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Abstract

This thesis presents tluesign, fabrication and experimental validation of an integrdteal
modescanning microwave microscopy (SMM)/Atomic Force Microscopy (AFM) sydiitean
does not require the use of a conventional ldsesed AFM or external scanners
Microfabricated SMM probes are collocated with straéigsed piezoresistive AFM probas
aCMOSMEMS process, and are actuated by integrated electrothermal scanners. Integration
of AFM enables duamode imaging (topography and electrical propertigshlsoenables
control over tipsample distance, which is crucial for accurate SMM imggirhe SMM (also
known asScanning Neafield Microwave Microscope and Scanning Evanescent Microwave
Microscope) is the most weknown type ofScanning Probe MicroscopeSHM) that can
guantify local dielectric and conductivity of materialshas emerged as the most promising
means for the fast, necontact, and nowestructive study of materials and semiconductor

devices.

The CMOS-MEMS SMM devices are fabricatedy using a standard foundry CMOS
process followed by an inhouse maskess postiprocessingtechniqueto release thm.
Singlechip SMM/AFM devices with integrated-D and 3D actuation are introduced.he
CMOSMEMS fabrication process allows external bulky scanners to be replaced with
integrated MEMS actuators that are small and immtmeibration and drift. In this work,
electrothermal MEMS actuators are utilizeddoan thetip over the sample in 3 degrees of
freedom, over 43 um x 13 um x 10 pm scan range in the x, ynd z directions, respectively.
Furthermore, the availability gfolysilicon layers on the CMOS processes allows foichip
integrated piezoresistive position sensing that obviates the need for the laser 3§estecal
tip-sample distance control of a few nanometers is achieved with the integrated piezoresistive
podtion sensorsThese deviceareused to modulate the tipample separation to underlying

samples with a periodic signal, improving immunity to letegm system drifts.

To improve the sensitivity of th€ MOSMEMS SMM, different types of matching

networksfor SMMs arethoroughlyanalyzed and closed form formulas are presented for each
iii



type. Based on the anabs thestub matchingnethodis selectedo match the high tifo-

sample impedance to the 50 ohm characteristic impedantteeafystemAfter that, with the

help of lumped modaland EM simulationsdifferent sectionof the CMOS-MEMS SMM
systemare analyzedand suggestions for selecting the best mittemsmission line and
bondingpad transmission lines are given. A measurement circuit for SMM isphesented

and explained, showing how this measurement system can improve the-eigpakto-noise

ratio and hence the sensitivity of microwave imaging. Calculations for the entire SMM
system indicate that sudttofarad tipsample impedance can be meaguit is noteworthy

that most of the analyses and suggestions given in this thesis can be applied to any Scanning
Microwave Microscopes or, even more generally, to any microwave system that needs to

sense a small signal.

Finally, the neasurement result®r the fabricatedCMOS-MEMS SMM are presented
to verify the proposedthethods Several samples with subicron and nanometer feature sizes
are imaged. A special test sample with no topograminywith buried dielectric materials in

grid and stripes is alsdesigned and measured.
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Chapter 1

| nt roducti on

The ScanningMicrowave Microscope (SMM), as one of several instruments that offer
Scanning Probe Microscopy (SBNMechniquesis used for surface imaging aridr providing
information about atomic structure and material properties. SPMs are the highest resolution
instruments capable of imaging and patterning materials at thenseiometer to nanometer
length scaleThe fundamental importance of scanning probe techniques is evidenced by the
large number of imaging modalities that have been developed to study structural,
topographic, electronic, magnetic, and other properties of samplesSWih (also known

as Scannimg Neafrfield or Scanning Evanescent Microwave Microscope) is the most-well
known type of SPM that can quantify local dielectric and conductivity of materiaklsas
emerged as the most promising means for fast,-cwrtact, and nowlestructive study of

materials and semiconductor devices.

SMM operation is based ahe nearfield reactive loading of an electrically small antenna
probe by the sample of interest, where both probe dimensions and-forelaenple spacing
are much smaller than the frepace waviength. The spatial resolution that can be achieved
using this technique is dictated by the distance from the antenna to the sample and the size

of the antenna probe tip, rather than the wavelength of the microwave signal.

The fundamental physics of miomave microscopy are as follows$n the microwave
frequency region, connecting a microwave (or RF) source to a metdip with a sharp
curvature ofradius i< < & wi | | generate evanescent waves
kr D 1/Ro, with a spatial reslution power given byD Ro. These evanescent waves only exist
near the metatip and decay exponentially away from the surface. Interaction between the

metal tip and a sample will change the field configuration neatithfl].
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1.1 Motivations

An SMM provides many unique measurement and imaging capabilities that are not afforded
by other existing SPMs. For example, an SMM can be used to map variations in the resistivity
and permittivity or permeability of materials simultaneously over a wide range of
frequencies. Since the microwave scans can be performed at many different freguemdi

both the magnitude and phase of the sighal can be used to construct image$requlncy

and multimodal images can be constructed to obtain additional information regarding

embedded structures, material properties, anduriformity [2].

As traditional measurements require large, pure, and homogeneoydesarpart of the
motivation to employ an SMM is prompted by the deficiencies of traditionalfiédd
measurements. In addition, thereaisincreasing need to examine new physics in hanometer
length scaledhat arepresent in highly correlated electrogstems and biological systems.
Also prompting studies in this field are technologically motivated investigations of
semiconductor and other functional materiaksthe nanometer scalg]. On the practical
side, stateof-the-art microelectronics and telecommunication devices all operate at gigahertz
frequencies, creating huge interest in understanding material properties in the microwave
regime [4]. Furthermore, compared to the atomic force microscope (AFM) and scanning
tunneling microscope (STM), the lorgange electrostatitike force involved in the SMM
relieves the stringent requirement of proximal probes, thus enablingdpegd, noncontact,

and nondestructive measurements [1].

Scanning capacitance measurements of semiconductors is one promising application of
SMM. Usually, an insulating oxide layer of a few angstroms grows on semiconductors like
Si or GaAs due to oxygen expore; from the conductive AFM tip and the semiconductor, a
metatoxide-semiconductor (MOS) system is formed. For a given tip bias, the width of the
space charge region is also a function of the charge carrier density in the semiconductor,
which in many cassis approximately the concentration of impurity donor or acceptor atoms,

i . e., the dopant concentration. Me a ssamglen g t
2
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interface and its variation with an applied-8pmple bias is an important extension foe t
electrical characterization of semiconductors (referred to as dC/dV imaging). Calibrated
SMM enables twadimensional mapping of the carrier density across different regions of a
semiconductor, with applications ithe failure analysis, characterizaticand performance
modeling of semiconductor deviceas well asdopant and carrier profilings], [6]. Recent
developments in resolution and the extension to other semiconducting materials (SiGe, Ge,
InGaAs, InP, etc.) has led to a strong growing interest from the semiconductor community

for the characterization of advanced structufds

Further motivations for research into SMMpan interdisciplinary fields. For instance,
SMMs can find buried defects and determine characteristics of buried materials because of
the penetration depth of microwave signakhich is a unique capability of SMMS8]. As
well, [9] has shown an imgrtant application of scanning microwave microscdpy the
singlegrain-boundary characterization of metallic ferromagnetic (FM) thin films, which
provides a unique opportunity for integrated radiofrequency (RF)/microwave magnetic

devices such as antenndsters, inductors, etc.at radio and microwave frequeycanges.

Overall, then, SMM show significant promise for numerous applications across several
fields. Moreover, with the advent of new technologies and applications of different materials

in the microwave regime, there will be a growing demand for this type of microscopy.

1.1.1 CMOS-MEMS Fabrication Process

Conventional SPMs need bulky piezoelectric scanners that are susceptible to vibration and
drift due to their large size (several orders of magnitude) compared to the small staps of
scanners. Moreover, these largeezoelectric scanmers can be very expensive. Also
conventional AFMs, as the most wddhown SPM, use a laser system that requires alignment
and very sensitive detection, which is again bulky and expen€IM®OS-MEMS fabrication
replaces external bulky scanners with integctaMEMS actuators that are small and immune

to vibration and drift. In this work, electrothermal MEMS actuators are utilized to move the
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probe in x, y and z directions. Furthermore, the availability of polysilicon layers on CMOS
processes allows for piezegistive position sensing integrated on a chip, negating the need
for bulky and expensive laser systerfég. 1-1-(a) shows a conventional commercial atomic
force micoscope with the illustration of the external scanners and laser system compared to
an integrated singtehip AFM fabricated withCMOS-MEMS technology in a total area of

é 1mn? [10].

Lateral Actuators

e —

brukerafmprobes.com  azoquantum.com Temperature sensors Out-of plane A
-
il

(@) (b)

Fig. 1-1. (a) Conventional commercialized AFM and3scanner with laser alignment system. (b) A
single chip AFM withpiezoresistivgosition sensing and echip MEMS actuators for scanniipg0].

1.2 Objectives

The objective othisthesisis to developa high resolution, high sensitivity chigcale SMM
with on-chip 3 degresgof freedom (DoF) scannsrintegrated with AFM, so that thentire
system is capable of measuring bodipographicabndelectrical properties of a broad range
of samples Based orthis goal, the stages of this research wilbceedasexplained in the

following sections.



1.2.1 Integration of a fully 3D scanner on the probe

Fully 3D scanners using MEMS electrothermal actuators are integrated on the same chip as
the SMM usingCMOS-MEMS technology. For vertical actuators, bimorphs are used, and for
lateral actuators, mukmorphs and chevron actuators are used. These actuators reduce the
size of the SMM to the same order of the sample and also significantly reduce the total cost.
Moving themicrowave probe with electrothermal actuators causes changes in the reflected
signal due to device movement and changing temperature; so some decoupling techniques

and modes of operation are used to mitigate these effects.

1.2.2 Systematic analysis for mproving the sensitivity of CMOS-
MEMS SMM

CMOSMEMS SMM has the benefit of being smaller and cheapwever,being fabricated

on CMOS and integrated with the scanning actuators, it suffers from higher losdnboth
silicon and conductomaterial. Therefore the sensitivity analysis andmprovement of the

entire SMM systemis an essential taskA systematic analysis based on the quality factor of
transmission lines is presented for thensitivity analysis and desigaf the SMM system
Accurate circuit models are derived for different sections of the SMM and different designs
are compared to achieve the best performance. A measurement circuit is also presented and
explained tominimize noise and detect small signals from-¢gmple inteaction. Most of

the analysis and suggestions presented can be applied to any Scanning Microwave System or

more generally, it can be applied to any microwave sensing system.

1.2.3 Integrating SMM with AFM

The accuracy of any nedield measurement is directiyelated to the accuracy with which
the tip-sample distance can be maintainamd thusit is imperative to keep this distance

constant and smallAlso, in most applications, it is important textract both physical



(topographical) and electrical properieof the samplesimultaneously.All of this is
accomplished in this thesisy combiningan SMM (to find the electrical properties of the
sample) withan AFM (to find thetopographical image of the sample). \Wteow acombinel

AFM devicebased on piezoresist position sensing in the tapping moffeported in[10],

[11]) for closedloop distance controbf our SMM device Also, aspecial test sample with

no topographyut with buried change in materials is designed and tested to highlight the fact

that SMM can image buried material not detected by AFM.

1.2.4 Designing novel probes to improve resolution in quantitative

Imaging.

In order to perform aensitivehigh-resolution quantitative measurement, the microwave
signal should be confined near the area of the sample to be measured. Therefore, extra care
should be taken to design the tip so that the parasitic stray signal between the probe
(constructed of a transmission liméd a sharp tip) and the medium is minimiz&de have
designed and tested sonséielded transmission line in the CMOS-MEMS processthat

shields the microwave path from the surrounding medium up tetbaleetip.

The resolution of any neafield measurement is directly proportional to the curvature of
the tip.A tip curvature of around50 nmis achieved with the standa@MOS-MEMS process

without any further processing steps

1.3 ThesisOutline

Following themotivations awl objectivegpresentedn Chapter 1 a comprehensive literature
survey on the SMM iprovidedin Chapter 2, wherearioustypes of SMMs as well ascurrent
trends andhe stateof-the-art of research and practice in this area are describleeltheory

behind tle SMM technique is also discussed in this chapter

In Chapter 3,after a short review of MEMS SPMs, the fabrication processbOS
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MEMS is explained, followed by a description of the SMM device. The importance of tip
sample distance control altegration of AFM is then discussed. Finally, some of the design
challenges such as thermal coupling to the microwave path and change of reflected signal

due to the movement of the tip are discussed and possible solutions presented.

In Chapter 4CMOS-MEMS SMM is first describedrom an overall system point of view
Then, with the help oflumped model and EM simulationthe sensitivity of theSMM system
is analyzed Furthermore, a measurement circtot improving sensitivityis presentedand
analyzed It is worth noting that the analyses and suggestions given in this chapter can be
applied to any Scanning Microwave System or, even more generally, to any microwave

system that needs to sense a small signal.

Chapter 5 featurethe measurement results. Rirsome of the preliminary results achieved
without the use of the high sensitivity measurement circuit is presefitexh the imaging
results with the help of the measurement system is explained and several samples are imaged.
A test sample designed tamage buried structures is also explained and imaged with our

SMM system.

In Chapter 6, conclusiaiand suggestions for future work are presenteédmepotential

approaches fofurtherimprovement inSMM sensitivityare suggested



Chapter 2

Literature Survey

In this chapter, a short history of SMM is first presented, starting with the seminal paper of
Synge that overviewshe ScanningMicrowave Microscopy Then,a brief review ofAFM

and STM is presentedAfter that various types of SMM areeviewed, followed by
descriptions of some tipample distance control methods, which are crucial in SMM
operation. At the end, theoretical analgs of conventional SMMs in the literatureare

summarized and some FEM simulation results for the conventi®hiMs are presented

2.1 History

In 1928, Synge realized that there was a fundamental limit to optical imaging. Predicting that

the extreme resolution | i mit woul d be 0.05 &m,
as Scanning NedField Microscopy[12]. Due to practical limitations at that time, Synge

could not Sshow the idea but did surssibled t hat r

these four limits could be overcome:

1. The source of illumination must be high intensity in order for evanescent fields to

appreciably interact with the sample.
2. Motion control should be on the order of'1@m laterally and 107cm vertically.
3. Planmarity of the target should be on the order of $ém.
4. Construction of the small probe structure should be on the order ¢

I n his paper, Synge mentioned that a Adistingu

today, we know that this distingsiied physicist was Albert Einstejh3].
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which is loaded by a subwavelength aperture of diameienin[16].

Building on Syngebos[l4dpimIo9b9iardrSoahalblermlOG2 lshowed r a i t
the first neaifield microwave microscopy for measuring magnetic properties of material
around 10 GHz by openinga 5@0m hol e in a resonator as an a
sample almost in touch with the hole. Despite these achievements, thedashingnear
field microwave microscopy was not developed until 1972, by Ash and Nichls They
showed t hat t he Abbeod2h which was previoosty thougltt molbeithe on  (
resolution limit, could be broken imearfield, and that the resolution in neé&eld is
determined by the size and geometry of the probe rather than wavelength. They demonstrated
0.5 mm spatial resolution withasawbavel engt h aper toaBrem) reésanata 10 G|
(Fig.2-1) ; this &/ 60 resolution was achieved for m

between two different dielectric materials with their system.

2.1.1 STM and AFM

In 1981, Scanning Tunneling Microscope (STM) for measuring regede metal surfaces
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was invented by Gerd Bning and Heinrich Rohrer at IBM. The STM mode of operation is
straightforward: an extremely sharp tip (ideally atomically sharp) is placed into close
proximity with a conductive substrate and a voltage is applied between the probe tip and
substrate. Therthe gap between the two is decreased until electrons are passed from one to
the other. A current magnitude is exponentially dependent on the distance between the tip
and the sample. Once the tunneling of electrons occurs, the tip is then scanned azross th

sample and current levels are recorded as a function of location, resulting in a topographical

map of the surface. There are two main modes for STM: constant current and constant height.

The inventors of STM received the Nobel Prize for in 1986. Thaesgaar, the Atomic force
Microscopy (AFM) was invented by Gerd Binning, Calvin Quate, and Christopher Gerber to
expand the types of surfaces on which atomic scale information can be obtained (it also works
for nonrmetal surfaces). These two techniques ghiréh to a family of related techniques
called Scanning probe microscopy (SPM) that provide information about atomic scale
structure and processes. SP M0 s are widely

nanotechnology.

2.2 Various SMMs

SPM techniques suchs the STM, AFM, scanning capacitance microscope (SCM), magnetic
force microscope (MFM), and scanning thermal microscope (SThM) operate with sensing
signals far below 1 GHz. Other probes, such as 4fiedl scanning optical microscope
(NSOM), operate withsensing signals in the optical regime (8660 THz: 400800 nm).
However, between NSOM and AFM/STM techniques, there is a very large frequency gap
(Fig. 2-2). Scannig microwave microscope (SMM) with possible sensing signals from 0.1

to 140 GHz bridges this gap between the existing local probe microscopy sy4féms

All earlier versions of SMM were apertuteased probes. Waveguide or apertbesed
SMMs suffer from attenuation when they work below -ofit frequency; in these types of

SMM, a linear improvement in resolution results in an expaiad reduction in sensitivity.

10
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.
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Fig. 2-2. Frequency spectrum for different scanningle microscopy techniques. SMM bridges
frequency gap between the existing local probe microscopy sygtéms

As there is no cubff frequency in a transmission line, coaxial transmission line probes have
much better performance than aperture or waveguide prfijesAn openended coaxial

probe was first proposed by Fee et[d8], who achieved a resolution

Coaxialpr obes became one of the most famous typ
Uni versity of Maryl and used a o/ 2 coaxi al tr
protruding from the open end, while the other side was capacitively coupled to a microwave
source(Fig. 2-3)[19]71[21]. Frequency shift and changes in quality factors of the coaxial
resonator were used to find electrical properties (dielectric constant and loss tangent or
resistivity) of material. This type of SMM was also used to find topography images of
metallic surfaes[22]. For the tip circuit interaction, they used a feedback loop, and FM
modulated the microwave source at a low frequency to disentangle frequency shift and
guality factor parameters. Afds lock-in measures the curvature of thief) curve, and

gives an output that can be related to the quality factor of the resoqator,

Although using a sharp tip concentrates the evanescent field close to the end of the tip, but
because of fafield interaction between the propagating field and sample -timend
interaction with sample), the characteristic dimension (and consequently the quantitative
resolution) is set by the separation between the tip and the outer coaxdaiaton which is
typically a few hundred micron$23]. Therefore, several shielding methods have been

proposed for this type of SMM, which will be described later.

Concurrently,another group at Berkeley used coaxial resonator as the SMM probe, but

they c¢closed the open side of the coaxi al resaon
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Fig. 2-3. Schematic of the scanning ndeld microwave microscope. Thesetsshow a close view

the coaxial probe, sample, as well as a lumped element circuit mottes tgrsample interactiofs].

the other side is open circuit) and opened only a small area for the tip. In thisthneay,

electrical field will be confined near the tip and parasitic capacitance will be reduced, which

increases measurement sensiti{24]i [26]. The researcher used a sapphire disc of-200

em di ameter and coated the out erfield radiaaionasf t he s a
shown inFig. 2-4. In this configuration, thd; shift andQ are determined by measuring the

error signal of the phasl®ck-loop and the amplitude of the output signal of the resonator

using a diode detector, respectivgBs]. A resolution of 10 nm was achieved.

V. V. Talanov et al ., rather than attempting to
present in unbalanced geometrigdth a sharp tip, proposed a microfabricated balanced
stripline oriented perpendicular to the samf@8] (Fig. 2-5). With electrode spacing at the
tipD91i10 em the fields are | argely confined betwe

characteristic probe dimension is on the ordebofThe parallel strip resonator tip confines
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the evanescent electric field more than 99% locally, which is crucial in some applications
such as electrical metrology on semiconductor production wafers or combinatorial materials
libraries. For this probe, they also reported a quantitative model andumegaent of low

permittivity thin film materials on semiconductor wafd&/].

M. Tabib-Azar et al. worked on dracterization of different materials using a capacitively
coupled microstrip resonator and a tapered sharp tip, with which they formed both magnetic
and electric dipoles. An electric dipole is showrFig. 2-6.(a),(b); for a magnetic dipole,
they connected the signal to the ground using a thin piece of[@®j In their first paper,
the researchers reported 20050 e m r esol uti on. Later, by usi
better shielding and a chemically etched sharp tip andaipple distance modulation, they
achi eved 0. 4[2]e¢Tiheyralecsused a lumpedielement model for the transmission
line and for the tipsample interaction (for dielectric and metallic samples), as showAngin

2-6.(c), (d). In their next paper, they integrated a conventional AFM with their SMM and
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also used a micranachined coaxial transmission lifg&7].

At Stanford, Lai et al. introduced a type of SMM that is combined with AFM. In their first
paper, they used coplanar waveguide (CPW) cantilever and two probes for excitation and
sensing[4]. Later, they used only one probe in reflection mode and shielded the microwave
signal using a stripline transmission line. Shielding the transmission line increases sensitivity
by decreasing the nelocalized tip to sample interactio[80]. In another paper, they
described how operating in tapping mode would eliminate thermal and other long time drifts
[31]. Here, they used a Lock in Amplifier (LIA) in this mode for better sensitiviiig. 2-8
shows the tapping mode operationngmared to contact mode for a topograghge sample

as well as a schematic of combined AFM/SMM electronics.
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sample surface. (c) Contact and (d) tapping mode {@Ilhages taken by the same tip at the same
area. The darker regions are buried-SSEdectronic drift can be observed in (c) but not in (d). Line cuts

are shown in both (c) and (d) for comparisaf the signal strength and the spatial resolyBah

Huber et al. introduced a calibrated SMM integrated with standard AFM based on standard
calibration samples for both capacitance and dopant profiling mmeagentg5], [33], [34].
They used a conductive AFM tip in contact mode, shielded it for decreasing stray
capacitance, and combined it with a Performance Network analyzer (PNA). A half lambda
coaxial transmission line terminated with a-60m shunt resistor is used to bgi the high
tip-sample impedance close to that of a PNA. To determine absolute capacitance values from
PNA reflection amplitudes, a calibration sample of conductive gold pads of various sizes on
a SiQ staircase structure was used. The thickness of tHedaiéc SiO, staircase ranged from
10 to 200 nm. The gquantitative capacitance values determined from the PNA reflection
amplitude were compared to control measurements using an external capacitance bridge.

Depending on the area of the gold top electrods the SiQ step heights, the corresponding
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capacitance values, as measured with the SNMM.(2-9).

More recent research on SMMegearchers at IEMN in France reported an interferometric
SMM for characterization of capacitors and tunnel junctip®s] Recently, More recent
SMMs are reported inFarina et al. reported a tirgomain reflectometry methodf SMM
[36]. Tselev et al. reported an application of SMM for Aamasive nanoscale imaging in

liquid environmen{37].

2.3 Tip-Sample Distance Control

One of the strengths of neéield microscopy of any kind is that measurements can be made
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without any physical contact between the néald tip and the sample or device being tested.
The precision of any nedield measurement is directly related to the precision with which
the tipsample distance can be maintained, and a good rule of thumb is that the tip should be
held reliably at a distance abottee sample that is less than eteamth of the tip size D. The
challenge is integration of each technique with a suitable-fiebd microwave microscopy

probe[3]. Imtiaz et al. uses an STM for distance control over metallic saniBis The
shearforce distance control method, originally applied for NSOM, is usel@3} for SMM.

Several autbrs have addressed this issue by combining SMM with ABM],[17],[40].
Authors in[39] utilized a height modulation distance following technique camebli with

tapping mode and showed an improvement in both spatial resolution and material property
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Fig. 2-10. (a) Comparison of images obtained in DF, HMDF and HMDF, with tapping modes
locally B-doped Si sample. The first two images were taken simultaneously. (b) Line cuts a
dashed lines in the images ab¢38].
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sensitivity Fig. 2-10). The best result is achieved when the tipngapping mode.

2.4 Theoretical Analysis

In thissection two wellkknown theoretical analyses for SMMs are first discussed. Next, FEM
simulation results of these SMMs are given and the proposed SMM probes simulated for

comparison purposes

If electricalproperties of the sample such as permittivity and permeability change in near
proximity to a neaiffield probe, detection system parameters such as resonant frequency,
guality factor or amplitude and phase of reflection and/or transmission coefficients will
likewise change. A theoretical analysis of SMM seeks to find a relationship between
measurable system parameters and electrical properties of the sample. Two methods have
been described here: The first one is a lumped element model for séorfipeinteraction,
which is very useful and handy for quick system analysis. The second method is a charge
image method based on spherical tip and edeactrostatic tipsample interaction

assumptions.

2.4.1 Lumped element model fortip-sample interaction[3], [23]

Consider the nedfield tip as a tweterminal, linear, passive system (e.g., antenna) connected

to the detection amratus such as a transmission line,-a€xillator, etc. If the sample is
lossless and only the neaone and/or evanescent field exists beyond the plane of the
terminals, then no real power is transmitted into the sample. Such fields store reactive energy,
however, and therefore the tip is seen as a reactance by the probe detection circuit. If the
sample and/or tip are lossy, then some of this energy dissipates and the impedance gains a
resistive part. Thus the interaction between the sample and the pambbecdescribed in

terms of the lumped element impedante= R: + iX:;. Generally,Z: depends on the tip
geometry, the sample electrodynamic properties, and theatpple distance. The complex

Poynting theorem yields the following expression for the raaceé of the neafield tip (i.e.,
19



electrically small antenna):

T]

&

() 0 0 Qw (2-1)

wherel; is the harmonic input current at the tip terminasdchthat input voltageVi = Z: 1),

Wi = B -H?/4 andW. = E -D?/4 are the magnetic and electric energy densities, respectively,
and the integral is taken over the entire volume beyond the plane defined by the terminals
(i.e., the probe sampling volume). Depending on the dominant type ofiveaenergy stored

in this field, the tip is considered eithelectric or magnetic The real part of the tip
impedance,Rt, can be due to conduction losses (Joule heat) and electric and magnetic

absorptive dissipation in the sample and/or the tip:

1

Y o %Srr% ffesps * ‘egs QW (2-2)

As well as conventional fafield radiation generated by the tip (i.e., radiation resistance)
that can often be neglected for most néetd tips. Note that similar expressions can be

derived for the tip complex admittance, as well.

2.4.1.1 Impedance of anelectric tip

Generically, the impedancée of an electric tip formed by the open end of a taanductor
transmission line (e.g., flush open, terminateidh STM tip, etc.), can be represented as a
network of the tipto-sample coupling capacitandéC; = 1/C¢1 + 1/Cco, the sa-mpl e

fieldo izZmpnathatipsteay capacitanCey .

C

str

Fig. 2-11. Lumpedelement circuitnodelfor the tipsample interaction.

20



w — . W Qo 3
1.00 — e
C  Re{l}}
098f o Im{r} 1-0.15
Analytical model
0.96
1-0.20
(W 094 .[:m
@ =
1-025 £
T oo
0.90 1-0.30
0.01 0.1 1 10 100 1000
Si Si resistivity (Q-cm)
(a) (b)

Fig.2-12. (a) Parallel strip transmission line probe. (b) Comparison of analytical lumped element model

and finite element numerical data at 4 GHz for the real and imaginary parts of reflection co¢Bjcient

Zs is due to the energy stored and/or dissipated in the sample under tesiCRarild Cs,
depend on the tisample distanceh. To obtain high enough sensitivity to the sample
properties (i.e., to mak&e D Zs), it is imperative that botd / ¥Z€and¥ GuZs be much
smaller or at least on the order of unity, which can typically be achieved by mhkingD,

whereD is the characteristic tip size.

Under the above conditions, let us estimate the fieddl impedance due to a homogeneous
bulk sample Zss, while assuming the true nefield situation kD L 1, ks = ¥ ((3Ueo) V2. Due
to its static nature, the sampling ndeld occupies a volume goveed byD, and the first
integral is on the order dB(|Eo|?D?3, where | D Vi /D is an estimate for the average electric
field in the sample. The#s, = Rsp + i Xsb. ThereforeZss= 1 /0¥ oD , which is basically
the impedance of a capacitor with a geometrical capacitéizdilled up with material of
complex relative permittivityd = U & iU & Let us illustrate this concept for a variety of
materials.

21



Dielectric. If the sample is a lowoss delectric withG= U (it an i) L 1,thannthe

nearfield impedance is:

C‘) (*j 8 win p
177@ Hii®@ &

Its reactive part is capacitive and the probe is sensitive to the satiglbxtric constant as

well as the loss tangend (¢§ §).

SemiconductorA t mi crowave frequencies, X @ @ m=imrc;b,/nlfj uctor
i.e., contributions from the two conduction mechanisms, displacement and physical, are

comparable. Then:

P

© 9 grie

(2-5)

Therefore, the sample resistance and reactance are of the same order. The sample reactance

is again capacitive in this case.

Normal metal.A conductive metal can be characterized by the relative permittliity

i/ o J. Thus,Zss represents the dc resistance of the tip sampling volume:
@ "¥O (2-6)

Unlike the conventional surface impedance of a bulk metalhasno reactive part because

the geometrical inductance is negligible in the case of an electric probe. This equation implies
that whenD is much smaller than the metal skiepth the probespatial resolution is
governed by the tip size rather than the sample-dieipth. This creates a unique opportunity

for nearfield microwave microscopy to study just the subsurface portion of the material,

unlike conventional fafield techniques that argensitive to the entire skidepth layer.

2.4.1.2 Impedance of a nagnetictip

In the case ofks|D | 1, the lumped element impedance of the magnetic tip can be obtained

by the method of images:
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where Lo is the loop seHinductance,l; is the sample effective inductanch, is the tip
sample mutual inductance (i.e., {ip-sample coupling), ands is the sample surface

impedance. Away from the sample, the tip ejance approacheésyoL

2.4.2 Transmissionline model of theprobe

When a transmission line terminated with either an electric or magnetic tip forms-éigldar
microwave probe, the tigample system can be treated as a discontinuity in this line.
Consider a nar-field tip with impedanceZ: terminating the probe transmission line of
characteristic impedanc&. The impedance of a substantially electric tip should satisfy the
condition |Zi| | Zo, while for a substantially magnetic tifZw| L Zo. Then thecomplex

reflection coefficient from the electric tip can be found as follows:

W o W'Y
A D_ T A D —, =~ -
3 S8SAUQ 50 eAD N & (2-8)
and thereflection coefficient from the magnetic tip is:
3 Ao o e AQDCIY Qaor S0 2-9
33 $ ('A’) (I) < ('A’) r] pr (,A’) ( - )

To obtain the exponential forms in the righ&nd side above, the approximatiprl 1 x ) [/ (1 + X

a e x p (dsased, which is better thdfo accurate fox < 0.25

In order to validate the lumped element model, it was compared to results of numerical
modeling for the neaffield tip geometry and for two types of samples: Si wafers with and
without implants. As will be discussed below, both the bulk Si resistivity and the implant
sheet resistance were varied. The tip was formed by the open end of a parafiel str
transmission line Kig. 2-12-(a)) that consists of two metallic electrodes supported by a
rectangular quartz bar. For the purposes of modeling, the tip size waseaorder of 100

em, a n d-sainpleesepariatipn was 250 nm. The modeling was performed using HFSS.
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To find the reflection coefficient for the case of bulk &juation(2-5) was substituted into
(2-3) and the result intq2-8), which yields the real and imaginary parts of the complex
reflection coefficient as a function of the Si bulk resistivity. These two quantities were also
extracted from the FEM. This modeling was performed for detgrof probe sizes, and
representative results are shownFig. 2-12-(b), where the Si resistivity ranges from 0.01

to 1000 cm.

It is clear that over a wide rangé 8i resistivities, the analytical lumped element model
agrees exceptionally well with the FEM. The two free parameters used to fit the lumped
element model to the FEM data dbeandCc, while the characteristic line impedanZewas
obtained from 2D modeling of the strime crosssection. By fitting data for various tip
sizes, they found that the characteristic tip dx&vas governed by the enti@osssection
of the tip. In additionC. was found to be in good agreement wiitke parallel plate capacitor

estimate.

2.4.3 Resonanttransmissionline

To increase measurement sensitivity, many microwave microscopes employ a distributed
circuit resonator which reduces the impedance mismatcH,||Z Zo or |Zm| L Zo, between

the tip andthe probe feed line. Using standard transmission line theory, one can solve for the
voltage at any point in the microscope, including an external detector. Such models can
include many details of the microscope design and are very successful at reproidsicing
gross and fine properties. The disadvantage of such models is the lack of clear intuitive
analytical expressions for the measured quantities. Here an approach is suggested that
provides general analytical expressions relating the sample electrodypaopierties to the

probe resonant frequency and-fgctor.The resonant condition of a transmission line

resonator can be written as follows:
AGDE® 53 Qonig ¢ (2-10)

wherelL is the resonator lengti,=h & ih & ¥ (GQweo)Y21 ih &h & h) is the transmission
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line complex propagation constant andk is the effective dielectric constant of the
transmission linel is given by equations(2-8) or (2-9), Go is the complex reflection
coefficient from the resonator opposite end (i.e., short, operpupling impedance), and
=1,2,...is the mode number. As an example, consider an electric tip terminating a half
wavelength resonator. Substitution 6 = 1 andequation (2-8) into (2-10), using the
complex angular frequency =¥ 6+ i¥ 0, and separating the real and imaginary parts yields

the following expressions for the probe resonant frequeéheyy 62" And the unloade®-

factor:
- “ g DO
o T P TEY 6 (2-11)
6 1e | : W w Ge Y
J e Y o Y (2-12)

From equation(2-11), one can find the relative shift in the probe resonant frequency versus
change in the tip capacitan€k for a lowloss sample as follows:

30 A

0 ﬁ 30 (2-13)

Equation(2-13) pr ovi des an esti mate for the microsco,|
parameterd D 1 cm,Zo, D50 ohm U« D 2 and typical precision imp F / nfeasuremen0.1
p p m,ispCthe order ofil0' * ¥ = 100 zF Capacitance resolution down to a few zepto

Farads has been demonstrated in statghe-art experiments.

According toequation(2-12) there is a small change in tlgeality factor due to change in
the probe resonant frequenay® However, in practiceghe losses are not uniform in the
transmission line, i.e.h odepends ore. In this case, there will be an extra changelia
guality factordue to redistribution of the resonator currents near the tip, even in the case of

a lossless sample.
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2.4.4 Charge image method[1], [24]7[26]

Operating below the cudff frequency, waveguide probes suffer severely from waveguide
decay. In these probes, a linear improvement in resolution will cause an exponential
reduction in sensitivity. As a result, it is very hard to reconcile the lecinbetween
resolution and sensitivity. As there is no @ff frequency in a transmission line, coaxial

transmission line probes have much better performance than aperture or waveguide probes.

As the resolution is mainly determined by tbsssectionof the transmission line at the
open end, shrinking therosssectionstill causes significant transmission line decay. This is
especially true when a long section of a coaxial transmission dineed to form a resonator.

If the crosssectionis wide, the unshielded propagating waves at the open end of the
transmission line tend to increase the difficulty of quantitative analysis, since botlialkear
and farfield interactions have to be coneidd in this case. To overcome this problem, the

shielded coaxial resonator probe was proposed by Wei and X&jdFig. 2-13-(a)).

This desgn minimizes the faffield background signal and allows submicron spatial
resolution even in the quantitative analysis of complex dielectric constant. The coating layer
should be as thin as the skin depth to avoid the formation of a fi@nemission lie with

Coaxial L/4

Coupling

Resonator loops Coupling .
N \ Tip-sample
Sapphire I(I“Ij X (IFI)I Source : : Resonator | Assembly

R R
1 dz
L C T 7 C t

i Detector
(a) (b)

Fig.2-13. (@)Shi el ded @&/ 4 coaxi al [25]e(l® &quiaaeotdumped sed

resonant circuit for SMML1].
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heavy loss near the aperture while still maintaining effective shielding offidat
components. The resonant frequenty &dnd quality factor Q) as functions of the properties
(e.g., dielectric constant and loss tangent) of the materials pliac#gte vicinity of the tip

can be detected by the electron[2$].

2.4.4.1 Systemdesign and analysis

The resonant system can be analyzed using an equivalent lumped series resonant circuit, as
shown inFig. 2-13-(b), with effective capacitanc€, inductanced., and resistancR (for an

ideal quartetwave resonator):

quT . . ‘ o . ' clY p p ‘

5

wherel=a/ 4 i s t he ef f Bstestthie gueface resistahce of lcawity gnatérird,
and R, are the radii of center and outer conductors, respectively, Garahd g are the
permittivity and permeability of free space, respectively. The uncouplayl dnd coupled
(Qc) quality factors of the resonant system are given by:

~ P~ 5 p p
1 06Y 1 6°Y YT

(2-15)

2.4.4.2 Theory

A recursive algorithm has been developed to calculate the total charges on-gamippe
system and used to derive the dielectric constawb critical approximationsvere made in
obtaining these analytical solutiongt) spherical tip: because the main part of the probe
interacting with the sample is the tip cap, this is a good approximation, especially when the
probe is held at a distance from the sample shorter thanprobe radiusy2) quast
electrostatic: because the effective region with significant-nemo field distribution is
several orders smaller than the relative long wavelength of the microwave, the phase effect
can be neglected. Under the above approxioms, the problem is simplified to solving the

static electric field distribution in the sample under boundary conditionsequipotential
27



surface of the sphere and continuity at the sample surface. The field can be solved in many
ways. A straightforwat way is thecharge image methodlrhe quantitative relations relate

the tip radius Ro), tip-sample distanceg] and real and imaginary dielectric const@bf. In

this report, the discussion is limited to the area of homogeneous and isotropic dielectric
materials,i.e.ll = U6 Qwijt BddGode = ¢ 6e e¥, whereldande are complex

dielectric constantsral magnetic permeability of the samples.

The simplest configuration is considered: the tip scans directly (soft contact) on the surface
of a dielectric material with a thickness much larger than the tip radius, as shokig.in
2-13. To first order, the tip can be represented as a charged conducting sphere. It can be
assumed that the tip has the same potential as the open end of the resonator, since it only
extends outa length several orders of magnitude smaller than the wavelength beyond the
cavity (the experimental results suggest that this approximation is extremely accurate). The
dielectric material under the tip will be polarized by the electric field of thenipraacts on
the tip, causing the redistribution of the charges on the tip to maintain the-pgteaitial
surface of the conducting sphere. The reaction can be represented by an imageqcharge
located in the sample, and the redistribution can be repteddyy another image charge
inside the tip sphere. This process is iterative and forms three series of image point charges
to meet the boundary conditions at both tip and dielectric sample surfaces, as shagvn in
2-13. The field distribution (peak value) inside the sample can be expressed as a
superposition of the contributions from the series of point chaggess

N [ i a Yjeea

Qo — O - — 2-1
¢t T T e T @ Yie | (219

whereb =7 )/ ), qU = oRsVo ,(Ry is the radius of the tip, angl ande; are the unit
vectors along the directions of the cylindrical coordinateand z, respectively. It is
straightforward to confirm that t his field
boundary conditions on the surfaces of both dielectric and conducting sphere simultaneously,

and therefore is the correct and sole solution of firoblem. In contrast to the dipole model
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Fig. 2-14. (a) Image charge distribution for a thick sample in contact with the tip.gfkeries
represents the charge redistribution on the tipgtlseries represents the effect of polarizatior
the dielectric sample, and tlyed is the effective value ofj, inside the sample. (b) The iterati

image charges in tipulk sample system imon-contact mod¢26].

of tapered waveguide probes for NSOM, where electric dipoles lie above and parallel to the
sample surface, this is a monopole model (appropriate for the tip configuration of SEMM).
The electric field here is conn&rated in a very small volume under the tip, almost

perpendicular to the sample surface.

Since the majority of the microwave energy is concentrated in the cavity and the field
distribution inside the cavity will not be disturbed significantly by the(dpelectric) sample
interaction, the perturbation theory for microwave resonators can éxe tascalculate thé&
andQ shifts caused by the dielectric material:

FQ ., FPWP FEBOPQL i »

p
Q ‘o ~oay . ® ° (-17)
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AU 3 CBPRD 60,
0 0 Qy " (2-18)

Ccq o

where Eo , Ho and E1 , Hi refer to the electric and magnetic field before and after the
perturbation respectively, | is the wavelength= 4 ¢Ro(Vo?/E) is a constant determined by

the geometry of the tigresonator assemblyd( p @ 1 TYj'Y j_for an ideals / cbaxial
resonator), an® A1 7¢7e From formulas(2-17) and (2-18), it was found that the
microscope signals are proportional to the tip radigs This resul can be understood by
considering that the electric field near a conducting sphere at a given voltage is inversely
proportional to the tip radius and the total contribution to the signal is the integration of the
square of field over the volume of the salen. Besides the dielectric loss from the sample,
the extra current required to support the charge redistribution induces additional resistivity

loss. The correspondin@ shift can be expressed as:

(%) P 0 @ 2-19

v T 0 (2-19)
And the totalQ shift is:

P 0 0 (¢ W 2-20

(’p 6 0 € "Q ( - )

Formulas(2-19) and(2-20) allow quantitative measurements of the local complex dielectric
constant for samples of thicknelss'Y . The constanté andB can be properly calibrated by
measuring a standard sample sushsapphire with a known dielectric constant and loss

tangent.

If there is an air gap between the sample and theRig. -14-b), the expression for the

frequency sHt is given by

(2-21)

wheret, anda, have the following iterative relationships:
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6 M jp i (2-22)

¢

W p i opp i@
With the initial conditions ofa; = 1+r, t1= 1 (wherer is the gapto-tip radius ratio). From
equation(2-17), f; is a function of the gap width, which provides a calibration metlrag.
2-15 shows the measudeand fittedf, as a function of gap width for a MgO single crystal.

The fitting parameters arg =9.5, Ro= 1 2 . BandA+i.71x10°.

2.4.5 Simulation resultsof the conventional SMMs

In this thesis section, | first simulate structures proposed by otherofopa&rison and then
show our designed structure simulation resulfsvo well-known structures have been
simulated and compared with the literature. The first structure is a sharp tip with radius of

curvatur e of 10 eEm, whi ch idactort dfi @ coaxiak cavityy i o n
resonator (shown iRig. 2-16). The resonator is coupled with a loop to the other side circuitry

using waveport in HFSS.
This structure hs the benefit of high sensitivity (stemming from the use of a high quality
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factor resonator) and a potential to achieve very fine resolution, which is determined by the
tip curvature and tiggo-sample distance. The structure works in TEM coaxial modaurthér

benefit is that one can measure the sample properties in multiple frequencies. One problem
of this structure is its bulky resonator, which makes it impossible to integrate with IC or

MEMS devices.

As described previously, a change in the sample @ropt i e s ;) Would aler the
evanescent field very close to the tip. Therefore, the reflection coefficient would change
phase (and/or magnitude), resulting in a frequency (and/or quality factor) change in the
resonatorAs can be seen iRig. 2-16, | got almost the same results [2§], with the same
curve. However, as | did not know the exact values for the structure, ieaah higher
sensitivity, which means that the quality factor of my structure is better (i.e., the radius of

my cavity may have been bigger).

The second structure | simulated is shownFHig. 2-17. In this structure, a parallel
aluminum strip with a quartz layer in between has been simulated. This structure has the
benefit of a norcontact, nordestructive tip, confining the electromagnetic field inside the
strip. Congquently, a quantitative measurement of local properties of the sample is possible.
Because it has two conductors, this structure supports TEM mode, which eliminates the loss
mechanism due to the coff frequency of some waveguide structures. The proberates
in balanced odd mode only, where the two Al strips carry equal and opposite currents,
forming an electrically small quadrupolike antenna outside of the enclosure. The parasitic
far-field radiated power is a few orders of magnitude less thanafhambalanced dipolike
geometries, while the neaione fields are mostly confined in between the Al strips. In
practice, this parallel strip is actually a tapered one, which connects to dahditla

resonator to increase sensitivity.

| have tried to Bnulate the same structure as the one describ¢8]iand[23], but again |
did nothave all of the requisite information to do so. It is clear that the simulation results

agree very well with theoretical formulations. Both real and imaginary parts:&fi& 2-17
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(e,f) are similar to the theoretical resultsid. 2-17 (f)) .
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Fig. 2-16. Simulated structure in HFSS (a) side view (b) top view (c) zoomed tip area. (d,e) HFSS

simulation results compared to theoretical resul{2ah.

33



P

Excitation /

/Quartz — 8

YA
Parallel —_—
\ %‘ = - -y
Aluminum strip / Sample \
(@) (b)
. I
I (c) ] (d)

L ' 1.00 T
ol IO I el ) O O Rell}
,,,,,,,,,,,,,,,,,,,, 08l o Im{I} 1-0.15
— Tt T Analytical model
I A N N e B I 0.96
N (P B UG MG /DY PRI O 1-0.20
......... LT [T o0g4 T
I N I o -1 ] =i =
aaaaaaa | = e o] E 025 E
,,,,,,,, o] B 1 N R O | 0.92
...... g - R O O Rt
....... S | s el ]
1 = -+ ¢+ rr 4=k 0.80 1-0.30
................. (e) L ' L L L
001 01 1 10 100 1000 )
——
0 05 03 (mm) Si resistivity (Q-cm)

Fig. 2-17. Simulationin HFSS (a) side view (b) zoomed area near the tip. (c,d,f) HFSS simulation

results compared to theoretical result¢entop view and electric fields on the excitation sliglet

34



Chapter 3
Fabri ca@MOSMEMS MM

In this chapter, after a short review of MEMS SPMs, the fabrication process fa@M@S

MEMS is explained. Then a description of the SMM device is presented. The importance of
tip-sample distace control and integration ahe AFM is then discussed. Finallysome of

the design challenges such as thermal coupling to the microwave path and change of reflected

signal due to the movemenof the tip are discussed apadssible solutions are presented.

3.1 MEMS SPMOs

The first micremachined STM consisted of a piezoelectric multimorph with patterned
electrodeqd41]. Another STM fabricated in singlecrystal siliconis reported in42]. These
works demonstrated opdnop 3axis positioning with a conductive path to the tip, but
without AFM imaging capability. Mre recently the cdabrication of control electronics with

an array of singleaxis cantilevers for AFM was demonstratptB]. Another example of a
single-axis cantilever with integrated position sensing is the Akiyama pfé8g In [45], a
thermal profiler with integrated-D actuation was presented. paper from University of
Waterloo[46] was the first to include-axis positioning, strain sensors, and position sensors
(i.e., all of the mechanical components required for an SPM to acquire an image) in a single

device.

In [10], the first imaging results with @MOS-MEMS contactmode AFMwere presented
The resolution was compromised by thermal coupling from actuation dugeohigh
temperature coefficient of resistivity (TCR) of the polysilicon strain sensors. Frequent
thermal calibration and pogtrocessing of the datevere required in order to extract the

sample topology from the cantilever signal. Thermal coupling issve® first mitigated
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using forced oscillation and higher harmonic detectjdi], and then further suppressed
using a dynamic FMAFM mode[48]. In [49], we reported the first SMM measurements with
a selfactuating probe. These devices were fabricated in the commercially available
SOIMUMPs process. A-D scanner with integrated electrotiheal chevron actuators and an

integrated microwave CPW interface was reported there.

3.2 CMOS-MEMS Fabrication Process

CMOSMEMS processes were introduced in the 1980s and the field has grown
significantly over the past two decad¢s0]. These processes are wsllited to integrated
SPM device fabrication because they allow for complex signal routing, various types of
actuation and sensing methods, and integrated electronics. Some examples of CMOS
cantilever sensor systems that exploit the various material properties availal@d&MS

MEMS processes are discussed[ti].

Fig. 3-1 shows the crossection and thickness of each metal and Hmetal dielectric
(IMD) layer for the 0.35um CMOS process from TSMCMEMS devices are constructed

using composite metalielectric layers as the structural layers.

Our fabrication process falls under the category of IOS-MEMS processesKig. 3-2).
We begin with a standard foundry CMOS presewithfour metal layers andwo resistive
polysilicon layer options. The topmost exposed metal laeused as a mask for an
anisotropic etch step that removes the dielectric (®iOh), this layer is also used for routing
and structure desigr-ollowing the completion of #hoxide etch, we perform an isotropic Si
etch of the underlying substrate to release the devloesis step, the device is under etched

about 15 pm.

Two other optional maskless proceggpsmay be usedin the first step groovesmay be

diced or lasefetched into the backside of the wafer to suspend cantilevers over the die edge

! Taiwan Semiconductor Manufacturing Company
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Fig. 3-1. Crosssection viewshowingthe thickness of each metal and IMD layef Polly 4 Mete
(2P4M) 0.35um CMOS process from TSM&2].

upon releaseas shown irFig. 3-3-(a). This helps to look at the tipample area under optical
microscopes and find the area of interest for imaging. After oxide and Silicon etching on the
top side (shown irFig. 3-3-(b)), it is easier to snap the device from the diced lines on the
backside by applying a controlled lateral force from both sitleshe second stepve may

removethe plymer buildup that occurs during the Si€tch using EKC.

There are seval process features that are advantageous in the desi@GMOISMEMS
SPMs;in the electrical domain, the designer can choose between conductive (Al), insulating
(Si0y), and semiconducting (polysilicon) materials. This allows for complex routing of
signalsin a monolithic beam. It also allows for the placement of resistive heat sources and
temperature sensorAlso, the temperature coefficient of resistivity of polysilicon materials
can be exploited to measure local temperatukis. use these process feasrto design

MEMS actuators and position sensors for our CMRAEMS SMM.
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Anisotropic RIE of dielectric
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(c)

Fig. 3-2. Maskless release process @MOSMEMS. (a) Foundry CMOS processosssection (b)
Anisotropic etch of Si@intermetal dielectric layers. (c) Isotropic Si substrate etch, releases the devices.
[53] and [54].

Cantilever Top side Warped cantilever
Silicon etch /
Oxide . _{ _________ .
DicedLine
(b)

Diced Line

Fig. 3-3. (a) Grooves in the backside of the wafer to suspend cantilevers over the edge of the chip. (b)

After oxide and Silicon etch on top
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The thermal conductivity of Als 191 Wm'K™, while that of SiQ is 1.4 Wm!K-L. This
enables the design of thermally isolating members that can be used to separate heat sources
from nearby regions that are mechanically and electrically interconnected. Another feature
is that the polgilicon-metal contacts iI€MOS-MEMS processes are thermocouples that can

be used as local temperature sensors.

In the mechanical domain, the therntalefficients ofexpansion (TCE) of Al and SiO2 are
disparate as well. The TCE of Al eround14.6+t3.0x10°K! and the TCE of Si@is 0.4
1.0x10° K1, This feature is desirable in the design of lateral and vertical electrothermal
bimorph actuators. Further discussion of the mechanical material properties and how they

relate to electrothermal actuator design can be four{&5i

Although a wide variety of material properties are available to the designer, they are
seldom optimized to improve SPM performance. For instance, the performance of CMOS
electronics improves with low TCR whereas the design of teatpeebased position sensors
improves with high TCR. Another example is that piezoresistive cantilevers benefit from a
high gauge factor, while it is desirable to suppress strain effects in CNMS, our CMOS
MEMS SMM design has to adopt to existing copmial CMOS 0.35 um that is designed for
CMOS electronics rather than for MEMS.

3.3 CMOS-MEMS SMM Device Description

A CMOSMEMS 1-DOF SMM probe is presented ifhig. 3-4. This device incorporates a
CPW to a shielded transmission line (here a rectangular coaxial line) transition. The flexible
transmission line is displaced in the 4ample approach direction using a vertical
electrothermal bimorph actuator. Internal met@drs are used for conduction while the top
and bottom layers are used to shield the microwave signal. DC paddilazed for vertical
actuation using the thermal bimorph effethis device was used to obtain characteristie tip

sample approach curvesdio validate our simulations.
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Fig. 3-4. Single degree of freedom shielded SMM probe. A CPW to flexible transmission line trz
is included in the signal path from the PNA to the tip. Internal metal layers are used for col
while the top and bottom layers are used to shield the microwave signal. DC pads are used f

actuation using the thermal bimorph effect.

Maximum vertical features of a sample that can be imaged are set by the vertical range of
motion of the actuator. Since the vertical range scales with the square of ledythvkile
the stiffness scales with 19Lthere is a tradeoff between range and stiffnéés.cancombine
several vertical actuators in parallel to increase stiffness while maintaining the same range
of motion. The position resolution of the actuator is 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 riggje

To add three degrees of freedom to the device, lateral MEMS actuators are n@aded.
the lateral actuar geometies used, is shown irFig. 3-5 and discussed if55]. In-plane
actuation is achieved using the electrothermal bimorph effect. A lateral moment is generated
by offsetting the internal metal layers in the actuator beams with respect to the top metal

layer (mask layer). Rectilinear motion is achieved by mirrgra bimorph in order to cancel
40



the arcuate component of the motion, while parasiticaiyplane motion is mitigated using

a folded design pattern.

Electrothermal actuators are a suitable choice for both static and dynamic actuation in
singlechip SPMs.Moderate static forces2(50 nN) and large displacementsZ 0 & m) can
be produced by lateral electrothermal actuators, at the expense of increased power
consumption (lto 5 mW). The thermal time constants of the lateral actuators used in this
work are in tke range of 44 ms, which translates to scan speeds above 100 Hz. Although the
efficiency of the actuators rolls off at high frequencies, a resonance with moder&tsa (
can be clearly observed by piezoresistive detectors that are integrated in ventioaplp
beams. In the device reported here, the vertical resonance occurs at 225 kHz, and can be
excited electrothermally with a 100 mV input. A useful figure of merit when comparing
actuators is the workerunit-volume which is the product of the blockddrce and output
displacement When comparing actuators implemented @MOS-MEMS processes, the
work-perunit-volume of electrothermal actuators i2@3 orders of magnitude greater than
that of combdrive electrostatic actuators. Although parallel plattuators may achieve high
forcesnearthepuil n i nstability, their small range of
the vertical actuators in singlehip SPMs.One type of actuator that has been used in this
work as a lateral actuator is a multinpdractuator that is based on the bimorph ef{esbbwn

in Fig. 3-5).

Another type of electrothermal actuator that we use for the lateral actuator design is
chevron actuatoréshown inFig. 3-6). The workperunit-volume of the chevronauators is
2500% higher than that of the lateral multimorphs. The-afuplane stiffness of the new

actuators is also improved by a factor of roughly 35@%).

A CMOSMEMS 3-DOF SMM/AFM device is presented Fig. 3-7. The following features
of the device are desirable in the SMM context. After tMOS-MEMS release process, the
substrate is singulated in order to obtain cantilevers and tips that arensesip@ver the edge

of the chip. This device geometry permits observation of thesaimple region while
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Fig. 3-5. CMOSMEMS lateral electrothermal actuator. Inset israsssectionof an individual bear

showingthe offset internal mechanical layers used to generate a thermal momen

Anchors —

Fig. 3-6. Chevronactuator used for lateral actuation: Layout and SEM image.

imaging.To carry the microwave signal to the tip, a flexible transmission line is required to

be able to move the tijpateral scanning is achieved bypplying a DC bias and a differential

AC signal to the left and right lateral actuators. The result is a spherical coordinate scan
(r,G,d) in which the angle G4 is related to the
deflections, the radius r is pportional to the average of the left and right actuator

defl ecti ons, and t he el efrphane bomorptd(vertisal agtuatorw).i de d by
The SMM device is capable afcanning its tip in 3 degrees of freedom over a sample, with

anapproximatescan range o1t3e m Re¢mh 1% em i n the x, y and z direc
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Verfical Actuator

Fig. 3-7. CMOSMEMS 3 DOF integrated AFMSMM device. A CPW to flexible transmission line
transition connects the microwave signal to the tip. Actuatgsused to bend the transmission line

and scan the tips
3.4 Tip-sampleDistance Control

The precision of remenyis direcaly reldted ¢olthee preceserswith which
the tip sampl e di s t[3. Miceechalleage ishinethe iméegratibnaoif a-tep d
sample distanceontrol technique with the SMM devicémtiaz et al. use$STM for precise
distance control over metallic samplg38]. Lai et al. addressethis issue by combining
SMM with a commercial AFM; they also shed that operating it in tapping mode would

eliminate thermal and other lortgrm drifts [31].

If tip-sample distance is not kept constant, the ggp capacitance between the tip and

sample (and consequently tip impedance) will change and become indistinguishable from
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Fig. 3-8. (a) Closeup of the balanced cantilever design used for AFM operation. The tempen
the piezoresistors is balanced, whereas the strain fresatiple forces is only recorded on one o
piezoresistors(b) A schematic circuit showing the Wheatstone bridge and applied voltages

bridge and the vertical actuator

changes of sample properties. In our work, we have integrated an AFM with the SMM in
order to control the tigsample gapAn integraed balanced pair of piezoresistive strain
sensors for AFM operatiors includedin order to maintain a constant tgample separation
(Fig. 3-8). The piezoresistoran the balanced cantilevers are connected to two other resistors
to form a Wheatstone bridg&he autput voltage of the bridge is used for8pmple distance

control.

Keeping a cosatant and low tipsample distance during SMM imaging is of great
importancebecause the intensity of the evanescent field decreases exponentiallya with
spatial constant of R probe characteristic size). To confirm this, HFSS simulations of a 200
nm diameer coaxial probe with tigsample distances of 1 nm and 100 nm from a bulk
dielectric sample witladielectric constant of 1&ere performed[ig. 3-9). The results wre
thenexported to ADS andafter matching the tiggample impedancwith ideal transmission
lines, the frequency shifts were measured. As showRign 3-10, the snaller the tipsample
distance, the higher the sensitivity of the SM@Ine should note that these simulations are

only meant to show the effect of tgample distance, and that the values shown are not for
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Fig. 3-9. FEM simulation of the SMM tip in (a) 100 nm, and (b) 1 nmggnple distance of a b
dielectric sample witla dielectric constant of 15.
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Fig. 3-10. Effect of tip-sample distance on SMEEnsitivityin (a) 100 nm, and (b) 1 nm tgampl

distance of a bulk dielectric sample (Red: without sample; Blue: with sample).

the entire SMM system. A detailed analysis of tm¢ile SMM is discussed in Chapter 4.

3.5 SMM/AFM Probe

Shielding the microwave signal path up to the tip is necessary to obtain quantitative electrical
imaging and sensitivity improvement. Therefore, in all of the prese@BDSMEMS

geometries, the microwave signal path is shielded in order to eliminateipaiEgpacitive
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Fig. 3-11. Closeup of SMM/AFM tip. The tip radiusbtained in the release proc&ss150nm. Meta
1 and metaB shielding layers are shown here.

coupling to the sample. This is done by fabricating rectangular cqagidpline and
microstrip transmission linesln rectangular coax and stripline,etal layer 2 is used for
signalline, whilemetal layes1 and 3and h e Hokes etvéeen thenare usedor shielding.

In microstrip, M3 or M4 are used for ground and M1 is used for signal.

The device irFig. 3-7 includes a sharp tip wita~150nm radiusor SMM/AFM operation.
The tip was designhed with minimum feature squares ftbhensignal layer (metal 2) téhe
topmost metal layer (metal 4gonnected with tungsten via holdsp sharpness was obtained
by milling during the RIE steps in the release procesghout any additional post
processing. AFM can be used in roantact mode to maintain a constant-sigmple gap for
SMM, or in intermittent contact mod#r noise and longerm drift reductionas discussed

in [47] and[31]. Fig. 3-11 showsan SMM/AFM tip and metal shielding layers.

In general, two different types of tips have been investigated for CIMIE#MS SMMs.
The first one is call ed dihdetaiisvunFig. 3-11lylpiemade whi c h i
by connecting several tungsten vias from the signal line to the topmost metal layer on M4
(vial2, via23 and via34 connect M1 to3Y Then, during oxide etching in the RIE, it is
sharpened without any extra processing steps. This process is illustrated in detgil3+i2

for a stripline micretransmission line.
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Fig. 3-12. The process of getting sharp via tips through RIE oxide etching.

With this method, tips with a curvature of ~150 nm are achievable. However, one issue
with this type of tip isreliability. The problem is that during oxide etching, the vias might

be attacked and the tip (and thus the entire device) will be lost.

Fig. 3-13shows a version dd larger via tip that survived in one instance but not in another.
The larger tips are intended to protect the vias at the topmost metal layer (M4). If very sharp
tips are needed, facused ion beam instrument (FIBan beused to remove the native oxide

on the Aluminum, sharpeit to a smaller radius (~75nm), and deposit a Platinum coating.

The second type of tip that was designed and tested is called a wgugé&p. Similar to

Fig. 3-13. SEM images of two larger via tips, survived (left), and not survived (right) after the
and silicon etching.
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ground

Fig. 3-14. Wedgetype tip: (Right) SEM image, and (left) layout.

via tips, the signal in wedgg/pe tips is connected to the topmost metalhwias, but a
larger metal pad at M4 protects the vias. M4 is then extended a few microns in a triangular
shape, as shown iRig. 3-14. The problem with this type daip, however, is that it might
reduce the resolution in quantitative imaging because most of the tip is not electrically

shielded and thus can interact both with the sample and the medium around the sample.

Astandard AFM calibration grating with a 3 &tm
demonstrateéhe imaging functionality of the SMM device in AM\FM mode (refer to[56]
for an explanation of AMAFM mode) The scan speed is limited by the dynamics of the PID

controller that was used in these imaging experimentseAm | i ne scan consi stin

i
i \\\\%\\:\'\
S i

gt

(a) (b)

Fig. 3-15(a) Standard AFM samp[&7]( b) AFM i mage, obtained &b
0.6 &m. Hei ght <cont chievted.of better than 10
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points takes approximately 5 seconds, and the image consists of 16 lines. The vertical
resolution of this measurement is a function of the noise in the piezoresistive bridge
measurement, which may be reduced by limiting the bandwidth (and tdusing the scan
speed). We anticipate-10nm control of the tipsample distance using this approach.-FM
AFM methods reported ifd8] may improve the resolution furtheFig. 3-15 demonstrates

the capability of our device to scan over a 3D object, which is also a verification of-ts tip

sample distance control capability.

Further imaging results fadifferent samples is presented in chapter 5.

3.6 Thermal Coupling Reduction

One of the challenges of electrothermal actuators is that the temperature of the actuators
changes when they move the tip. Moreover, because the microwave path is not fully isolated
from the actuators, it also gets heated up and cooled down with the actuators. This causes a
change in properties of the material and thus slightly changes the characteristics of the
transmission lines enough to change the reflected signal, which is edadokith the change

in S11 due to sample properties. The thermal coupling to the microwave path can be mitigated
by placing thermal isolators between the path and the actudimys3-16 shows the layout

and SEM image of a part of the SMM device that is thermally isolated from the vertical and

lateral actuators.

The temperature of the vertical actuators changes with the same frequency as that of
tapping the tip totie sample. Therefore, it is not possible to filter out this signal in the
receiver. For the lateral actuators, the scan rate is on the order of 1 hertz or slower, so it can
be extracted from the final image by processing the backgroundsoywng signal.Also,
isothermal lateral actuators can help reduce thermal coupling to the tip, as expla[Bé#l in
In this type of lateral scanner, two actuators are excited differently, so the temperature in the
middle does not change while moving the tip. Ttieermal crosdalk from the lateral

actuators is considerably reduced with the help of isothermal actuators, as shie\gn3+17
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Fig. 3-16. (Top) The layout of a part of the SMM device that is thermally isolated from the verti

lateral actuators. (Bottom) SEM showing thermatdeapling.

andFig. 3-18.

Another similar challenge in SMMs with integrated scanners is thawthe tip is moved,

the reflected signal changes. Again, the tip moves in the approach directionhwisiame
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Fig. 3-17. Layout of an SMM device with isothermal scandesign with 4 chevron actuators

frequencyasthe tapping, and in the lateral direction with the low frequency scan rate. The
main challenge is deoupling the movement of theiotowave path in the approach direction
from the tipsample interaction that is measured at the same frequency. This signal can be
calibrated with a known sample with low dielectric constant, so that any change in amplitude

of the detected signal will beelcause of tipsample interaction.
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Fig. 3-18 SEM image of an SMM with isothermstannedesign
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Chapter 4
Anal ysi s anGQMDOBMHMEMEN of

ScannMing owave M croscoc

As discussed in previous chapte@€MOS-MEMS SMM has several advantages over
conventional SMMs, such as arhip scanners and piezoresistive-§ample distance control

that eliminates the need for bulky scanners and cumbezsiamer/photodiode detection
methods, respectively. Therefore thigpe of SMM has the benefits of being smaller and
cheaperbut, being fabricated on CMOS and integrated with the scanning actuators, it suffers
from higher loss in both silicon arttie conductormaterial CMOS 0.35um technology from
TSMC uses a silicon substrate with approximately 12 S/m of resistivity, and the conductor
is an alloy of aluminum with approximately 1.7x18/m of conductivity (three times less
than copper), which is quitessy. Also the metal thickness is less than 1 um, which is further
reduced after the RIE oxide etching because the exposed metal layers are milled to some
extent if the metal is not protected, thicknesses in the order of0065um are observed.

Hence,sensitivity analysis and improvementothe entire SMM systemareimperative

In this chaper, CMOS-MEMS SMM is first describedrom an overall system point of
view. Then, a quality factor analysis is presented for sensitivity analyses of different SMMs.
After that with the help ofilumped model and EM simulationthe sensitivity of theCMOS-

MEMS SMM systemis analyzedFinally, the measurement circuit for SMM is explainaiwld
end calculations for typical values of tt&MOS-MEMS SMM are presented to s the
smallest detectable capacitdtr.is worth notingthat the analysis and suggestigmesented
in this chapter can be applied to any Scanning Microwave System or, even more generally,

to any microwave system that needs to sense a small signal.
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4.1 Overall SMM Description

This chapterprovidesthe designemwith a tool to systematically analyze and improve the
sensitivity of the overallSMM system. Herg sensitivity improvement means getting
maximum change at theutput of the system whethe tip-sample inpedance changes. A
block diagram of theentire SMM system is shown ifrig. 4-1. It consiss of a sharp tip in
close proximity to the sample under tean SMM device fabricated wittCMOS-MEMS

technology,a matching networkand the measurement system

Meas. —| Matching SMM

Circuit Network | | Device \V )
Tip

11 Sample

Vout

Fig. 4-1. Block diagram of the SMM systemvhich includestip-sample interaction, SMM device
fabricated withCMOS-MEMS technologythe matchinghetworkand the measurement system

The objective here is to maximize,}¥with a known change in the tipample impedance.
In order toobtainthe best sensitivity, it ismportantto deliver themaximum signal to the
tip to createaninteraction with tle sample. The input impedance of the SMM device is very
high, since the end of the transmission line (at the tip) is open circuit and the length of the
transmission |ine to the tip is electrically
GHz. Theefore, inthe SMM system, a matching network is requiréal match the high
impedance of the SMM device to that of the measurement system (here, it is 50mhimg

chapter, different options for the matching network will be investigated and compared.

The overalldesign andanalysis is divided intdour main parts: )} a micro-transmission
line that carries the signal to the tip) coplanar waveguide pads and transition to the micro
TL; 3) matching network and 4) measurement circuit. Each sectrmonst be carefully
designed for maximum sensitivity. The design and impact of each part will be described in
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detail, and guidelines for improved sensitivity will be given. A quality factor analys&édse
presented that givethe designembetter insightinto the impact of each section on overall

sensitivity.

The measurement circuit after the matching network is responsible for capturing small
changes of the reflected signal as a result osmple interaction. At the end of the chapter,

we describe how a mrowave interferometry technique can help improve sensitivity.

4.2 DeviceDescription

Detailed fabrication processf the CMOS-MEMS device (shown irFig. 4-2) is describedn
Chapter 3 The microwave signal path of the SMM device consists of a Coplanar Waveguide
(CPW)or a slotline pair of padgusedfor wire bondingto a PCB)that transition to a flexible
micro-transmission line (micrd’L), which in turn guides the signab the tip as shown in

Fig. 4-2. It is important to use a shielded miefld to prevent interactionvith the medium

and radiation from the micrdL itself, and tolocalize the interaction between the tip ahe
sample.This requires a pair of sign@round to be routed to the tifthe micreTL should
alsobe flexible so that it can be moved with electrothermal actuatorsng scanningThere

are two chevrorelectrothermalactuatorsat both sides of the deviakhat move the tip (and

the micreTL) in thelateral directionand aset of oxidealuminumbimorphbeamsthat can

move the tip inthe vertical direction.

4.3 Quality Factor Analysis

One can look at the matchingetwork andthe SMM device as a resonator, similar to
conventional SMMsFrom this perspectivethe changein input reflection coefficienes a
result of change in tygample interaction impedance can be studied based on the parameters
of the microwave remnatori namely, the quality factor and the resonance frequeibg

matching network can either be lumped or distributed. It will be shown fltheiresonator
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Fig. 4-2. (Top) SMM device and its componentnd (bottom) ashSEM image of wire bonded devi

i s a | ump a:dwilRde @roportiaad tahe square ofhe quality factor Q?) of the
lumped resonatgrbut if it is a distributed resonatde.g., stub matching circuits)it will
approximately be proportional tthe Q of the distributed resonatoin either case, an
improvement in sensitivity will be acbved by improving the quality factor of the overall

SMM system.
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4.3.1 Lumped RLC resonator matching

For the case ofumped RLC resonator loaded with a small capaca#sshown inFig. 4-3,
closed form formulas are derived here.

" I L

C

I
S11 T quc

Fig.43.Seri es

resonator | oaded with a smal

In order to get input matching we can chod®eZ,. Thusfor a series RLC resonatpwe
have

P16¥ Pl (4-1)

CR

Therefore, we can find L and C as a function of frequency and quality factor:

0l (4-2)

Next, we can find the change in input reflection coefficiedtY gif the load changes by6

- - - 4-3
® O O b (4-3)
where® istheinput impedance when thereasoadimpedancef ¥6 andd is when there

is no load. If we assumiatthe change in load is very small comparedito onecan write

(4-4)
Sy A Y& (4-5)
. W6
o (4-6)
1 O
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where atresonance ( 1 ), ® & Y:

SAY 96 0 Yo @1 (4-7)
0¥ 8 q

From equation(4-7), onecanobservethat for a lumped RLC resonator model, changein S

is directly proportional to the square tiie quality factor of the resonator and directly

proportional tothe resonant fequency and characteristic impedance of the measurement

system. Except for the quality factor the other two parameters are usually determined by the
application,2i s uswually 50 ohms, b uotif it i ot stmiathy delired e a c ho

by a speific application.

4.3.2 Stub matching

For singlestub matching, deriving a closed fommpressions not straightforward, but it can

be studied with simulati onwefind:if t war e; using Keys
o r w1
Y'Y seuv YO—d (4-8)

whereQr,,Zland b are the quality factor, characteri st

of the transmission line. &scription of the simulation method: To find the empirical
simulationbased equation df4-8), the circuit shown irFig.4-4i s si mul ated in Key
ADS, using a standardarn s mi ssi on | ine model , with and witho
The two S; are subtracted from each other to @6ty s Several simulations are carried out

for each parameterQg., Z, o ¥bl) and for both open and short circuit stubs to find their

relationship with change i8:1. In each ADS circuit simulation point shown kig. 4-5, the

four parameter$Qr., Z, o0l) are first set, and then an optimization is run to get a better

than 25 dB return loss foriSby changingL: and Lswn Fig. 4-5 shows the comparison

between equatiofd-8) simulated in MATLAB and ADS circuit simulations (similar f&g.

4-4). The stub matching transmission lines make either quarter lambda or half lambda

resonators, depending on whether the stub is short circuit or open circuit.IEhus+ Lswb
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=na/4 (n is integQEu=) .bAaditl=equidt2i dm is integer)

L |

stuk
11 l

Short or Open Stub

Fig. 4-4. Stub matching connected@o s ma | | ¢ v aufgrey Tds) makes a resonator

Similar tothe lumped RLC case&Y'Y sis proportional to Za n do forrstub matchingbut
there are two important differences her€irstly, in stub matching, changeni S is
proportional to Q., and seconly, it is inversely proportional tbl, which means the shortest
possible transmission line resonatry, gives the best sensitivity. It imteresting to note
that the higherorder modes of distributed resonatofdigher values ofbl) show less
i mpr ov e meusih Thisican bg istBtively described by the facatht higher order mode
resonators, a smallgrortion of the resonator gets perbed by the tipsample interaction
and tlusless change is observed imSin looking at the impedance of the SMM devigeg.
4-33), one can see that it haslossy capacitive load,so the shortest possible matching

network is a shortircuited stub matchingetwork that a quarter lambda resonator

The actual device cannot be easily modeled with one transmission line or a simple lumped
model because it has several sections including the rlitrconnected to the tip and the
bonding paddransmission line. However, for the case of two transmission lines connected
together as shown iRig. 4-6, one can find a formula for the overall system sensitibdged

on the overall Q factor.

In more complicated scenarios, however, simulations or circuit models can be used for
accurate analysis. The quality factor analysis presented for a single transmission line can

provide some insight towards better designand sensitivity. Let us assuntéat the quality

59



120+ .
80 | ] '
40 1 1 1 1 1 1 1 L
2 4 6 8 10 108
freq (GHz) Z(q)
11 T T T T T T l(}'ﬂ F T
90 Q. =100 | - §Z.=50q
| freq. =5 GHz|g | freq. =5 GHz
@70_ Z,=50q l @ - Mol =12
® - 1 x 1P E
& 50t - & -
30 f .
10 ,I ’I 1 |, 1 |’ 10]_ L MR | L L
0o /2 3/2 270 5/2 3 10t 10 108
bl (rad) Quality factor

Fig. 4-5. Comparing equatiof¥-8) simulated in MATLAB, with circuit simulations using a standard
transmission line model in ADS. Solithe: MATLAB simulation, Asterisks: ADS circuit simulation

points.
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Sll ilstut - Cp(
'Short Suk rm

Fig. 4-6. Sensitivity of a system with two transmission lines connected together.

factor of each transmission line is divided in two parts, namely conductive qfiadityr Qc)
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and dielectric quality factorq). Fig. 4-7 shows thevoltage and current distribution along a

guarter lambda transmission line.

A

Q
e
A 4

z. U O_pen_
| ! Circuit

Current

v

am 12
Bl (rad.)

Fig. 4-7. Voltage and current distribution along a quarter lambda transmission line resonator

Voltage is minimum at the shedircuit side and maximum at the opeircuit side, current

is the opposite. Knowing the conductivess is proportional to 4 and dielectric los is

proportional to ¥, we can deducehe followingequations

; 668 ¢ 00V 0 GaO8 0¢iIQe®i Qd 4.9)
| TfiasmeRead | 9700 o adEon @0
.0 . Aieo-0 ,TAI 60—
0 — (4-10)
Al 6-Q—
) 6  OEL0o—0 _ TOELQ—
0 — (4-11)
OEHQ—
0 0 0 (4-12)

wheredi= H;,i=1,2.To get a better sense of these equationsdetssume that that the electric

lengths of the two transmission lines are eqfatf =
61
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qguality factor due to individual Q factors. Then we will have:

Table4-1. Overall quality factor due to individual Q factors when two different transmission lines are

connected to make a quarter lambda resonator

Qc1 Qu1 Qc2 Qa2 Q

Qc1 Inf. Inf. Inf. 1.22 Qu
Inf. Qu1 Inf. Inf. 5.5 Qi1
Inf. Inf. Qc2 Inf. 55 Q2
Inf. Inf. Inf. Qu2 1.22 Qi

Similarly, from equation$4-10) to (4-12), we can find the total quality factor as a function

of the 4 conductive and dielectric quality factors and write:

P

p

L
0

ud

P
0

L 0

P& @

(4-13)

This shows that at the shecircuit side, conductive loss is dominant while at the op#&nuit

side dielectric loss is dominant. Fig. 4-6 we can assume that the second transmission line

is the microTL in the SMM device and the first sectioh &ndlswm) is the transmission line

on the PCB board.

Based on the presented analysis, we can then arrive at some useful conclusions. First, the

PCB transmission line has a lot higher Q than anyraikL that can be fabricated ddMOS-

MEMS, so a smallerzlis better. Due to mechanical constraints, the length of the Alitro

l'ine gener al

is in fact what we need. Fohis, microTLs with smaller effective permittivity should be

designed.

A second conclusion is that, in a quarter lambda resonator, the overall Q is less affected

y

cannot

be

reduced,

b ul4 whicl

by the conductive los< (i?) of the microTL but degrades more with substrdoss € v?).

In most instances of transmission lines on WEMOS-MEMS process, Q is dominated by
conductive loss because the lossy silicon is etched except for where the bonding pads are,

becausdahey require anchoring to the substrate. For this section, eitheN& @Rcoplanar
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stripes are used. A thorough discussion on the effects of borptiddoss through substrate
and how to decrease this loss is presented in se@&idr8 An alternative approach for
improving sensitivity is to design the miciioL with very high characteristic impedance, as

suggested by equatiqd-8) and circuit sinulations.

4.3.3 Half lambda plus shunt 50 ohm &/2+50q)

Another method usetly some researchef83] for matching in SMM in collaboration with
Keysight, is the half lambda plus shunt 50 ofa¥2+50q ) approach. In this method, a lew
loss coaxial cable is connected to the SMM probe, and the shunt 50 ohm resistor is abnnecte

to the ground at the end of the cable, as showrFig. 4-8. With some simplifying

assumptions, we can find changes n S f the |l oad is changed by o
cable | oss is smal/|l and that oC is very small
< I=nal2 >
Z,<
Low loss cabl
— o
Sll R:5(n P
r7i
Fig. 4-8. Half lambda plus shunt 5fhm @2+507) matchingmethod used by Keysight Technologies
Then, one can write
, P pp Q Q
- = 4-14
© Y Hp 0 0 (4-14
where o2 = U+jb is the clfovmgubstitutd p r=o (nima@nidtegepn cons
and use the approximation of:
pPQ e 0
, 0WR—- e—- h QQsL
p Q ¢ G Gl p

wherex= 2 U j2# p G.ZBy putting Yo=1/R (=.02, in 50 ohm system) then change in S
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(with and withoutop G can be found:

o ® O » | a’Q O | & & @b
YYs —— ———¢ = T (4-15)
O W O W COW COW q
whereylni s i nput admi ttance yllsevhen théreis hodaad (opers @C an

circuit). Note that here Zis the characteristics impedance of the half lambda transmission
line and % is the characteristics impedance of thystem (e.g.; £of Network Analyzer).
Equation(4-15) is valid for a lossless (and low loss) transmission line famdmall change
in load impedance and shows thsansitivity improveswith increased frequengyowever it

does not depend on the Q ord the transmission line.

A comparison between these three methods and detailed design fematabing is

presented in sectio.5.

4.4  Circuit Model Analysis

Full wave simulation of thentire SMM system is very difficult and time consuming due to

having very smalbnd very large features at the same time. The area of intenautittveen

the tip and the sample is very smé&H100 nm)compared to the PCB aréa 1 cm)and even

to the CPW bonding pads 200 um) Thereforethechange irtheinput reflection coefficient

| &S , as a function of <change simit|]) i$ S0esmaill thate danc e
very large meshes are required to capture the differbrt®een two different samplegth

different electrical propertie®©ften, the calculation error ikargerthan the changehatneeds

to be measurd. To put this in perspective, an example of typical expected values will be

calculated here. Let us assume:

v o

Yo po v L HQ VOO & “T¢ (4-16)

If these values are put in equati¢a-8), | ae:$=5x10° which means thaerror between
consecutive passeés HFSS simulation should be at legst10°. However, this is nearly

i mpossi bl e, even with t odapubatonap sewersTdbleB-2 comput e
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shows a typical convergence of such a system. After 8 passes and more than 100,000
tetrahedrons, the a:$error is still larger tha®.01. In other words,hiis error isabout300
timeslargerthantherequired accuracy to captuteetip-sample interaction of two different

materiab.

Table4-2. Convergence table for HFSS simulation of ¢hére CMOSMEMS SMM system,
showing large errors despite the large number of tetrahedrons. This error is 300 times larger than the

required accuracy to capture-8ample interactions of two different materials.

Fasz Mumber | Taotal Tetrahedra | kMax bMag. Delta 5
1 36256 f A,

2 45003 0.2047

3 49323 018527

4 h2EES 0039492

al B3074 0052281

E franz 0032422

7 grang 0020664

8 108134 00714643

One possible way to overcome this problerto divide the simulation into 3 or 4 smaller
ones. For example, one way of dividing it is to simulate: J)sample interaction, 2) micro
transmission line, 3) CPW or coplanar strips pads, and 4) matching network on PCB and
bondwires. The problem of anvergence and error for the tgample interaction is still
relevant here. To deal with this problem, we note that most of the time we are interested in
the change in S between two or more different samples and not the absolutegue.
Therefore, wecan simulate the tqgample interaction with a particular sample and save the
final mesh, and then use this same mesh for other samples, changing only the electrical

properties of the sample (i.e., no change in geometry).

However, even if we overcome dlhese hurdles in fullvave simulation, the result will
still be only an approximate result, for a few reasons. First, CMOS material properties will

change within a few percentage points from run to run and batch to batch, and second, in
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CMOSMEMS SMM, the entire structure is moved by actuators that bend and heat up the

structure, etc., which changes the properties of the material and the-tracismission line.

Therefore, any simulation is only going to be only an approximation. Apart from technical

difficulties in simulating the entire structure in fwllave simulators (such as HFSS), there

are several benefits tbuilding a circuit modelto study and desig SMMs for sensitivity

improvement and investigating different scenarias explained in the rest difiis chapter

Different parts of SMM (namely, tipsample interaction, micreransmission line, tapered

transition to bonding pads, CPW bond pads and PCB board, and matching netwerk)

studied in tle following sections

4.4.1 Tip-sample interaction

For the tip-sample interactionmpedance]umped models based on different samphexre

proposed in58]. For CMOS-MEMS SMM, the tipsample interaction is simulated in HFSS

and then the parameters of therd e |

'

Sample

Ground

M3 .
Tip
M1 E

Signal

ar

e

extracted

n

Keysightos

Fig. 4-9. HFSS simulation of atriplinemicro-TL and the tipsample interaction, SEM image of the tip

and thetip-samplecircuit model
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circuit simulatiors (Fig. 4-9). In this model, Gi is the capacitance between the tip and the
sample and depends on the tip dimension and-ggmple distanceCs and R are the
capacitance and resistance models for the sample impedance Gar is the parasitic
capacitance between the probe and the surdong medium. With effective shieldin@par
can be neglected or absorbed in thiero-transmission line model. Fordielectric sample
close to the tigtip-sample distance smaller than tip dimensiocoe can writd3]:

(6]
0

. . o . Y
S 4-17
h 6 §F70h Y T OB (4-17)

0 f
whereD is the effective length of the tip and g is the gap betwiberip andthe sample.lt
is usefulhereto work out some typical numberdf we assume a tysample distance of 40
nm, an effective tip diameter of 150 nm and a dielectric constant of 3 &mdtwo different
materials, we getG=5aF, Gi= 4 a3, Gt=U 9 . 3,=7pand R=idfinity. Therefore,
C = . FoaFconsistency, a 1 aF change in samp
simulations It is important to note that tipample distnce has an inverse relationship with
sensitivity. For example, with the above model, increasing thadipple distance from 40
nm to 100 nm wil/|l d e c r and msauagrly, deiysitivity whllabe t o r of

decreased by the same factor. This sholmssitmportance of having an accurate method for

controlling the tipsample interaction discussed in previous chapters.

4.4.2 Micro-transmission line

SMM works based on microwave interaction between the tip thedample. Thereforea
transmission line is requideto take the microwave signal from the bonding pads to the tip.
Micro-transmission line design is importafdr improving the overall sensitivity of the
system especially in the rather lossy process of 0.35 @MOS-MEMS, which is what we
use.In a cawvertional SMM, aregular coaxial lings usedto carrythe microwave signatio

a high quality factor coaxial resonat®], [28], and the center conductor is usually extended

to be used as the tipn more recent SMMs, thep is at the end of a cantileveandeither a
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single metal trace of arour@D0 um[33], a stripline[59], or a CPW[4] is used to carry the
microwave signato the tip In this thesis, we present a more comprehensive investigation of
different microtransmissionihes implemented in a CMOS chip to come up with the best
choice. Here, again, even though the analysis is don€€MOS-MEMS SMM, it can be

applied to other versions of SMM as well.

The dhoice of transmission lines highly depen@nton the fabrication prcess and device
structure.In this thesis we use0.35 um technology from TSMC (Taiwan Semiconductor
Manufacturing Company)which has 4 metal and 2 poly layetisat can be used for micro
TL design Numeroustypes of transmission lirsg includingmicrostiip, stripline, CPW, and
rectangular coaxial lineare possiblein this process Also, since scanners and position
sensors are integrated in the chipthis type of SMM to move the tip in 3 directions, the
micro-TL needs to be flexible and lightweigh®Dnedesign constraint is that the maximum
width of the micreTL should be less than 6 um, as otherwise it will be too heavy to move.
Thus, very wide micreTLs such as CPW lines will not result in desirable mechanical
propertiesFig. 4-10 shows the crossectionof some possible choices for mieid. design.
Note that the silicon underneath the mi€rb will be etched leavingabout 15pm of air
between the metall layethfe lowest metal layer) antthe lossy silicon substrafeesistivity

~ 8 ohm.cm), which considerabhgduces substrate losses.

[ M3 M3 M3/M4
Via l Oxide Air
M1 M1 v
Rectangular Coa» Stripline Microstrip Coplanar strips

Fig. 4-10. Crosssection of some possible mien@nsmission lines itehCMOSMEMS process

At first glance, it is notlearwhich microTL results in the best sensitivity. One way is to
simulatethe entire systemwith different micreTLs (with changing design parameters for
each micreTL) and compake the results Because of the complications of simulations
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explained at the beginning of this section, this methoa\sry timeconsuming procesand

does not give the designer any intuitidviost transmission line analysis is done for low loss
and nonradiating transmission lines. In those cases, one can usually find the properties of
the TL from its crosssection. However, when dimensions anctcitmesses of the metal layers
become less than skin deptha full-wave simulator such as HFSS and ADS is required to

find an accurate model for the TL.

Let us first analyze a transmission line. A standard and accurate method to find the
properties of a tnasmission line (such as characteristic impedance and propagation constant)
is to simulate a certain length of the TL and find itp&ameters. ABCD parameters can
then be found from $arameters, and from ABCD parameters, the RLGC parameters of a

transmision line can be found. This process is shdvig. 4-11 and the following equations:

e 0 G EQIO (4-18)
wa
! " (4-19)
Qa O .
w 7 & ©°9D 1 Oy AY 1 Qdba & (4-20)
. . Q40 00 o T .
& [ o ° 8 —— Og HO i Qda \f (4-21)
whereoisthec ompl ex propagati on constant ,6 theisi s t he
attenuation constant, ol edlsedtofihdheSparaneterns, Zof t r ar

is the series impedancand Ysnunt is the shunt admittance of the transmission line in the

RLGC model shown irFig. 4-11.

In the literature, SMMs are designed in a few different wayasenssleet al.[60] looks at

the entire SMM system as a-port network and tries to minimize the insertion loss for this

2The Skin Effects the tendency of an A€urrentto become distributed within a conductor such that the current
density is largest near the surface of the conductor, and decreases with greater depths in the conductor. The electric
current flows mainly at the "skin" of the conductbetween th@uter surface and a level called the skin depth
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Fig. 4-11. Finding properties of a transmission line frospdtt full-wave simulation

network. The flaw of this method is that the-Bpmple impedance is nowhere neardin;

in fact, it is a very high capacitive impedance. Lai et [8ll] uses a shielded stripline
transmission line and argues that for best performance, the series resistance and capacitance
model for the short transmission line should be minimized.ilgVthis argument may be
correct for cases where series resistance is the dominant factor of transmission line loss, it
is not correct for a general condition. Huber et[8B] uses a hafambda transmission line

with a shunt 56ohm resistor to match a single trace of about 300 um that is connected to the
unshielde part of the tip. In the following, a general method is presented for the #iicro

analysis and design.

Knowing that theentire SMM system including the SMM device and the matching
network, will make a resonatorand based on theuglity factor analysis in sectiof.3, one
can figure out thata microTL that has thehighest quality factorshould give the best
sensitivity.Therefore, qualityfactor analysis for transmission lines can be utilized to analyze
and choose the best micro transmission line. For a transmission line at res¢2jnce

aod o ¢ i0QI QW
aEnodL VE ¢ QOwaAgR

C

(4-22)

This total Q of the transmission line is a combination of two quality factors for the series and

shunt sections of the transmission ljrse&ich that:

- 106.. 10
) — — 4-23
V] — hO 'Y ( )
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whereQcapandQ. are quality factors of series L and shuns€ymentof the lumped element
model of the transmission lin@gig. 4-11). This method of analyzing transmission lines has

two important benefits. First, the transmission line does not need to be at resonance for this
analysis to be true. This is an important criterion because most of the tranmsmlises used

for SMM are electrically short. The second benefit is that series and shunt segments of the
transmission lines are separated here and can be studied individually. For example, using the
standard qual ity f act oceasym el which sedtionrof tleefmicilil/ 2 U,
contributes to more loss without simulations, but ifafand Q are known, one can find

which section should be improved.

Now let us look at the mickdLs shown inFig. 4-10. In CMOS, oxide is low loss and
metal is lossy, especially at higher frequencies due to the thin metal layers and low
conductivity of the aluminum alloy used. From this, we can see thatuhbtyg factor of the

series segment is dominant. Therefore any design that improves/iQmprove overall Q.

Now, one can intuitively say that for higheg Qhe series inductor should be increased (or
R should be decreased), which means that the separhétween signal and ground metals
(forward and return current) should be higher. In this instance, the total magnetic flux and
consequently L increases with increased separation. The increased separation does not
increase R much and, as a resuli, gxd overall Qwould increase. From this simple
intuitional analysis, it becomes clear that microstrip realization results in better Q than
stripline or rectangular coax. As can be seen from simulation results as well as the quality

factor analysis, microstrips indeed the best choice in terms of sensitivity improvement.

The coplanar strips could also be a good choice with careful design. However, they are not
shielded (so this would not be a good option near the tip) and are not suitable for meandering
the micro-TL to make it flexible. Moreover, between the meander line and the tip area, a soft
micro-TL is required in order to move the structure out of plane with the bimorph
electrothermal actuators. In this area, other types of mldr® can become too stifso the

best option is the coplanar stripes. For examplenae8allayer micreTL such as microstrip

71



Microstrip

Micro-TL —000 ANV
lese .l §
L S

Simulation port

Fig. 4-12. Microstrip micreTL and its circuitmodel

or stripline will have about 200 times more stiffness than when using only the first metal
layer as a coplanar stripe. This is because stiffness is piopal to thickness cube[b3],

and a stack of 3 metal layers has about 200 times more stiffness than a single metal layer.

A circuit model for the micrelL is shown inFig. 4-12. Since the micrelL is an
electrically short transmission |ine smaller
segment of the general transmission line RLGC model. Another shunt segment is added to

make a symmieical pi model.

In this model, theseries resistor imot depen@nt on frequency becausthe width and
thickness are smaller than or comparable to skin deptr a certainmicro-TL (e.g.,
microstrip), changing the width doewot significantlychange the quality factor because both
theinductance andhe resistance of thenicro-TL undergosimilar changeqi.e., increasing
the width decreases both R andtb the same proportion) and, @ould not change much.
However,if we increase the gap between the signal and the ground return patighiR not
change mah but L certainly doedecause the area of integration of total flux increaaad
thusQ. and consequently Qncreases. This describes why a microstrip lpmemotesbetter
sensitivity than a stripline.In the following section, a detailed analysis aodmparison

between different micrd Ls is presented.
4.4.2.1 Simulation results micro-TLs
In this section, simulation results for different miefas are presented. First, a certain length
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of the micreTL is simulated in HFSS (200 um). Both lumpedrts and waveorts are used
and compared in these simulations, but only lumped results are presented, since both
resulted in similar gparameters. An HFSS drivemodal solution is used here because the
propagation mode along the miefids is quasiTEM (the other ption is a driverterminal,
which is better suited for TEM modes). Next, ABCD parameters are extracted from the 2
port sparameters, and finally transmission line properties are found using equédides

to (4-21). The results of the rectangular coax (very similar to stripline) microstrip and slotline
micro-TLs are presentedpllowed by a discussion and comparison of different lines. The
electric and magnetic fields for each miefa are also shown to show that the correct mode

is excited in the structure.

It can be noted that for all the micfll_s, characteristic impedance highly dependent on
frequency. Furthermore, the imaginary part of the mittois comparable to or in some
cases even higher than the real part, which shows very high losses in theThgrdheir
frequency dependencies make them highly dispersive eldwric and magnetic fields of the
rectangular coax micrdL in Fig. 4-13 show that they are not completely confined and that
some of the fields pass through theeddi This occurs because the shield thickness is thinner
than skin depth. Another point to notice is that the series resistance does not change with
frequency. This might seem surprising, but since the skin depth of this aluminum alloy is
between 1.2 and.2 microns (which is bigger than the metal thickness and comparable to the
width), all the current within a-20 GHz frequency range passes through all the eross

sections of the metals. As a result, resistance does not change much with frequency.

Another hing to consider is that by looking at the &d Hfields of the microstrip and
slotline microTLs in Fig. 4-14 and Fig. 4-15, we can see that the amplitude of the electric
field passing through the silicon substrate is a few orders of magnitude smaller than the
maximum electric field of the micrkdLs. Therefore, silicon substmtloss becomes
negligible here, and mainly the silicaoxide loss tangent contributes to conductance (shunt

losses). This is the reason why G is almost proportional to frequeddy ( S 0
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Fig. 4-13. Rectangular coax micfOL. Top left: real and imaginary parts of characteristic impedance.
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Top right: propagation and attenuation constants. Middle left: inductance and resistance per unit length
of the micreaTL model. Middle right: Capacitance and conductance per unit length of the-Thicro
model. Bottom left: Hield at the crossection of the micrdL (HFSS simulation). Bottom r: Held

at the crossection of the micrelL (HFSS simulation)
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Fig. 4-14. Microstrip micreTL. Top left: real and imaginary parts of characteristic impedance. Top

right: propagation andttenuation constants. Middle left: inductance and resistance per unit length of

the micreTL model. Middle right: Capacitance and conductance per unit length ofd¢re . model.

Bottom left: Efield at thecrosssectionof the micreTL (HFSS simulatia). Bottom right: Hfield at

the crosssectionof the micreTL (HFSS simulation)
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Fig. 4-15. Slotline on M1 layer micrdL. Top left: real and imaginary parts of characteristic

impedance. Top right: propagation and attenuation constants. Middle left: inductance and resistance

per unit length of the mickdL model. Middle right: Capacitance and conductance per unit length of

the migo-TL model. Bottom left: Hield at thecrosssectionof the micreTL (HFSS simulation).

Bottom right: Hfield at thecrosssectionof the micreTL (HFSS simulation)
































































































































































































