max Z: 3.307 um

oooooooo

Hot Base (5x) Hot Tip (5x)

Figure4: FEA Simulation of Bimorph Under Base (left) and Tip (right) heating

device are higher than those of the baseated device. Since the electrical pawnput 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; thattlee bimorph with the hot tip is less

efficient than the bimorph with the cold tipAlthough bothbimorphs havealmostthe same average
temperatureof ~325K the devicewith the hot tip deflects 8umwhile the other devicedeflects 11.3um.

Inthe figured GKS G¢2 aAldzZ G6A2ya NS RSy24SR a4 aKSI G4§SR:
the presence of a heat source and hot refers to a temperature boundary condition. Note also that the

GAL) Fy3ftSa Ay GKS aK2iGé¢ Olwardonly Nres@dSmthke titahd@edeS D A Y LI

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

The cold tip /hot base conditionmay seem like an unlikely scenario, since the anchor to the substrate is
usualy 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 capac#af 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 actiators. 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 misgdevhere 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.

3.2.3Voltage-sourceDrive

The electrothermal model o& seltheating resisto is shown below irFigure5. A voltage source

provides the input to the device.

% Rth,iso

Figure5: ElectreThermal Representation of a Seffeated Resistor

The governing equation of this first order systernili49]:

S%e N Np W @)

This expression contains two ndinearities that affect the voltagéo-temperature (and therefore
voltageto-LJ2 aA GA2Y 0 GNF YyAFSNI Fdzy OlA2y 27F | OdidedriiyasNBE (0 K[ 1
the @ dependence, which may be removed with a Hoear inversion by taking the square root of the

voltage signal before it is applied to the heater. The secondlinearity results from the presence of

the temperature term in the denominatobelow w . Since the TCR is small, the following

approximation can be made:
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Yo v v P | (3.2)
Substituting back int@3.1) and collecting terms gives:

QY P | Y wy w
Qo Yo P T v Y (3.3)

The thermal time constant for this system, assuming a constanis:

Y O
Y © (3.4
P Y

which depends on the value of the input voltage. The stesidie temperature rise of this linear

system with negative feedback is:

Y

Y (3.5)
Y ®
P Y

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

applied voltage, implyinghat the slope of'Y w decreases, and stable operation is possible. For
ySAFGADGS GSYLISNI GdZNBE O2SFFAOASYyGazr GKS aAdda Gdrazy
NHzy I 6 &8¢ |G adZFFAOASY(f & KAIK sgltddederibSthedsituationknS G S NI
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 catagophic device failure due to overheating.

Figure6 below showsmeasured results of the resistance variation of $elfited resistors as a function

of applied voltage. A resistive ladder circuit consisting of a fixed resistbthe 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 significaof-gane
deflection. Theemperatue coefficient of voltageTC/) of this device isiegative In another device,

the resistor is placed in a thin beam that curls upba application of heatonly the Metal 1 layer is

used resulting in a bimorph actuatpr The T& in this case ipositive, 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
Section4.2. Thus, the TCR of the material cannot be inferred from-rsediting if the resistor

experiences heat and strain simultaneously.

Positive and Negative effective TCVs of
Self-heated Resistors

3500—————— 800
(o)
O ¥ 5 5 ¥ v 4
o %
% « Positive TCR
o : o Negative TCR
m3000; O S S O SO S S 780
g :
()
5
7]
©
[}
=
EEMSEET TN NS R RN
) ———— = <L =1 < <
0 02 04 0.6 08 1

Applied Voltage (Nofmalized)

Figure6: The temperature coefficients afesistivity in CMOS polysilicon arstraindependent

Based on the data, one can extraneaningful quantities related to th€ CR and piezoresistivity of the
materialas follows Tomeasurethe TCRthe stressfree resistor is placed ia microclimate oven. Teén
temperature dependentatais matched to the second order polynomial fit frdfigure6 to obtain a
power coefficient of resistivity (PCR) for stref®e material This coefficient relates the linear
dependence of temperaturen the applied power. To exict piezoresistance, one musist calculate
the strain in the beam that is to be measured. In most cases, a Nidiahm is used for piezoresistive
sensing, so the placement of the polysilicon layer with respect to the neutral axis of theibé&amvn
The second order polynomial fit of the bimorph data fréigure6 can then be used to extract a PCR for
strained materials. In the case of this materialthe Metaltl bimorph geometry, the effect of

piezoresistivity is 2.3x giner than that of the TCR, with the opposite sign. Tharsa 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 ie tiesistor 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 gefined with respect to tensile stress.

3.3. LateralElectrothermalActuators

[FGSNIT £ StSOGNRGKSNYEFE | OlGdz 62NER NB dzaSR G2 a
actuators have been investigated in this work: multimorph actuators that are basethe bimorph

effect, and chevron actuators that are based on singhgerial 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 domairnThis discussion focuses on the multimorph actuator implementation
shown inFigure7. The composite beam consists of materials that are present in the BEOL steps of the
CMOS fabrication process. In the layout of the beam, theelawetal layers are intentionally offset

from the top metal layers in order to obtain the cressction shown irthe figured {AyO0S {(KS
Aluminum and Si©Qare different, a temperature increase results in a thermally generated mechanical
moment alorg 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 fhece and outof-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 t
distal end, since this would impose a zemoment constraint and eliminate any deflection from
bending. The design pattern Figure7 is used to cancel the rotation at the tips by combining the
beams in a symmetrically reflexl fashion, such that they may be attached. The overall deflection
achieved with such a design is ¥z of what can be achieved with-larfgth bimorph. Because of the
vertical asymmetry in the cross section of the beams, a vertical deflection arisesoduehermal
moment in the ydirection. This parasitic owf-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, ashown. 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 beamstlameffects 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 isdteracan the tip of the SPM in the
LX IyS 2F (GKS &l YLX S &adz2NFI OSo ¢KS NBIAY-S 27

aldriAaoé 0S0OlIdasS GKSe& LINRBRdzOS tIFNEBS aidriuAaO RAA

conventional scanners), but tiiedo 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, whit will be discussed in secti@5. External sources of vibration include building
vibrations (<1kHz), acoustic vibrations (<10kHz), and vibrations from laboratory equipment

(<1kHz). The resonant frequency of the lateral atts used in this work is above 50kHz.

metal 4 top layer

silicon oxide

metal 3
metal 2

Yo Xp

neutral

Figure7: Lateral Multimorph Geometry. The crosgction of the beam contains lower metal layers
that are laterally offset from the top metal layers in order to create a bending momeBeams are
folded to match inplane tip rotationand out of plane curl.
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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, tidce 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-L®ms, depending on their
thermal mass and thermal resistance. This translates to maximumudreies of operation of
100Hz to 10kHz, and thus enables vidlate 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 tipample interactionmeasurement, instead of the scanner
dynamics thatnay be aottleneckin conventional instruments.

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 capablenaintaining a static offset
deflection. The multimorphs used here can produce up to 20um of static deflection. If larger
static deflections are required, flexures may provide a geometric advantage to increase the scan
range; however, this reduces theerall stiffness and resonant frequency of the SPM.

The outof-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 efatiple
interaction, the werall stiffness requirements of the system may range from 0.1 N/m (contact
AFM) to 1660N/m (STM, FMAFM).

A fifth constraint is that the operating voltage should be compatible with the CMOS process, so
that driver circuitry can be integrated echip. 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.

Another constraint is that the maximum operating temperature of the aamtannot exceed
thermal budgets of CMOS processes, since the BEOL materials will delaminate at high
GSYLISNI GdzNBa ol 623S dopnx/ 0

The power efficiency influences many aspects of the performance of electrothermal actuators.
A high efficiency actuator W 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
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section 5.3 that improving the efficiency of the actuator lowerfiet 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.
improve signal to noise ratio, actuators should have a short thermal path to ground and be

isolated from one another.

3.3.1ElectricalModel

The electrical model of the actuator calculates the amount of joule heating in a resistor that is subject to
anapplied voltage. The temperatwgependence of this resistor is captured through feedback from the
thermal domain. The Atlependence of heat generation is captured in the thermal domain. This is
identical to the model of a selieated resistor embeddeih a rigid plate, as discussed in the preceding

section.

3.3.2Thermal 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 heatepnd#0]. Firstof 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 f as the frequency at which the thermalawe does not reach the end of the beam. At this
FNBIljdzSyoOezx (GKS o06SIFY Aa O2yaARSNBR GiUKSNXYILffte f2y3
the reason that thermal actuators have a limited bandwidth, beyond which the amplitude rolls odf like
singlepole 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 tha thoment 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 #aarbis thermally long.

The development of a lumped element model that captures thermal effects begins with a finite

difference approximation of the-D heat equation as detailed #&ppendixB.2 The beam is assumed to
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have aconstant crossection with isotropic thermal conductivity, density” , and heat capacityo. For

the beam with the geometry shown Figure?, the values for these parameters are calculated as:

L I 203U
0 6
(3.6)
! L "ath @ L @ ) Gy &
U O U O

A capacito captures the time dependence of the temperature, implemented as the current through a

capacitor with a value of:

6 cO Yo

(3.8)
The thermal conductivity between nodes is represented assistance with the value:
Y oY Y Yol 6
(3.9)
A third resistor represents heat loss through convection:
v Yy P
Q O 'OQ Yo (3.10)

One section of the thermal model shownkigure8 does not include any heat sources, since the-self
heated resistors are placed in discrete locations outsiddefbimorph 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 @ough 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 CiO&ss 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 selfustining mechanical oscillatof§51]. Vertical actuators do not need to be

narrow, since the bending moments generate deflections in theadyglane direction. Thus, a resistor
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embedded within the awiator would have sufficient sidewall protection and could possess a reasonable

resistance value. Nevertheless, such a configuration would still suffer from piezoresistive nonlinearities.

R1,=0x/(KA) R,3=Ax/(KA)

o000 —/\/\/ VAVAVAX 1 I

Cin=2Apc, Ax —/— % Reonv=(2WBXpCoh o)t

v

Figure8: Thermal Domain Representatioof a Lateral Electrothermal Actuator

3.3.3MechanicalModel

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 roHoff that is observed in the transfer functions of these components. The actuators are
intended to operate well below their mechanical resonant frequency to provide epiac
displacements, so the dynamics in the mechanical domain areotidered 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 beloin Figure9.
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Figure9: Mechanical Domain Representation of a Lateral Electrothermal Actuator
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The static EuleBernoulli beam equation is used to calculate the deflection in a beam under a constant
moment load, as detailed il€.2 Under these conditions, which represent the simplest case, the value
of the voltage source representing the moment from residual stress is:

@i 0p
(3.11)

W p Y ok Y'Y
(3.12

Where a scaling factdlY j was introduced to express the voltage source in terms of temperature.

The value of the cagitor that represents the flexural rigidity of the actuator beam is:

P
N 00 ; (313

If the deflection of the beam is required, the tip angle must be integrated.e$imcforce 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 derivetbhased 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:

. W Gh
“no F 5 (3.14)
A O S
Wi F oYY (3.15)
The new capacitdnas a value of:
5 0
h T00 f (3.16)

The model shown below iRigurel0 produces the correct displacement while appropriately scaling the
moment suchthat the blocked force at the tip of the actuator is accurately represented by the new

voltage source.
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Figure10: Mechanical Domain Representation of Electrothermal Actualeflection.

The difference between these models poimtst 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 experienees 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 the discrepancy between the apparent stiffness of the
beam and the lower stiffness of a fixéee cantilever, which is OO ;70 . 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 % 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 guideshd configuration. This issue will be revisite€Cimaper 9.

The third and most relevant sa considers a temperature gradient over the length of the beam, which
was shown to be an important effect in the FEA analysisafre4. In this case, the thermal moment is

a function of position, so the values of the capatand voltage sources are recalculated by direct

integration of the beam equation in sectidhh2 The slope of the temperature between nodes of the

thermal model is represented by:

“ T (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 metl®dseat 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:
o - n v 0 a& old G?’Y
h ) S . h O 0& o (3-19)

The complete quasitatic model of the electrothermal bimorph is shown Figure11l. The model
accounts for thermal gradients and providesrealistic estimation of the tipeferred force and
deflection by considering the strain energy produced by thermal bending moments. Thestpi&si
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 cative is tied directly to ground, since it

is not affected by thermal isolation.
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Figurell: ElectrecThermoMechanical Model of Deflection

The test structure ifrigurel2is used to quantify the thermadolation achieved by increasing the length
of the thermal path between the heater and substrate. The static deflection obitherph beams is
first captured in vacuunto quantify the thermal conductivity of tha@solation chaingnaterials The
figure stowsthe first set of vacuum measurementghichwas 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 doatotrr 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 noseem to produce a linear increase in deflection. At lower voltages, with a new test
structure, a linear increase was observed. With this data, the modsallidated without convective
effects. An FEA model that captures the temperature distributiothermal isolation chains of various

lengthswill be discussed in sectid4.

Deflection of Thermally Isolated Bimorphs in Vacuum

No thermal
Isolation

20 x thermal
isolation

SV

Bimorph

10pm EHT = 5.00 kV Signal A = SE2 Date :1
Bea ms H WD= 15mm Photo No. =6069  Time :1

Before
testing

Figurel2: Deflection of Thermally Isolated Bimorphs in Vacuum. (a) Test structure before actuation.
(b) Test structwe 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 egsulised to quantify
the convective heat transfegquantities Data was captured with the same devices using a stroboscopic

motion capture system, and is presented belowrigurel3. After 10 thermal isolation links, convective
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losses begin to dominate and establish a point of dimingheturnsg the addition of more isolation at

this point is futile.

diminishing returns does not exist.
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Figurel3: Frequency Response (left) antaSic Deflection (right) of Thermally Isolated Bimorphs in Air

Note that in vacuum, since there are only conductive losses, such a point of

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 rifbdstatic 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 barcontrolled 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. Thdinearization of the output position with respect to the input voltage is demonstrated by

measurements taken in a scanning electron microscope (SEM), shokiguire14. A highcontrast

image of the edge of the actuator wasstiobtained, and then aligned with the slesgan direction of
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scan axis. In order to capture quasatic behaviour, the SEM scan rate was set to 30 s#ssaend the

actuator input signal was chosen with a period of 10 seconds.
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Figurel4: Scan Linearization with SquaiRoot Circuit. SEM image corresponds to a slow scan in the

direction orthogonal to actuation.

3.3.4Flexuralsuspensons

Flexures are used throughout the design of CMOBa { {t aQa (2 O02yy SOl O2YLRY.
mechanically. In the electrical domain, flexures may be used to carry signals between components.
Thermal coupling between components is an unavoidablesequence 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 foa desired motion patiil52], [153].

In this work, the design constraigbn flexures are simple: for examplejpiane 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. FurtheendVianhattanstyle
geometries are generally enforced in the desigle-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 anglesahcomply with the design rules. Thus, the range of flexure designs is

limited to:

1. Guidedend 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. Serpenine 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. Chevran designs are used to provide rectilinear motion amplification. These designs also involve

a direct tradeoff between mechanical and geometric advantage.

3.3.5ElectricalDomain

Several electrical routing paths may be incorporated into a single flexure tdestif@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 exceiit 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 actuakws example, in one
RSaAIy>S | t2¢ NBaradlyOS o6frmnnmiO GSNIAOF tuml OG dzl §
x2um) flexure. This is a violation of the foundry design rules, and its severity is increased by the fact that
the beam is thermallyisolated from the substrate. The séieating in the flexure causes plastic
deformation in the metal of the flexures at high temperatures and strains, resulting in permanent
deformation of the devicgl54]. 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 configuation, the series resistance should be matched. The problematic nature of series
resistance in the shared ground path of sensors will be encountered in se@tishich discusses
GANRdzy R 02dzy OS d¢

The situation is exacerbatduly the presence of leakage currents that are captured in the model by a
shunt resistor. The leakage currents are particularly problematic when treatiple interaction signal
is a low current signal, as in the case of STM or in the characterizatimnofcale 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 theéop 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 KPFNtiax heethod may be used
here, but only up to the bandwidth of the driver circuit, which is inversely proportional to its
transimpedance gaig in other words, low signal currents are associated with low bandwidths. The
resonant frequency of the KPFM mbg 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 20GHz, the impedance of the transmission line maysbg'di N2 f t SR (2 pnam
impedance of the rest of the system, thereby preventing energy loss through reflections which would
occur at points of impedance mismatch. A micoaxial design provides controlled impedance and
prevents capacitive couplingf 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 couplmg to t
substrate. Of greater importancare the series resistance of the transmission line, which should be

minimized in order to conserve the reflected power from theggmple regionand the capacitance to

ground The mechanical requirements of the flékb Q& O2 YLI Al yOS o6AdSd (KAY

odds with the desire for a low series resistance (i.e. wide and shiordddition, it may be desirable to
use only the top and bottom metal layers for routing, in order to decrease the capacitargreuad.
The model irFigurel5 may be used to represent the routing of electrical signals through a flexure up to

GHz frequencies, when impedance matching is not a concern.

series,a
v, W Vi out
Cg:_ RIeakage,a
< Caip
series,b
Vb, in ‘/\/\/\ Vb, out
C —_—
gb RIeakage,b

Figurel5: Electrical Modéof Routing in Flexures
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3.3.6 ThermalDomain

The mechanical design of flexures favors long and slender beams to reduce the loading on actuators.
tKSasS O02YLRySyia N6 O2yaARSNBR (2 06S GOKSNXIffe
resonant cantevers 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 eptasc temperature (from low

frequency lateral actuation) and the RMS temperature from higigdency actuation. The beams

present a thermally conductive path between interconnected devices, so the model must capture this

DC and quasstatic heat flow from endo-end. The model from sectidh3.2may be used, with airsgle

capacitor to capture the small heat capacity of the beam and two resistors to capture the thermal
conductance. The value of the capacitor is:

6 ¢d'0d
(3.20)

The value of the resistors is:

Y Y Y o7l o
(3.22)
The effective density, specific heat capacégd 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 layerare not offset. The number of members in the equations is

therefore reduced to a maximum of 8, as showrrigurel5above, from the electrical model.

3.3.7MechanicalDomaing Orthogonal Scanners
The mechanical model of a flexuneust capture its quasstatic 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 dattend flexures to decouple orthogonal-ptane 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 thelzcti 2 NDa YSOKIFyA Ot OF LI O
noted that the flexure that is physically connected to thdisection actuator (the Xlexure) presents a

load to the ydirection 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. Thefgldne

compliance of the flexures detracts from the overall vertical stiffness of the device. IndinecHon,
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the mechanical path from the tip to the substraternsists 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 actuatdtocapac

Actuators «————Flexural suspension

Stage Z-deflection

i Ny
— i % Cerx,z
ctuators’ Z- I g |
deflection C* I‘— FZ
< —
- ’ ; il

X position

s

Cflex,x

Figurel6: Mechanical Model of XY Flexural Suspension

Since the beams are folded into asbape, axial loading can be neglected. Thedjflane stiffness of
the flexural suspension, from the stage to the connecti@mfs on the actuators, may be modeled as

the parallel combination of 2 pairs of seriesnnected guidegtnd beams. The capacitor has a value of:

0 om (3.22
And the inplane stiffness and capacitance values are:

o0 O o . D
hSTE °fh o (329

The tradeoff that must be considered in the design of orthogonal guided end suspensions is that the
out-of-plane stiffness and iplane stiffness are linearly related, for a given beam ceattion. Thus
decreasing the length of the flexure will increase the-ofiplane siffness at the expense of adding a
load to the lateral actuator, reducing the sceange of the instrument. The beam should have a high

aspectratio to minimize outof-plane buckling and to improve the linearity of itsglane stiffness.
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3.3.8 MechanicalDomain ¢ Cylindrical Coordinate Scanners

An SPM that employs a suspension for cylindrical coordinate scanning is shBignrgil7. Actuators

are placed in parallel such that the tip motion can be controlled in 3 degrees of freed@ommon

mode actuation results in tip displacements in the radial directionDifferential actuation results in tip
displacements in the angular directier A coordinate transformation is used to convert the rectilinear
displacements of the #plane actuators to the cylindrical motion of the tip. The vertical actuatdis
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 thedirection.

Vertical Actuator

Heaters

Figurel7: Flexural Suspension for Cylindrical Comrate Scanning

The serpentine spring in a cylindrical suspension is responsible to converting the linear motion of the
actuators into rotation about the-axis of the chip. The spring should be designed to have low torsional
rigidity to minimize the loado the lateral actuators, and to reduce the mechanical coupling between
them. In addition, the tipeferred outof-plane stiffness should not be overly compromised. In other
words, the torsion spring should be compliant teplane torque, but stiff to at-of-plane torque. These
designs are subject similar stiffnegsrange tradeoffs as ber flexural suspensions. Thivice in
Figurel7 above has a lateral range of 120um and a vertical range of >50um, but it is too conpliant

use in the SPM modes discussed here.
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A simple geometric model to calculate the position of the tip based on theaime deflections of the

lateral actuators is:

— OATZ 2R b
Q q (3.24)

where’Q is the distance between the actuators adld 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 flexuneslity,

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 geomesieas shown ifigurel8.
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Figurel8: FEA of Cylindrical ScaenFlexural Suspensions. Top L&shaped springs are compliant in
the Zdirection. Center: Torsional spring is compliant due to anggsyments. Right: Improved
suspension design.

The lumped element model for cylindrical scan flexural suspens{éigure 19) considers the
mechanical coupling between the actuators that is caused by the torsion springs. In thed inisd
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 thigpacitor 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 niomthe 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 extendediii & LJdzf f a¢ GKS 20KSNJ I OQddz2t 642N Ay GKS
unwanted distortions in the scan pattern of the tip. An effective way to reduce the coupling is to
increase the distanc® between flexures; however, this reduces the scan raingthe —direction, as

indicated by equatior§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.
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Figurel9: 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 deflectiorf the spring is:

-
N (329

Where Q is the torsion spring constant. The linear restoring force from the torsion spring may be

expressed in terms of geometric parameters. Under the small angk®xsipation,

0 % @
(3.26)
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The effective linear spring constant and capacitance are:

. ko) . Q
Q p "~ 5 = (3.27)
Cft SEdzNBa Yl & |fa2 6S dasSR (G2 LINRYARS | 3I3S2YSGNAOD

ALINA Yy 3¢ & dza LIBigl@20 B yisedat&K ogige a gbmetric advantage to amliy motion

of a chevron actuator.

Vertical
Actuator

Amplifying
flexures

Figure20: Motion Amplifying Chevron Suspension

The stiffness of such a structure in the direction of the actuator represents its load capacjfdije

p OO
a AT O (3.28)
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The stiffness in the orthogonal direction is:

p ©O0
a OEN

(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:

Poow Pog ¢ @ 210
Ve Ve ©m e | (3.30)

In other words, for an input in thedxdirection of 1um, the output deflection in thédirection isd @ £ |
um. The lumped element model of a motion amplifioat flexure includes a capacitar placed in
ASNASa gAGK GKS | OldzZ 62NRa O2YLX Al yOS G2 O L dz2NB
0 may be used to capture the outpuéferred stiffness of the device. The values of the cgpomding
gain and capacitances are:

5 omE o £ o = 331
3.4. Thermal Shunt Paths and Thermal Isolation Paths
Chipa Ol t SR {taQad KI @S Y ltyaemust 8pdraté ihdepdrivlently dloiter t 3odaND S &
the tip, and to measure tigample thermal interactions. In addition, many of the sensors distributed
throughout the structure and at the tip are sensitive to temperature. Therefore, thermal management

isof 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 bminimized, 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 W#le example of such a
structure is shown ifrigure21, 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 fldw to t

rest of the SPM.
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Figure21: 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 infiation about the local thermal

conductivity and heat capacity in the tgample region.

3.4.1ElectricalDomain
The electrical domain representation for a thermal shunt path is a single resistor. Only the low
frequency and moderate frequency behaviour needbe captured, since these elements are not used

to carry high frequency signals.

In order to increase the thermal resistance in the devica-igfure21, a long and tortuous path is
introduced between the ends of the structurdédeat and electrical current are forced to flow through
tungsten vias that have small cressctions of ~450nm x ~450nm. The electrical resistance per via and
the sheet resistance of the metal layers are provided by the foundry and incorporated intontiped

electrical resistance in the model:
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0]
5 (3.32)

When evaluating the summation, the lengtisand crosssectionalareasd are taken with respect to

the direction of current flow.

3.4.2ThermalDomain

Shunt paths are represented in the same way as flexures in the thermal domain. Isolation paths,
however, must include the additional thermal resistance introducgdthie 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 carbe observed in the FEA results frdfigure21, 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 mechanicdié¢rmal isolation path may be used by removing the vias to force heat

to flow through the Si@ InFigure22it is shown that heat flux through the Aluminum layers is ~5X
higher than conduction through the SiOThe device has E50K temperature difference between the

heater and anchor.

Heat Flux
Al = 2.3 pW/um?

Heater /

Si0, = 0.37 pW/um?

COVENTOR

Figure22: 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 modelith the representation derived in sectidh3.2 The series resistance of each unit is:

57



v oon 2o 0
U ~ cw
) o (3.33
When evaluatinghe summation, the length® and crosssectional area® are taken with respect to
the direction of heat flow. The thermal conduction of Sg¥neglected.The thermal capacitance for a

unit is evaluated by:

(3.34)

where 0 is the number of vias, and the summation is over the Aluminum angsBi@nents in the unit.
Since these structures have more surfaceaathan a monolithic beam, the resistor that captures
convection considers the vertical surfaces:

Y, 0
Q GL"WQ 0 0 (3.39)

whered  represents the total thickness of the beam. A modeldarhain of 3 elements is shown in

Figure23.

Figure23: Thermal Domain Model of a Thermal Isolation Chain

A transientsimulation showing the temperature at 5 different elements of the thermal isolation chain is
shown inFigure24. This plot reveals the amplitude and phase dependence of temperature along the

beam, showing that the amplitude decagnd the phase lags along the length of the beam as expected.
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Figure24: Amplitude and Phase Dependence of Temperature in a Thermal Isolation Chain

3.4.3Thermal Transmission Line Model

Lumped parameter models like the one presentdibve 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
dependerte 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 lumpadmeter 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 cion 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 shownRigure250 St 2 g @ I FGSNJ YA N 20FHsQa  + 2 f
model, one takes the limit as the length of the section approaches zero. The value &brattaeteristic

impedance of the line is:
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Y — — _ 3.36
® % ® T 0 6 (3.39
Wheref | O Y "O Q6 s the complex propagation constant. Téeries impedance
in the model is:
. YQ p .0
o T g @O0AkE (337)
The value for the shunt impedance is:
.Y cQ W
W T Q p OE & (3.39)
; ; y Z Z y
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Figure25: Themal Transmission Line Model

Thevoltage waveform representing the temperature on the line in the time domain is

0 (3.39)

It is assumed that the currerfOrt is knownand 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 positidlependent 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 tisteps 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 measerdgm obtained with scanning thermal

microscopy.

3.4.4MechanicalDomain

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 wittbe¢lims. In the
mechanical model, the lengtiveighted 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 pointloading in thed direction,

oG B 0 oG B 0

00 p 5 5 5 5 (3.40)

The stiffness and capacitance of such a structure would then be

o 9005 . . 0
% "% Fo, (34

Different values for stiffness may barsiarly derived based on geometry and loading conditions.

3.5. Vertical Electrothermal Actuators

Vertical electrothermal actuatorare used to adjust the tigample separation. The static deflection of
the vertical actuator is an important quantity, sinceistplotted 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 secti8r8.

In many ways, the desigequirements of vertical actuators are more demanding than those of lateral

actuators. The following are some examples of design constraints.

1.  The outof-plane stiffness of the-z OG dzl G2NJ Aa GeLAOFfte (K& aoSI |
plane stiffnes budget, because the actuator must be compliant enough to deflect in this
direction. Depending on the type of SP&,may vary from <1N/m to >50N/m.

2.  The range of motion of the-lz Ol dzl G2 NJ K& aS@OSNIf AYLI OGa 2y (K
large deflection in the -direction increases the height of topographical features that can be

imaged, and also relaxesdltonstraint 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 targj#fness tradeoff
can be illustrated for the case of a constaemperature, tiploaded bimorph:

, 00 . - 000
a C_OB 5 (3.42

In other words, if the length is increased, the range increasds asile the stiffness decreases

as—.

3.  The bandwidth of the -actuator isnecessarily the highest among all actuators in the SPM. For
instance, in order to track topology, theartuator must deflect several times to track sample
topology within a single linscan. In addition, for dynamic modes of operation, the actuator must
excite a resonant mode in a flexural cantileverich 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 theasar.

"Q e 73 G
T ¢“'Yo "0 (3.43

p p I
C [13

4.  Theopenloop position resolution can be defined simply as

Ya —
i C (3.49)
where @ is the maximum achievable deflection, adds the number of bits of resolution of
the digitatto-analog converter (DAC) that is driving the actuator. This is an oversimplification that
does not consider noise ntributions to the position resolutionf a closedoop system as will be
shown in sectiorb.3.1 Nevertheless, the tradeff between positbn resolution and range is

revealed in this expression

These constraints are intendeto illustrate that the zactuator performance is the result of design
tradeoffs that are defined on a catg-case basis for each type of SPM. Some additional constraints are
hard limits that are defined by the process, like the thermal budget and dipgraioltage. There are, of
course, various other constraints that may be defined in terms of material properties and geometry.
Some examples angower efficiency, workper-unit-volume, thermomechanical noise, maximum strain,

and damping (squeeze film dhhermoelastic).
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3.5.1ElectricalDomain

The electrical model of the actuator calculates the amount of joule heating in a resistor that is subject to
an applied voltage, and the temperatudependence 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 AMAFM, the AC component places the cantilever in n@sme to increase the tipample

force sensitivity. An AC signal may also be used to force aesomant oscillation, and subsequently
demodulate and filter the output in order to improve noise performance. A schematic of the lumped

parameter model inhie electrical domain is included in the thermal moddFigure26 below.

3.5.2ThermalDomain
For quasktatic operation, the thermal model is similar to the lateral actuator model. Following the
development of the lumped model fromquations(10.49)-(10.61), the values for the components in the

circuit are:

6 cO Yo

(3.45)
Y Y Y Yo7l 6
(3.46)
" YOy P
Q OYOHQ (3.47)

The schematic of the thermal model with a single lumped capacitor is shovrigime 26. If the
temperature gradient is sought, the difference between the endpowiftshe model may be used to

determine the slope of the temperature function.
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Figure26: ElectreThermal Model of a Vertical Actuator.

The introduction of an AC source must be handled in accordance with the power dissipatioa i
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 tHog source in the thermal domain. With no DC term,

the frequency of the AC temperature is doubled. To avoid this in practise, the minimum valygsof V
chosen to be %Y 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 proportidntn 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 D@hermal 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 actuatorsdha 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:

e o @ (3.48)
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Alternatively, a transient simulation may be performed to extract this information, as showigime

27.

Position (um)

— 3 16kHZ \
w10 kKHz
e 31.62 kHZ
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Figure27: Transient Simulation of a Vertical Actuator at Different Input Frequencies.

Simulation output from transient analysis of thermal transmission line LEM in circuitlab.

3.5.3MechanicalDomain

The temperature distribution from this model is coupled to the medbal domain via the moment or
force source, similar to the lateral actuator of secti®®. The procedure is simplified for the bimorph
case, by virtue of the fact that there are only 2 layers to consider in the-ssxt®nof the beam First,

the location of the neutral axis of the beam is calculated as the modudighted centroid of the beam.
Then, the effective bending stiffness of the beam is calculated. Moments from residual stress and
thermal stress are then expssed in terms of the material properties and beam geometry. Finally, an
expression for the deflection is presentedetails of this derivation process are includedAppendix

C.2 As with the lateral actuators, there arBrée 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 rigithiy loéamis

used when tip angle is desired:

° a oo (349)

The voltage source representing the thermal moment is:

, AR a 0
wE
C

YR oy (3.50)
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:

0a C

. 0
° Q 06 obd o (351

Q 100 j

qQlo

And the voltage is:

, n . 0 & ol O,
W p -
0

Y —— Y'Y (3.52

In the model shown ifriguie 28 below, the displacement at the tip of the actuator is represented by the
chargen on the capacito . At frequencies above the thermaCRutoff, 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 angland 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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3.6. Temperature Sensors

The influence of local temperatures on the operation of sSr@IK A L) {t aQa Kl a 0SSy RSa
of the component models presented so far. Thedel of a setheated resistor presented in secti@i2

illustrates the coupling between the electrical and thermal domains, and methods to linearize the

output temperature and mitigate thermal runaway issudn.addition, i was observed that for bimorph

geometries in which the resistor experiences both strain and heat, the piezoresistance effect may

dominate over the TCR.

Temperature sensor@re used to measure heat transfer at the-spmple region in Scanning Thermal
Microscopy. The sensors may use either the TCR of the polysilicon material, or the Seebeck effect at the
polysiliconrto-metal thermocouple. The electrical domain representation of the resistive temperature
sensor is similar to that of a jouleeating resisdbr. 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-dgmple interface. Thus the thermal

domainrepresentations must capture dynamic effects.

3.6.1Resistive 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 atesifed resistor placed in a bridge
circuitto detect the change in resistance. A dwdfating resistor should be in good thermal contact with
an actuator in order to improve efficiency, whereas a resistive temperature sensor should be thermally
isolated toimprove 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 thedipple region. Ideally, heat flow
from the rest of the instrument should be minimized, which ig tmotivation 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 lav 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

ay p | YY O vy oY

Qo Y 6 3 (3.53
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which is different from the voltage driven case in equat{8:3). In this case, the thermal time constant

is:

+ Y O
p | YY O (3.59)

The steady state temperature can now be expressed as:

Y'Y O
b | YY O (3.55)
which may be recognized as a system with negative feedback for negativBinceg is small in the
resistive sensors used here, one may choose to drive the saiidpa voltage source in order to benefit

from positive feedback. However, the voltage setting should still be limited to prevent thermal

runaway.

3.6.2Thermocouples

The CMOSIEMS process may also be used to implement temperature sensors based on the
thermoeectric 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 onehvatthermocouple are shown iRigure29 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 edgusince the

polysilicon is beneath the metal layers used in the chain.

Resistor

Thermocouple

N

Figure29: Resistive Temperature Sensor (Left) and Thermaocouple (Right)
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3.6.3ElectricalDomain

The voltage generated by the thermocouple arises from the coujdedof electrical and heat currents,
which is described by irreversible thermodynanjic$9]. 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:
@ QY (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 bysdimple heat

conduction, whereas the temperature at the base is influenced by heat from the remainder of the
instrument. In practise, a sdffeated resistor may be placed at the base of the thermal isolation chains,

in order to maintain a fixed reference temperature afecthe sample temperature. In this case, the tip

Ad GKS aO02fRé 2dzyOiArAz2yo ¢KA&d KSFGSNJ YIe 6S 2L
temperature variations in the device. Alternatively, the heater may be used to provide an AC heat
currei G KAOK Y2RdzZ F6Sa (GKS d&Kz2Gé -indedhyiiQuésintay be lis8drteJS NI (i dz
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 remamdof the device. This is because the
GSYLISNI G§dzZNB G NRFGA2ya RAAGdAZND @l tdzS 2F GKS aSyaz
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 improvedtbe 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.

3.6.4Thermal Domain

The temperature at either end of the thermocoupleréguired 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 loek 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 seter 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 rdius (~100nm), the CM@3EMS process may achieve good impedance matching;
however, for very sharp tips in vacuum operation, process maodifications may be needed to achieve this
goal. The impedance of the thermocouple may therefore be a limiting factdreinemperature and

spatial resolution of an SThM instrument.

3.6.5MechanicalDomain

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 theramdhiion chain is set by the vertical
actuator to which it is connected. A small additional deflection occurs due to the binliaeph
behaviour of the thermal isolation chain. The temperature distribution from the thermal domain may
be used to calculatéhe 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 ofrthal_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 tipsanple gap, as indicated by the variable load impedance in the thermal domain.

A complete model of the thermocouple is included belowigure30.
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Thermocouple Model
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Figure30: Thermocouple Model
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Chapter 4 Quality FactorEnhancenent in Resonant Cantilevers with

Integrated Piezoresistors

The components that have been modeleddhapter 3may be combinedhto scanners that can be used

to position a sharp tip over sample, which is a fundamental requirgmerh y (G KS 2 LISNI GA 2y 2
measurement of the tigsample interaction is based on a sensor that can preferentially detect quantities

that are of interest. In AFM, the tigample interaction force is detected by measuring the deflection of

a cantilewer. If the cantilever is placed in resonance, its sensitivity to an applied force is enhanced, as

will be shown in this chapter.

In a singlechip ARV, the piezoresistive effect is used to detect the deflection of a cantilever. A
polysilicon resistor wit 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 inessponse to a temperature rise, producing unwanted istia the piezoresistor

that detracts from tipsample interaction measurementd he 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 polysilan layer has minimal influence on its mass, stiffness, and resonant frequency.
Once the dynamics of the beam are uncovered, plezoresistoiis modeled. The coupling between the

two occurs in the thermal domain through sékating, and in the mechanicdomain 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.Flexual Resonant Cantilevers

Flexural resonant cantilevergeaused to improve the sensitivity of the piezoresistors tos@mple
interaction forces. The sensitivity of the force measurement is improved by tfect@r of the
resonator, up to a factor of Qn the case where the displacement sensor noise dominates over the
OFyiAt SOSNDa G KSMIG]R YTRIO Eectignk fOdudes oyf 2hk &técal, thermal and
mechanical models of the flexural resonators themselves, while sedtibdiscusses the piezoresistors

that are embedded inside them.

There are two approaches to resonant cantilevers that are exploratlisnwork. The selhctuated

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 deteatin 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 psestovigy. This is

problematic because heat from thermal actuation couples directly to the strain sensors, and obscures

the signal fromtiga I YLX S F2NOS Ay iSNI OlAzyod ¢tKS GSNXY &aFSSF
coupling problems resulting fro capacitive coupling in the electrical domain, and in this case the
LIKSYy2YSy2y A& Y2NB | OOdzNF GSfteé RSEAONROSR & a&idKSNY
sensor and placing them at opposite ends of the cantilever may mitigate the thermahfeadh 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 piezosestor 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 sé&inwhich

discusses the dynamic model of piezoresistive strain sensor

Some recent research effort has focused on electrothermally actuated, piezoresistively detected
micromechanical resonatofgd57]® ¢tKSaS aLH.!wé RSPGAOSE oA0GK NBazy
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 lovoegh 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 thawbacksof the SARC pattern, conventional wisdom would
guide he designer towards a design in which the heater and sensor are separate. Nevertheless, it was
desirable to investigate the effects of theramoechanical coupling within a sdikated, strairsensing
resistor. As it turns out, the -@ctor of the SARC mde enhanced by internal feedback mechanisms
that result from the interplay of quantities in the electrical, thermal, and mechanical domalins.
addition, the use of such a design pattern in a Wheatstone bridge configuration provides an excellent
match ata frequency near the mechanical resonané&@r a singlehip 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 operatiofhis phenomenon will bdiscussed in sectiofh2 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 withiearbthat has an

integrated piezoresistor, as shownkigure31. The external vertical actuator may be thought of as a
GaAKF{SNEE aAYAELFNI G2 GKS LIAST 2SSt SOGNRO | Ol dzk 42 N~A
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 fregaies of these components, @oof 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 theopésistor may be located further from
the heat source. In addition, at high frequencies, the thermal wave from thackator
constricts, resulting in further suppression of heat coupli®y contrast, the thermal bending
moment that is responsible forexciting the flexural resonance is collocated with the
piezoresistor in the SARC.

2) The EARC is more robust to-tiashes, since the stiffness of the vertical actuators can be high
enough to overcome pulh forces without compromising the force sensitivitfthe 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 fregeendhs 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 SARCdilgn, the strain sensor shrinks along with the thermal envelope, and so it

is still celocated 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 resondractuation and the external vertical actuator is used to track topology. This mode
benefits from the Gactor enhancement of the SARC with reduced thermal coupling from the external

actuator that tracks topology.

4.1.1ElectricalDomain
The electrical modedf 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 lowentr 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
modulatesthe 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 showrFigurel5. In the EARC model, the cross
section of the beam only consisof 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 Microsktpgr (E€vin

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 ttee piezoresistor signal, contributing parasitic AC
feedthrough in both directions. There are two solutions to the feedthrough problem. The firstis to rely

on frequency domain techniques to separate the signals, since the resonant frequency of thead+M

be different from the signal to the tip. This method does not always work, since it may be desirable to
use lockin detection techniques based on the modulation of the tip signal by the cantilevers resonance.
Another solution is to route the tip sighin 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 shovgitre31.
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§eparate metal for sugnal ro tmg Piezoresistors underneath.metal signal lines

Figure31: Externally Actuated Resonant Cantilevers
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4.1.2 ThermalDomain

In the thermal domain, the EARC model and the embedded piezoresistor model are inexorably tied
together, because it is assumed that the temperatuemains constant over the cresection of the
beam. This assumption is verified by FEA. In the cross sectisigupé22 the heat flux through the
members in the beanwas shown to vanas a function of their thermal condueily. In the same
analysis, the temperature range over the cross section of the b&as)found to remairwithin ~5K,

while there is a 150K temperature difference over the length of the beam.

The temperature in the EARC is influenced by heat enterigaoimng 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 chmse 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 adegifined EARC, the
temperature variations at the location of the piezoresistor havarall 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 sh&iguie31l. The convedbn 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 resistoiittv 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 substirag@p is

large compared to the thermal impedance in the substrate, the value of the resistor théareap

conductive heat transfer is:

a ., ..,
T~ i Q¢ &
Q0 a

4.1)

wherea and0 are the length and width of the platesis the angle between the plate and sampl
‘Q is the tipsample distance, an@® is the thermal conductivity of air. Here, it has been assumed
that the Raleigh number (from equatiqh0.28)) is small, so that only conductive effects are considered

in the platesample gap. The thermal model of the EARC is shotxigume32.
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Figure32: Thermal Model of Externally Actuated Resonant Cantilever

4.1.3MechanicalDomain¢ QuastStatic Model

The cross section a@fie 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 thdfective bending stiffness, with the coordinate system

rotated to match outof-plane bending.
0'0 j 04aQaQG 4.2)

where the members include the oxide, polysilicon, and metal layers. In the regions where there is no
polysilicon, equation10.133) may be used to calculate the effective bending stiffness. The beam
experiences anoment from residual stress, a moment from thermal stress, and a moment from tip
sample interaction. The moment from tgample interaction is:

0 p @ O 0 )

4.3

The other moments can be calculated using equati@is134)-(10.135), where it is assumed thahe
thin, short polysilicon sensor with a thermal expansion coefficient close to that e{\@i@n compared
to that of Aluminum)does not contribute to deflection. The séléating of the sensor does contribute
to the thermal moment in its section of éhbeam, as indicated by the coupling to the thermal domain.
Since the temperatures from the thermal model of the piezoresistor considerhsating, the
calculation of the thermal moment is straightforward. The values of the voltage sources and agpacito

corresponding to the moments and stiffness of the beams are calculated (&inty4)-(10.145).
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Values for the capacitors and voltage sources in thedfprred case may be calculated usiii$.147)-

(10.148). A scaling factor must be used for the moment froms@mple interaction force because the

capacitor used in the model does not represent the cantilever spring constant from a tip load. The

saling factor accounts for the difference between -lgading and momentoading from thermal

actuation, as discussed in sectiBrB8.3 Like the thermal model, the mechanical model is subdivided

into sections based on the logdah of the strain sensor.

The moments and deflections are therefore

calculated at various points along the beam. The gstadic model of the EARC in the mechanical

domain is shown below iRigure33. This model only consideBssegments, corresponding to the case

where the piezoresistor is located at the base of the beam.
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Figure33: Thermal Domain Model of Externally Actuated Resonant Cantilever

4.1.4MechanicalDomain¢ Dynamic Model

When the beam is eited 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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thermal moment that prestresses 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 4A0presumably due to the temperature coefficient of elastjcity
combined with the flattened shape of the beamAlthough these factors contribute to a shift in the

resonant frequency, the beam is assumed to be in-frigeation to calculate the natural fopiency.

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
guantities, the natural frequency of theade of interest is first obtained. The tintependent Euler

Bernoulli beam equation may be solved using the method of separation of variables with the following

ad 0 10
oty iy (44

Way T, 0 T — T

boundary conditions:

Gay 0 — W — n

where* is themass per unit length of the beam. Separatingd into positiondependent and time

dependent functions:

0 o DK'YO

(4.5)
The beam equation can now be separated into two ordinary diffeat equations:
T "Yo o T roo .,
5 1 o DOW T (4.6)
where the dimensionless wavenumbis related to the angular frequenty by:
w1
W 50 4.7

The solution to the position dependent function is:



Ow 6 OEbw 6 ATdw 6 OEI0m ¢ AT @k
(4.8)

whered constant coefficientsThe solution to the time dependent function is:

Yo QOEBTo QAI100
(4.9)

where'Q are constant coefficientsApplying theboundary conditions results in the following expression

for the mode shape:

o 0L 0 L0, W, _®
0 ® —WER— wé€bE—— o6 OE+— i W— 4.10
C 0 0 0 0 (4.10
where_ and0 are integration constants. For the first mode, p,_ p& x and0 T O.T

The natural frequency (or the first mode) of the beam is:
el 4.11)

The dynamic model represents discrete modes that are obtained from thed#pendent solution of
the EulerBernoulli beam equation. Several modes can be connected in parallel if one wishesui@ ca
higher modes in the model. The value of the capacitor is:

Q 5 b_ o E.,O (4.12

The effective mass can be calculated from:

Q
5

=2
Q
c

" VR — (4.13)

¢

And the resistancéy that represents damping in the system may be fitted from experimental results.
The unloaded @actor of the EARC may be extracted from measurements using the dsnftem
[158].

4.2.Piezoresistivestrain sensors
Piezoresistivity is a material property whereby the bulk resistivity of a material changes under applied

strain. Piezoresistive strain sensaase used in AFM and related SPM modes that must deteatlgip-
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sample forces. The piezoresistance of polysilicon has been widely investifja8§t160],[161][162].

The design of piezoresistibmased MEMS sensors has been analyzed from a system perspective, to
guantify the achievable dynamic range while considering noise contributions fronugas@mponents

in the system[163]. The optimization of singlerystatsilicon piezoresiste ushaped cantilevers for

AFM application has also been reported[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 CNUEBS 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 placemafrihe sensor within a flexure.

The piezoresistors are fabricated using the higlue polysilicon material, since this material usually has
the highest gauge factor among the released layers in the GMBEX3S procesfs8], [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 thetaféestiffness OO0  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 proportidrta the local bending moment.

Piezoresistivity is defined as:
, B (4.14)
where! "represents the change in resistivity,is the original resistivity of the material, andis 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:

<%

e ¢ (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 irresistance)Y, of a material per unit straifn,. For the longitudinal case, GF is given by:
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O TG (4.16)

Because the piezoresistive layer is thin and embedded within the beam materglthe 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 coeffitjemtdch are redted to

stress:

no 4.17)

It is desirable to exclusively measure-sigmple interaction forces with these sensors; however, several
other factors contribute to the sen2 N & 2 difi50ld#irst &f All3tlelnfagnitude 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. bedicgy this problem

is the fact that the piezoresistive coefficient itself is sensitive to temperafutiee sensitivity of the
piezoresistor is reduced as the temperature is increased. This results in a modified expression for the

piezoresistivity:

(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 widfléct 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 thg¢ &e2 NJ 2 dzi LJdz( ® CKAA LIKSy2YSy2)
02dzy OS d¢ ¢KS Y2RSt 2F (KS LIAST2NBaraidz2N) vYdzaid GKS
effects. All of these sources contribute to the sensor output even when there is reartiple

interadion. 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 circuait tontains the piezoresistor. The power in the
LIAST 2NBaArair8y OFy\iaSE &SSO Aa a2dNDOS 2F GKS GKSN

piezoresistor must be placed inside a bimorph due to process constraints, its temperature causes
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parasiticstrain 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 camgite 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-springdamper model may be used. The strain in the piezoresistor in the resonant case must be
calculated based on the resonant mode shape. Aaimple interaction force can be approximated with

a linear spring (capacitor) and damping resistor.

4.2.1Electrical Domaing QuastStatic 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 quasitatic mocakl applies to DC and AC conditions when the beanoisn mechanical
resonance. Modeling of the piezoresistor in the electrical domain is accomplished with separate
resistors that experience feedback from the thermal and mechanical domains. Thevialitialof the
resistor isY . The value of the resistor that captures thermal effects is:

Y Y| 3Y

(4.29

where| is the temperature coefficient of resistivity aséYis cowpled 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:

2% . i daQaQw (4.20)

where 0 is the length of the piezoresistog, is the thickness of the piezoresist@nd] is the
strain in the longitudinal directiota 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, whethethey are due to residual stress, thermal stress, or ptoating:

T (JU G G — (4.21)
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where ¢ is the position of the neutral axis of the beam. Tlapacitanced 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 designn@ironment. 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 piezotiesistrain sensor is shown Figure34.

RO
v. ® ATR 0

RoPo(1+a, [AT)E,

A4
Figure34: Electrical Domain Representation of a Piezoresistor

4.2.2Voltageor Current Driveg QuastStatic Case

Thus far, it has been shown that the static modeh @iezoresistive 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 f@lly scenario.

Consider a cantilever with an integrated piezoresistive strain sensor that has a positive coefficient of
piezoresistivity. When the cantilever experiences static strain froroéigding (a mechanical domain
effect), the resistance of theensor is increased. With constamdltage drive, this implies that less
power will be dissipated in the sensor, which in turn cools down the bimorph. This new, lower
GSYLISNI G§GdzNBE Yl & NBadAZ G Ay &aSOSNIt LINPextorswil G A O
decrease due tdts loweredthermal moment, resulting in a possible 4ipash. Second of all, the lower
bending moment reduces the strain in the beam, which counters the signal from theartiple

interaction, thereby reducing the sensitiviyf the instrument. The severity of these problems is
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compounded by the cooling of the bimorph due to-§ample heat transfer. When the bimorph is
cooled, its deflection decreaseshis 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 emtr source results in positive feedback and provides
some gain to the tigsample strain signal. Of course, the current must be limited to prevent thermal
runaway, but this requirement is aligned with the general objective of minimizindisetfng, in ight of

the negative temperature coefficient of piezoresistivity. This example illustrates that the sign and
magnitude of  and"COare of importance to the performance of the system, and that the type of
source may be judiciously chosen tauater problematic feedback effects. The insight provided by this

model is useful when interpreting results of contambde AFM.

4.2.3ThermalDomain

The temperature distribution in a polysilicon strain sensor is the result of a combination -tiesgifig

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 isothermal A thernal model similar to the finite difference model
developed for lateral actuators may be used (sect®B.2, with the addition of source terms that
represent sekheating. Alternatively, the transmission line model develope8.4.3may 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 modieguia3s

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 piezoresstor. 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 caimeaesistors. 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 abcal 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 alsafigigned into several series

connected resistors.
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Figure35: Thermal Model of a Piezoresistor

4.2.4MechanicalDomain¢ QuastStatic Model
The polysilicon strain sensor is embedded within a flexure, so the strain that is expsrieac be
obtained from the mechanical model of the flexure. Although the flexure itself does not contain a
heater resistor, its crossection is that of a bimorph, so a thermal moment exists. Other moments that
contribute to strain in the cantilever ardhe 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(4t2t) to
calculate the average strain in the piezoresistor:
P O a

P o O,,—OﬁUﬁwUﬁw U j oquQ((4_22)

where0  ® is the moment due to an applied force at the tip (§pmple force), which can be

expressed as:

(4.23)

where( 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 avail@slea 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 @ direction.

The average strain from the thermal moment, including a thermal gradient, is:

Pk i « oy a@ QG QG
o o0 0 P . (4.25)
0§ 0 ‘ o . a b
—— O a a a w
00 - @ ca p
0 p 0

The average strain from the tgample interaction force is:

S P a a S 04 06
i 5 00 ; v wQaQw (4.26)

0 G ga ¢ ¢w 0

Equationg4.24)-(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 intod , and
0 ), ard 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 thezmresistor 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 valtdg®led resistor is

easy to implement irspicelike solvers. The voltage sources corresponding to the moments and forces
are scaled by the gains ,0 ,and0  from (4.24)-(4.26), and then summed. This value is thendise

to adjust the resistor in the electrical domain, which will be shown in the complete model of the sensor.

The quasstatic mechanical domain model of the piezoresistor is showRignre36. This model is
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easily partitioned tomatch 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 thedipplemoment would

come from the mechanical domain, in which the local voltage sources are scaled according to their

distance from the tip.

Figure36: Strain in a Piezoresistor Represented as a Voltage

4.2.5MechanicalDomain¢ Dynamic Malel

When the flexure is in resonance, an additional source of strain dominates over the thermal, residual,

and tipsample forcerelated strains, in a properly designed system. This strain relates to the-mode

shape of the resonance of the flexure, and mays 20Ul AYSR FNRY (GUKS RA&LX | C

mechanical domain model.

The average strain may be obtained by evaluating equdtid1) at the vertical position corresponding
to the center of the sensor
-, , G 0O p 0 @

R ) ™ %’Q X

Whered @ is the moment due to resonancaBut it is know from equation(10.62) that:

(30 R w Qv
00 = (4.28)

where 0 is the resonance amplitude. Thus, the second derivativehef hode shape may be

substituted into the integral of equatiof®.27).
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A plot of the strain in the flexure is shownRigure37 for the first mode, normalized to the length

1/p=y"(x) \
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Figure37: FirstMode 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 oftireirse

the longitudinal direction. That is:

.. Ga o VAR T (4.30)

This is an important result, because it implies that the piezoresistor neettenplaced 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 pasitic 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 straomf resonance. This is in stark
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contrast to static AFM operation, where the moment (and strain) frorddguling increases linearly and
reaches a maximum at the base of the cantilever such that the piezoresistor must be placed where the

temperature is higest.

4.2.6ElectricalDomain¢ Dynamic Model

Micromechanical resonators have been developed for electronic timing and filtering applications in part
because their high @actors 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 quantiién the mechanical or thermal domains. This circuit
simplification is performed by incorporating the intdomain coupling elements (for example,
transformers in the case of electrostatic resonators) into the electrical lumped element values, which
theno SO2YS (KS avYz2iadAa2ylt OFLIOAGEYyOSZé aYPGeha2yl f NB
3-port model for a comidrive resonator was developed using this method.[1187], a Xport circuit

model was developed for electrothermally actuated resonators with piezoresistive readout. In this
section, a dynamic electrical model of is dimped 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 rgghdor small signal AC analysis), while the
LIAST 2NB&aA&AG2N LRNIQaE O2YLX SE AYLSRIyOS O LIidzNB &
feedthrough in the electrical domain because the components are electrically isolated. To reduce the
circuit tothe 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 consfsietermining the overall transfer
function from input to output, one energy domain at a time, yielding an overall value for the
transconductance of the circuitQ . Expressions for the R, L and C values are then obtained as a

function of 'Q .

In the circuit, the vertical electrothermal actuator model from secti®b is connected to the flexural
resonant cantilever model froreection4.1, 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 thezpresistor 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:

o i Yo Y
w i Yp YOI (4.31)

where the square root circuit has been used to linearize the system, and it is assumed that a DC bias
offsets the A voltage to a positive value. The temperature to vertical displacement transfer function

may be derived from the simplified circuit belowrigure38.
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Figure38: Electrical representation of an EARC
The force generated by the thermal moment,JMs shared between the deflection of the vertical

actuator and the acceleration of the mass of the resonasorthey are connected in series in € w
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 propees and geometry of the actuator, as discussed in se&ibr8
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, equatiof4.31) may be scaled using equatidt0.142) to obtain the

transfer function from input voltage to output force:
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Several observations can be made about this circuit and hovaite®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 deflea the actuator (by charging its capacitance), and no current flows into the resonator. At
NBazylyOSz a2YS8S !/ OdNNByild Fft2¢6a 0(KNRdIdzZAK GKS I O
capacitance represents thastantaneoudip deflection. The reswance 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 stiffteess
weight ratio (hgh 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 componentslevreducing the loading on the

resonator, as shown iRigure39 below.
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Figure39: Loading Effect of Vertical Actuator on EARC Frequency Response

In order to compute the transfer function from the theael 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 mached impedance would cause the actuator to vibrate along with the resonator. The charge on the
NEa2ylFGd2NRa OF LI OAGFYyOS A& GKSy OFf OdzZ I 6SR®
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The resonant frequency may be calculated by setting the imaginary part of the admittance to zero as
follows:

. P 7y O N
6 P oo 2Oy v Ay 1 YO (4.33)
S Yoo@ge 1 06 Qs 1 06
o~z e L P 1 00 o D
Oa Q 0y v Q1_Y 1 VO n (4.39)
N
6 N6 (4.35)

As the admittance of the circuit approaches zero, the remaining real component the impedaocakeds s

upwards. A seriesshunt transfornation of the capacitive branch of the circuit may be perfornadhis
point. The equivalent values of the parallel resistance and capacitance are:

:Y F] IY p 6 [ . [ ol

O p O p U 0
(4.36)
The Qfactor of the resonator may be calculated as:
. 0 . p 0
h ~ Y ‘ ~ ; w 4.3
0 Y & g PO = v 3 (4.37)

Where it was assumed that | p. At resonance, only the parallel resistance remains as the load to
the circuit, and the voltage across the resonator may be obtainittat

GIS (4.39)

Where the subscript ‘Q¢orresponds to resonator quantities and the subsciptoié for actuator
guantities. The coupling factor may be expressed as:

(4.39)
® Y o5 0D b v

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 actuatorhé coupling factor should be increased by decreasing
(i.e., increasing the spring constai®@ ). This has the desired effect of pushing the pole of the
F OGdzZl 62NR& GNIYATFTSNI Fdzy Qliazy (2 | HekfdnktidrsdofThalB Ij dzSy C

actuator and the resonator.

To continue with the derivation of the transfer function from temperature to resonator deflection, the
OKIFNBS 2y (KS NBaz2ylFd2NRa OF LI OAG2NI Aa OF tfgOdzt I G S
'Y § as the impedance of the resonator, in series with the actuators compliance. This voltage is
multiplied by0 to obtain the resonant current, and the current is integrated (divided Yoy obtain the

charger) . The voltage acroshé resonator is:

o Y i "
[V '—Y v 5 W i (4.41)
h 70
The current through the capacitor is:
O i Ow i
(4.42
Finally, the charge on the capacitor is:
. . O i
n 1 ( (4.43)

The transfer function from input force to resonant displacement may beesged in terms of the -Q

factor, using equatioi.37).

AL 0 Y ¢ L F— (4.44)
i i

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 funcfiam deflection to
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resistance is calculated. The strain in the piezoresistor is calculated using eqd&@nsubstituting

the charge on the capacitor for the amplitude:

cd o VR T (4.45)

Where the functiond ; 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 fagor that
scales the strain based on the first mode shape of the beam. Equat#s) may be written compactly

as:

(4.46)

The piezoresistance of the device is used to transfer these quantities back into the electrical domain:

Yiof iy
(4.47)

If a DC bias is applied to the piezoresistor, the current flowing through it is the motional current:
Y (4.48)

The transfer functiorfrom the resonant deflection to the motional current is:

i
A @ T (4.49)

The total transfer function, from the input voltage ¢fie actuator to the output current of the
piezoresistor is called the motional admittance of the device. Multiplying all of the transfer

functions:
O i — ® 0 00 (4.50)

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 constané @ictuatoris a
much smaller quantity than the natural frequency of the resonatbr: Y O L1 . For
example, a typical vertical actuator used in this work may have a thermal time constanBaois;2vhile

the mechanical resonant frequency of the flexures is ~20kHz. Therefore, based on the fact that

p Y 6 i 'Y O i,thefollowing simplification can be made,:
« 0
) Y Rr@ Y Vo5 (4.52)
® i —— = —
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This simplification preserves the attenuation that is caused by operation beyond the thermaff cut

frequency. The motional impedance of the circuit is the inverse of the admittance:

b Y& D 3= @ Y8 (453
W is —
Y pd " Ve b og—

Separating the real and imaginary components:

D 0 YO ]
<Y F & 7V 0 (4.54)
W Y6 <P
0 3 . (4.55)
<Y & © " 0 g—

Based on these expressions, the real component of the impedaredaistor of6 1 0 bigger than

the imaginary component. Sincé L1 0, 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 coeffient, 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 resonafd67]. In the present ciwgt, the negative
resistance would have to surpass the value™of thus far, selsustained 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 circuifigure40. The motional resistande 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 capacitanc@ and a motional inductanc& with values thatare 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 equdddb).

Expressionfori , & , ando are:

‘| 0 YO ] 5 0i z P
Y R " Y; 0 1 01 7 (4.56)
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Figure40: Motional Impedance of EARC

Without the squareroot circuit present, the transfer functiof® i from equation(4.31) should be
modified to include the squaraw relationshp between voltage and temperature. The power is
proportional to temperature and follows:

- W Wi Qeo

0 ] v W Cw wi QEo w I Q¢ 0o (457

The modified transfer function only considers the AC term at the excitation frequency

0 . Yo cCw 'Y
' % 1 Yo Yo (4.58)
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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 ima@ distortions and degraded controller performance. This issue is depicted below in

Figure4l. |If the AC input voltage is held constant, the vibration amplitude increases with the offset

voltage.
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Figure41: Modulation of the AC Amplitude of Vibration by a DC offset.

4.3. Electromechanical and MechanicQluality Factor Enhancement

It is possible to drive the piezoresistor directly with an AC signal. In this case, the AC thermal actuation
from selfheating is concentrated inthe piezoresistor A DC bias voltage or current may be added to
increase the output signdlfl the piezoresistor is placed in a bridge configuratiothe separate vertical
actuator may be used to track topology while the piezorégstbimorphis in resonance. This
configuration is shown below iRigure42, where the left half of the image is similar to the driving
method for I2BAR devices reported [468]. Because this method does not correspond to either the
SARC (in which the piezoresistor also acts as a vertical actuator) or the EARC (in whiclorbsqiez

only has a DC bias across it), it is referred to here as a hybrid n@uke might think that in the direet
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drive configuration, feedthrough from the excitation signal would combine with TCR effects to obscure

the signal of interest. However,umique Qfactor enhancement mechanism has been observed when
operating in the SARC mode.-f&gtors of >50,000 have been measured in air usimig) method the

same cantilevers, when excited using the EARC techmiitheut a DC offséf a4 K2 6 SR Y& a dzZNB R
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.

Self-Actuated Resonant Cantilever Z-actuator
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Conditioning[7—% /A

nd Control
WO [z meei ] am

¢ ROposx

< | \vg
Detects F, Tracks topology

Figure42: Hybrid Mode of OperatiorThat 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 locatkffierent branches of the brgk in
order to mitigate ground bounce taed by vertical and lateral actuators that may share a common path

to the ground pin. The bridge configuration is shown belowigure43.

Several mechanisms are believed to contribt the enhanced Q measured in the hybritbde of
operation. The dominant mechanism is the resultoofalized matchingn 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 dig measurement, it does not improve the sensitivity of the
cantilever (minimum detectable force). Another mechanism i&acor enhancement under driving

force contro| whichhas been used in the AFM community (where it is known &®rol [169]) to
improve tipsample interaction force resolution. In this method, a signal that is opposite to the damping

term in the equation of motion of the resonat¢negative dampingjs injected along with the driving
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force. Precise control of the phase of this additional signal is required to ensure toatiensateshe

damping, which is proportional to velocity (90 degrees-ofiphase with position). A position sensor is

often ued tomeasure theNB a2 y I 2 NRa Y2 (A 2ofitrolsigiel. 3SYSNIF GS GKS

Reactive Wheatstone Bridge

/‘\*/ V_ac
off-chip off-chip — / sine
@) V_dc

R_wire

Figure43: Configuration of piezoresistive bridge circuit used for dynamic operation of cantilevers

Parametric pumpinga weltknown nonlinear dynamics ph@menon isyet another way to enhance

the Qfactor of a resonatar Parametric enhancement of the-f@ctor of a cantilever was first
demonstrated in the context of AFM {170] and has been studied in the MEMS commurjity1],

[172], [173]. Although the dynamics of the processes are well understood, the particular mechanisms
contributing to the seHQ enhancement of SARC devices hat yet been fully investigated.
Measurements indicate that higher harmonics are gemed by thermal and piezoresistive modulation

of the resistor value; however, this effect has not been isolated fromnégative damping effectTo
understand the proposed mechanisms, the dynamic mechanical and electrical models from 4etBon

and4.2.6are a good starting point.

The remainder of this chapter provides insight into-e@hancement mechanismsbased on

measurements from the electrical and mechanical domains.
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4.3.1Electrical DomairMeasurements

Measurements in the electrical domain were performed with the use of aitoamplifier. The data
reflects the nature of the interaction of electrical, thermal and mechanical effects combined with the
transfer functions of the bridge configation and instrumentation. To interpret measuremerst from

the halfbridge configuration inFigure 43, it is instructive to examine a measurement of a single
piezoresistor under voltage excitation. This measurement is used datifg the quantities that
AY Tt dzSy O0S  KS OrcsStieanddebh&s beedzistallhed, the frequedeyendent effects

of the halfbridge circuit are examined.

Figure44 is a simplified model thatorresponds to the meagsement of a single piezoresistor placed
under a strairsensing cantilever beam. A current source in the thermal domain representseseifig
in the device.Two nodes are present in the thermal domain, to separately capture the temperature of

the piezaesistor and the temperature of the bimorph.

Model of Hybrid-Mode Operation
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temperature m I
i Damper
1 nel
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: _|._Spring
L Thermal i Mechanical

Figure44: Measurements of hybriemode operation reflect quantities in the electrical, thermal and
mechanical domains
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In Section3.2.3 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 thieeSi@en the
piezoresistor and the Aluminum layer. The bimorph deflection depends on the temperattersdde

between the metal and dielectric layers, and gives rise to a stfependent modulation of the
resistance. On the other hand, the temperature in the piezoresistor gives rise to-depERdent
modulation of the same resistor. In order to integpithe frequencydependent 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 bimroportional 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

2 KSIGadz2yS ONARIS Aa dzipbtiResisiadce. Yhe bridgizis Boweérdd By adafgg & 2 N &
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 sigm& &

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 currdpdrasitic capacitarare included

to account for couplingo the the zactuaor signal andground whichmay occur irthe scanner. The

input stage of the lockn amplifier is A€oupled, as indicated iRigure44. To capture the mechanical
resonance, each mode may be represented as a series RLC caamhimaid multiple modes may be

cascaded in parallel.

Figure45illustrates the output of the model at three noddéim the model The temperature of the
piezoresistor is represented as its voltage value in the thermal domailedsbg 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 resistoin the bridge circuit. A lovirequency 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 ~50kHzheAtsonancefrequency
(~140kHz)the amplitude of the signal from piezoresistive modulation may surpass that of the thermal

signal.

Figured6illustrates the frequency response of the signals at the inputs of theifoeknplifier. The AC
coupling capacitors at the inputs serve as-pass filters, attenuating both signals from DC to awfill

frequency at ~1kHz. The effect of parasitic capacitive coupling in the measuremenhastbpen
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Bode Plots of Piezoresistor Values
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Figure46: SimulatedBodeplots of sensor input, balance input, and differential measurement.
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confined to the balance branch for convenience, where it contebla zero. Since the measurement
setup is differential, only the difference in parasitic coupling is considefédak simulations presented
above convey that even with a differential measurement setup, the signal of intatestechanical
resonancds mnute in comparison to other effects in the system. Measurements of the qubrtdge
circuit are compared with simulation results Figure47. To obtain this datathe bridge was first
balanced using an otfhip matching rester and a potentiometer.With anAC voltage 050mV applied,
the DC bias was tuned to 700m400mV, and 2100m obtain the curveshown below To simulate
the effect of a DC bias, the thermal conductivity was tuned.

Bode Plots of DC Biasing Measurements
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Figure47. 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 DCThigshappens in
part because of theemperature dependence of the thermal cduactivity of polysilicon174], which
adjusts the phase of the sighm order to reshape the transfer function. This property in Silicon has

been used to fabricate temperature sensors based on the thermal diffusivity moduldis). The
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simulated responsevith thermal conductivityas a parameter reveals simiaming behaviour. Tuning

the DCbias in the simulation does nalter the response, since none of the linear elements include a DC
bias dependence.The precise location of the poles and zeros depeod the values of the input
impedance of the lockn amplifier, the value of the pardgi capacitance, and temperatwgependent
material properties of the sample under tesfThe unknown values arpartially responsible for the
discrepancy between the measurement and simulatiohsaddition, these simulations do not account

for feedbackfrom 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 resistanceheniriput voltage. Despite the imperfect
match, hese results provide an intuitivédramework to understand the mechanism behind the
electromechanical €actor enhancement that may be obtained with CMMEMS thermal

piezoresistive cantilevers in the hybritbde.

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 plaéedan arrangement that is thermally symmetric with
respect to the sensor, but it does not have a pratdss attached. The proof mass lowers the thermal
pole of the sense resistor, resulting in a relative phase shift that may appf@&adbgrees if the ples

are far enough apart. This phase shift forms the basis for electromechanahadpcement. At the
mechanical resonant frequency, the phase of the piezoresistor signal undergoes a reversal (180
degrees), and crosses that of the balance resistathelthermal 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 withias DC

voltageas demonstrated in the quartdsridge configuration above.

This type ofQ-factor enhancement was observed in several devices, including AM and FM devices with
integrated scanners. The data kKigure48 below was t&en with the FMAFM deice that will be
discussed in&tion7.1. The Debias dependence of Q is evident in the amplitude and phase responses.
Although the perceived @xtrapolated from the-3dB bandwidth and the slope of thghaseresponse
indicates a high @alue, it should be noted that this corresporaisly to the electromechanical Q of the
transfer function. The benefit of this mechanism is therefore to improve the dynamic range of the
measurement of thermapiezoresistre cantilevers. A similar matching effect is exploited in a Wien

Bridge oscillator.
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In the context of AFM, it is notecessary for the match to occur at the resonant frequency. In fact,
depending on whether the instrument is operating in the repulsive or attractive regimeprisferred
frequency of operatioris slightly above or below resonancehere the slope of thenechanical transfer
function is highest Under these conditionghe devicesin this bridge configuratiortan provide an
excellent match and improve the overall system performanéégure48 shows measured results of
such a math obtained with a device that has a prenfss attached. The proof mass lowers the

thermal pole of the bimorph as well as its mechanical resonant frequency.

4.3.2Mechanical Domain Measurements

The mechanical €actor of these cantilevers sets the minimumteetable force that can be achieved.
This fundamental limitation has led researchers to investigate various methods to atudhe Q
including the use of tuning forks, efforts t@duce anchor losses, operation in vacuum and at low
temperatures, selectiof low mechanical loss cantilever materials, the use of parametric pumping and
negative damping, etc. For AMFM, the increased Q reduces the bandwidth of the sensors due to

longer settling timesrom ringing effects This is not a limitation in FMFM,6 KSNB v Qa SEOSS

10,000 in vacuum are often used.

To measure the mechanical Q of the cantilevers used in this work, a laser vibrometer wasThged.
instrument separates the mechanical measurement from artifacts thatpmesentin the electrical
measuement. 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 théa@or of resonant cantilevers exclusively in

the mechanical domain. To interpret the measurement resuttsnsider he caseof 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 cantilegamb The power in the piezoresistor is:

, &) . ... o AT® o
w T cw w OFIoO f (4.59

5 ® o O0Blo p
Y Y
The emperature therefore contains a largeC componet at the fundamental frequency , and a

small, phaseshifted (quadrature)component atg . It is possible that this second harmonic component

contributes to parametric amplificatigneven though he ¢ component ofthe signal is orders of

magnitude smaller than the driving force at. However, it should be noted thalhermal bimorphs with
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stressfree resistorsdo not show quality factor enhancement.In fact, stresdree bimorph devices
suffer from low Qfactors of ~50 that cannot be tunedThis doservation suggests that merely including

a ¢ term in the excitation of the resonator is nat sufficient condition to achieve Gfactor

enhancement.

Sincethe resistor is placed in a bimorppiezoresistiveand thermaleffectsmodulate the resistancesaa
function of the input power,giving rise tononlinearity.
domains to the electrical domaia)so arising from th& CR and piezoresistivity of the materidhe DC
bias can be thought of as a reservoir from @thpower is drawrdynamicallyby the AC modulation of
0S NI TS NNB&pudppoweris |

resistance. ¢ KA a

180 degrees out of phaseith the motion of the device, iacts to suppress the temperature change in
the actuator. This effect may be modeled as negative feedback, as discussed in &8ciioH, on the
other hand, the resistance variationiis phase(e.qg. if a negative TCR effect dominasesl there is no
phase lag betwen the applied voltage and the temperatQrehe power modulation results in positive
feedback. Conversely, if the resistor is driven with a DCchiaent the phase dependence of power is
reversed (positive/iphase TCR results in positive feedbackgatiee/180degree TCR results in
negative feedback). The diagram irFigure49 represents the feedback paths and nonlinearity that
results from the variation in the resistance, which modifies the electrical domain transfer doncti

Linear timeinvariant methods may not provide an adequate model for such a system.

Thermal-piezoresistive Cantilever System Model

Vdc+Vac

LKSy2YSy2y YI @

Figure49: System representation of a thermaldiezoresistive cantilever

It is instructive to examine the frequendgpendent behaviour of tki feedback mechanismAt low
frequencies (below the3dB frequency of the bimorph), the resistance and input voltage aphase,
due to the combination of compressive stress from actuation and a negative coefficient of

piezoresistivitythat dominatesover TCR effectsAs the DC biagoltageis increasedthe ACresistance
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suppresses the power that is required foeriodic Joule heatingmore negative feedback)With a DC
bias current, power is added in phase with the actuation sigmagitive feedback Thus, the feedback
YSOKIFYA&AY YlI@& AyFfdsSyOS GKS FYLX AGdzZRS 2F GKS | O dz

One decade above theimorphQ thermalpole6 6 dzii 0 Sf 246 G KS LIA S]tBeNBsdmA & (0 2 ND
“¥¢ phase shift between thapplied voltageand thetemperatue andposition of thebimorph. No
phase shift occurs between the input signal and the piezoresistor temperaturkis effectively
separates the TCR and straieapendent contributions to the resistancé/Vhen thebimorphis at its
maximum deflection, thepiezoresistor experiences compressive strain, resulting in an increase in
resistance. Since there is a constant DC bias voltage, the power iregtstor is reduced. The
temperature of the piezoresistor is reduced instantly, but the bimorph temperagisibjected ta 90
degree phaselag The opposite occurs when the cantilever is at its minimum deflectothe
piezoresistor temperature increases, followed by an increase in the bimorph temperaturehis
intermediate frequencyrange the thermal pump power provides positive feedback, while the
piezoresistivgoumpinfluences dampingThe range of frequencider which this occursnay be tailored

by sizing the piezoresistor and bimorphlayout. A small resistor and a large thermal mass willnekte

the frequency range and vice versa.

Above the thermal pole of the piezoresistdioth contributionsexperiencea 90 degreephaseshift;
however,there is another additional 9@egree phase shift between the generation gi&zoresistive
pump power and bimorph temperature, arising from thdag in the thermal responsef 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 inflsetamping. At
high frequenciesthe attenuated amplitude of thermal fluctuations and mechanical motion suppresses

the pump power.

In eachfrequency regimediscussedabove, the designer maglso wish to incorporate a mechanical
resonance. Mechanicakésonance adds 90 degrees of phase lathtomotion of the cantilevewhile
leaving the phase of th€CR effecunchanged. At low frequencies, ti€€Roump powercontinues to
provide positive or negative feedbafdtepending on the choice of voltage or remt source) while the
resonant piezoresistivgpump influences damping If the resonance occurs in the intermediate
frequency rangethe TCRand piezoresistive modulatiorboth provide feedback but the sign of the

piezoresistive pump is reversed to achéea net positive feedbackFinally, at high frequenciebpth
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pump contributionsinfluence the damping However, because of the reduced amplitude of the

temperature and position fluctuationspmpensation of the damping term is reduced.

The preceding idcussion considers the contributions of the each pump individually on the basis of its
phase in a given frequency regime. In reality, ph@se and amplitude of the transfer function for the
total pump powerhas a continuous variation in phase and anyalé, caused bythe difference in the
TCR and piezoresistcecoefficientsas well as theelative magnitudesand phase®f temperature and
position at a given frequency The regions in which @nhancement may occur must therefore be

determined by examinig the overall frequency response of the device, which was exploreidjime45s.

It cannow be deducedhat manycombinatiors of feedback and damping may be achieved by tailoring
the frequency response of a thermpiezoresistivecantilever. One example of a scenario in which the

piezoresistive pump may compensate the damping term at resonammpistedbelowin Figure50.
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Figure50: Quality Factor Enhancement Under Drigifrorce 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 modmatched pmpingmay enable higheorder 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 capaaitl thermal conductivity of the beanif

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 mechanissnefficient. 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

2F KSIFG oAttt aaYSIN 2dzié GKS GSYLISNF GdzNBE RAAGNRO

mode-shape matching.

To quantify the mechanical Q, several experiments were performed on thenieabresistive
cantilevers. The step response wastficaptured to observe ringing at the natural frequency of the
beam (Figure51). This measurement was repeated at various DC bias levels in order to determine
whether the pump power contributes to the-factor. The rising edgetsp response dataevealsthe Q

factor with an applied DC bias, while the falling edge data measures the response to a step input with no
DC bias. The -factor was extracted by fitting an exponential curve to the envelope of the ringing
response. In ordeto 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.
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The data shows that a DC bias voltage increases tfectQr of this device which has a resonant
frequency of ~5.5kHzThe Q enhancement reaches a maximum at 1.5V, and then falls off. In all cases,
the Qwith a DCbias is higher than the Q wiblut a DC bias, indicating that energy from the DC bias is
periodically pumped into the systemSince there is no periodic excitation in this measurement, the
pump power can only arise from piezoresistive modulation, and not from the Ti@Brestingly, he
temperature dependence of the actor is negative, as can be inferred from theDQ bias

measurementgfalling edge)vhich are taken before the device has reached thermal equilibrium.

In the next set of measurements, a snal inputsignal was appd in combination with C biasAt
the instant that theAC component was turned offhe ring-down envelopewas capturedand fitted.
Data was obtained using both current and voltage sources, with varying DC bias THwelmeasured

results(Figure52) indicate a resonarfrequency of ~140kHz.

Quality Factor from Ring-down with DC Bias
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Figure52: Left, extraction of envelope after removal of AC signal. RightfaQtor as a function of DC
bias power

Only the piezoresistiveJdzY Lcifdiibutionis present in this data, since the measurement is performed
after the AC signal is removedThe downward trend in both curves shows that ttemperature
coefficient of the actor is negativeas with the previous device. Sintere is al80 degreephase
difference between the pump powers in the/o cases, it may be assumed thairrent drivefurther

increases the damping, while voltage drive reduces it.

Another set of measurements was performed on this device in order to ascertain the TCR coortributi
to the energy pumping mechanism. In this case, the response was measured when the AC component

was turned on, and the resulting envelope is showFigure53. As the input power is increased, both



the current and voltage rg@nses show improved-€actors up to a maximum value of ~24llowed

by a reduction in Q In both cases, the effect afcluding theTCR contribution is to lower the Quality
factor of the resonator when compared to results obtained with only piezoigsigiumping. These
results suggest thaasthe phase of the pump is adjusted by the-bBi@s powera threshold is crossed at

which one pumping mechanism begins to dominate over the other.

Figure53: Left, extraction of envelopeipon addition of AC signal. Right,-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 harmonidsecabserved in the
frequency response of the cantileverAt low frequencies, negative feedback from piezoresistivity
suppresses the amplitude of the cantilever responilearthe thermal roltoff frequency, the amplitude

of the cantilevers motion is sufient to modulate its resistance due taoth TCR and strain effects.
Since the thermal pump does not experience a phase shiftpmtributes positive feedback while
contribution of the piezoresistivpump is reducedand phaseshifted. At these frequends, a large
number ofhigher harmonicsre clearly observable as shownFigure54. At intermediate frequencies,

the threshold of power required to observiigher harmonicsincreases until the required power
exceeds the powehandling capability of the device. This is expected, since the thermal pole relating to
the bimorph temperature contributes a rediff in the amplitude response of theantilever, even though

the temperature fluctuations may remain at the same magnitude

Interestingly, there are isolated points in the intermediate frequency regime (above thermalffoll

that do generate a large number giarmonic peaks These frequencies aiateger fractions of the
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