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Abstract 

This thesis presents the design, fabrication and experimental validation of an integrated dual-

mode scanning microwave microscopy (SMM)/Atomic Force Microscopy (AFM) system that 

does not require the use of a conventional laser-based AFM or external scanners. 

Microfabricated SMM probes are collocated with strain-based piezoresistive AFM probes in 

a CMOS-MEMS process, and are actuated by integrated electrothermal scanners. Integration 

of AFM enables dual-mode imaging (topography and electrical properties) ; it also enables 

control over tip-sample distance, which is crucial for accurate SMM imaging. The SMM (also 

known as Scanning Near-field Microwave Microscope and Scanning Evanescent Microwave 

Microscope) is the most well-known type of Scanning Probe Microscopes (SPM) that can 

quantify local dielectric and conductivity of materials. It has emerged as the most promising 

means for the fast, non-contact, and non-destructive study of materials and semiconductor 

devices. 

The CMOS-MEMS SMM devices are fabricated by using a standard foundry CMOS 

process, followed by an in-house mask-less post-processing technique to release them. 

Single-chip SMM/AFM devices with integrated 1-D and 3-D actuation are introduced. The 

CMOS-MEMS fabrication process allows external bulky scanners to be replaced with 

integrated MEMS actuators that are small and immune to vibration and drift. In this work, 

electrothermal MEMS actuators are utilized to scan the tip over the sample in 3 degrees of 

freedom, over a 13 µm x 13 µm x 10 µm scan range in the x, y, and z directions, respectively. 

Furthermore, the availability of polysilicon layers on the CMOS processes allows for on-chip 

integrated piezoresistive position sensing that obviates the need for the laser system. Vertical 

tip-sample distance control of a few nanometers is achieved with the integrated piezoresistive 

position sensors. These devices are used to modulate the tip-sample separation to underlying 

samples with a periodic signal, improving immunity to long-term system drifts.  

To improve the sensitivity of the CMOS-MEMS SMM, different types of matching 

networks for SMMs are thoroughly analyzed and closed form formulas are presented for each 
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type. Based on the analyses, the stub matching method is selected to match the high tip-to-

sample impedance to the 50 ohm characteristic impedance of  the system. After that, with the 

help of lumped models and EM simulations, different sections of the CMOS-MEMS SMM 

system are analyzed and suggestions for selecting the best micro-transmission line and 

bonding-pad transmission lines are given. A measurement circuit for SMM is then  presented 

and explained, showing how this measurement system can improve the output -signal-to-noise 

ratio and hence the sensitivity of microwave imaging. Calculations for the entire SMM 

system indicate that sub-attofarad tip-sample impedance can be measured. It 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 measurement results for the fabricated CMOS-MEMS SMM are presented 

to verify the proposed methods. Several samples with sub-micron and nanometer feature sizes 

are imaged. A special test sample with no topography but with buried dielectric materials in 

grid and stripes is also designed and measured. 
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Chapter 1 

Introduction 

The Scanning Microwave Microscope (SMM), as one of several instruments that offer 

Scanning Probe Microscopy (SPM) techniques, is used for surface imaging and for providing 

information about atomic structure and material properties. SPMs are the highest resolution 

instruments capable of imaging and patterning materials at the sub-micrometer to nanometer-

length scale. The 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 samples. The SMM (also known 

as Scanning Near-field or Scanning Evanescent Microwave Microscope) is the most well -

known type of SPM that can quantify local dielectric and conductivity of materials. It has 

emerged as the most promising means for fast, non-contact, and non-destructive study of 

materials and semiconductor devices. 

SMM operation is based on the near-field reactive loading of an electrically small antenna 

probe by the sample of interest, where both probe dimensions and probe -to-sample spacing 

are much smaller than the free-space wavelength. 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 microwave microscopy are as follows. In the microwave 

frequency region, connecting a microwave (or an RF) source to a metal tip with a sharp 

curvature of radius R0 << λ will generate evanescent waves whose wave vectors can go up to 

kr ∼ 1/R0, with a spatial resolution power given by ∼ R0. These evanescent waves only exist 

near the metal tip and decay exponentially away from the surface. Interaction between the 

metal tip and a sample will change the field configuration near the  tip [1]. 
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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 frequenci es, and 

both the magnitude and phase of the signal can be used to construct images, multi -frequency 

and multimodal images can be constructed to obtain additional information regarding 

embedded structures, material properties, and non-uniformity [2]. 

As traditional measurements require large, pure, and homogeneous samples, part of the 

motivation to employ an SMM is prompted by the deficiencies of traditional far -field 

measurements. In addition, there is an increasing need to examine new physics in nanometer -

length scales that are present in highly correlated electron systems and biological systems. 

Also prompting studies in this field are technologically motivated investigations of 

semiconductor and other functional materials at the nanometer scale [3]. On the practical 

side, state-of-the-art microelectronics and telecommunication devices all operate at gigahertz 

frequencies, creating a 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 long-range electrostatic-like force involved in the SMM 

relieves the stringent requirement of proximal probes, thus enabling high -speed, noncontact, 

and non-destructive 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 exposure; from the conductive AFM tip and the semiconductor, a 

metal-oxide-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 cases is approximately the concentration of impurity donor or acceptor atoms, 

i.e., the dopant concentration. Measuring the capacitance difference ΔC of the tip -sample 
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interface and its variation with an applied tip-sample bias is an important extension for the 

electrical characterization of semiconductors (referred to as dC/dV imaging). Calibrated 

SMM enables two-dimensional mapping of the carrier density across different regions of a 

semiconductor, with applications in the failure analysis, characterization and performance 

modeling of semiconductor devices, as well as dopant and carrier profiling [5], [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 structures [7]. 

Further motivations for research into SMMs span interdisciplinary fields. For instance, 

SMMs can find buried defects and determine characteristics of buried materials because of 

the penetration depth of microwave signals , which is a unique capability of SMMs [8]. As 

well, [9] has shown an important application of scanning microwave microscopy for the 

single-grain-boundary characterization of metallic ferromagnetic (FM) thin films, which 

provides a unique opportunity for integrated radiofrequency (RF)/microwave magnetic 

devices such as antennas, filters, inductors, etc., at radio and microwave frequency ranges. 

Overall, then, SMMs 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 steps of the 

scanners. Moreover, these large piezoelectric scanners can be very expensive. Also 

conventional AFMs, as the most well-known SPM, use a laser system that requires alignment 

and very sensitive detection, which is again bulky and expensive. CMOS-MEMS fabrication 

replaces external bulky scanners with integrated MEMS 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 piezoresistive position sensing integrated on a chip, negating the need 

for bulky and expensive laser systems. Fig. 1-1-(a) shows a conventional commercial atomic 

force microscope with the illustration of the external scanners and laser system compared to 

an integrated single-chip AFM fabricated with CMOS-MEMS technology in a total area of 

≃ 1mm2 [10]. 

 
 

(a) (b) 

Fig. 1-1. (a) Conventional commercialized AFM and 3-D scanner with laser alignment system. (b) A 

single chip AFM with piezoresistive position sensing and on-chip MEMS actuators for scanning [10]. 

1.2 Objectives 

The objective of this thesis is to develop a high resolution, high sensitivity chip-scale SMM 

with on-chip 3 degrees of freedom (DoF) scanners, integrated with AFM, so that the entire 

system is capable of measuring both topographical and electrical properties of a broad range 

of samples. Based on this goal, the stages of this research will  proceed as explained in the 

following sections. 

brukerafmprobes.com azoquantum.com 

~30 
cm 

200 nm 



 

 5 

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 using CMOS-MEMS technology. For vertical actuators, bimorphs are used, and for 

lateral actuators, multi-morphs 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 the microwave 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 improving the sensitivity of CMOS-

MEMS SMM 

CMOS-MEMS SMM has the benefit of being smaller and cheaper . However, being fabricated 

on CMOS and integrated with the scanning actuators, it suffers from higher loss both  in 

silicon and conductor material. Therefore, the sensitivity analysis and improvement of the 

entire SMM system is an essential task. A systematic analysis based on the quality factor of 

transmission lines is presented for the sensitivity analysis and design of 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 to minimize noise and detect small signals from tip-sample interaction. 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 near-field measurement is directly related to the accuracy with which 

the tip-sample distance can be maintained, and thus it is imperative to keep this distance 

constant and small. Also, in most applications, it is important to extract both physical 
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(topographical) and electrical properties of the sample simultaneously. All of this is 

accomplished in this thesis by combining an SMM (to find the electrical properties of the 

sample) with an AFM (to find the topographical image of the sample). We show a combined 

AFM device based on piezoresistive position sensing in the tapping mode (reported in [10], 

[11]) for closed-loop distance control of our SMM device. Also, a special test sample with 

no topography but 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 a sensitive high-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 line and a sharp tip) and the medium is minimized. We have 

designed and tested some shielded transmission lines in the CMOS-MEMS process that 

shields the microwave path from the surrounding medium up to the probe-tip.  

The resolution of any near-field measurement is directly proportional to the curvature of 

the tip. A tip curvature of around 150 nm is achieved with the standard CMOS-MEMS process 

without any further processing steps. 

1.3 Thesis Outline 

Following the motivations and objectives presented in Chapter 1, a comprehensive literature 

survey on the SMM is provided in Chapter 2, where various types of SMMs as well as current 

trends and the state-of-the-art of research and practice in this area are described. The theory 

behind the SMM technique is also discussed in this chapter .  

In Chapter 3, after a short review of MEMS SPMs, the fabrication process for CMOS-
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MEMS is explained, followed by a description of the SMM device. The importance of tip -

sample distance control and integration 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 4, CMOS-MEMS SMM is first described from an overall system point of view. 

Then, with the help of lumped model and EM simulations, the sensitivity of the SMM system 

is analyzed. Furthermore, a measurement circuit  for improving sensitivity is presented and 

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 features the measurement results. First, some of the preliminary results achieved 

without the use of the high sensitivity measurement circuit is presented. Then, the imaging 

results with the help of the measurement system is explained and several samples are imaged. 

A test sample designed to image buried structures is also explained and imaged with our 

SMM system. 

In Chapter 6, conclusions and suggestions for future work are presented. Some potential 

approaches for further improvement in SMM sensitivity are suggested. 
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Chapter 2 

Literature Survey 

In this chapter, a short history of SMM is first presented, starting with the seminal paper of 

Synge that overviews the Scanning Microwave Microscopy. Then, a brief review of AFM 

and STM is presented. After that, various types of SMM are reviewed, followed by 

descriptions of some tip-sample distance control methods, which are crucial in SMM 

operation. At the end, theoretical analyses of conventional SMMs in the literature are 

summarized and some FEM simulation results for the conventional SMMs are presented. 

2.1 History 

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

the extreme resolution limit would be 0.05 μm, he suggested a method which is now known 

as Scanning Near-Field Microscopy [12]. Due to practical limitations at that time, Synge 

could not show the idea but did surmise that resolutions of 0.01 μm would be po ssible if 

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 10−6 cm laterally and 10−7 cm vertically. 

3. Planarity of the target should be on the order of 10 −6 cm. 

4. Construction of the small probe structure should be on the order of 10 −6 cm. 

In his paper, Synge mentioned that a “distinguished physicist” suggested the idea to him; 

today, we know that this distinguished physicist was Albert Einstein [13]. 
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Building on Synge’s earlier research, Frait [14] in 1959 and Soohoo [15] in 1962 showed 

the first near-field microwave microscopy for measuring magnetic properties of material 

around 10 GHz by opening a 500-μm hole in a resonator as an aperture and bringing the 

sample almost in touch with the hole. Despite these achievements, the first scanning near-

field microwave microscopy was not developed until 1972, by Ash and Nicholls [16]. They 

showed that the Abbe barrier for resolution (λ 0/2), which was previously thought to be the 

resolution limit, could be broken in near-field, and that the resolution in near-field is 

determined by the size and geometry of the probe rather than wavelength. They demonstrated 

0.5 mm spatial resolution with a sub-wavelength aperture in a 10 GHz (λ0=3 cm) resonator 

(Fig. 2-1); this λ/60 resolution was achieved for metallic features. They also resolved an edge 

between two different dielectric materials with their system.  

2.1.1 STM and AFM 

In 1981, Scanning Tunneling Microscope (STM) for measuring nano -scale metal surfaces 

 

Fig. 2-1. Ash and Nichole’s proposed SMM: A 10GHz oscillator excites a hemispherical resonator 

which is loaded by a subwavelength aperture of diameter 1.5 mm [16]. 
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was invented by Gerd Binning 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. Then, the 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 across th e 

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. That same year, 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 non-metal surfaces). These two techniques gave birth to a family of related techniques 

called Scanning probe microscopy (SPM) that provide information about atomic scale 

structure and processes. SPM’s are widely regarded as the workhorse instruments of 

nanotechnology. 

2.2 Various SMMs 

SPM techniques such as 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 near -field scanning optical microscope 

(NSOM), operate with sensing signals in the optical regime (300–750 THz: 400–800 nm). 

However, between NSOM and AFM/STM techniques, there is a very large frequency gap 

(Fig. 2-2). Scanning microwave microscope (SMM) with possible sensing signals from 0.1 

to 140 GHz bridges this  gap between the existing local probe microscopy systems [17]. 

All earlier versions of SMM were aperture-based probes. Waveguide or aperture-based 

SMMs suffer from attenuation when they work below cut -off frequency; in these types of 

SMM, a linear improvement in resolution results in an exponential reduction in sensitivity. 
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As there is no cut-off frequency in a transmission line, coaxial transmission line probes have 

much better performance than aperture or waveguide probes [1]. An open-ended coaxial 

probe was first proposed by Fee et al. [18], who achieved a resolution of λ/4000.  

Coaxial probes became one of the most famous types of SMM. Anlage’s group at the 

University of Maryland used a λ/2 coaxial transmission line with a sharp tapered tip 

protruding from the open end, while the other side was capacitively coupled to a microwave 

source (Fig. 2-3)[19]–[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 surfaces [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 

quality factor parameters. A 2fFM lock-in measures the curvature of the Vdiode(f) curve, and 

gives an output that can be related to the quality factor of the resonator, Q. 

Although using a sharp tip concentrates the evanescent field close to the end of the tip, but  

because of far-field interaction between the propagating field and sample (non -tip-end 

interaction with sample), the characteristic dimension (and consequently the quantitative 

resolution) is set by the separation between the tip and the outer coaxial con ductor, which is 

typically a few hundred microns [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 closed the open side of the coaxial resonator (here it is λ/4 because one side is short and 

 

Fig. 2-2. Frequency spectrum for different scanning probe microscopy techniques. SMM bridges the 

frequency gap between the existing local probe microscopy systems [17]. 
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the other side is open circuit) and opened only a small area for the tip. In this way, the 

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

increases measurement sensitivity[24]–[26]. The researcher used a sapphire disc of 100-200 

μm diameter and coated the outer area of the sapphire disc to prevent far -field radiation as 

shown in Fig. 2-4. In this configuration, the fr shift and Q are determined by measuring the 

error signal of the phase-lock-loop and the amplitude of the output signal of the resonator 

using a diode detector, respectively [25]. A resolution of 10 nm was achieved. 

V.V. Talanov et al., rather than attempting to shield the parasitic “stray fields” inherently 

present in unbalanced geometries with a sharp tip, proposed a microfabricated balanced  

stripline oriented perpendicular to the sample [23] (Fig. 2-5). With electrode spacing at the 

tip D1–10 μm the fields are largely confined between the two electrodes and therefore the 

characteristic probe dimension is on the order of D.  The parallel strip resonator tip confines 

 

Fig. 2-3. Schematic of the scanning near-field microwave microscope. The insets show a close view of 

the coaxial probe, sample, as well as a lumped element circuit model for the tip-sample interaction [3]. 
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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 and mea surement of low 

permittivity thin film materials on semiconductor wafers [27].  

M. Tabib-Azar et al. worked on characterization 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 shown inFig. 2-6.(a),(b); for a magnetic dipole, 

they connected the signal to the ground using a thin piece of wire [29]. In their first paper, 

the researchers reported 100-150 μm resolution. Later, by using a stripline resonator for 

better shielding and a chemically etched sharp tip and tip -sample  distance modulation, they 

achieved 0.4 μm resolution [2]. They also used a lumped element model for the transmission 

line and for the tip-sample interaction (for dielectric and metallic samples), as shown in  Fig. 

2-6.(c), (d). In their next paper, they integrated a conventional AFM with their SMM and 

 

Fig. 2-4. System Configuration for the SMM system proposed in [28] (details in the text). 
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also used a micro-machined coaxial transmission line [17].  

At Stanford, Lai et al. introduced a type of SMM that is combined with AFM. In their first 

paper, they used a 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 non-localized tip to sample interaction [30]. 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 sensitivity. Fig. 2-8 

shows the tapping mode operation compared to contact mode for a topography-free sample 

as well as a schematic of combined AFM/SMM electronics.  

 

Fig. 2-5. Apparatus schematic showing the probe, electronics, and shear-force setup. Note that in reality 

the laser beam is oriented perpendicular to the direction of enclosure dithering. Insets: intensity contour 

plots of the fringe E field in the xz lane for bulk samples with εr=300; the tip-sample distance is 100 

nm, D=4 μm [23]. 
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Fig. 2-6. (a) Microstrip-line resonator and probe assembly. Evanescent waves extend out of the tapered 

tip. (b) Schematic of the probe-sample interaction area. Lumped-circuit model of the waveguide, tip, 

and sample. A dielectric sample is modeled in (c) and a metallic sample is modeled in (d) [32],[17]. 

 

 

Fig. 2-7. Coaxial probe has two main sections, as shown in (a), consisting of a waveguide section over 

the “handle” and a cantilever beam followed by the tip section. The tip section consists of a protruding 

tip apex surrounded by a dielectric layer and a metallic shield layer. The cross-section of the probe is 

shown in (b) [17]. 
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Fig. 2-8. (Left) Tip-sample capacitance as a function of the spacing. As the tip oscillates above the 

sample surface, the tip impedance is also modulated at the same frequency. The inset shows the 

schematic of the tapping mode AFM and the microwave electronics (D—directional coupler, A—

amplifier, M—mixer), as well as the cantilever structure and the SEM of the Pt tip. The scale bar is 500 

nm [31]. (Right) (a) Layer structure of the Al2O3–SiO2 / Si sample. (b) AFM image of the polished 

sample surface. (c) Contact and (d) tapping mode MIM-C images taken by the same tip at the same 

area. The darker regions are buried SiO2. Electronic drift can be observed in (c) but not in (d). Line cuts 

are shown in both (c) and (d) for comparisons of the signal strength and the spatial resolution [31]. 

Huber et al. introduced a calibrated SMM integrated with standard AFM based on standard 

calibration samples for both capacitance and dopant profiling meas urements [5], [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 50-ohm shunt resistor is used to bring 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 SiO2 staircase structure was used. The thickness of the die lectric SiO2 staircase ranged from 

10 to 200 nm. The quantitative 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 electrode and the SiO2 step heights, the corresponding 
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capacitance values, as measured with the SMM (Fig. 2-9).  

More recent research on SMM: researchers at IEMN in France reported an interferometric 

SMM for characterization of capacitors and tunnel junctions [35] Recently, More recent 

SMMs are reported in. Farina et al. reported a time-domain reflectometry method for SMM 

[36]. Tselev et al. reported an application of SMM for non-invasive nanoscale imaging in 

liquid environment [37].  

2.3 Tip-Sample Distance Control  

One of the strengths of near-field microscopy of any kind is that measurements can be made 

 

Fig. 2-9. (a) A standard conductive AFM is connected to a performance network analyzer (PNA). A 

half lambda coaxial transmission line terminated with a 50-ohm shunt resistor is used for matching. (b) 

Sketch showing the arrangement of gold caps on the four steps of the dielectric staircase structure. (c) 

Topographical image of the 50 nm stepped calibration sample and profile along the white line [33]. 
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without any physical contact between the near-field tip and the sample or device being tested. 

The precision of any near-field measurement is directly related to the precision with which 

the tip-sample distance can be maintained, and a good rule of thumb is that the tip should be 

held reliably at a distance above the sample that is less than one-tenth of the tip size D. The 

challenge is integration of each technique with a suitable near -field microwave microscopy 

probe [3]. Imtiaz et al. uses an STM for distance control over metallic samples [38]. The  

shear-force distance control method, originally applied for NSOM, is used in [23] for SMM. 

Several authors have addressed this issue by combining SMM with AFM [31],[17],[40]. 

Authors in [39] utilized a height modulation distance following technique combi ned with 

tapping mode and showed an improvement in both spatial resolution and material property 

.  

Fig. 2-10. (a) Comparison of images obtained in DF, HMDF and HMDF, with tapping modes from a 

locally B-doped Si sample. The first two images were taken simultaneously. (b) Line cuts along the 

dashed lines in the images above [39]. 
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sensitivity (Fig. 2-10). The best result is achieved when the tip is in tapping mode. 

2.4 Theoretical Analysis 

In this section, two well-known 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 electrical properties of the sample such as permittivity and permeability change in near 

proximity to a near-field probe, detection system parameters such as resonant frequency, 

quality 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 sample -to-tip interaction, 

which is very useful and handy for quick system analysis. The second method is a charge 

image method based on spherical tip and quasi -electrostatic tip-sample interaction 

assumptions. 

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

Consider the near-field tip as a two-terminal, linear, passive system (e.g., antenna) connected 

to the detection apparatus such as a transmission line, LC-oscillator, etc. If the sample is 

lossless and only the near-zone 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 probe c an be described in 

terms of the lumped element impedance Zt = Rt + iXt. Generally, Zt depends on the tip 

geometry, the sample electrodynamic properties, and the tip -sample distance. The complex 

Poynting theorem yields the following expression for the react ance of the near-field tip (i.e., 
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electrically small antenna):  

 𝑋𝑡 =
4𝜔

|𝐼𝑖|
2
 ∫ (𝑤𝑚 − 𝑤3)𝑑

3𝑥
𝑉

  (2-1) 

where Ii is the harmonic input current at the tip terminals ( such that input voltage Vi = Zt Ii), 

Wm = B ·H∗/4 and We = 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 of rea ctive energy stored 

in this field, the tip is considered either electric 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:  

 𝑅𝑡 =
𝜔

|𝐼𝑖|
2
 ∫ (

𝜎

𝜔
|𝑬|2 + 𝜖0𝜖"|𝑬|2 + 𝜇0𝜇"|𝑯|2)𝑑3𝑥

𝑉

  (2-2) 

As well as conventional far-field radiation generated by the tip (i.e., radiation resistance) 

that can often be neglected for most near-field tips. Note that similar expressions can be 

derived for the tip complex admittance, as well.  

2.4.1.1  Impedance of an electric tip 

Generically, the impedance ZtE of an electric tip formed by the open end of a two-conductor 

transmission line (e.g., flush open, terminated with STM tip, etc.), can be represented as a 

network of the tip-to-sample coupling capacitance 1/Cc = 1/Cc1 + 1/Cc2, the sample “near-

field” impedance Zs, and the tip stray capacitance Cstr .  

 

Fig. 2-11. Lumped element circuit model for the tip-sample interaction. 
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 (𝑍𝑡𝐸)−1 = (
1

𝑖𝜔𝐶
+ 𝑍𝑠)

−1

+ 𝑖𝜔𝐶𝑠𝑡𝑟  (2-3) 

 

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 coefficient [3]. 

Zs is due to the energy stored and/or dissipated in the sample under test. Both Cc and Cstr 

depend on the tip-sample distance h. To obtain high enough sensitivity to the sample 

properties (i.e., to make ZtE ∼ Zs), it is imperative that both 1/ωCcZs and ωCstrZs be much 

smaller or at least on the order of unity, which can typically be achieved by making h  ≪ D, 

where D is the characteristic tip size.  

Under the above conditions, let us estimate the near-field impedance due to a homogeneous 

bulk sample, Zsb, while assuming the true near-field situation |ks|D ≪ 1, ks = ω(ε0εsμ0)1/2. Due 

to its static nature, the sampling near-field occupies a volume governed by D, and the first 

integral is on the order of ε0εs|E0|2D3, where |E0| ∼ Vi /D is an estimate for the average electric 

field in the sample. Then Zsb = Rsb + i Xsb. Therefore,  Zsb = 1 / iωε0εsD , which is basically 

the impedance of a capacitor with a geometrical capacitance ε0D filled up with material of 

complex relative permittivity εs = ε’ − iε” . Let us illustrate this concept for a variety of 

materials. 
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Dielectric. If the sample is a low-loss dielectric with εs = ε(1 − i tanδ), tanδ ≪ 1, then the 

near-field impedance is: 

 𝑍𝑠𝑏 =
𝑡𝑎𝑛 𝛿

𝜔𝜖0𝜖′𝐷
− 𝒊

1

𝜔𝜖0𝜖′𝐷
  (2-4) 

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

well as the loss tangent (𝑡𝑎𝑛 𝛿).   

Semiconductor. At microwave frequencies, semiconductors can exhibit ε’ ~ ε” = 1/ε0ωρ, 

i.e., contributions from the two conduction mechanisms, displacement and physical, are 

comparable. Then: 

𝑍𝑠𝑏 =
1

𝐷 𝜌⁄ + 𝒊𝜔𝜖0𝜖′𝐷
  (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 permittivity εs ≈

−i/ε0ωρ. Thus, Zsb represents the dc resistance of the tip sampling volume:  

𝑍𝑠𝑏 = 𝜌/𝐷  (2-6) 

Unlike the conventional surface impedance of a bulk metal, Zsb has no reactive part because 

the geometrical inductance is negligible in the case of an electric probe. This equation implies 

that when D is much smaller than the metal skin-depth the probe spatial resolution is 

governed by the tip size rather than the sample skin-depth. This creates a unique opportunity 

for near-field microwave microscopy to study just the subsurface portion of the material, 

unlike conventional far-field techniques that are sensitive to the entire skin-depth layer. 

2.4.1.2 Impedance of a magnetic tip 

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

by the method of images: 
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𝑍𝑡𝑀 = 𝒊𝜔𝐿0 +
𝜔2𝑀2

𝑍𝑠 + 𝒊𝜔𝐿1
  (2-7) 

where L0 is the loop self-inductance, L1 is the sample effective inductance, M is the tip-

sample mutual inductance (i.e., tip-to-sample coupling), and Zs is the sample surface 

impedance. Away from the sample, the tip impedance approaches iωL0. 

2.4.2 Transmission line model of the probe 

When a transmission line terminated with either an electric or magnetic tip forms a near -field 

microwave probe, the tip-sample system can be treated as a discontinuity in this line. 

Consider a near-field tip with impedance Zt terminating the probe transmission line of 

characteristic impedance Z0. The impedance of a substantially electric tip should satisfy the 

condition |ZtE| ≫ Z0, while for a substantially magnetic tip |ZtM| ≪ Z0. Then the complex 

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

Γ𝐸 = |Γ𝐸| exp(𝑖𝜃E) =
𝑍𝑡𝐸 − 𝑍0

𝑍𝑡𝐸 + 𝑍0
≅ exp (−

2𝑍0𝑅𝑡𝐸

𝑅𝑡𝐸
2 + 𝑋𝑡𝐸

2 )𝑒𝑥𝑝 ( 𝒊
2𝑍0𝑋𝑡𝐸

𝑅𝑡𝐸
2 + 𝑋𝑡𝐸

2 ) (2-8) 

and the reflection coefficient from the magnetic tip is:  

Γ𝑀 = |Γ𝑀| exp(𝑖𝜃E) =
𝑍𝑡𝑀 − 𝑍0

𝑍𝑡𝑀 + 𝑍0
≅ −exp (−

2𝑅𝑡𝑀

𝑍0
)𝑒𝑥𝑝 ( −𝒊

2𝑋𝑡𝑀

𝑍0
) (2-9) 

To obtain the exponential forms in the right-hand side above, the approximation (1−x) / (1+x) 

≈ exp(−2x) was used, which is better than 1% accurate for x < 0.25. 

In order to validate the lumped element model, it was compared to results of numerical 

modeling for the near-field 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 parallel str ip 

transmission line (Fig. 2-12-(a)) that consists of two metallic electrodes supported by a 

rectangular quartz bar. For the purposes of modeling, the tip size was on the order of 100 

μm, and the tip-sample separation was 250 nm. The modeling was performed using HFSS. 
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To find the reflection coefficient for the case of bulk Si, equation (2-5) was substituted into 

(2-3) and the result into (2-8), 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 a var iety of probe sizes, and 

representative results are shown in Fig. 2-12-(b), where the Si resistivity ranges from 0.01 

to 1000 cm. 

It is clear that over a wide range of Si 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 are D and Cc, while the characteristic line impedance Z0 was 

obtained from 2D modeling of the strip-line cross-section. By fitting data for various tip 

sizes, they found that the characteristic tip size D was governed by the entire cross-section 

of the tip. In addition, Cc was found to be in good agreement with the parallel plate capacitor 

estimate.  

2.4.3 Resonant transmission line 

To increase measurement sensitivity, many microwave microscopes employ a distributed 

circuit resonator which reduces the impedance mismatch, |Z tE| ≫  Z0 or |ZtM| ≪ Z0, between 

the tip and the 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 reproducing  its 

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 electrodynamic  properties to the 

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

resonator can be written as follows: 

exp(−𝒊2ℎ𝐿) ΓΓ0 = 𝑒𝑥𝑝(−𝒊2𝜋𝑛)  (2-10) 

where L is the resonator length, h = h’ – ih” = ω(ε0εeffμ0)1/2 – ih” (h’ ≫ h) is the transmission 
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line complex propagation constant and  εeff is the effective dielectric constant of the 

transmission line, Γ is given by equations (2-8) or (2-9), Γ0 is the complex reflection 

coefficient from the resonator opposite end (i.e., short, open,  or coupling impedance), and n 

= 1,2, . . . is the mode number. As an example, consider an electric tip terminating a half -

wavelength resonator. Substitution of Γ0 = 1 and equation (2-8) into (2-10), using the 

complex angular frequency ω = ω’  + iω” , and separating the real and imaginary parts yields 

the following expressions for the probe resonant frequency F = ω’ /2π and the unloaded Q-

factor: 

𝐹 =
𝜋𝑛

2𝜋𝐿√𝜖0𝜇0𝜖𝑒𝑓𝑓

[1 +
𝑍0𝑋𝑡𝐸

𝜋𝑛(𝑅𝑡𝐸
2 + 𝑋𝑡𝐸

2 )
]   (2-11) 

𝑄 =
𝜔′

2𝜔"
= (𝜋𝑛 +

𝑍0𝑋𝑡𝐸

𝑅𝑡𝐸
2 + 𝑋𝑡𝐸

2 ) (2ℎ"𝐿 +
2𝑍0𝑅𝑡𝐸

𝑅𝑡𝐸
2 + 𝑋𝑡𝐸

2 )⁄   (2-12) 

From equation (2-11), one can find the relative shift in the probe resonant frequency versus 

change in the tip capacitance Ct for a low-loss sample as follows: 

Δ𝐹

𝐹
= −

𝑍0

𝐿√𝜖0𝜇0𝜖𝑒𝑓𝑓

Δ𝐶𝑡  (2-13) 

Equation (2-13) provides an estimate for the microscope’s sensitivity. For typical probe 

parameters L ∼ 1 cm, Z0 ∼ 50 ohm, εeff ∼ 2 and typical precision in ΔF/F measurement ∼0.1 

ppm, ΔCt is on the order of 10−19 F = 100 zF. Capacitance resolution down to a few zepto-

Farads has been demonstrated in state-of-the-art experiments.  

According to equation (2-12) there is a small change in the quality factor due to change in 

the probe resonant frequency ω’. However, in practice the losses are not uniform in the 

transmission line, i.e., h” depends on z. In this case, there will be an extra change in the 

quality factor due 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]–[26] 

Operating below the cut-off 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 conf lict between 

resolution and sensitivity. As there is no cut-off 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 the cross-section of the transmission line at the 

open end, shrinking the cross-section still causes significant transmission line decay. This is 

especially true when a long section of a coaxial transmission line i s used to form a resonator. 

If the cross-section is wide, the unshielded propagating waves at the open end of the 

transmission line tend to increase the difficulty of quantitative analysis, since both near -field 

and far-field interactions have to be considered in this case. To overcome this problem, the 

shielded coaxial resonator probe was proposed by Wei and Xiang [24] (Fig. 2-13-(a)).  

This design minimizes the far-field 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 micro -transmission line with 

 

 

(a) (b) 

Fig. 2-13. (a) Shielded λ/4 coaxial resonator probe proposed in [25] (b) Equivalent lumped series 

resonant circuit for SMM [1]. 
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heavy loss near the aperture while still maintaining effective shielding of far -field 

components. The resonant frequency ( fr) and quality factor (Q) as functions of the properties 

(e.g., dielectric constant and loss tangent) of the materials placed in the vicinity of the tip 

can be detected by the electronics [26]. 

2.4.4.1 System design and analysis  

The resonant system can be analyzed using an equivalent lumped series resonant circuit, as 

shown in Fig. 2-13-(b), with effective capacitance C, inductance L, and resistance R (for an 

ideal quarter-wave resonator): 

𝐶 =
2𝜋𝜖0

ln(𝑅2/𝑅1)
𝑙  ,       𝐿 =

𝜇0

2𝜋
𝑙 ln(𝑅2/𝑅1)    ,        𝑅 =

2𝑅𝑠

𝜋3
(

1

𝑅2
+

1

𝑅1
) 𝑙  (2-14) 

where l=λ/4 is the effective cavity length, Rs is the surface resistance of cavity material, R2 

and R1 are the radii of center and outer conductors, respectively, and ε0 and μ0 are the 

permittivity and permeability of free space, respectively. The uncoupled ( Qu) and coupled 

(Qc) quality factors of the resonant system are given by:  

𝑄𝑢 =
1

𝜔𝑟𝐶𝑅
   ,       𝑄𝑐 =

1

𝜔𝑟𝐶
 

1

𝑅 + 𝑅0/𝑝
2
  (2-15) 

2.4.4.2 Theory  

A recursive algorithm has been developed to calculate the total charges on the tip -sample 

system and used to derive the dielectric constant. Two critical approximations  were made in 

obtaining these analytical solutions: (1) 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 than  the probe radius; (2) quasi-

electrostatic: because the effective region with significant non-zero field distribution is 

several orders smaller than the relative long wavelength of the microwave, the phase effect 

can be neglected. Under the above approximations, the problem is simplified to solving the 

static electric field distribution in the sample under two boundary conditions: equipotential 
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surface of the sphere and continuity at the sample surface. The field can be solved in many 

ways. A straightforward way is the charge image method. The quantitative relations relate 

the tip radius (R0), tip-sample distance (g) and real and imaginary dielectric constant [1]. In 

this report, the discussion is limited to the area of homogeneous and isotropic dielectric 

materials, i.e., ε = ε’ + jε” ≫ ε0 with ε’ ≫ ε” and μ = μ’ + jμ” ≅ μ0, where ε and μ are complex 

dielectric constants and 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 shown in  Fig. 

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 out a 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 the tip a nd reacts on 

the tip, causing the redistribution of the charges on the tip to maintain the equal -potential 

surface of the conducting sphere. The reaction can be represented by an image charge q’1 

located in the sample, and the redistribution can be represented by another image charge q2 

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 shown in Fig. 

2-13. The field distribution (peak value) inside the sample can be expressed as a 

superposition of the contributions from the series of point charges q”n as 

�⃗� 1 =
𝑞

2𝜋(𝜖 + 𝜖0)
∑(

1

𝑛
𝑏𝑛−1

𝑟𝑒 𝑟 + (𝑧 + 𝑅0 𝑛⁄ )𝑒 𝑧
[𝑟2 + (𝑧 + 𝑅0 𝑛⁄ )2]3 2⁄

)

∞

𝑛=1

  (2-16) 

where b = (ε – ε0)/(ε + ε0), q = 4πε0R0V0 , R0 is the radius of the tip, and er and ez are the unit 

vectors along the directions of the cylindrical coordinates r and z, respectively. It is 

straightforward to confirm that this field distribution satisfies Coulomb’s law and the 

boundary conditions on the surfaces of both dielectric and conducting sphere simultaneously, 

and therefore is the correct and sole solution of thi s problem. In contrast to the dipole model 
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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 concentrated 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 tip -(dielectric) sample 

interaction, the perturbation theory for microwave resonators can be us ed to calculate the fr 

and Q shifts caused by the dielectric material:  

Δ𝑓𝑟
𝑓𝑟

= −
∫ (Δ𝜖′𝐸1

⃗⃗⃗⃗ . 𝐸0
⃗⃗⃗⃗ + Δ𝜇′𝐻1

⃗⃗ ⃗⃗  . 𝐻0
⃗⃗ ⃗⃗  )𝑑𝑣

𝑉

∫ (𝜖0𝐸0
2 + 𝜇0𝐻0

2)𝑑𝑣
𝑉

= 𝐴 (
ln(1 − 𝑏)

𝑏
+ 1)  (2-17) 

  

(a) (b) 

Fig. 2-14. (a) Image charge distribution for a thick sample in contact with the tip. The qn series 

represents the charge redistribution on the tip, the q’n series represents the effect of polarization of 

the dielectric sample, and the q”n is the effective value of qn inside the sample. (b) The iterative 

image charges in tip-bulk sample system in non-contact mode [26]. 
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𝛥 (
1

𝑄
)
𝑑

=
∫ (Δ𝜖"𝐸1

⃗⃗⃗⃗ . 𝐸0
⃗⃗⃗⃗ + Δ𝜇"𝐻1

⃗⃗ ⃗⃗  . 𝐻0
⃗⃗ ⃗⃗  )𝑑𝑣

𝑉

∫ (𝜖0𝐸0
2 + 𝜇0𝐻0

2)𝑑𝑣
𝑉

= −
𝛥𝑓𝑟
𝑓𝑟

tan 𝛿  (2-18) 

where E0 , H0 and E1 , H1 refer to the electric and magnetic field before and after the 

perturbation respectively, l is the wavelength, A=4πϵ0R0(V0
2/E) is a constant determined by 

the geometry of the tip–resonator assembly (𝐴 ≈ 16𝑅0 ln(𝑅2 𝑅1⁄ ) 𝜆⁄  for an ideal λ/4 coaxial 

resonator), and tan 𝛿 = 𝜖" 𝜖′⁄ . From formulas (2-17) and (2-18), it was found that the 

microscope signals are proportional to the tip radius R0. This result 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 sample.  Besides the dielectric loss from the sample, 

the extra current required to support the charge redistribution induces additional resistivity 

loss. The corresponding Q shift can be expressed as: 

𝛥 (
1

𝑄
)
𝑐

= −𝐵
𝛥𝑓𝑟
𝑓𝑟

  (2-19) 

And the total Q shift is: 

𝛥 (
1

𝑄
)
𝑡

= −(𝐵 + 𝑡𝑎𝑛 𝛿)
𝛥𝑓𝑟
𝑓𝑟

   (2-20) 

Formulas (2-19) and (2-20) allow quantitative measurements of the local complex dielectric 

constant for samples of thickness  ≫ 𝑅0 . The constants A and B can be properly calibrated by 

measuring a standard sample such as sapphire with a known dielectric constant and loss 

tangent. 

If there is an air gap between the sample and the tip (Fig. 2-14-b), the expression for the 

frequency shift is given by 

𝛥𝑓𝑟
𝑓𝑟

= −𝐴 ∑
𝑏𝑡𝑛

𝑎1 + 𝑎𝑛

∞ 

𝑛=1

  (2-21) 

where tn and an have the following iterative relationships:  
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𝑎𝑛 = 1 + 𝑟 − 1(1 + 𝑟 + 𝑎𝑛−1)  ,           𝑡𝑛 = 𝑏𝑡𝑛−1 (1 + 𝑟 + 𝑎𝑛−1)⁄   (2-22) 

With the initial conditions of a1 = 1+r, t1= 1 (where r is the gap-to-tip radius ratio). From 

equation (2-17), fr  is a function of the gap width, which provides a calibration method. Fig. 

2-15 shows the measured and fitted fr as a function of gap width for a MgO single crystal. 

The fitting parameters are εr =9.5, R0=12.5 μm and A=1.71×10-3. 

2.4.5 Simulation results of the conventional SMMs 

In this thesis section, I first simulate structures proposed by others for c omparison and then 

show our designed structure simulation results.  Two well-known structures have been 

simulated and compared with the literature. The first structure is a sharp tip with radius of 

curvature of 10 μm, which is the extension of the inner conductor of a coaxial cavity 

resonator (shown in Fig. 2-16). The resonator is coupled with a loop to the other side circuitry 

using wave-port in HFSS.  

This structure has the benefit of high sensitivity (stemming from the use of a high quality 

 

Fig. 2-15. Measured and fitted resonant frequency as a function of tip-sample distance for a MgO single 

crystal [26]. 
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factor resonator) and a potential to achieve very fine resolution, which is determined by the 

tip curvature and tip-to-sample distance. The structure works in TEM coaxial mode. A further 

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 properties (here εr) would alter 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 

resonator. As can be seen in Fig. 2-16, I got almost the same results as [26], with the same 

curve. However, as I did not know the exact values for the structure, I ach ieved 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 I simulated is shown in Fig. 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 non-contact, non-destructive tip, confining the electromagnetic field inside the 

strip. Consequently, 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 cut-off frequency of some waveguide structures. The probe operates 

in balanced odd mode only, where the two Al strips carry equal and opposite currents, 

forming an electrically small quadrupole-like antenna outside of the enclosure. The parasitic 

far-field radiated power is a few orders of magnitude less than that of unbalanced dipole-like 

geometries, while the near-zone fields are mostly confined in between the Al strips. In 

practice, this parallel strip is actually a tapered one, which connects to a half -lambda 

resonator to increase sensitivity.  

I have tried to simulate the same structure as the one described in [3] and [23], but again I 

did not have 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 of S 11 Fig. 2-17 
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(e,f) are similar to the theoretical results (Fig. 2-17 (f)) . 

 

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 results in [26].  
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Fig. 2-17. Simulation in HFSS (a) side view (b) zoomed area near the tip. (c,d,f) HFSS simulation 

results compared to theoretical results in (e) top view and electric fields on the excitation sheet [3]. 
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Chapter 3 

Fabrication of CMOS-MEMS SMMs 

In this chapter, after a short review of MEMS SPMs, the fabrication process for the CMOS-

MEMS is explained. Then a description of the SMM device is presented. The importance of 

tip-sample distance control and integration of the 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 are presented.   

3.1 MEMS SPM’s  

The first micro-machined STM consisted of a piezoelectric multimorph with patterned 

electrodes [41]. Another STM, fabricated in single-crystal silicon is reported in [42]. These 

works demonstrated open-loop 3-axis positioning with a conductive path to the tip, but 

without AFM imaging capability. More recently the co-fabrication of control electronics with 

an array of single-axis cantilevers for AFM was demonstrated [43]. Another example of a 

single-axis cantilever with integrated position sensing is the Akiyama probe [44]. In [45], a 

thermal profiler with integrated 1-D actuation was presented. A paper from University of 

Waterloo [46] was the first to include 3-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 a CMOS-MEMS contact-mode AFM were presented. 

The resolution was compromised by thermal coupling from actuation due to the high 

temperature coefficient of resistivity (TCR) of the polysilicon strain sensors. Frequent 

thermal calibration and post-processing of the data were required in order to extract the 

sample topology from the cantilever signal. Thermal coupling issues were first mitigated 
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using forced oscillation and higher harmonic detection [47], and then further suppressed 

using a dynamic FM-AFM mode [48]. In [49], we reported the first SMM measurements with 

a self-actuating probe. These devices were fabricated in the commercially available 

SOIMUMPs process. A 2-D scanner with integrated electrothermal chevron actuators and an 

integrated microwave CPW interface was reported there.  

3.2 CMOS-MEMS Fabrication Process 

CMOS-MEMS processes were introduced in the 1980s and the field has grown 

significantly over the past two decades [50]. These processes are well-suited 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 available in CMOS-

MEMS processes are discussed in [51].   

Fig. 3-1 shows the cross-section and thickness of each metal and inter-metal dielectric 

(IMD) layer for the 0.35µm CMOS process from TSMC1. MEMS devices are constructed 

using composite metal-dielectric layers as the structural layers. 

Our fabrication process falls under the category of post CMOS-MEMS processes (Fig. 3-2). 

We begin with a standard foundry CMOS process with four metal layers and two resistive 

polysilicon layer options. The topmost exposed metal layer is used as a mask for an 

anisotropic etch step that removes the dielectric (SiO 2 etch); this layer is also used for routing 

and structure design. Following the completion of the oxide etch, we perform an isotropic Si 

etch of the underlying substrate to release the devices.  In this step, the device is under etched 

about 15 µm. 

Two other optional maskless process steps may be used. In the first step, grooves may be 

diced or laser-etched into the backside of the wafer to suspend cantilevers over the die edge 

                                                      
1 Taiwan Semiconductor Manufacturing Company 
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upon release, as shown in Fig. 3-3-(a). This helps to look at the tip-sample area under optical 

microscopes and find the area of interest for imaging. After oxide and Silicon etching on the 

top side (shown in Fig. 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 sides.  In the second step, we may 

remove the polymer buildup that occurs during the SiO2 etch using EKC. 

There are several process features that are advantageous in the design of CMOS-MEMS 

SPMs; in the electrical domain, the designer can choose between conductive (Al), insulating 

(SiO2), and semiconducting (polysilicon) materials. This allows for complex routing of 

signals in a monolithic beam. It also allows for the placement of resistive heat sources and 

temperature sensors. Also, the temperature coefficient of resistivity of polysilicon materials 

can be exploited to measure local temperatures.  We use these process features to design 

MEMS actuators and position sensors for our CMOS-MEMS SMM. 

 

Fig. 3-1. Cross-section view showing the thickness of each metal and IMD layers of 2 Polly 4 Metal 

(2P4M) 0.35µm CMOS process from TSMC [52]. 
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Fig. 3-2. Maskless release process for CMOS-MEMS. (a) Foundry CMOS process cross-section. (b) 

Anisotropic etch of SiO2 intermetal dielectric layers. (c) Isotropic Si substrate etch, releases the devices. 

[53] and [54].  

 
 

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 Al is 191 Wm-1K-1, while that of SiO2 is 1.4 Wm-1K-1. 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 polysilicon-metal contacts in CMOS-MEMS processes are thermocouples that can 

be used as local temperature sensors.  

In the mechanical domain, the thermal coefficients of expansion (TCE) of Al and SiO2 are 

disparate as well. The TCE of Al is around 14.6±3.0×10-6 K-1 and the TCE of SiO2 is 0.4-

1.0×10-6 K-1. 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 found in [55]. 

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 temperature-based 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 CMOS.  Thus, our CMOS-

MEMS SMM design has to adopt to existing commercial CMOS 0.35 µm that is designed for 

CMOS electronics rather than for MEMS. 

3.3 CMOS-MEMS SMM Device Description 

A CMOS-MEMS 1-DOF SMM probe is presented in Fig. 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 tip-sample approach direction using a vertical 

electrothermal bimorph actuator. Internal metal l ayers are used for conduction while the top 

and bottom layers are used to shield the microwave signal. DC pads are utilized for vertical 

actuation using the thermal bimorph effect.  This device was used to obtain characteristic tip-

sample approach curves and to validate our simulations. 
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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 length (L 2), while 

the stiffness scales with 1/L3, there is a tradeoff between range and stiffness. We can combine 

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 range [56]. 

To add three degrees of freedom to the device, lateral MEMS actuators are needed. One of 

the lateral actuator geometries used, is shown in Fig. 3-5 and discussed in [55]. 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 mirror ing a bimorph in order to cancel 

 

Fig. 3-4. Single degree of freedom shielded SMM probe. A CPW to flexible transmission line transition 

is included in the signal path from the PNA to the tip. Internal metal layers are used for conduction 

while the top and bottom layers are used to shield the microwave signal. DC pads are used for vertical 

actuation using the thermal bimorph effect. 
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the arcuate component of the motion, while parasitic out -of-plane motion is mitigated using 

a folded design pattern. 

Electrothermal actuators are a suitable choice for both static and dynamic actuation in 

single-chip SPMs. Moderate static forces (≃50 nN) and large displacements (≃20 μm) can 

be produced by lateral electrothermal actuators, at the expense of increased power 

consumption (1 to 5 mW). The thermal time constants of the lateral actuators used in this 

work are in the range of 1-4 ms, which translates to scan speeds above 100 Hz. Although the 

efficiency of the actuators rolls off at high frequencies, a resonance with moderate Q ( ≃50) 

can be clearly observed by piezoresistive detectors that are integrated in vertical b imorph 

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 work-per-unit-volume, which is the product of the blocked force and output 

displacement. When comparing actuators implemented in CMOS-MEMS processes, the 

work-per-unit-volume of electrothermal actuators is 2 to 3 orders of magnitude greater than 

that of comb-drive electrostatic actuators. Although parallel plate  actuators may achieve high 

forces near the pull-in instability, their small range of motion (<1 μm) precludes their use as 

the vertical actuators in single-chip SPMs. One type of actuator that has been used in this 

work as a lateral actuator is a multimorph actuator that is based on the bimorph effect  (shown 

in Fig. 3-5).  

Another type of electrothermal actuator that we use for the lateral actuator design is 

chevron actuators (shown in Fig. 3-6). The work-per-unit-volume of the chevron actuators is 

2500% higher than that of the lateral multimorphs. The out -of-plane stiffness of the new 

actuators is also improved by a factor of roughly 350% [56]. 

A CMOS-MEMS 3-DOF SMM/AFM device is presented in Fig. 3-7. The following features 

of the device are desirable in the SMM context. After the CMOS-MEMS release process, the 

substrate is singulated in order to obtain cantilevers and tips that are suspe nded over the edge 

of the chip. This device geometry permits observation of the tip -sample region while 
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imaging. To carry the microwave signal to the tip, a flexible transmission line is required to 

be able to move the tip. Lateral scanning is achieved by applying a DC bias and a differential 

AC signal to the left and right lateral actuators. The result is a spherical coordinate scan 

(r,φ,θ) in which the angle φ is related to the difference between the left and right actuator 

deflections, the radius r is proportional to the average of the left and right actuator 

deflections, and the elevation θ is provided by the out -of-plane bimorph (vertical actuator). 

The SMM device is capable of scanning its tip in 3 degrees of freedom over a sample, with 

an approximate scan range of 13 μm x 13 μm x 15 μm in the x, y and z directions.   

 

Fig. 3-5. CMOS-MEMS lateral electrothermal actuator. Inset is a cross-section of an individual beam, 

showing the offset internal mechanical layers used to generate a thermal moment. 

 

Fig. 3-6. Chevron actuator used for lateral actuation: Layout and SEM image. 
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Fig. 3-7. CMOS-MEMS 3 DOF integrated AFM-SMM device. A CPW to flexible transmission line 

transition connects the microwave signal to the tip. Actuators are used to bend the transmission line 

and scan the tips. 

3.4 Tip-sample Distance Control 

The precision of any near‐field measurement is directly related to the precision with which 

the tip‐sample distance can be maintained [3]. The challenge is in the integration of a tip-

sample distance control technique with the SMM device. Imtiaz et al. uses STM for precise 

distance control over metallic samples [38]. Lai et al. addressed this issue by combining 

SMM with a commercial AFM; they also showed that operating it in tapping mode would 

eliminate thermal and other long-term drifts [31].  

If tip-sample distance is not kept constant, the ai r gap capacitance between the tip and 

sample (and consequently tip impedance) will change and become indistinguishable from 
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changes of sample properties. In our work, we have integrated an AFM with the SMM in 

order to control the tip-sample gap. An integrated balanced pair of piezoresistive strain 

sensors for AFM operation is included in order to maintain a constant tip-sample separation 

(Fig. 3-8). The piezoresistors on the balanced cantilevers are connected to two other resistors 

to form a Wheatstone bridge. The output voltage of the bridge is used for tip-sample distance 

control.  

Keeping a constant and low tip-sample distance during SMM imaging is of great 

importance because the intensity of the evanescent field decreases exponentially with a 

spatial constant of R0 (probe characteristic size). To confirm this, HFSS simulations of a 200 

nm diameter coaxial probe with tip-sample distances of 1 nm and 100 nm from a bulk 

dielectric sample with a dielectric constant of 15 were performed (Fig. 3-9). The results were 

then exported to ADS and, after matching the tip-sample impedance with ideal transmission 

lines, the frequency shifts were measured. As shown in  Fig. 3-10, the smaller the tip-sample 

distance, the higher the sensitivity of the SMM. One should note that these simulations are 

only meant to show the effect of tip-sample distance, and that the values shown are not for 

 
 

(a) (b) 

 

Fig. 3-8. (a) Close-up of the balanced cantilever design used for AFM operation. The temperature in 

the piezoresistors is balanced, whereas the strain from tip-sample forces is only recorded on one of the 

piezoresistors. (b) A schematic circuit showing the Wheatstone bridge and applied voltages for the 

bridge and the vertical actuator. 
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the entire SMM system. A detailed analysis of the entire 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 presented CMOS-MEMS 

geometries, the microwave signal path is shielded in order to eliminate paras itic capacitive 

  

(a) (b) 

 

Fig. 3-9. FEM simulation of the SMM tip in (a) 100 nm, and (b) 1 nm tip-sample distance of a bulk 

dielectric sample with a dielectric constant of 15. 
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Fig. 3-10. Effect of tip-sample distance on SMM sensitivity in (a) 100 nm, and (b) 1 nm tip-sample 

distance of a bulk dielectric sample (Red: without sample; Blue: with sample). 
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coupling to the sample. This is done by fabricating rectangular coaxial , stripline and 

microstrip transmission lines. In rectangular coax and stripline, metal layer 2 is used for 

signal line, while metal layers 1 and 3 and the ‘via’ holes between them are used for shielding. 

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

The device in Fig. 3-7 includes a sharp tip with a ~150nm radius for SMM/AFM operation. 

The tip was designed with minimum feature squares from the signal layer (metal 2) to the 

topmost metal layer (metal 4), connected with tungsten via holes. Tip sharpness was obtained 

by milling during the RIE steps in the release process, without any additional post-

processing. AFM can be used in non-contact mode to maintain a constant tip-sample gap for 

SMM, or in intermittent contact mode for noise and long-term drift reduction, as discussed 

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

In general, two different types of tips have been investigated for CMOS -MEMS SMMs. 

The first one is called the “via type”, which is illustrated in details in Fig. 3-11. It is made 

by connecting several tungsten vias from the signal line to the topmost metal layer on M4 

(via12, via23 and via34 connect M1 to M3). Then, during oxide etching in the RIE, it is 

sharpened without any extra processing steps. This process is illustrated in detail in Fig. 3-12 

for a stripline micro-transmission line.  

 

Fig. 3-11. Close-up of SMM/AFM tip. The tip radius obtained in the release process is ~150nm. Metal-

1 and metal-3 shielding layers are shown here. 
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With this method, tips with a curvature of ~150 nm are achievable. However, one issue 

with this type of tip is reliability. The problem is that during oxide etching, the vias might 

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

Fig. 3-13 shows a version of a 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, a focused ion beam instrument (FIB) can be used to remove the native oxide 

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

The second type of tip that was designed and tested is called a wedge -type tip. Similar to 

 

Fig. 3-12. The process of getting sharp via tips through RIE oxide etching. 

  

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

and silicon etching. 
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via tips, the signal in wedge-type tips is connected to the topmost metal with vias, but a 

larger metal pad at M4 protects the vias.  M4 is then extended a few microns in a triangular 

shape, as shown in Fig. 3-14. The problem with this type of tip, 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.   

A standard AFM calibration grating with a 3 μm pitch and 90 nm height was used to 

demonstrate the imaging functionality of the SMM device in AM-AFM mode (refer to [56] 

for an explanation of AM-AFM mode). The scan speed is limited by the dynamics of the PID 

controller that was used in these imaging experiments. A 7  μm line scan consisting of 200  

  

(a) (b) 

Fig. 3-15 (a) Standard AFM sample [57] (b) AFM image, obtained by scanning over a range of 7 μm x 

0.6 μm. Height control of better than 10 nm is achieved. 

 
 

 

Fig. 3-14. Wedge-type tip: (Right) SEM image, and (left) layout. 
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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 thus re ducing the scan 

speed). We anticipate 1-10nm control of the tip-sample distance using this approach. FM-

AFM methods reported in [48] may improve the resolution further. Fig. 3-15 demonstrates 

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

sample distance control capability.  

Further imaging results for different 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 convol uted with 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 actuators. Fig. 3-16 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 to the 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 background slow-varying signal. Also, 

isothermal lateral actuators can help reduce thermal coupling to the tip, as explained in [56]. 

In this type of lateral scanner, two actuators are excited differently, so the temperature in the 

middle does not change while moving the tip. The thermal cross-talk from the lateral 

actuators is considerably reduced with the help of isothermal actuators, as shown in Fig. 3-17 
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and Fig. 3-18.  

Another similar challenge in SMMs with integrated scanners is that when the tip is moved, 

the reflected signal changes. Again, the tip moves in the approach direction with the same 

 

 

Fig. 3-16. (Top) The layout of a part of the SMM device that is thermally isolated from the vertical and 

lateral actuators. (Bottom) SEM showing thermal de-coupling. 
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frequency as the tapping, and in the lateral direction with the low frequency scan rate. The 

main challenge is de-coupling the movement of the microwave path in the approach direction 

from the tip-sample 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 be because of tip-sample interaction. 

 

Fig. 3-17. Layout of an SMM device with isothermal scanner design with 4 chevron actuators. 
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Fig. 3-18. SEM image of an SMM with isothermal scanner design. 
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Chapter 4 

Analysis and Design of CMOS-MEMS 

Scanning Microwave Microscopes 

As discussed in previous chapters, CMOS-MEMS SMM has several advantages over 

conventional SMMs, such as on-chip scanners and piezoresistive tip-sample distance control 

that eliminates the need for bulky scanners and cumbersome laser/photodiode detection 

methods, respectively. Therefore this type of SMM has the benefits of being smaller and 

cheaper; but, being fabricated on CMOS and integrated with the scanning actuators, it suffers 

from higher loss in both silicon and the conductor material. CMOS 0.35µm technology from 

TSMC uses a silicon substrate with approximately 12 S/m of resistivity, and the conductor 

is an alloy of aluminum with approximately 1.7x10 7 S/m of conductivity (three times less 

than copper), which is quite lossy. Also the metal thickness is less than 1 µm, 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 of 0.5 -0.6 µm are observed. 

Hence, sensitivity analysis and improvements to the entire SMM system are imperative.  

In this chapter, CMOS-MEMS SMM is first described from an overall system point of 

view. Then, a quality factor analysis is presented for sensitivity analyses of different SMMs.  

After that, with the help of a lumped model and EM simulations, the sensitivity of the CMOS-

MEMS SMM system is analyzed. Finally, the measurement circuit for SMM is explained and 

end calculations for typical values of the CMOS-MEMS SMM are presented to show the 

smallest detectable capacitor. It is worth noting that the analysis and suggestions presented 

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 chapter provides the designer with a tool to systematically analyze and improve the 

sensitivity of the overall SMM system. Here, sensitivity improvement means getting 

maximum change at the output of the system when the tip-sample impedance changes. A 

block diagram of the entire SMM system is shown in Fig. 4-1. It consists of a sharp tip in 

close proximity to the sample under test , an SMM device fabricated with CMOS-MEMS 

technology, a matching network, and the measurement system.  

 

Fig. 4-1. Block diagram of the SMM system, which includes; tip-sample interaction, SMM device 

fabricated with CMOS-MEMS technology, the matching network and the measurement system.  

The objective here is to maximize Vout with a known change in the tip-sample impedance. 

In order to obtain the best sensitivity, it is important to deliver the maximum signal to the 

tip to create an interaction with the 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 line to the tip is electrically small (smaller than λ/10) at frequencies below 20 

GHz. Therefore, in the SMM system, a matching network is required to match the high 

impedance of the SMM device to that of the measurement system (here, it is 50 ohm) . In this 

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

The overall design and analysis is divided into four main parts: 1) a micro-transmission 

line that carries the signal to the tip; 2) coplanar waveguide pads and transition to the micro-

TL; 3) matching network, and 4) measurement circuit. Each section must 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 analysis is  also 

presented that gives the designer better insight into 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 of tip-sample interaction. At the end of the chapter, 

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

4.2 Device Description 

Detailed fabrication process of the CMOS-MEMS device (shown in Fig. 4-2) is described in 

Chapter 3. The microwave signal path of the SMM device consists of a Coplanar Waveguide 

(CPW) or a slot-line pair of pads (used for wire bonding to a PCB) that transition to a flexible 

micro-transmission line (micro-TL), which in turn guides the signal to the tip, as shown in 

Fig. 4-2. It is important to use a shielded micro-TL to prevent interaction with the medium 

and radiation from the micro-TL itself, and to localize the interaction between the tip and the 

sample. This requires a pair of signal-ground to be routed to the tip. The micro-TL should 

also be flexible so that it can be moved with electrothermal actuators  during scanning. There 

are two chevron electrothermal actuators at both sides of the device that move the tip (and 

the micro-TL) in the lateral direction, and a set of oxide-aluminum bimorph beams that can 

move the tip in the vertical direction.  

4.3 Quality Factor Analysis  

One can look at the matching network and the SMM device as a resonator, similar to 

conventional SMMs. From this perspective, the change in input reflection coefficient as a 

result of change in tip-sample interaction impedance can be studied based on the parameters  

of the microwave resonator – namely, the quality factor and the resonance frequency. The 

matching network can either be lumped or distributed. It will be shown that i f the resonator 
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Fig. 4-2. (Top) SMM device and its components, and (bottom) and SEM image of wire bonded device. 

is a lumped RLC, |∆S11 | will be proportional to the square of the quality factor (Q2)   of the 
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improvement in sensitivity will be achieved by improving the quality factor of the overall 
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4.3.1 Lumped RLC resonator matching 

For the case of lumped RLC resonator loaded with a small capacitor  as shown in Fig. 4-3, 

closed form formulas are derived here.  

 

Fig. 4-3. Series resonator loaded with a small capacitor ΔC 

In order to get input matching we can choose R=Z0. Thus for a series RLC resonator, we 

have: 

𝑄 = 1
𝜔𝐶𝑅⁄  , 𝜔 = 1

√𝐿𝐶
⁄   (4-1) 

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

𝐶 = 1
𝑅𝜔𝑄⁄  , 𝐿 = 1

𝐶𝜔2⁄  (4-2) 

Next, we can find the change in input reflection coefficient  |∆𝑆11|, if the load changes by ∆𝐶 

|∆𝑆11| = |
𝑍𝑖𝑛

1 − 𝑍0

𝑍𝑖𝑛
1 + 𝑍0

−
𝑍𝑖𝑛

0 − 𝑍0

𝑍𝑖𝑛
0 + 𝑍0

| (4-3) 

where 𝑍𝑖𝑛
1  is the input impedance when there is a load impedance of ∆𝐶 and 𝑍𝑖𝑛

0  is when there 

is no load. If we assume that the change in load is very small compared to 𝑍𝑖𝑛
0 , one can write 

𝑍𝑖𝑛
0 = 𝑍𝑖𝑛

1 = 𝑍𝑖𝑛 (4-4) 

|∆𝑆11| = |
𝑍𝑖𝑛

1 − 𝑍𝑖𝑛
0

𝑍𝑖𝑛 + 𝑍0
| = |

∆𝑍𝑖𝑛

𝑍𝑖𝑛 + 𝑍0
| (4-5) 

∆𝑍𝑖𝑛 =
𝑗∆𝐶

𝜔𝐶2
 (4-6) 
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where at resonance (𝜔 = 𝜔0), 𝑍𝑖𝑛 = 𝑍0 = 𝑅 : 

|∆𝑆11| = |
𝑗∆𝐶

2𝑅𝜔0𝐶
2| = 𝑄2 ∆𝐶

𝑍0𝜔0

2
 (4-7) 

From equation (4-7), one can observe that for a lumped RLC resonator model, change in S 11 

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

proportional to the resonant frequency and characteristic impedance of the measurement 

system. Except for the quality factor the other two parameters are usually determined by the 

application, Z0 is usually 50 ohms, but we may have a choice for ω 0 if it is not strictly defined 

by a specific application. 

4.3.2 Stub matching  

For single-stub matching, deriving a closed form expression is not straightforward, but it can 

be studied with simulation software; using Keysight’s ADS we find: 

|∆𝑆11| ≅ 𝑄𝑇𝐿∆𝐶
𝑍𝑙  𝜔0

𝛽𝑙
 (4-8) 

where QTL, Zl and β are the quality factor, characteristics impedance and propagation constant 

of the transmission line. Description of the simulation method: To find the empirical 

simulation-based equation of (4-8), the circuit shown in Fig. 4-4 is simulated in Keysight’s 

ADS, using a standard transmission line model, with and without the ΔC load (1aF is used). 

The two S11 are subtracted from each other to get |∆𝑆11|. Several simulations are carried out 

for each parameter (QTL, Zl, ω0 , βl) and for both open and short circuit stubs to find their 

relationship with change in S11. In each ADS circuit simulation point shown in Fig. 4-5, the 

four parameters (QTL, Zl, ω0 , βl)  are first set, and then an optimization is run to get a better 

than 25 dB return loss for S11 by changing L1 and Lstub. Fig. 4-5 shows the comparison 

between equation (4-8) simulated in MATLAB and ADS circuit simulations (similar to Fig. 

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. Thus, l = L1 + Lstub 
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=nλ/4 (n is integer). In equation (4-8), QTL = β/2α and βl = nπ/2 (n is integer). 

 

Fig. 4-4. Stub matching connected to a small capacitor ΔC. L1+Lstub (grey TLs) makes a resonator. 

Similar to the lumped RLC case, |∆𝑆11| is proportional to Z l and ω0 for stub matching, but 

there are two important differences here. Firstly, in stub matching, change in S11 is 

proportional to QTL, and secondly, it is inversely proportional to βl, which means the shortest 

possible transmission line resonator at ω0 gives the best sensitivity. It is interesting to note 

that the higher order modes of distributed resonators (higher values of βl) show less 

improvement in |∆S11|. This can be intuitively described by the fact that at higher order mode 

resonators, a smaller portion of the resonator gets perturbed by the tip-sample interaction 

and thus less change is observed in S11. In looking at the impedance of the SMM device (Fig. 

4-33), one can see that it has a lossy capacitive load, so the shortest possible matching 

network is a short-circuited stub matching network 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 micro-TL connected to the tip and the 

bonding pads transmission line. However, for the case of two transmission lines connected 

together as shown in Fig. 4-6, one can find a formula for the overall system sensitivity based 

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 design  and sensitivity. Let us assume  that the  quality  
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Fig. 4-5. Comparing equation (4-8) simulated in MATLAB, with circuit simulations using a standard 

transmission line model in ADS. Solid-line: MATLAB simulation, Asterisks: ADS circuit simulation 

points.  

 

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 quality factor (Qc) 

101 102 103
101

102

103

101 102 103
101

102

103

104

2 4 6 8 10
40

80

120

160

200

0 π/2 π 3π/2 2π 5π/2 3π
10

30

50

70

90

110

freq (GHz) Zl (Ω)

Quality factorβl (rad)

1
0

6
*
 Δ

S
1
1

1
0

6
*
 Δ

S
1

1

1
0

6
*
 Δ

S
1

1
1

0
6

*
 Δ

S
1

1

QTL = 100 

ZL = 50 Ω

βl = π/2

QTL = 100 

freq. = 5 GHz 

βl = π/2

ZL = 50 Ω

freq. = 5 GHz 

βl = π/2

QTL = 100 

freq. = 5 GHz 

ZL = 50 Ω

ΔC 
S

11
 

Short Stub 

l
1
 

l
stub

 

Z
01 

, γ
1
 Z

02 
, γ

2
 

l
2
 



 

 61 

and dielectric quality factor (Qd). Fig. 4-7 shows the voltage and current distribution along a 

quarter lambda transmission line. 

 

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

Voltage is minimum at the short-circuit side and maximum at the open-circuit side, current 

is the opposite. Knowing the conductive loss is proportional to i2 and dielectric loss is 

proportional to v2, we can deduce the following equations: 

𝑄𝑐 = 𝜔
𝑚𝑎𝑥.  𝑠𝑡𝑜𝑟𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦

𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑒 𝑙𝑜𝑠𝑡 𝑝𝑜𝑤𝑒𝑟
 , 𝑄𝑑 = 𝜔

𝑚𝑎𝑥.  𝑠𝑡𝑜𝑟𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦

𝑑𝑖𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑙𝑜𝑠𝑡 𝑝𝑜𝑤𝑒𝑟
  (4-9) 

𝑄𝑐
−1 =

(𝑄𝑐1
−1 ∫ cos2(𝜃) 𝑑𝜃

𝜃1

0
+ 𝑄𝑐2

−1 ∫ cos2(𝜃) 𝑑𝜃
𝜋/2

𝜃1
)

∫ cos2(𝜃)𝑑𝜃
𝜋/2

0

 (4-10) 

𝑄𝑑
−1 =

(𝑄d1
−1 ∫ sin2(𝜃) 𝑑𝜃

𝜃1

0
+ 𝑄d2

−1 ∫ sin2(𝜃) 𝑑𝜃
𝜋/2

𝜃1
)

∫ sin2(𝜃) 𝑑𝜃
𝜋/2

0

 (4-11) 

𝑄𝑡
−1 = 𝑄𝑐

−1 + 𝑄𝑑
−1 (4-12) 

where θi=βili ,i=1,2. To get a better sense of these equations let  us assume that that the electric 

lengths of the two transmission lines are equal (θ1= θ2= π/4) and we want to find the overall 

π /4 π/2 
βl (rad.) 
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quality factor due to individual Q factors. Then we will have:  

Table 4-1. Overall quality factor due to individual Q factors when two different transmission lines are 

connected to make a quarter lambda resonator 

Qc1 Qd1 Qc2 Qd2 Qt 

Qc1 Inf. Inf. Inf. 1.22 Qc1 

Inf. Qd1 Inf. Inf. 5.5 Qd1 

Inf. Inf. Qc2 Inf. 5.5 Qc2 

Inf. Inf. Inf. Qd2 1.22 Qd2 

Similarly, from equations (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:  

1

𝑄𝑡
=

1

1.22 𝑄𝑐1
+

1

5.5 𝑄𝑑1
+

1

5.5 𝑄𝑐2
+

1

1.22 𝑄𝑑2
   (4-13) 

This shows that at the short-circuit side, conductive loss is dominant while at the open-circuit 

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

is the micro-TL in the SMM device and the first section ( l1 and lstub) 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 any micro-TL that can be fabricated on CMOS-

MEMS, so a smaller l2 is better. Due to mechanical constraints, the length of the micro -TL 

line generally cannot be reduced, but it is possible to decrease the electric length, β 2l2, which 

is in fact what we need. For this, micro-TLs with smaller effective permittivity should be 

designed. 

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

by the conductive loss (∝ i2) of the micro-TL but degrades more with substrate loss (∝ v2). 

In most instances of transmission lines on the CMOS-MEMS process, Q is dominated by 

conductive loss because the lossy silicon is etched except for where the bonding pads are, 

because they require anchoring to the substrate. For this section, either a CP W or coplanar 
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stripes are used. A thorough discussion on the effects of bonding-pad loss through substrate 

and how to decrease this loss is presented in section 4.4.3. An alternative approach for 

improving sensitivity is to design the micro-TL with very high characteristic impedance, as 

suggested by equation (4-8) and circuit simulations.  

4.3.3 Half lambda plus shunt 50 ohm (λ/2+50Ω) 

Another method used by some researchers [33] for matching in SMM in collaboration with 

Keysight, is the half lambda plus shunt 50 ohm (λ/2+50Ω) approach. In this method, a low-

loss coaxial cable is connected to the SMM probe, and the shunt 50 ohm resistor is connecte d 

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

assumptions, we can find changes in S11 if the load is changed by ΔC. We assume that the 

cable loss is small and that ΔC is very small.  

 

Fig. 4-8. Half lambda plus shunt 50 ohm (λ/2+50Ω) matching method used by Keysight Technologies. 

Then, one can write  

𝑦𝑖𝑛 = (
1

𝑅
) +

1

𝑍𝑙
(
1 − 𝑒−2𝛾𝑙𝑒−𝑗2𝜔Δ𝐶𝑍𝑙

1 + 𝑒−2𝛾𝑙𝑒−𝑗2𝜔Δ𝐶𝑍𝑙
) (4-14) 

where γ = α+jβ is the complex propagation constant. If we substitute l = nλ/2 (n is an integer) 

and use the approximation of:  

1 − 𝑒−𝑥

1 + 𝑒−𝑥
= 𝑡𝑎𝑛ℎ (

𝑥

2
) ≅

𝑥

2
   , 𝑖𝑓 |𝑥| ≪ 1 

where x= 2αl+j2ωΔCZl. By putting Y0=1/R (=.02, in 50 ohm system) then change in S 11 

S
11

 ΔC 

l=nλ/2 

Z
l 
, γ 

R=50Ω 

Low loss cable 
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(with and without ΔC) can be found: 

 |∆𝑆11| =
𝑌0 − 𝑦1

𝑖𝑛

𝑌0 + 𝑦1
𝑖𝑛

−
𝑌0 − 𝑦0

𝑖𝑛

𝑌0 + 𝑦0
𝑖𝑛

≅ |
𝛼𝑙 + 𝑗𝜔𝛥𝐶𝑍𝑙

2𝑍𝑙𝑌0
−

𝛼𝑙

2𝑍𝑙𝑌0
| =

𝑍0𝜔𝛥𝐶

2
   (4-15) 

where y1
in is input admittance when the load is ΔC and y0

in is when there is no load (open 

circuit). Note that here Zl is the characteristics impedance of the half lambda transmission 

line and Z0 is the characteristics impedance of the system (e.g.; Z0 of Network Analyzer). 

Equation (4-15) is valid for a lossless (and low loss) transmission line and for small change 

in load impedance and shows that sensitivity improves with increased frequency, however it 

does not depend on the Q or Z l of the transmission line. 

A comparison between these three methods and detailed design for stub -matching is 

presented in section 4.5.  

4.4 Circuit Model Analysis 

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

having very small and very large features at the same time. The area of interactio n between 

the tip and the sample is very small  (~100 nm) compared to the PCB area (~ 1 cm) and even 

to the CPW bonding pads (~ 200 µm). Therefore, the change in the input reflection coefficient 

|∆S11 |, as a function of change in the impedance of the sample (|∆Z sample|) is so small that 

very large meshes are required to capture the difference between two different samples with 

different electrical properties. Often, the calculation error is larger than the change that needs 

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

calculated here. Let us assume: 

∆𝐶 = 1 𝑎𝐹, 𝑄𝑆𝑡𝑢𝑏 = 50, 𝑍0 = 50, 𝑓0 = 5 𝐺𝐻𝑧, 𝛽𝑙 = 𝜋/2 (4-16) 

If these values are put in equation (4-8), |∆S11|=5×10-5, which means that error between 

consecutive passes in HFSS simulation should be at least 5×10-5. However, this is nearly 

impossible, even with today’s powerful computers and computational servers. Table 4-2 
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shows a typical convergence of such a system. After 8 passes and more than 100,000 

tetrahedrons, the |∆S11| error is still larger than 0.01. In other words, this error is about 300 

times larger than the required accuracy to capture the tip-sample interaction of two different 

materials. 

Table 4-2. Convergence table for HFSS simulation of the entire CMOS-MEMS SMM system, 

showing large errors despite the large number of tetrahedrons. This error is 300 times larger than the 

required accuracy to capture tip-sample interactions of two different materials. 

 

One possible way to overcome this problem is to divide the simulation into 3 or 4 smaller 

ones. For example, one way of dividing it is to simulate: 1) tip -sample interaction, 2) micro-

transmission line, 3) CPW or coplanar strips pads, and 4) matching network on PCB and 

bond-wires. The problem of convergence and error for the tip-sample interaction is still 

relevant here. To deal with this problem, we note that most of the time we are interested in 

the change in S11 between two or more different samples and not the absolute S 11 value. 

Therefore, we can simulate the tip-sample 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 all these hurdles in full-wave 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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CMOS-MEMS 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 micro -transmission line. 

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

difficulties in simulating the entire structure in full -wave simulators (such as HFSS), there 

are several benefits to building a circuit model to study and design SMMs for sensitivity 

improvement and investigating different scenarios , as explained in the rest of this chapter. 

Different parts of SMM (namely, tip-sample interaction, micro-transmission line, tapered 

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

studied in the following sections.   

4.4.1 Tip-sample interaction 

For the tip-sample interaction impedance, lumped models based on different samples were 

proposed in [58]. For CMOS-MEMS SMM, the tip-sample interaction is simulated in HFSS 

and then the parameters of the model are extracted in Keysight’s ADS by matching FEM and  

  

 
 

Fig. 4-9. HFSS simulation of a stripline micro-TL and the tip-sample interaction, SEM image of the tip 

and the tip-sample circuit model. 
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circuit simulations (Fig. 4-9). In this model, Cair is the capacitance between the tip and the 

sample and depends on the tip dimension and tip-sample distance; Cs and Rs are the 

capacitance and resistance models for the sample impedance ; and Cpar is the parasitic 

capacitance between the probe and the surrounding medium. With effective shielding, Cpar 

can be neglected or absorbed in the micro-transmission line model. For a dielectric sample 

close to the tip (tip-sample distance smaller than tip dimension) , one can write [3]: 

𝐶𝑎𝑖𝑟 = 𝜖0

𝐷2

𝑔
 , 𝐶𝑠 = 𝜖0𝜖𝑟𝐷,  𝑅𝑠 =

1

𝜔𝜖0𝜖𝑟 𝑡𝑎𝑛𝛿 𝐷
 (4-17) 

where D is the effective length of the tip and g is the gap between the tip and the sample. It 

is useful here to work out some typical numbers. If we assume a tip-sample distance of 40 

nm, an effective tip diameter of 150 nm and a dielectric constant of 3 and 7  for two different 

materials, we get Cair = 5 aF, Cs1 = 4 aF (εr=3), Cs2 = 9.3 aF (εr=7) and Rs=infinity. Therefore, 

ΔC = 1 aF. For consistency, a 1 aF change in sample’s impedance is assumed in the 

simulations. It is important to note that tip-sample distance has an inverse relationship with 

sensitivity. For example, with the above model, increasing the tip -sample distance from 40 

nm to 100 nm will decrease ΔC by a factor of 3  and consequently, sensitivity will be 

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

controlling the tip-sample interaction discussed in previous chapters.  

4.4.2 Micro-transmission line 

SMM works based on microwave interaction between the tip and the sample. Therefore, a 

transmission line is required to take the microwave signal from the bonding pads to the tip. 

Micro-transmission line design is important for improving the overall sensitivity of the 

system, especially in the rather lossy process of 0.35 µm CMOS-MEMS, which is what we 

use. In a conventional SMM, a regular coaxial line is used to carry the microwave signal to 

a high quality factor coaxial resonator [3], [28], and the center conductor is usually extended 

to be used as the tip. In more recent SMMs, the tip is at the end of a cantilever, and either a 
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single metal trace of around 300 µm [33], a stripline [59], or a CPW [4] is used to carry the 

microwave signal to the tip. In this thesis, we present a more comprehensive investigation of 

different micro-transmission lines implemented in a CMOS chip to come up with the best 

choice. Here, again, even though the analysis is done for CMOS-MEMS SMM, it can be 

applied to other versions of SMM as well.   

The choice of transmission line is highly dependent on the fabrication process and device 

structure. In this thesis, we use 0.35 µm technology from TSMC (Taiwan Semiconductor 

Manufacturing Company), which has 4 metal and 2 poly layers that can be used for micro-

TL design. Numerous types of transmission lines, including microstrip, stripline, CPW, and 

rectangular coaxial line, are possible in this process. Also, since scanners and position 

sensors are integrated in the chip in this type of SMM to move the tip in 3 directions, the 

micro-TL needs to be flexible and lightweight. One design constraint is that the maximum 

width of the micro-TL should be less than 6 µm, as otherwise it will be too heavy to move. 

Thus, very wide micro-TLs such as CPW lines will not result in desirable mechanical 

properties. Fig. 4-10 shows the cross-section of some possible choices for micro-TL design. 

Note that the silicon underneath the micro-TL will be etched, leaving about 15 µm of air 

between the metal1 layer (the lowest metal layer) and the lossy silicon substrate (resistivity 

~ 8 ohm.cm), which considerably reduces substrate losses.  

 

Fig. 4-10. Cross-section of some possible micro-transmission lines in teh CMOS-MEMS process. 

At first glance, it is not clear which micro-TL results in the best sensitivity. One way is to 

simulate the entire system with different micro-TLs (with changing design parameters for 

each micro-TL) and compare the results. Because of the complications of simulations 
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explained at the beginning of this section, this method is  a very time-consuming process and 

does not give the designer any intuition. Most transmission line analysis is done for low loss 

and non-radiating transmission lines. In those cases, one can usually find the properties of 

the TL from its cross-section. However, when dimensions and thicknesses of the metal layers 

become less than skin depth2, a 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 transmission line (such as characteristic impedance and propagation constant) 

is to simulate a certain length of the TL and find its S-parameters. ABCD parameters can 

then be found from S-parameters, and from ABCD parameters, the RLGC parameters of a 

transmission line can be found. This process is shown Fig. 4-11 and the following equations: 

𝛾 = 𝛼 + 𝑗𝛽 =
𝑎𝑐𝑜𝑠 ℎ(𝐴)

(𝛥𝑙)
 (4-18) 

Z0 = √B
C⁄  (4-19) 

𝑍𝑠𝑒𝑟 = 𝛾 × 𝑍0  −→   𝐿 =
𝑖𝑚𝑎𝑔(𝑍𝑠𝑒𝑟)

𝜔
  [𝐻 𝑚⁄ ], 𝑅 = 𝑟𝑒𝑎𝑙(𝑍𝑠𝑒𝑟)  [

𝛺
𝑚⁄ ] (4-20) 

𝑌𝑠ℎ𝑢𝑛𝑡 =
𝛾

𝑍0
⁄   −→   𝐶 =

𝑖𝑚𝑎𝑔(𝑌𝑠ℎ𝑢𝑛𝑡)

𝜔
  [𝐹 𝑚⁄ ], 𝐺 = 𝑟𝑒𝑎𝑙(𝑌𝑠ℎ𝑢𝑛𝑡) [

𝑆
𝑚⁄ ] (4-21) 

where γ is the complex propagation constant, β is the propagation constant and α  the is 

attenuation constant, Δl is the length of transmission line used to find the S-parameters, Zser 

is the series impedance, and Yshunt is the shunt admittance of the transmission line in the 

RLGC model shown in Fig. 4-11.  

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

the entire SMM system as a 2-port network and tries to minimize the insertion loss for this 

                                                      
2 The Skin Effect is the tendency of an AC current to 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 conductor, between the outer surface and a level called the skin depth. 
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network. The flaw of this method is that the tip-sample impedance is nowhere near 50-ohm; 

in fact, it is a very high capacitive impedance. Lai et al. [61] 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. While this 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 al. [33] uses a half-lambda transmission line 

with a shunt 50-ohm resistor to match a single trace of about 300 µm that is connected to the 

unshielded part of the tip. In the following, a general method is presented for the micro -TL 

analysis and design. 

Knowing that the entire SMM system, including the SMM device and the matching 

network, will make a resonator, and based on the quality factor analysis in section 4.3, one 

can figure out that a micro-TL that has the highest quality factor should give the best 

sensitivity. Therefore, quality factor analysis for transmission lines can be utilized to analyze 

and choose the best micro transmission line. For a transmission line at resonance [62]: 

𝑄𝑟𝑒𝑠 = 𝜔
𝑚𝑎𝑥. 𝑠𝑡𝑜𝑟𝑒𝑑 𝐸𝑛𝑒𝑟𝑔𝑦

𝑙𝑜𝑠𝑡 𝑝𝑜𝑤𝑒𝑟 𝑖𝑛 𝑜𝑛𝑒 𝑐𝑦𝑐𝑙𝑒
=

𝛽

2𝛼
 (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 line, such that:  

𝑄𝑐𝑎𝑝 =
𝜔𝐶

𝐺
  , 𝑄𝐿 =

𝜔𝐿

𝑅
 (4-23) 

 

Fig. 4-11. Finding properties of a transmission line from 2-port full-wave simulation. 
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where Qcap and QL are quality factors of series L and shunt C segments of the lumped element 

model of the transmission line (Fig. 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 transmis sion lines 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 quality factor definition of β/2α, it is not easy to tell which section of the micro-TL 

contributes to more loss without simulations, but if Q cap and QL are known, one can find 

which section should be improved.  

Now let us look at the micro-TLs shown in Fig. 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 that the q uality factor of the 

series segment is dominant. Therefore any design that improves Q L will improve overall Q. 

Now, one can intuitively say that for higher QL, the series inductor should be increased (or 

R should be decreased), which means that the separat ion between 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 result, QL and overall Q  would 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, microstrip is 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 micro -TLs can become too stiff, so the 

best option is the coplanar stripes. For example, a 3-metal-layer micro-TL such as microstrip 
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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 proportional to thickness cubed [63], 

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

A circuit model for the micro-TL is shown in Fig. 4-12. Since the micro-TL is an 

electrically short transmission line smaller than λ/10, it can be modeled with only one 

segment of the general transmission line RLGC model. Another shunt segment is added to 

make a symmetrical pi model. 

In this model, the series resistor is not dependent on frequency because the width and 

thickness are smaller than or comparable to skin depth . For a certain micro-TL (e.g., 

microstrip), changing the width does not significantly change the quality factor because both 

the inductance and the resistance of the micro-TL undergo similar changes (i.e., increasing 

the width decreases both R and L to the same proportion) and Q l would not change much. 

However, if we increase the gap between the signal and the ground return path, R might not 

change much but L certainly does because the area of integration of total flux increases , and 

thus QL and consequently Q t increases. This describes why a microstrip line promotes better 

sensitivity than a stripline. In the following section, a detailed analysis and comparison 

between different micro-TLs is presented. 

4.4.2.1 Simulation results micro-TLs 

In this section, simulation results for different micro-TLs are presented. First, a certain length 

  

 

Fig. 4-12. Microstrip micro-TL and its circuit model. 
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of the micro-TL is simulated in HFSS (200 µm). Both lumped-ports and wave-ports are used 

and compared in these simulations, but only lumped-port results are presented, since both 

resulted in similar s-parameters. An HFSS driven-modal solution is used here because the 

propagation mode along the micro-TLs is quasi-TEM (the other option is a driven-terminal, 

which is better suited for TEM modes). Next, ABCD parameters are extracted from the 2 -

port s-parameters, and finally transmission line properties are found using equations (4-16) 

to (4-21). The results of the rectangular coax (very similar to stripline) microstrip and slotline 

micro-TLs are presented, followed by a discussion and comparison of different lines. The 

electric and magnetic fields for each micro-TL are also shown to show that the correct mode 

is excited in the structure.  

It can be noted that for all the micro-TLs, characteristic impedance is highly dependent on 

frequency. Furthermore, the imaginary part of the micro-TL is comparable to or in some 

cases even higher than the real part, which shows very high losses in the micro -TLs. Their 

frequency dependencies make them highly dispersive. The electric and magnetic fields of the 

rectangular coax micro-TL in Fig. 4-13 show that they are not completely confined and that 

some of the fields pass through the shield. 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 2.7 microns (which is bigger than the metal thickness and comparable to the 

width), all the current within a 2-10 GHz frequency range passes through all the cross-

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

Another thing to consider is that by looking at the E- and H-fields of the microstrip and 

slotline micro-TLs 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 micro-TLs. Therefore, silicon substrate loss becomes 

negligible here, and mainly the silicon-oxide loss tangent contributes to conductance (shunt 

losses). This is the reason why G is almost proportional to frequency ( G ∝ ωε” ).  
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Fig. 4-13. Rectangular coax micro-TL. 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 micro-TL model. Middle right: Capacitance and conductance per unit length of the micro-TL 

model.  Bottom left: E-field at the cross-section of the micro-TL (HFSS simulation). Bottom r: H-field 

at the cross-section of the micro-TL (HFSS simulation). 
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Fig. 4-14. Microstrip micro-TL. 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 micro-TL model. Middle right: Capacitance and conductance per unit length of the micro-TL model.  

Bottom left: E-field at the cross-section of the micro-TL (HFSS simulation). Bottom right: H-field at 

the cross-section of the micro-TL (HFSS simulation). 
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Fig. 4-15. Slotline on M1 layer micro-TL. 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 micro-TL model. Middle right: Capacitance and conductance per unit length of 

the micro-TL model.  Bottom left: E-field at the cross-section of the micro-TL (HFSS simulation). 

Bottom right: H-field at the cross-section of the micro-TL (HFSS simulation). 
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4.4.2.2 Figure of merit for the micro-TL 

Now that we know the characteristics of micro-TLs, we can compare them to see which one 

results in better overall sensitivity of the system. To make this comparison, we assume that 

the lengths of the micro-TLs are the same and that the frequency of operation is also the 

same. By looking at equations (4-8) to (4-12), one can figure out that a micro-TL with higher 

Z0 and quality factor will result in better overall sensitivity. Moreover, in realizing that 

micro-TLs have a significantly smaller quality factor than the PCB section, a lower electric 

length or effective epsilon will result in better overall sensitivity. T herefore, we can define 

a figure of merit based on these parameters : 

FoM𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =
𝑍0𝑄

√𝜖𝑟_𝑒𝑓𝑓

 (4-24) 

For a discussion on quality factors of lossy transmission lines, please refer to Appendix B.  

Let us first compare Z0, effective relative permittivity and Q (=β/2α) of different micro-

TLs. And after that, we can compare the newly defined figure of merit. In this comparison, 

the ground metal is 5.4 µm for the microstrip, stripline and rectangular coax micro -TLs and 

the signal line is 2.7 µm. For the slotline both  the signal and ground lines are on the metal1 

layer with a width of 2.4 µm and spacing of 4 µm. 

In Fig. 4-16, the characteristic impedance of the slotline micro-TL is the highest, followed 

by microstrip. This is because more separation between signal and ground increases L and 

decreases C and Zl is proportional to √L/C. For effective permittivity (Fig. 4-17), it is the 

opposite: a rectangular coax line has the highest effective ε r, while a slotline has the lowest. 

This is in large part because there is no dielectric for the slotline micro -TL, and so it gets 

less effective ε r. However, it is mainly because of the high losses in these types of 

transmission lines that they are so dispersive.  

Quality factors (β/2α) of the micro-TLs are compared in Fig. 4-18, where we can see that 

slotline and microstrip are a lot better than stripline or rectangular coax. As discussed earlier, 

conductive loss and quality factor are dominant in these types of micro -TLs, making them  
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Fig. 4-16. Real part of the characteristic impedance for some of the micro-TLs. 

 

Fig. 4-17. Effective relative permittivity for some of the micro-TLs. 
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Fig. 4-18. Quality factor (β/2α) for some of the micro-TLs. 

 

Fig. 4-19. Sensitivity figure of merit for some of the micro-TLs. 
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proportional to inductance and inversely proportional to series resistance of the line. For 

most of the micro-TLs, R is approximately the same; so, to improve Q, L should be increased, 

and this can be achieved by increasing the gap between signal and ground paths. 

Now that we have a comparison between the important components of the overall 

sensitivity of the system, we can combine them with equation (4-24) and compare their 

sensitivity figures of merit.  

As expected, slotline shows the highest FoM, followed by microstrip line. However, 

slotline is not suitable for the portion of the micro-TL that acts as a soft spring. It is also not 

the best choice near the tip, since it does not shield the surrounding medium as effectively 

as microstrip or stripline. Furthermore, microstrip is the preferred structure in the flexible 

micro-TL area. Near the tip (last 100 µm), stripline or coax micro-TLs provide better overall 

shielding and minimize the interaction of the micro-TL to the medium. Hence, if quantitative 

imaging is required, they are a better choice closer to the tip.  

To confirm our results, we carry out a simulation in ADS to compare these micro -TLs in 

the overall system. An 800 µm length of each micro-TL is connected to a matching network 

made of transmission lines with the characteristics of an RO4003 PCB board and a G -CPW 

transmission line (Qc = 200 & Qd=500). The load is changed by 1aF, and any changes in S11 

are compared before and after changing the load. For each micro -TL, an optimization is run 

to obtain the matching point at 5 GHz, with a return loss of better than 20 dB. The 

optimization parameters are the two stub lengths of Fig. 4-6. The results shown in Table 4-3 

indicate very good agreement with equation (4-8); the slight difference is because overall Z0 

is assumed to be the Z0 of the PCB transmission line, and the effect of micro-TL on Z0 is 

neglected here.  

To compare and validate simulation results, two identical test structures are fabricated. 

The test structures consist of a CPW line connected to a micro -TL, with the only difference 

being that the micro-TL in one is a microstrip while in the other it is a stripline. An integrated 
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Table 4-3. Comparing overall sensitivity of SMM with different micro-TLs. 

Micro-TL type Overall Q 
|ΔS11| Circuit 

Simulation 

|ΔS11| Theory 

equation (4-8) 

Rectangular coax, w = 2.7 µm 18.9 17.4e-6  18.9e-6 

Stripline: w = 2.7 µm 22.1 20.8e-6 22.1e-6 

Stripline: w = 1.5 µm 23.8 23.4e-6 23.8e-6 

Microstrip: w = 1.5 µm 88.4 90.1e-6 88.4e-6 

Microstrip: w = 2.7 µm 97.8 100e-6 97.8e-6 

Slotline: w = 2.7 µm, gap = 4 µm 139.2 141.7e-6 139.2e-6 

No Micro-TL (only PCB TL) 142.3 142.8e-6 142.4e-6 

sample close to the tip is actuated periodically in the approach direction with on-chip 

electrothermal actuators and the output voltage of the measurement circuit  (explained in 

section 4.6) is observed. The microstrip output signal is approximately four times larger than 

the stripline case, which agrees well with the simulation results presented in Table 4-3. Fig. 

4-20 shows an SEM image of the test structured fabricated in the CMOS-MEMS process. 

 

Fig. 4-20. Test structure for comparing different micro-TLs. 
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4.4.3 Bond pads transmission line 

In order to connect the SMM device to the outside world either a CPW line (GSG pads) or a 

coplanar strip line (2 pads) is used. The pads should be at least 100 µm x 100 µm to be able 

to wire-bond them to a PCB board.  

The signal line on the microstrip micro-TL is on the M1 layer; therefore, for the first 

design, the CPW bonding pads were put on M1 layer. Since it was only about 100 µm long, 

however, its effect on the overall system was ignored. After the first measurement, we 

realized that most of the loss actually comes from the CPW pads. So the next obvious design 

was to move them to the topmost layer of M4 (and bring the signal line to M1 with via holes 

where the silicon underneath is etched), which is farther from the lossy substrate and 

improves sensitivity. After studying the effect of individual parts on the quality factor of the 

overall system, we noted that having the CPW pads on M4 still had a considerable effect. 

This is because dielectric losses have a more pronounced impact on overall quality factor, as 

described in section 4.3, due to higher voltage closer to the tip. One way to decrease substrate 

losses is to shield the field with lower metal layers, which improves overall system 

sensitivity. There are several ways to do the shielding, and these will be discussed in greater 

detail in this section. 

A circuit model for the bond-pad TL (CPW line or stripes) is shown in Fig. 4-21. This 

model is similar to a regular transmission line circuit model except that the substrate section 

is divided into two parts, oxide and silicon. In the oxide part, conductance is neglected 

because it is very small compared to the loss of Silicon.  Also Cair is the capacitor between 

the signal and ground pads through air which is usually small compared to C ox and neglected 

unless the gap between signal and ground is smaller than oxide thickness. Fig. 4-21 shows 

the circuit model and a comparison between EM and circuit model simulations which shows 

very good agreement between the two simulations in a wide frequency range (1-20 GHz). 
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Fig. 4-21. (Top) CPW structure scaled 400% in vertical direction. (Middle) CPW complete model. 

(Bottom) EM simulation (red dashed line) and Circuit Model (blue solid line).  
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Based on the model and because of substrate losses, it is best when the pads are on the 

topmost layer, i.e., on the metal-4 (M4) layer to reduce the effect of silicon resistance (R si).  

 

  

Fig. 4-22. CPW on M4 layer. 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 

micro-TL model. Middle right: Capacitance and conductance per unit length of the micro-TL model.  

Bottom left: E-field at the cross-section of the micro-TL (HFSS simulation). Bottom right: H-field at 

the cross-section of the micro-TL (HFSS simulation). 

4 6 8 2 10 

52 

57 

47 

62 

2.5 

7.5 

-2.5 

12.5 

4 6 8 2 10 

300 

500 

100 

700 

300 

500 

100 

700 

4 6 8 2 10 

715 

730 

700 

745 

4.5 

5.0 

5.5 

4.0 

6.0 

4 6 8 2 10 

200 

250 

300 

150 

350 

2 

3 

4 

5 

1 

6 

Imaginary Zc (Ω) Real Zc (Ω) 

L(nH/m) R(KΩ/m) C(pF/m) G(S/m) 

β (rad/m) α (Neper/m) 

Freq. (GHz) 

Freq. (GHz) Freq. (GHz) 

Freq. (GHz) 

E Field (V/m)  
1.07e6 

1.07e5 

1.07e4 

1.07e3 

1.07e2 

G  S  G  

Si  

H Field (A/m)  

4.03e3 

4.03e2 

4.03e1 

4.03e0 

4.03e-1 

G  S  G  

Si  



 

 85 

However, there are other ways to reduce the substrate effect, which will be discussed in the 

following section.  Fig. 4-22 shows the simulation results for a CPW transmission line on the 

metal4 layer, with a width of 90 µm and a gap of 20 µm. To compare different transmission 

lines, we still use the standard RLGC method instead of the model shown in Fig. 4-21. 

In order to reduce substrate losses, a few test structures were fabricated where Silicon 

underneath the CPW were etched. Unfortunately none of them could withstand the high force 

of the wire bonding machine, and they broke in the process.  

 

Fig. 4-23. CPW test structures with Silicon underneath etched for reducing substrate losses. 
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and Rsi shown in Fig. 4-21. Here again, Cair can usually be ignored. 

Putting narrow floating stripes is better than putting a floating solid metal (on M1 layer) 

shield because it reduces eddy currents on the floating shield and therefore reduces losses. 

The narrower these stripes are, the less the loss due to the eddy current.This type of slow -

wave CPW can improve the overal sensitivity of SMMs by reducing substrate losses. 

In section 4.4.2, we described how a larger relative dielectric constant in micro -TLs can 

decrease overall Q and sensitivity by keeping the wave in the higher loss CMOS section 

compared to the PCB section. The same argument is valid here, which means we would like 

to decrease substrate loss but not “slow” the wave. Therefore, the design should focus on 

decreasing substrate loss while keeping relative permitivity as low as possible. In [67] and 

[66], we can see how narrower stripes with smaller pitch can increase effective relative 

permitivity. Also, the smaller the gap between floating metal shields and the CPW line, the 

higher the effective relative permitivity will become. Therefore, for SMM applications, it is 

best when the stripes are on metal1 and rather wide. We have used 10 µm M1 stripes based 

on the above-mentioned analysis and simulation results.  

HFSS simulation results for a slow-wave CPW with 90 µm width, 20 µm gap, 10 µm stripes 

on metal1 with 1 µm gap between the stripes is shown in Fig. 4-25. 

Comparing simulation results of CPW both with and without floating stripes shown in Fig. 

4-22 and Fig. 4-25, one can see that conductance per unit length is reduced considerably 

when the floating stripes are used, which means the quality factor of the shunt element is 

improved. The capacitance per unit length has also increased because silicon capacitance is 

no longer in series with oxide capacitance, which improves the quality factor of the shunt  

element. On the other hand, resistance and inductance per unit length has not changed much, 

and consequently the series element Q is not affected.  

To compare the different transmission lines described for the bonding pads, the figure of 

merit presented in equation (4-24) can be used. If we replace Q=β/2α, sensitivity FoM will 

be proportional to Z0 and inversely proportional to the attenuation constant (α). Fig. 4-26 and 
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Fig. 4-27 show a comparison between the characteristic impedance and atte nuation constant 

for several types of transmission lines.  

 

 

Fig. 4-24. Slow-Wave CPW structure and its circuit model. (The side view is scaled in vertical direction 

for better visualization). 
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Fig. 4-25. CPW on M4 with floating M1 stripes. 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 micro-TL model. Middle right: Capacitance and conductance per unit length of 

the micro-TL model.  Bottom left: E-field at the cross-section of the micro-TL (HFSS simulation). 

Bottom right: H-field at the cross-section of the micro-TL (HFSS simulation). 
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Fig. 4-26. Comparison of attenuation constant (α) between different TLs for bond pads. 

 

Fig. 4-27. Comparison of characteristics impedance (Z0) between different TLs for bond pads. 
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Fig. 4-26 and Fig. 4-27 show that when stripes of M1 layer are floating underneath M4 

pads, the attenuation constant is very low compared to the rest of the transmission lines and 

their Z0 is also among the highest; hence, using bonding pads with either CPW or slotline on 

M4 layer and M1 stripes underneath will result in optimal sensitivity.  

Additionally, to compare different CPW and slotlines in the overall system, an ADS 

simulation is carried out. In this simulation, 800 µm of microstrip micro -TL (as described in 

section 4.4.2) are connected to a CPW with an overall length of 200 µm, which is then 

connected to a matching network on the PCB (with properties of RO4003 G-CPW PCB lines 

and Qc = 200 & Qd=500), as shown in Fig. 4-28. For comparison, a slotline is used instead 

of the CPW. 

 

Fig. 4-28. ADS simulation to compare different bond pad transmission lines. 

Here, ΔC is change by 1 aF and an optimization is run to get a matching point at 5 GHz 

(return loss of 20 dB) by changing l1 and lstub variables. Table 4-4 shows the overall quality 

factor and change in S11 with different types of CPW and slot line options.  

These simulations show that putting the stripes under the CPW line significantly improves 

overall sensitivity. It also confirms that, in SMM applications, improvement c omes from 

shielding the substrate and not “slowing” the wave (i.e., when the stripes are on M3 and 

hence effective permittivity is the highest among the compared lines, sensitivity is reduced).  

It is note-worthy that in the micro-TL design, since the silicon underneath is etched, there 

is little loss from the substrate. There is thus no benefit to designing slow-wave micro-TLs, 
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relative permittivity.  

Table 4-4. Comparing overall sensitivity of SMM with different bond pad TLs. 

Bond-pad transmission line Overall Q |ΔS11| Circuit Sim. 

CPW M1 6.5 7.1e-6  

CPW M4 15.6 16.6e-6  

CPW M4 - 10µm M1 stripes & spacing 76.6 76.4e-6  

CPW M4 - 10µm M1 stripes, 1µm spacing 86.2 85.9e-6 

CPW M4 - 1µm M1 stripes& spacing 86.3 85.7e-6  

CPW M4- 10µm M3 stripes& spacing 50.2 44.1e-6  

CPW M4 – floating M1  86.2 84.1e-6  

CPW M4 – ground M1 (G-CPW) 86.8 82.9e-6  

Slotline M4 - 10µm M1 stripes, 1µm spacing 83.0 85.2e-6 

only PCB TL and micro-TL 97.1 100e-6 

After selecting the transmission line for bonding pads and the micro -TL, we need to design 

and simulate the proper transition from the pads to the micro -TL. When a CPW is used for 

the bonding pads, all the pads are tapered and the signal line is brought to the M1 layer with 

a staircase set of vias to be connected to the microstrip micro -TL. 

 

Fig. 4-29. CPW transition and its EM simulation. 
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The CPW pads take up a lot of space on the chip, so we decided to remove one of the 

ground pads and use slotline bonding pads on some of the SMMs. The slotline should be 

excited in odd mode. Placing floating metal stripes underneath to reduce substrate losses can 

be used for slotlines as well. Fig. 4-30 shows the microwave path on the CMOS SMM chip 

in one of the latest designs. It starts with a slotline for bonding pads 100µm x 130µm with 

10µm M1 stripes underneath separated 1µm, followed by a coplanar stripe 180µm long with 

a metal stack of M1 to M4 for reduced loss. This is the transition zone between the pads and 

the micro-TL in this design. After that, the flexible microstrip micro-TL of around 400µm in 

length is used with signal and ground widths of 2.7µm and 4µm, re spectively. Then a soft 

coplanar stripe on M1 for 150µm (2.4µm width and 4µm gap) and eventually another 

microstrip of about 150µm long are used up to the tip.   

 

Fig. 4-30. Microwave path from bonding pads to the tip. Side view is scaled in the vertical direction 

for better visualization. 
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This microwave path is then wire-bonded to a PCB. The wire-bonding is done in our lab 

with a gold thread of 40µm in diameter. The total length of wire bond is less than 1 mm, 

usually close to 700µm. In the overall full wave simulations, bond wires are also considered, 

as shown in Fig. 4-31. Since the diameter of the bond wires is more than 50 times thicker 

than the metal thickness on TSMC 0.35µm CMOS, and the conductivity of gold is about 3 

times more than the aluminum alloy used in this process, the effect of wire -bond losses on 

the overall system is usually negligible. Nevertheless, because of their length (which is 

comparable to micro-TL length), the bond-wires need to be taken into account when 

designing the matching network. There are some models for bond wires in the literature [68]. 

Here, for simplicity, the model provided by NXP in ADS is used , as this part is fixed and 

will not be “designed”.  

 
 

Fig. 4-31. Bond-wires from either CPW or slotline bonding pads to the PCB board, simulated in HFSS.  

To ensure the circuit models are accurate, a few measurements with CPW probes from 

CPW lines are compared with the circuit models presented for micro -TL and bonding pads. 

In Fig. 4-32, an SMM with 120µm CPW lines on a metal4 layer followed by an 890µm 

microstrip micro-TL is measured on two different chips, and the results compared with circuit 

simulations. Circuit models, as shown in Fig. 4-12 and Fig. 4-21, are used for the micro-TL 

and bonding pads, respectively. For transition between the mic ro-TL and bonding pads, a 

similar model based on HFSS simulations is used. The results show that, first, the 

measurements are repeatable from one chip to another, and that, second, the circuit models 
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presented in this chapter can represent the CMOS SMM structure with very good accuracy. 

 

Fig. 4-32. Return loss measurement and circuit simulation comparison for a CMOS SMM. Smith chart, 

phase and magnitude of S11 is shown for two different measurements and corresponding circuit model.  
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of on-chip inductors at gigahertz frequencies. For the 0.35 µm CMOS technology from TSMC 

that we use, the best achievable Q factor is below 5 at the 5 GHz frequency range. 

The second problem is that inductors occupy a relatively large footprint on the chip, which 

makes the mechanical design very challenging; they also use a lot of expensive space. In 

contrast, with careful design, achieving an overall quality factor of close to 100 is possible 

with single stub matching on Rogers PCB material such as RO4003.  While there are lower 

loss PCB materials available, we selected RO4003 because of its higher stiffness, which is 

necessary for the vibration immunity of the board during imaging. With this higher Q, better 

sensitivity is achievable with stub matching. Therefore,  we have chosen to use single stub 

matching over on-chip lumped matching. 

Fig. 4-33 shows the impedance of a typical SMM device from the CPW bonding pads over 

a frequency range between 1-20 GHz on the Smith chart. This impedance is capacitive with 

some loss because the end of the tip is an open circuit and an electrically short lossy 

transmission line is connecting the tip to the CPW bond pads.  

  

Fig. 4-33. (a) Typical impedance of an SMM device over frequency range of 1-20 GHz taken with 

PNA-X on an RF probe station. (b) SEM of the SMM device; impedance is measured from GSG pads. 
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In order to capture a small change in the impedance of the sample, a strong tip -sample field 

is required, so maximum power should be delivered to the tip. To deliver maximum power 

to the tip of the SMM, we need to match it to 50 ohms. Single stub matching is used to match 

the SMM at a single frequency to 50 ohm. CPW bond pads are connected through bond -wires 

to a short transmission line smaller than a quarter lambda on a PCB board. At a specific 

length, l1 it will intersect with g=1 circle, and at this point (D shown in Fig. 4-34), the 

normalized admittance will be 1+jB. To cancel the jB part, a shunt stub wit h an admittance 

of -jB can be used. Since a -jB admittance is a small inductor, it can be realized with a very 

short short-circuited stub. This procedure for typical SMM impedance at 5 GHz is shown in 

Fig. 4-33. The resulting matching network with CPW line and fabricated PCBs are shown in 

Fig. 4-34 and Fig. 4-36.  

 
 

Fig. 4-34. Left: Stub matching of a typical SMM impedance at 5 GHz on a Smith chart. Right: HFSS 

simulation of the entire structure including matching network, bond-wires, CPW lines and micro-TL.  

To ensure that the fabricated PCB results in a good match ( -20 dB or lower), a series of 

HFSS simulations are run after the initial circuit simulations. In these simulations, the SMM 
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parametric simulation is run for the stub length. Some of the results are shown in Fig. 4-35. 
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is also time-consuming. For most of the analysis and design, the circuit models presented in 

section 4.4 are used, and these considerably simplify the design and analysis.  

The measurement result for this stub matching network is shown in Fig. 4-35-(a) indicating 

very good agreement with simulation results ( the simulation is done with the circuit model). 

It is noteworthy that the quality factor estimated by the simulation is within 5% of what was 

measured, which is very important in the correct estimation of sensitivity.  

  

Fig. 4-35. Simulation and measurements results for the matching network, connected to the device. 

Simulation in HFSS. 
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Fig. 4-36. PCB layout and picture of some of manufactured PCBs. 

frequency. The problems with this approach are the limited quality factor of the capacitor at 

gigahertz frequencies and sensitivity of the inductance value with soldering and orientation 

of the SMD capacitor. Due to the lower Q of this method compared to stub -matching, the 

latter method is used for the measurements and is described in greater detail here.  

 

 

Fig. 4-37. Matching with transmission line on PCB and parasitic component of an SMD capacitor. 
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factors on the overall Q of the system. For a one-port resonator, the quality factor can be 

defined as [69]: 

 Q =
𝑓0
2

𝜕𝜑𝑍𝑖𝑛

𝜕𝑓
   (4-25) 

where φZin is the phase of the one port input impedance of the resonator. It is straightforward 

to show that the overall Q of the cascaded system if the stored energy remains constant is 

given by: 

 𝑄𝑡
−1 = 𝑄1

−1 + 𝑄2
−1 + ⋯   (4-26) 

where Q1, Q2, etc., are the quality factors due to the loss of different sections of the overall 

SMM system, such as micro-TL, bonding pads TL, bond wires, PCB, etc., while  the loss of 

all other parts is set to zero. An ADS circuit simulation is carried out where circuit models 

for different sections of the SMM are used in cascade, and all of the losses are put to zero 

except for the section under study. The Q factor of the entire system is found by equation 

(B-1), while for PCB transmission lines, standard ADS physical transmission lines are used. 

To get the resonance at the desired frequency (5 GHz is used here), the matching network 

lengths are slightly tuned. Note that the stored energy of the entire system does not change 

(there is a slight change when tuning the matching network, but it is negligible) and only the 

loss of each section is altered. This means that for the circuit  models series and parallel 

resistor, all but one section are set to zero, and for the standard physical ADS TLs, 

conductivity and loss tangent are changed.  Table 4-5 shows the effect of each section (with 

some possible variations) on the overall quality factor of the SMM system.  

Since the overall quality factor is dominated by the lower quality factors in the system, we 

will not get much improvement by increasing the  higher Q-factors of the system. So, the 

focus of the design and improvement should be on the lower Q-factors. It is interesting to 

see that, when the shielding stripes are not used, even a very short length of the CPW bonding 

pads has a large effect on the overall quality factor and sensitivity of the system. When there 

is no shielding of the substrate, the 100-150 µm CPW pads dominate the Q factor, but when 
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it is shielded, the micro-TL and the matching network become dominant.  Also worth 

mentioning is that a significant improvement (~10 times) is achieved with microstrip over 

stripline. For the matching network, obviously lower loss substrates such as RO4003 result 

in better Q-factor.  

Table 4-5. Comparing the effect of each section of the CMOS-MEMS SMM on the overall 

sensitivity. 

4.5.2 Comparison with Keysight method  

In section 4.3 the sensitivity of stub matching and “λ/2 + 50Ω” methods was analyzed. 

Comparing equations (4-8) and (4-15) , we can write: 

|∆𝑆11|
𝑠𝑡𝑢𝑏−𝑀𝑁

|∆𝑆11|
𝜆/2+50Ω

= (
𝑍𝑙

25
)

1

𝛽𝑙
𝑄𝑠𝑡𝑢𝑏−𝑀𝑁 (4-27) 

Which shows that for matching networks with Zl = 50 ohms and with quarter-lambda 

matching (βl=π/2), better sensitivity can be achieved with the stub -matching method if the 

quality factor of the network is better than π/4. In this chapter, we have shown that it is 

Section 
Overall Q of 

individual sections 

|ΔS11| Circuit Sim. 

(*1e-6) 

Micro-TL: microstrip (0.9mm) 224.6 267.5 

Micro-TL: microstrip (1.1mm) 120.3 144.2 

Micro-TL: stripline (0.9mm) 19.1 17.8 

Micro-TL: stripline (1.1mm) 11.1 9.4 

CPW: M1 (0.15mm) 7.5 9.7 

CPW: M4 (0.15mm) 19.3 24.7 

CPW: M4 with m1 stripes (0.15mm) 353 429 

PCB MN: FR4 (~ 7.9mm) 57.6 71.5 

PCB MN: RO4003 (~ 8.1mm) 161.7 191.2 

MN: λ/2(ideal TL ) + 50 ohm 1.48 1.01 
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possible to achieve quality factors of 50 or more with the CMOS-MEMS process and PCB 

matching and achieve a more than 60-fold improvement in sensitivity compared to the 

λ/2+50Ω method. To confirm this, a circuit simulation in ADS is carried out, where either 

CMOS-MEMS SMM with quarter-lambda PCB matching or Keysight’s λ/2+50Ω method is 

connected to a load that is changed from 1 to 1000 aF. The simulation results confirm 

equations (4-8), (4-15) and (4-27) as shown in Fig. 4-38.  

 

Fig. 4-38.  Change in S11 vs. change in load when the CMOS-MEMS SMM device is matched with (a) 

a single-stub transmission-line and (b) with λ/2+50Ω method. 

4.6 Measurement Circuit 

When aiming to improve the sensitivity of SMM detection, one needs to increase the signal-

to-noise ratio, similar to improving the sensitivity of receivers. This is possible by a 
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In SMM, the signal of interest is the reflected signal from the tip. All of the analyses and 

designs presented in this chapter, such as the Q improvement for the micro -TL and bonding 

pad TL, are aimed at increasing this reflected signal (increase |ΔS11|). Furthermore, the 

reflected signal is proportional to the transmitted signal to the tip. We can therefore assume 

that increasing the transmitted signal results in an increased reflected signal without any 

change in the thermal noise level, which means better SNR (but noise from phase noise also 
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increases with increasing input power, as described in section 4.6.1). A directional coupler 

can then be used to separate the reflected signal from the transmitted signal.  

It should be noted that the transmitted signal cannot be arbitrarily increased because o f 

power limitations of the SMM device, especially for micro-transmission line designs. This 

power is rather weak (assuming to have a minimum gap between the signal and the ground 

is 1 µm, which is the thickness of oxide layer; power should be less than 20 dBm to avoid 

air breakdown voltage). Also, since the electric field is strong at the tip, it might damage the 

sample. For these reasons, we usually apply less than 5 dBm of power to the SMM device 

for our measurements (typically around 0 dBm).  

There are two main sources of noise in the SMM system: thermal noise and phase noise. 

Thermal noise depends on the operating temperature of the SMM device. Therefore, one way  

to reduce thermal noise is to decrease the device’s temperature by p lacing the entire system 

in liquid nitrogen or helium [70]. However, this approach is cumbersome and expensive and 

goes against the idea of having a small and inexpensive SMM. Our CMOS-MEMS SMM 

device works at room temperature. The MEMS actuators used in our designs are 

electrothermal, so they increase the temperature of the microwave signal path. MEMS 

simulation shows that the temperature of the micro transmission line can go up to twice the 

room temperature (2T0 ≃ 600o K), which means that the SNR at the tip is reduced by 3dB 

compared to the SNR at room temperature.  It may seem that the output SNR would decrease 

by 3 dB as well, but more careful investigation of output SNR shows that this degradation 

depends on the total noise figure of the measurement circuit.  

𝑆𝑁𝑅𝑜𝑢𝑡
𝑇𝐼𝑁1

𝑆𝑁𝑅𝑜𝑢𝑡
𝑇𝐼𝑁2

=
𝑁𝑜𝑢𝑡2  𝑆𝑜𝑢𝑡1

𝑁𝑜𝑢𝑡1 𝑆𝑜𝑢𝑡2
=

𝑇𝑒 + 𝑇𝐼𝑁2

𝑇𝑒 + 𝑇𝐼𝑁1
 (4-28) 

If we assume a total noise figure of 3-dB (effective noise temp. of Te = T0) for the detection 

circuit, the total degradation of output SNR when the input temperature is T IN2 = 2T0 

compared to when it is at room temperature (T IN1 = T0) is only10log (3T0/2T0) = 1.76 dB.  

From equation (4-28) and Fig. 4-39 we can figure out that to improve output SNR and thus 
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improve system sensitivity, we need to reduce the noise figure of the detection system as 

much as possible. The noise figure of a standard PNA-X receiver is about 15-dB (with low 

noise option), and for a lock-in amplifier it is about the same (5nV/√Hz output noise). Better 

sensitivity can therefore be achieved if the reflected signal is amplified with a low noise 

amplifier. In order to detect the signal out of noise, the minimum gain of the detection circuit 

needs to be larger than the noise figure of the measurement device.  

One challenge in selecting or designing an LNA is that the reflected signal from the SMM 

system is rather high (P ref = Pi - RL) and saturates the LNA. To overcome this problem, an 

interferometry technique can be used to cancel the common signal. A schematic of the 

 

Fig. 4-39. Thermal noise effect of the device and detection circuit on the output noise. 

 

Fig. 4-40. High sensitivity measurement system. The modules of the system are shown in Appendix C. 
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microwave interferometry system is shown in Fig. 4-40. After RF amplification, the signal 

is mixed down to baseband with a mixer, where it is again amplified (optional: baseband 

amplifier design is explained in Appendix C) and detected with a lock-in amplifier. A lock-

in amplifier can detect a small signal in a very small bandwidth and therefore reduces 

detection noise considerably. 

A brief budget analysis of the SMM measurement system is shown in Fig. 4-41. When the 

SMM tip is actuated at the mechanical resonance frequency of the device (Δf), the microwave 

signal (at f0 ) gets modulated and the reflected signal from the SMM device gets side signals 

at f0 ± Δf. We are interested in these modulated signals. The cancellation circuit cancels out 

the large common signal at f0 without affecting the modulated signal. Eventually, the signal 

gets mixed down to the baseband after RF amplification and the amplitude and phase of the 

signal at Δf frequency is detected with the help of a lock -in amplifier.  

Another source of noise in the SMM system is the phase noise that depends on the phase 

 

Fig. 4-41. Budget analysis for the SMM measurement system. Pin: Microwave Source power, RL: 

Return loss from the matching network, Δf: tapping frequency, K: constant depending on SMM design, 

ARF: RF gain, CRm: Mixer conversion loss, C: Cancellation of common signal. 
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noise of the microwave source. This noise gets added up in two ways; first, at the tip sample 

interaction, when the microwave signal gets modulated by the tip actuation, and second at 

the mixer, when the signal is mixed down to baseband. Fig. 4-42 graphically shows how these 

two mechanisms add noise. 

4.6.1 Calculations for minimum detectable signal  

With all the information about the SMM device, matching network, measurement circuit and 

noise calculations, we can then find the minimum detectable signal. For a stub matching 

SMM, we can use equation (4-8) to write: 

 ∆𝑉𝑟𝑒𝑓 = 𝑉𝑖𝑛𝑄𝑇𝐿

𝑍0𝜔0

𝛽𝑙
∆𝐶   (4-29) 

where V in and Vref are the transmitted and reflected voltages from the matching network 

respectively. This reflected signal then passes two couplers, an RF amplifier, a mixer, and a 

baseband amplifier and it reaches the lock-in amplifier. We can define the total power gain 

of this chain (shown in Fig. 4-40) as: 

 𝐺𝑡 = 𝐴𝑅𝐹 + 𝐴𝐵𝐵 − 2𝐼𝐿𝑐𝑜𝑢𝑝𝑙𝑒𝑟 − 𝐶𝐿𝑚𝑖𝑥𝑒𝑟   (4-30) 

Therefore, the voltage at the lock-in amplifier is: 

 

Fig. 4-42. Effect of phase noise at the output of the mixer. 
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 ∆𝑉𝑜𝑢𝑡 = ∆𝑉𝑟𝑒𝑓 √𝐺𝑡  (4-31) 

The thermal noise calculation was explained with the help of Fig. 4-39 and equation (4-28). 

We simply need to find total gain, from equation (4-30), and noise figure of the detection 

system, which depends on the modules used in the circuit and is straightforward to calculate. 

Here, with the use of a very high gain LNA immediately after the couplers we can find. 

𝑁𝐹𝑡 ≅ 2𝐼𝐿𝑐𝑜𝑢𝑝𝑙𝑒𝑟 + 𝑁𝐹𝐿𝑁𝐴  (4-32) 

where NFt and NFLNA are the total and the LNA’s noise figures in dB. Therefore  the total 

(linear) output thermal noise power will be:  

𝑁𝑡ℎ
𝑜𝑢𝑡 = 𝐾𝑇𝑖𝑛[ 𝐾𝑜 ]𝐵[𝐻𝑧]𝐹𝑡𝐺𝑡  (4-33) 

where K is the Boltzmann constant, B is the receiver bandwidth, and F t is the total noise 

factor of the circuit. To calculate the phase noise, we need to know the phase noise of the 

microwave source at the mechanical resonant frequency (Δf). Let us de fine it as LPN 

[dBc/Hz]. Due to the interaction with the sample, the phase noise is going to be substantially 

higher than the phase noise from the mixer, since it is amplified by the high -gain RF 

amplifier. We can write the output noise contribution due to  phase noise as: 

𝑁𝑃𝑁
𝑜𝑢𝑡 = 𝑃𝑖𝑛10−𝑅𝐿/10𝐺𝑡𝐵[𝐻𝑧]10𝐿𝑃𝑁/10 (4-34) 

where RL is the return loss of the matching network at the desired frequency. Based on 

equations (4-29) to (4-33), and with the assumptions of input signal of +16 dBm at microwave 

source (0 dBm at the input of SMM) and a return loss of -20 dB from the matching network, 

overall Q = 50, Z0 = 50 Ω, f0 = 5 GHz, B = 100 Hz, LPN = -100 dBc/Hz at 10 KHz, Gt = 50 

dB and ΔC = 1aF, we will have: 

𝑁𝑡ℎ
𝑜𝑢𝑡 = −98 dBm, 𝑁𝑃𝑁

𝑜𝑢𝑡 = −50 dBm, ∆P𝑜𝑢𝑡 = −36 dBm  (4-35) 

These calculations for typical values in the SMM system shows that an output SNR of 14 dB 

is achievable with typical CMOS-MEMS SMM values if the change in tip-sample capacitance 

is 1 aF. The detector in the lock-in amplifier can easily detect signals with such an SNR, so 
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we can therefore claim that any sub-attofarad change in tip-sample impedance can be detected 

by the CMOS-MEMS SMM. It should be noted that noise arising from phase noise is 

considerably higher than thermal noise. It is also important to point out that both signals and 

noise from phase noise are proportional to the applied input power. Because of this, when a 

certain degree of input power exists (where noise from the phase noise becomes much higher 

than thermal noise), the output SNR will not improve by increasing the input the signal, since 

both the signal and the noise will increase together.   
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Chapter 5 

Measurement Results 

In this chapter, the measurement results obtained by our CMOS-MEMS SMM are presented. 

First, some of the preliminary results that were achieved without the use of the high 

sensitivity measurement circuit explained in Chapter 4 are presented. Then, the imaging 

results with the help of the measurement system are explained.   

5.1 Preliminary Measurement Results 

In this section, preliminary measurement results are reported. We used the PNA -X from 

Keysight for S11 measurements.  

The relationship between S11 and tip-sample separation (approach curve) is measured using 

 
 

Fig. 5-1. (a) SMM probe with CPW pads and electrothermally actuated sample scanner. (b) Unshielded 

SPM probe design suspended over the edge of the die for scanning of off-chip samples. (c) Close-up 

of shielded SPM probe design with on-chip sample positioning. (right) The tip-sample approach curve 

for SMM. Inset figure shows FEA simulation of field distribution in tip-sample region for unshielded 

geometry. 
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our first device that was fabricated in the SOIMUMPs process (Fig. 5-1). This characteristic 

curve was obtained by actuating only the approach direction actuator. The results obtained 

are in agreement with the FEA simulations performed in HFSS.  

The first step in obtaining measurements is to match the high tip -sample impedance to the 

50 ohm input impedance of a PNA. This is achieved using the single-stub matching network 

shown in Fig. 5-2-(a). A single frequency measurement is used here. The measurement 

frequency should be close to the matched point to yield maximum sensitivity, as shown in 

Fig. 5-2-(b).  

For the first fabricated CMOS-MEMS SMM, a control experiment was performed in order 

to quantify parasitic from thermal actuation. An FR4 PCB with copper traces was sectioned 

and planarized for use as a sample. The SMM probe was positioned near the copper surface 

using a coarse positioning micromanipulator. The z-actuator was then oscillated to place the 

SMM tip in intermittent contact with the copper surface.  The comparison between measured 

S11 values in air and with copper contact is shown in  Fig. 5-3. From this data, we can infer 

  

(a) (b) 

Fig. 5-2. (a) System diagram for SMM measurements. From left to right: 50-ohm termination represents 

the PNA input impedance. Coax lines are a single-stub matching network. A simplified model of the 

tip sample interaction is on the right side. (b) Measurement frequency should be close to the matched 

point (m1).  
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that the parasitic contribution from electrothermal actuation is ~30X lower than our signal 

levels. Similar curves were obtained over the FR4 regions of the PCB but with lower peak-

to-peak amplitudes. With large tip-sample separations, calibration in air may be needed in 

order to compensate for thermal effects.   

In order to mitigate the effects of 1/f noise and other long-term drifts in the system, we 

modulated the tip-sample distance by applying a sinusoidal input at a frequency ω to the z-

actuator.  The thermal time constant of the z-actuator is approximately 2 kHz, after which its 

amplitude of oscillation decays at 20dB per decade.  The mechanical resonant frequency of 

the cantilevers is 100 kHz.  These values constrain the allowable range of frequencies for 

the oscillation of the z-actuator.  

The amplitude of the S11 signal contains terms at the oscillation frequency ω as well as at 

higher harmonics due to the non-linearity of the tip-sample interaction. In Fig. 5-3-(b), the 

amplitude of the modulated signal as a function of time is plotted to capture only the ω 

component of the signal. This plot was obtained while the later al scanners were repeatedly 

scanning a region that contained a transition between air and silicon.  The demodulated signal 

 
 

(a) (b) 

Fig. 5-3. (a) CMOS-MEMS 3 DOF integrated AFM-SMM device. A CPW to flexible rectangular 

coaxial line transition connects the microwave signal to the tip. Actuators are used to bend the 

waveguide and scan the tips. (b) Data comparing intermittent contact with copper to parasitic signal 

from electrothermal actuation in air. 
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captures four lateral scans, revealing features within the silicon -air transition region.  

The third sample that was tested reveals features on a CMOS chip.  The scan region 

contains aluminum pillars that are partially exposed by etching the SiO2 dielectric layer.  The 

symmetry in the forward and reverse scans is clearly visible in this scan.  Th ese data were 

also obtained by modulating the tip-sample gap with a sinusoidal signal (Fig. 5-4-(a)).  

5.2 Imaging Results 

After wire-bonding the SMM device to the daughterboard and mounting it on the stage 

(shown in Fig. 5-5), a mechanical frequency sweep is done first to find the probe’s resonance 

frequency (usually around 7-9 KHz). Then, the sample is brought close to the tip with  a 

stepper motor and the voltage across the sensing piezo resistors  on the SMM chip is 

monitored. As the sample gets closer, due to interaction forces between  the tip and the 

sample, the voltage amplitude across the sensing piezo is dropped. When the tip makes 

intermittent contact with the sample, the voltage continues to decrease. A PID feedback loop 

is used to keep the voltage across the sensing piezo-resistors to a set constant value, which 

 
 

(a) (b) 

Fig. 5-4. (a) Forward and reverse scans of a region of a CMOS chip. Arrays of aluminum vias on the 

sample were exposed with a SiO2 etch step. (b) Arrays of aluminum via holes on a CMOS chip that 

was exposed with a SiO2 etch step and used as a sample for our device. 
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Line scanned 
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helps to keep the tip-sample distance constant. When the desired value from the sensing piezo 

is achieved, one can start lateral scanning and imaging the sample. The lock-in amplifier is 

synchronized with the resonant frequency of the cantilever and captures the amplitude  and 

phase of the reflected signal in the baseband (described in section 4.6). Software is used to 

capture the amplitude and phase of the lock-in amplifier, creating a map to the scanned 

positions and finally generating an image based on the recorded amplitudes and phases.  

The scan rate is about one second per line for a 256 points line, which means that a 128 by 

128 pixel image can be obtained in ~1 minute. This numbers can be further improved by 

better software/hardware design. 

The first sample imaged is a DVD, which has several pits and bumps to make zeros and 

ones; the pits have a height of 120 nm, 740 nm spacing between successive lines, and a 

minimum of 400 nm between the pits as shown in Fig. 5-6. Fig. 5-7 shows a simultaneous 

AFM and SMM image of DVD pits in a 7 µm x 7 µm scan area obtained by an older version 

of the CMOS-MEMS SMM and Fig. 5-8 shows the same image in a wider scan area of 13 

µm x 13 µm obtained by the most recent chip that has wider scan area and less noise due to 

improvements in the mechanical design.  

 

Fig. 5-5. (a) CMOS-MEMS SMM assembled on a daughter-board with stub matching and RF 

connector. (b) SMM with daughter-board mounted on a stage (stage from [28]). Sample stage moves 

up and down with a motor. 
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Another sample imaged is a 22 nm CMOS SRAM chip with exposed contact pads. Features 

are about 200 nm wide and 5 to 10 nm tall. Fig. 5-9 shows the simultaneous SMM and AFM 

 

Fig. 5-6. DVD: 740 nm spacing between successive lines and minimum of 400 nm between the pits. 

 

Fig. 5-7. Simultaneous AFM/SMM image of DVD pits imaged with an early version of SMM in a scan 

area of 7 µm x 7 µm taken with an early version of the SMM. (Right scale is for AFM image only.) 
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image of this sample. We can see that there are some areas circled in the SMM image and 

shown with arrows with different electrical properties underneath (doping or dielectric 

constant), which is not detected by the AFM. This shows that SMM can potentially reveal 

features that are not detected by an AFM, such as buried structures and materials , and may 

also obtain better resolution due to the microwave field enhancement at the tip.  

Another area of the SRAM sample imaged by the integrated SMM/AFM device is shown 

 

Fig. 5-8. Simultaneous AFM/SMM image of DVD pits with the latest SMM device with better 

sensitivity, less noise and more range of motion: 13µm x 13µm scan area. (scale is for AFM in nm) 

 

Fig. 5-9.  Simultaneous AFM/SMM image of repeated 22nm Intel Ivy Bridge SRAM cells with exposed 

contact pads: some areas of doped silicon is visible in the SMM image but not in the AFM image. 

Features are less than 200 nm in width and approximately 5 to 10 nm tall. (scale is for AFM in nm) 
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SMM500 nm 500 nm AFM
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in Fig. 5-10. Again in these images, SMM reveals more features than AFM. Two different 

areas with different scan ranges are imaged and shown in Fig. 5-10. 

Other samples imaged by our integrated SMM system are carbon nanotubes on a glass slide 

shown in Fig. 5-11. and graphene nano-flakes shown in Fig. 5-12. In this particular device, 

the integrated AFM amplitude channel could not detect the topography of these samples 

because the RMS noise of this integrated AFM is about 2 to 3 nanometers and the features 

on these sample are about or smaller than 2 nanometers. Nevertheless, the AFM phase 

 

Fig. 5-10.  Simultaneous AFM/SMM image of two different areas of repeating SRAM unit cells . 

SMM images show more detailed features of the sample compared to AFM. (scale is for AFM in nm) 

SMM AFM500 nm 500 nm

SMM AFM300 nm 300 nm
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channel has picked up some signal. Both the carbon nanotubes and the graphene nano-flakes 

are detected by both the amplitude and the phase channel s of the SMM. 

Please note that in all the images reported in this thesis, there is no scale for the SMM 

image because different images are taken with different settings, and the overall system is 

not properly calibrated. Only AFM amplitude channel that shows topography is calibrated, 

and thus a vertical scale bar is included for the AFM images alone.   

 

 

Fig. 5-11.  Simultaneous AFM/SMM image of carbon nanotubes on a glass slide. (a) SMM amplitude, 

(b) AFM amplitude (scale in nm), (c) SMM phase and (d) AFM phase.  
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Fig. 5-12.  Simultaneous AFM/SMM image of graphene nano-flakes. (a) SMM amplitude, (b) AFM 

amplitude (scale in nm), (c) SMM phase and (d) AFM phase. 
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5.2.1 Sample with Subsurface Features  

One of the key benefits of microwave imaging is that it can penetrate into the sample and 

image underneath a dielectric [71]–[73]. To test this feature, we collaborated with the 

FORTH Group at the Institute of Computational Mathematics in Greece to fabricate an SMM 

test sample. The test sample is depicted in Fig. 5-13. A few different samples were fabricated. 

Grids and stripes of two different materials were repeated in 0.5 µm, 1 µm, 2 µm and 5 µm 

steps over an area of 500 µm x 500 µm as shown in Fig. 5-14. Two sets of samples were 

fabricated – one with a thin layer of HfO2 and one without. The samples were designed to 

have no topology (i.e., a maximum of few nanometers), so that the AFM could not see the 

differences between the two areas but the SMM could. During the fabrication process, some 

of the samples with fine features (0.5 µm and 1 µm) did not survive the etching, so only the 

2 µm and 5 µm samples were imaged. 

The first sample imaged was the 5-micron grid sample without the oxide layer on top. The 

AFM image showed a few nanometers of topography, which means that the sample is not 

 

Fig. 5-13. SMM sample: Grids and stripes of silicon nitride and SU-8, repeated with different pitch in 

a total area of 500 µm x 500 µm. Two sets were fabricated: with and without a thin layer of HfO2.  

Substrate

SiN3

SU-8

Side View Top View stripes Top View grid

W

HfO2

W

W=0.5µm, 1µm, 2µm, 5µm



 

 119 

completely flat. However, the SMM shows a sharper image with more contrast between the 

regions, as can been seen in Fig. 5-16. 

 

Fig. 5-14. Fabricated SMM samples: 0.5, 1, 2 and 5 µm grids and stripes in a 500 µm x 500 µm area. 

 

Fig. 5-15. HFSS simulation structure for the grid sample with a thin layer of oxide on top. 
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After that, the 5 micron grid with HfO2 on top is imaged. Fig. 5-17 shows that SMM can 

image buried samples. As one can see, there are many dirt and dust particles on these samples 

that may affect the sensitivity of the measurements.  

It should be noted that HfO2 has a dielectric constant of more than 15 and therefore it 

confines the microwave signal and reduces the penetration depth of the microwave signal. 

 

Fig. 5-16. Simultaneous SMM and AFM images of the 5 micron grid without HfO2 on top. SMM 

reveals images with more contrast between the two regions. Scan area: 17 µm x17 µm.  

 

Fig. 5-17. Simultaneous SMM and AFM images of the 5 micron grid with HfO2 on top. SMM can 

image buried samples. (right scale is for AFM in nm) 

AFMSMM4 µm 4 µm

SMM4 µm AFM4 µm
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However, our SMM was able to pick up a clear signal.  

Imaging results of the 2 µm grid sample without and with the HfO2 layer is shown in Fig. 

5-18 and Fig. 5-19 respectively.  

Fig. 5-20 and Fig. 5-21 show the simultaneous SMM and AFM images of the 5 µm and the 

2 µm stripes without the HfO2 layer on top, respectively. Similar to the grid samples, one can 

see that the AFM shown a small height difference of less than 10 nm between the two areas 

but SMM signal shows a clear contrast between them.  

 

Fig. 5-18. Simultaneous SMM and AFM images of the 5 micron grid without HfO2 on top. 

 

Fig. 5-19. Simultaneous SMM and AFM images of the 5 micron grid with HfO2 on top. 
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Finally, the last image is the 2 µm the stripes with the HfO2 layer on top. Here, again the 

AFM was not able to pick up any signal (Fig. 5-22).  

 

Fig. 5-20. Simultaneous SMM and AFM images of 5 µm stripes without the HfO2 layer on top.  

 

Fig. 5-21. Simultaneous SMM and AFM images of 2 µm stripes with 20 nm of HfO2 on top.  AFM 

does not show much topography, but SMM shows clear contrast between areas with different dielectric 

constant. (right scale is for AFM in nm) 
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Fig. 5-22. Simultaneous SMM and AFM images of 2 µm stripes with 20 nm of HfO2 on top. AFM does 

not show any topography, but SMM shows clear contrast between areas with different dielectric 

constant. (right scale is for AFM in nm) 
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Chapter 6 

Conclusion and Future work  

6.1 Conclusion 

Scanning Microwave Microscopy is an emerging tool in sub-micron to nano-scale material 

characterization and imaging. In this research, we have investigated its advantageous 

characteristics and combined it with AFM using CMOS-MEMS technology to fabricate an 

inexpensive and compact SMM that also improves the sensitivity and resolution of 

quantitative imaging. 

The motivations and objectives of this thesis were discussed in Chapter 1. Then a literature 

survey of research works reported in this area along with early theoretical analyses for SMMs 

were presented in Chapter 2. In Chapter 3, the CMOS-MEMS fabrication process was 

explained, showing how, with the help of electrothermal actuators, the tip can be scanned 

over the sample and thus negate the need for bulky and expensive external sample scan ners. 

Piezo-resistive position sensing of AFM/SMM systems, which replaces the laser system for 

topography imaging and tip-sample interaction, is also explained. 

In Chapter 4, the design and performance of a fully integrated CMOS-MEMS SMM was 

presented in detail. Comprehensive sensitivity analyses of the SMM system was carried out 

addressing the use of various matching networks and transmission lines realized in CMOS 

technology. These analyses, though intended here for the novel CMOS-MEMS SMM system 

described in this thesis, can still help designers improve the sensitivity of conventional SMM 

systems. A measurement system was developed, built, and implemented to improve the 

signal-to-noise ratio and maximize the sensitivity of the CMOS-MEMS SMM system.  

In Chapter 5, simultaneous AFM/SMM imaging results for a DVD sample and a 22 nm 
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SRAM sample using our CMOS-MEMS SMM were presented. Additionally, a sample with 

no topography but with buried structures was designed and fabricated in collaboration with 

the FORTH Group in Greece; these samples were imaged to show the capability of SMMs in 

imaging subsurface structures. 

6.2 Future Work 

Scanning Microwave Microscopy is a recently developed tool for metrology and its full 

potential has not yet been unlocked due to its high price and difficulty of use. CMOS-MEMS 

SMM can unlock the full potential of microwave imaging and make it available and 

affordable for researchers. However, there is still significant room for improvement in 

CMOS-MEMS SMM. For example, it is always desirable to have scanners with a higher 

range of motion to image a larger area of the sample in a single scan.  

In the sensitivity analysis in Chapter 4, we saw that a higher quality factor for the matching 

network translates into better sensitivity. Active compensation circuits can be utilized for 

both improved quality factor and improve sensitivity. This technique had been demonstrated 

and used for sensing in [74], [75]. Fig. 6-1 shows a block diagram of a feedback oscillator 

 
 

Fig. 6-1. Block diagram of a feedback oscillator employing a resonator for frequency stabilization. 

Square open-loop resonator with an active feedback loop for loss compensation [75].  
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employing a resonator or bandpass filter for frequency stabilizati on, and a square open-loop 

resonator with an active feedback loop for loss compensation  [2]. A similar technique can be 

used for the loss compensation of the stub-matching used for SMM. 

Another approach for improving the quality factor and sensitivity of t he system is to use 

MEMS resonators. MEMS resonators are compact and have a very high quality factor. The 

Feng group has shown CMOS-MEMS resonators with a Q of more than 10,000 at around 50 

MHz [76]–[78]. 
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Appendix A 

SiO2 and Silicon etching recipes in the RIE 

Before and after each process, RIE chamber should be cleaned using CIRFE Clean recipe 

Oxide Etch Recipe 

• Pressure: 20 (can usually be between 17-20) 

• ICP: 200 (reflected is usually at around 1-3) 

• RIE: 52 (reflected is usually around 5-8) 

• CHF3: 50 (usually 50) 

• Time: 5 minutes 

(5 minutes of processing followed by 5 minutes of purge until 15 minutes of processing time 

total, vent the chamber and observe chips. Afterwards, 5 minutes of processing followed by 

5 minutes of purge until another 15 minutes of processing time occurs. Vent the chamber and 

observe the chips. Run a clean cycle. Rinse and repeat until etched. May want to observe 

more often as the oxide layer gets closer to the silicon to prevent over etch) ; this usually 

takes approximately 2-2.5 hours of processing time 

Silicon Etch Recipe 

Pressure: 50 (usually 50) 

ICP: 0  

RIE: 50 (reflected can be 0) 

SF6: 30 (usually 30) 

Time: 1 minute 

(1 min. processing, 1 min. cool down. Every 3 minutes of processing, one may remove the chips from 

the chamber and observe the etching); usually takes about 15-18 total minutes of processing time. 
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Appendix B 

Quality factor of high loss transmission lines 

There are several definitions to find quality factors of transmission lines. The most famous 

one is Q=β/2α. But this definition of quality factor is only correct at multiple integers of 

quarter lambda [79], when the transmission line makes a resonator. Also, this equation is an 

approximation and it only gives accurate results if quality factor is big [80]: 

𝛽

2𝛼
= 𝑄(1 +

1

4𝑄2
−

1

16𝑄2
+ ⋯ ) (B-1) 

When, dealing with micro-TLs, usually the electric length of the transmission line is smaller 

than quarter lambda and the quality factor can be very small, therefore equation (B-1) does 

not give an accurate result but nevertheless it can be used for comparison between different 

micro-TLs.  

If accurate quality factor needs to be calculated two methods can be use. The fir st method 

is based on finding the impedance of the transmission line as a function of frequency, 

determine whether the transmission line can be modeled as series or parallel RLC circuit and 

use quality factors of series or parallel RLC circuits [79]: 

𝑄 =
|𝑖𝑚𝑎𝑔(𝑍)| + 𝜔

𝑑
𝑑𝜔

𝑖𝑚𝑎𝑔(𝑍)

2𝑅𝑒(𝑍)
    𝑓𝑜𝑟 𝑠𝑒𝑟𝑖𝑒𝑠 𝑅𝐿𝐶 circuits  (B-2) 

𝑄 =
|𝑖𝑚𝑎𝑔 (

1
𝑍)| + 𝜔

𝑑
𝑑𝜔

𝑖𝑚𝑎𝑔 (
1
𝑍)

2𝑅𝑒 (
1
𝑍)

    𝑓𝑜𝑟 𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 𝑅𝐿𝐶 𝑐𝑖𝑟𝑐𝑢𝑖𝑡𝑠 (B-3) 

And for finding Z in the above equations when the transmission line end is short or open, 

one can use: 

𝑍𝑠ℎ𝑜𝑟𝑡 = 𝑍0  tanh(𝛾 𝑙𝑒𝑛)      &       𝑍𝑜𝑝𝑒𝑛 = 𝑍0 / tanh(𝛾 𝑙𝑒𝑛)  (B-4) 

The second method to find accurate quality factors is by decomposing total quality to 

conductive and dielectric quality factors as defined in equation (4-9): 
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𝑄𝑡 = 𝜔
𝑊𝑚 + 𝑊𝑒

𝑃𝑐 + 𝑃𝑑
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1
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𝑊𝑒
  

(B-5) 

where, Wm and We are the magnetic and electric stored energies and P c and Pd are conductive 

and dielectric power losses respectively.  

𝑊𝑚 = ∫
1

2
𝐿𝑖2(𝑥)𝑑𝑥

𝑙

0

      &      𝑊𝑚 = ∫
1

2
𝐶𝑣2(𝑥)𝑑𝑥

𝑙

0

  (B-6) 

where l is the physical length of the transmission line. From equations (B-5) and (B-6) we 

can write: 

1

𝑄𝑡
=

1

𝜂𝐿𝑄𝐿
+

1

𝜂𝑐𝑎𝑝𝑄𝑐𝑎𝑝
=

1

𝑄𝑐
+

1

𝑄𝑑
 (B-7) 

Calculating Q with this method has the benefit of finding separate conductive and dielectric 

quality factors and can give more insight to the transmission line losses but it is more 

complicated because of the need to do integrations. These 3 defini tions of Quality factor are 

compared for some typical micro-TLs below: 

It should be mentioned here that for the quality factor in the right side of Fig. B -1, Q is 

only valid at resonance. Since in micro-TL s conductive quality factor is dominant, with 

increased frequency this type of Q increases. But, for the other two definitions of Q in the 

left side, the quality factor of a certain length of micro-TL is calculated. With increased 

frequency, electric length of the micro-TL increases and the losses will become more 

pronounced, that’s why they decrease with frequency. If we used a longer transmission line 

at a certain frequency (at resonances) the left and right graphs will intersect.  

It is useful to compare the actual quality factor of some of the micro -TLs we compared in 

section 4.4.2. One can see here that similar to the comparison of Fig. 4-18, here too, slotline 

and microstrip have higher q factors.  
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Fig. B-1. Comparing different quality factors for a microstrip micro-TL with 700 µm length. 

 

Fig. B-2. Actual Q factor for some of the micro-TLs.   
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Appendix C 

Components used in the SMM measurement system 

Below is a list of components that are used for the SMM measurement system:  

1. Power divider, from RF lambda. Part Number: RFLT2W2G08G 

2. Coupler, 10 dB, 2-8 GHz from RF Lambda. Part Number: RFDC2G8G10 

3. LNA, from Pasternack. Part Number: PE15A1002 

4. Mixer, from Mini-Circuits. Part Number: ZMX-7GR 

5. Variable Phase shifter, from Pasternack. Part Number: PE8245 

6. Variable attenuator, from Pasternack. Part Number: PE7065-4 

7. Lock In Amplifier, from Zurich Instruments. Part Number: HF2LI  

8. Baseband amplifier, from mini circuits: ZHL-6A+ 

9. In house baseband amplifier, explained in the following section  
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Baseband Amplifier Design 

Baseband amplifier is designed to amplify the signal after the mixer in baseband from a few 

hundred hertz to around 100 KHz. 

 

 
 

Fig. C-1. (top) Baseband Amplifier design, and Circuit. Bottom:  Layout and fabricated BB amp.  

Simulation and measurements results are shown in Fig. C-2. Simulation is done in ADS 

and the measurement is taken with the lock-in amplifier. The signal below 50 Hz is due to 

high phase noise at lower frequencies. Therefore it is best to have the mechanica l resonance 

frequency well above 100 Hz to have less phase noise. The mechanical resonance frequencies 

of the CMOS-MEMS SMM is usually between 3 KHz to 10 KHz.  
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Fig. C-2. Baseband Amplifier measurements and simulation results. 
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