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ABSTRACT 
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Nanoelectromechanical (NEM) resonators have been used to detect masses of organic or inorganic 

particles in nanoscale or even atomic level.  A reduction in the resonator mass can increase its 

mass sensitivity (frequency shift per loaded mass). However, the operation of most small 

resonators is restricted to vacuum or air since operation in liquid sharply decreases their quality 

factor (Q) due to the excessive damping resulting from liquid viscosity. Q factor is 

a dimensionless parameter that describes how underdamped an oscillator or resonator is, and 

higher Q indicates a lower rate of energy loss relative to the stored energy of the resonator.  

Typically, large size resonators such as Quartz Crystal Microbalance (QCM) are used for mass 

detection in liquid to preserve a high Q factor that determines the resolution of measurements.  

However, as it was mentioned earlier, such resonators cannot offer high sensitivity due to their 

relatively large size and mass.  Therefore, highly-sensitive resonators capable of real-time mass 

measurement with high Q both in air and liquid currently do not exist.   

Thermal piezoresistive disk resonator surface merely slides alongside the solid-liquid interface in 

the rotational mode, as opposed to paddling against the surrounding liquid offering high Q.  In this 

dissertation, thermal-piezoresistive disk resonators with much smaller dimensions in the deep 

https://en.wikipedia.org/wiki/Dimensionless_quantity
https://en.wikipedia.org/wiki/Underdamped
https://en.wikipedia.org/wiki/Resonator
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submicron range have been fabricated using electron beam lithography (EBL), and the effect of 

scaling on mass sensitivity, power consumption and quality factor (Q) is investigated.   

Disk resonators with diameter ranging from 2µm to 20µm with thermal actuator beams as narrow 

as 35nm have been fabricated via electron beam lithography. Mass sensitivity of disk resonators 

was characterized in air by formation of a self-assembled monolayer of hexa-methyl-disilazane 

(HMDS) on the surfaces.  Frequency shifts as high as 318 Hz were measured for a calculated 

deposited mass of one attogram using a 2µm diameter disk resonator resonating at 221MHz.  

Operation in liquid was characterized by exposing a 20µm disk resonator to a 10mM solution of 

mercaptohexanol (MCH) diluted in ethyl alcohol (ethanol).  For this experiment, frequency shift 

of 20 kHz for 2.8 pg of added MCH mass was obtained.  

In conventional rotational mode disk resonators, as the dimensions scale down, the mechanical 

losses including anchor loss increase. This adversely affects the detection of the resonance mode 

at higher frequencies.  To alleviate this issue, donut-shaped resonators have been proposed 

potentially offering higher Qs while resonating at higher frequencies.  Mass sensitivity of donut 

resonators with different sizes has been investigated with deposited 10nm gold nanoparticles 

(AuNPs) as added mass showing mass sensitivity of 36 Hz/attogram (712 Hz/AuNp) in air 

characterization.  

Due to the reduction of the surface area, the probability of adsorption of molecules or particulates 

of interest onto the NEM resonator surfaces diminishes.  To address this issue, forests of multi-

wall carbon nanotubes (MWCNTs) have been used to enhance the effective surface area, which 

allows detection of much lower concentrations of analytes.  Using this approach, average effective 
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surface area enhancement as high as 9 times for organic and inorganic nanoparticles was 

demonstrated.  
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CHAPTER 1 

INTRODUCTION 

1.1 Overview 

Over the past few decades, microelectromechanical (MEM) sensors have been very popular 

such as mass sensors [1,2] accelerometers [3–5], pressure sensors [6–9], gyroscopes [10–14], 

magnetic field sensors[15–17] and humidity or temperature sensors[19–20].  Such sensors are just 

a few examples of MEMS sensors that are commercially available and used in electronic devices 

such as smartphones, automobiles, etc.  Scaling down the dimensions of MEMS and emergence 

of NEMS resonators combines advantages of lower power consumption and potentially higher 

sensitivity with smaller footprints [21 ,22].  Nanomechanical resonators have been investigated as 

sensitive mass sensors for applications such as nanoparticles and bioparticles detection because of 

their minuscule masses (10−12-10−18g) [23].  Nanomechanical doubly clamped SiC beam resonators 

working based on the principle of detecting a frequency shift due to an added mass, have shown 

mass resolution of 2.53×10-18 gram operating in an ultra-high vacuum (<10-6 Torr)[24].  

Oscillation of a nanoscale cantilever in a ultra-high vacuum has shown attogram mass sensing 

resolution [25,26].  Vertically aligned silicon nanowire (SiNW) based resonators were utilized to 

detect aerosol nanoparticles at the femtogram level (mass resolution of 36 fg).  A piezoelectric 

shear actuator was used as a dynamic resonance platform for SiNWs [27,28].  Overall, the 

operation and readout of such nanoscale mechanical resonators requires ultra-high vacuum (UHV) 

systems and sophisticated measurement apparatus.   

Thermal piezoresistive MEMS sensors have been shown to be simple, robust and suitable for 

various areas of detection including mass detection. Previously demonstrated microscale thermal-
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piezoresistive resonators (TPRs) have shown mass resolution in the  picogram range with very 

high quality factors (104-106) in air and quality factor (Q) as high as 300 in liquid [29–32].  Scaling 

the TPRs down increases their mass sensitivity and reduces their power consumption.  

This dissertation focuses on: 

1-Development of a new class of nanoelectromechanical (NEMS) frequency modulated output 

resonators that can operate with ultra-high mass sensitivities and adequate quality factors in air 

and liquid.  In rotational mode, the device surface slides in parallel to the liquid interface rather 

than striking against it.  This minimizes interactions with the surrounding fluid reducing viscous 

damping. Hence, considering rotational or similar modes in design of such resonator is essential. 

2-Implementing of such ultra-high mass sensitive resonators that can be used for biology and 

nanoscience applications.  Detection of ultra-thin layer of biomolecules or nanoparticles on the 

device surface requires small-scale design of resonators using nano-fabrication tools.  In this 

dissertation, Electron Beam Lithography (EBL) was used to fabricate the devices. 

3- Appropriate surface modification techniques were performed to bind various types of organic 

or inorganic materials to the resonator surface effectively.  Due to the small surface area of the 

resonators, surface modification is an essential element in maximizing the density of particles on 

devices, particularly in low concentration analytes.  

1.2 Frequency Output NEMS Resonant Sensors  

Generally, resonant sensors are categorized into two groups based on how the detected quantity 

is expressed in their output signal, i.e., amplitude modulated sensors or frequency modulated 

sensors.  Amplitude-modulated (also known as amplitude output) sensors are driven in a circuit at 

a fixed frequency, and chang in the output voltage amplitude proportional to change of resonance 
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amplitude is measured.  Most often such sensors need an amplifier and an analog-to-digital 

converter (ADC) to make the output signal usable by the rest of the system that is typically a digital 

processor.  Such resonators are prone to the 1/f noise which necessitates more complex readout 

electrical circuit and increases the overall power consumption.   

Resonant sensors with frequency modulated output can be placed in a positive feedback loop 

with sufficient gain and proper phase shift to satisfy the requirements of oscillation.  The oscillation 

frequency of resonators can be changed in response to a loaded mass or external force.  A digital 

counter can be used to count the frequency shift of such sensors at the final step, eliminating the 

requirement for an A/D converter.  Low motional resistance and high-quality factors are required 

for higher stability and higher accuracy in measurements.  One important part of this dissertation 

is an investigation of TPR NEMS resonators with specific shapes in liquid operation that comply 

with high Q.  The viscosity of liquid degrades the quality factor and it is the dominant loss 

parameter.  Therefore, considering a suitable design leading to less translational motion is desirable 

for liquid operation.   

In this chapter, various transduction mechanisms of NEMS resonators will be summarized and 

compared.  Later, requirements to achieve higher stability and quality factor will be discussed.   

1.3 Importance of Quality Factor (Q) 

  The quality factor characterizes a resonator bandwidth relative to its center frequency and 

describes how a resonator or oscillator is underdamped.  A NEMS resonator is usually modelled 

with a mass/spring (M/K) system along with a damping component (b), considered as energy 

dissipation in the system (figure 1.1). 
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Figure 1.1. A mass-spring system with a damping element (b). Such a system has been widely 

used for NEMS resonators.  

 

An applied external force induces displacement.  Such a relationship between external force 

and displacement is determined using a second order differential equation: 

𝑀
𝑑2𝑥

𝑑𝑡2
+ 𝑏

𝑑𝑥

𝑑𝑡
+ 𝐾. 𝑥 = 𝐹𝑒𝑥𝑡   , 𝑢𝑠𝑖𝑛𝑔 𝑙𝑎𝑝𝑙𝑎𝑐𝑖𝑎𝑛 => 

  
𝑥

𝐹𝑒𝑥𝑡
=  1/(𝑀𝑆2 + 𝑏𝑆 + 𝐾)                                                                  (1.1) 

Using the Laplace transformation in MATLAB, the displacement versus external force at 

different frequencies, i.e., bode plot, can be easily calculated.  The damping component effect on 

displacement using a constant force is shown in figure 1.2.  

 

Figure 1.2.  The effect of damping factor on displacement when damping factor increases 0.2 to 1.  
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The displacement is proportional to the applied force and inversely depends on spring stiffness 

using Hook’s law (see displacement at low frequency):  

𝑥 =
𝐹𝑒𝑥𝑡

𝐾
                                                                                                            (1.2) 

Applying a force at the resonance frequency, 𝑓0 = 1 2𝜋⁄ √𝐾 𝑀⁄ , the displacement is amplified by 

the quality factor (Q) of the system (∝ 1/b): 

𝑥 =
𝑄. 𝐹𝑒𝑥𝑡

𝐾
                                                                                                        (1.3) 

The quality factor of a resonator is defined as: 

𝑄 =  2𝜋 ×
   Energy Stored

Dissipated energy per cycle
  (1.4) 

Therefore, a high Q resonator stores more mechanical energy within the resonator in 

comparison with energy dissipated to surroundings through.  The Q of the resonator mainly shows 

the vibration amplitude and increases with lower motional resistance.  Besides, low motional 

resistance results in high Q which determines the frequency stability of the resonator. 

  Practically, f×Q product or figure-of-merit (FOM) shows the performance of a resonator [33].  

Such FOM is mainly used to show the stability of frequency sources.  Generally, quality factor 

decreases at a higher frequency, therefore f×Q product theoretically remains constant. Materials 

with higher f×Q value are more appropriate for high-frequency designs [33–35].  In the case of 

mass measurements, mass-sensitivity depends on resonance frequency; so, the frequency stability 

becomes compromised by reducing the Q-factor.  

  An RLC system in an electrical circuit can be modelled as a mass-spring system where R, L, 

and C resemble damping elements, spring constant and mass (figure 1.3(a)).  Thermal 
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piezoresistive resonators, the basis of this dissertation, can be modelled by a RLC tank in parallel 

with an actuator beam resistance (RA) [36,37] (figure 1.3 (b)).  In this case, rm is the motional 

resistance, and its value for n-type silicon is negative.  L and C represent the mass and stiffness of 

the thermal piezoresistive resonators (see figure 1.3 (c)).  In the resonance mode, RA is in parallel 

with rm. rm depends inversely on DC current (Idc), therefore, the transduction depends on the Idc.  

In the passive region, the resonance mode is downward.  The downward resonance peak changes 

to the upward resonance peak (active mode) at a higher DC supply.  In other words, the AC output 

feeds from DC and its amplitude amplifies. Therefore, such resonators can be used as amplifiers 

too [28] At very high DC supplies, the system oscillates and doesn’t need AC supply any longer.  

This dissertation focuses on the mass sensitivity application of such resonators with low power 

consumption, therefore only downward resonance peaks (low DC current) of such resonators are 

considered for characterizations.  Q-factor for a second order series RLC circuit can be derived as: 

𝑄 =  
1

𝜔0𝐶𝑚𝑟𝑚
                                                                                                      (1.5) 

RA 

-rm Cm Lm 

R 

(a) (b) (c) 

Figure 1.3. a) an RLC tank represents the mass-spring system, b) SEM image of a Dog bone TPR  

[36], c) related electrical circuit which includes RLC tank.  Negative motional resistance in n-type 

TPR shows such resonators ability to switch from the passive to the active region (© 2011 IEEE). 
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where ω0 = (LC)-1/2 is the angular resonance frequency of the electrical circuit.  The motional 

resistor in the RLC tank has an inverse relation with Q.  Therefore, higher motional resistance 

contributes to losses, reduction in Q-factor and worsening the frequency stability and phase noise. 

rm represents all various intrinsic and extrinsic components of loss contributing to power 

dissipation in the NEMS thermal piezoresistive resonators.  External sources like damping are 

caused by a driving circuit, anchoring, electrode, and viscous medium losses.  Intrinsic damping 

sources such as material defects, biomorph materials and thermoelastic dissipation cause further 

reduction of total Q[39]: 

1

𝑄𝑇𝑜𝑡
=

1

𝑄𝐴𝑛𝑐ℎ
+

1

𝑄𝑇ℎ𝑒𝑟𝑚
+

1

𝑄𝑉𝑖𝑠𝑐
+ ⋯                                                   (1.6) 

  The mode of vibration, frequency of resonance, transduction mechanism, and surrounding 

environment determine the dominant source of dissipation in a resonator.  For instance, a scattering 

of phonons in the system (thermoelastic damping) becomes more dominant for small devices 

operating at a higher frequency compared to larger devices in air or vacuum. Viscosity becomes 

the dominant parameter in comparison to other sources, for the resonator vibrating in a liquid 

environment.  Consequently, real-time mass measurement of MEMS/NEMS resonators suffers 

mostly due to degradation of Q in liquid. To elevate Q in liquid, using in-plane resonance mode 

shape [40], delivering high energy to resonance system [41] and restriction in part of the resonator 

in contact with liquid [42-44]  are methods that have been used previously.  

1.4 Transduction Mechanisms in NEMS Resonators 

  A transducer is defined as a device providing a usable output in response to a specific 

measurand, where the measurand is defined to be the physical quantity, property, or condition that 
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is to be measured [45].  An appropriate transduction mechanism is required to stimulate a micro-

electromechanical structure to vibrate in its mechanical resonance frequency.  In a similar way for 

the readout part of the mechanical motion, a transducer produces an electrical current which is 

proportional to mechanical vibration of the resonator.  Common used transduction mechanisms in 

micro or nano-devices are Electrostatic[46–49], piezoelectric transduction [50–55], piezoresistive 

and thermal (Joule heating) [56–58].  

The modulation of stored electrostatic energy between two plates of a capacitor leads to 

electrostatic force.  To generate electrostatic force, generally, a combination of DC and AC supply 

is used across the capacitive gap.  A change of AC voltage modulates the width of the gap to 

produce an AC electrostatic force and resonance.  Large mechanical force can be achieved using 

narrow capacitive gap or large DC bias voltage.  Applying high voltages across the gap is 

challenging and producing small gaps (<100nm) requires a complex fabrication process.  The 

concept of electrostatic transducers and SEM of some of the electrostatic resonators are shown in 

figure 1.4 (a-d).    The vibration of a silicon beam between two electro pads is a simple example 

of electrostatic resonators (figure 1.4 (b)) [59]. Bulk-mode disk resonator with capacitive 

actuation/readout using sub-micron gaps was fabricated to achieve high Q at a higher frequency 

which is shown in figure 1.4 (c) [60-62].  A series of capacitor disk resonators can be used to 

operate as an electrical filter (figure 1.4 (d)) [63].  Mainly, an amplifier is required for capacitor 

readout to increase the small current generated in vibration mode (figure 1.4 (e)).  Also, the 

electrostatic operation needs low pressure (<10-4-10-6 Torr) to avoid squeeze film damping and 

attain high-quality factor[64]. 
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Figure 1.4. Electrostatic transduction and input-output parts of MEMS resonators: a) transduction 

mechanism of capacitive transducers b) SEM image of a  two-port clamped-clamped Si beam 

resonator with a sub-micron transduction gap [59], c) bulk mode capacitive actuation of disk 

resonator for high frequency and high Q applications [60] ,d) schematic view of a capacitive 

resonator which has been used as a filter [63], e) general characterization setup of a capacitive 

resonator; vacuum condition is required to eliminate squeeze film damping in the narrow gap of 

capacitive transducer [60] (© 2011 IEEE). 

 

  Piezoelectric effect causes by squeezing or pressing a dielectric layer, which in turn an 

electrical charge appears across the film.  In piezoelectric transduction, a mechanical vibration 

modulates the static charge to induce a voltage or vice versa.  The vertical electric field due to an 

applied voltage across the piezoelectric layer induces a lateral motion (figure 1.5 (a)).  Such lateral 

motion is proportional to the applied voltage and piezoelectric strain coefficient d31 [pC/N or 

pm/V] [65].  The stress along the piezoelectric layer induces surface charges on the layer via the 

piezoelectric effect.  The strain coefficient or transduction strength depends on the piezoelectric 

(b) 

 

(e) 

(a) 

(c) (d) 
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material.  Figure 1.5 (a) shows the schematic of a piezoelectric layer (AlN layer) which is 

sandwiched between the top and bottom electrodes.  While the bottom electrode is connected to 

the ground, applying an AC voltage to the input top electrode causes the layer to vibrate, and an 

adjacent output top electrode translates vibration of the layer into an electrical current. 

 

Figure 1.5. An input voltage across a piezoelectric layer produces a lateral stress within the layer 

(actuation), the stress along the layer creates surface charges on an adjacent readout electrode. (b) 

SEM images of piezoelectric resonators operating at higher order and coupled arrays [71] (© 2011 

IEEE). 

 

Piezoelectric transducers have been widely used for sensing applications since they do not 

require DC voltage.  Having a similar and strong coupling factor to the capacitor actuation, 

piezoelectric actuators can be used an as an alternative [66–69].  Figure 1.5 (b) shows SEM of 

some piezoelectric resonators operating in higher order and coupled arrays [69].  Having the 

piezoelectric effect, electromechanical resonant sensors such as Surface Acoustic Wave (SAW) 

devices [70–72] and Quartz Crystal Microbalances (QCM) [73–76] are electronically operated 

devices capable of real-time monitoring of added mass to their surface.  However, due to the large 

(a) (b) 
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size of such resonators, their mass sensitivity is limited to a few ng / cm2 [77].  Scaling of 

piezoelectric resonators is self-limiting since their actuation forces are proportional to their surface 

area.  

  The piezoresistive transducer is based on the idea that a mechanical input applied to a structure 

will cause the structure to experience mechanical strain.  The resultant strain causes the 

piezoresistor electrical resistance to change; therefore, the transducer can be used as a sensor.  The 

ratio of relative change in electrical resistance to the mechanical strain is called gauge factor. 

Single crystalline silicon experiences a higher gauge factor than metals (80 versus 2-3 for metals) 

[78].  Temperature modulation as a mechanical force can be one of several methods of stimulating 

a piece of piezoresistive silicon [79].  Expansion extraction of a silicon beam by changing the 

temperature induces a force on the beam which in turn causes stress and strain. Such strain and 

stress result in modulation of beam resistivity.  Different types of sensors from such an effect have 

been reported [81–82].  The thermal-piezoresistive actuation transducer uses a suspended silicon 

beam connected to plates of silicon (figure 1.6 (a)).  Since the beam has higher resistivity compared 

to plates, applied AC voltage along the beam produces an AC power which in turn causes 

temperature fluctuations [83]. Therefore, temperature fluctuation modulates the piezoresistivity of 

beam through periodic thermal expansion and extraction.  Also, it can force masses on two sides 

of the beam to move back and forth accordingly.  In the natural frequency of the system, expansion-

extraction of the beam maximizes beam piezoresistivity.  SEM images of the various type of 

thermally-actuated piezoresistive readout resonators are shown in figure 1.6 (b-d) [84, 86].  Since 

the thermal expansion coefficient of silicon beam is very low (~2.6×10-6 °C-1) and cannot be 

enough to push/pull the plates on side of the beam even using higher AC voltage; the addition of 
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a DC voltage can compensate such shortage.   The AC signal increases by the DC amplitude to 

expand and contract the actuator beam at the same resonance frequency of the input voltage to 

amplify these tiny forces [87].  The addition of  DC bias, however, causes susceptibility of the 

resonator to temperature instabilities and high power consumption [86]. Scaling down of such 

resonators potentially decreases power consumption significantly since the heat capacity of 

actuator beam decreases [87]. Figure 1.6 shows the principle mechanism of operation and SEM 

images of TPRs with different structures. 

 

 

(a) 

(b) 

(c) (d) (d) 
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Figure 1.6. (a) The operation principle of thermally-actuated piezoresistive-readout resonators. A 

DC bias current is required to internally amplify weak thermal expansion which is caused due to 

joule heating [87] (Copyright © 2011, Springer Nature), (b-d) respectively show SEM images of 

a micro dog-bone (I2-BAR) [86] and nano I-BAR resonators [85] and disk resonators [37] (© 2011 

IEEE). 

 

Table 1.1 shows the comparative performance of three different transduction mechanisms 

which widely have been used in MEMS resonators. Although the thermal piezoresistive resonator 

exhibits relatively high-power consumption, it shows negative motional resistance for the n-type 

silicon and relatively high Q compared to the piezoelectric resonator.   

 

Table 1.1. Main comparative parameters of the three most used transduction mechanisms. 

 

 
Even though capacitive resonators have been extensively used as sensors in modern consumer 

electronics, vacuum encapsulation is a necessary part of such resonators fabrication process to 

achieve high Q.  Working in a vacuum prevents such resonators from directly contacting a medium 

and eliminates their application.  In addition, encapsulation adds complexity to the fabrication 

process.  TPRs recently have shown high Q in the air even at ultra-high frequencies (>750MHz) 

with very low DC power supply (< 1mW) in air characterization [88].  Such achievements 

alongside various applications of TPRs illustrate the importance of research on that area. 

  In this work, disk resonators with actuator beams in the sub-micron size are used as mass 

sensors in air or liquid.  To study the mass sensitivity, power consumption and quality factor of 
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disk resonators, the dimensions of such resonators were scaled down.  The goal of this 

miniaturization was the detection of a small mass in attogram range.  With such mass resolution, 

one can detect a deposited single protein mass, or a very thin layer of biomolecules such as viruses, 

bacteria or microbes in liquid.  Other shapes of resonators that can resonate with high Q in liquid 

have also been investigated.  Donut resonators in in-plane breathing resonance mode have shown 

higher quality factors compared to disk resonators. Preserving good Q in liquid and using small 

sizes of donut resonators which operate at low power DC supply is the goal of this dissertation.  
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CHAPTER 2 

NANOFABRICATION  

  The nanofabrication process includes two steps: conventional photolithography technique to 

pattern submillimeter wire-bond pads, and Electron Beam Lithography (EBL) to pattern 

submicron feature sizes. NEMS thermal piezoresistive resonators (TPRs) were fabricated on 

silicon on insulator (SOI) substrates with device layers ranging from 300nm to 5µm and a buffered 

oxide layer (BOX) of 400nm to 5µm.  SOI wafers with thicker device layers were mostly used to 

fabricate microscale devices operating in a liquid where higher DC current is needed to compensate 

for the small transduction due to low quality factor, while thinner submicron devices were used to 

detect masses in air.  Device dimensions were designed and fabricated to operate in frequencies 

ranging from a few MHz to hundreds of MHz.  The fabrication steps will be described in detail in 

subsequent sections (2.4 and 2.5) 

2.1 Structure and Materials 

  Wafers mainly were chosen to have n-type low sheet resistance (<30 Ω/ם) device layer.  To 

achieve very thin device layers, a layer of silicon dioxide was thermally grown on the device layer 

and removed in hydrofluoric acid (HF) resulting in a thin device layer (<300nm). During thermal 

oxide growth, the doping level of a thin device layer might decrease due to the migration of dopant 

atoms (phosphorus atoms) from silicon layer to silicon dioxide layer [89]. The wafers were doped 

again to achieve low enough sheet resistance (<30 Ω/ם) with thin device layers as thin as 20nm.   
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2.2 Electron Beam Lithography 

  With direct write, the primary advantage of using EBL is that one can pattern structures less 

than 100nm.  This maskless lithography, with such a high resolution has low throughput compared 

to traditional lithography, limiting its use for high-volume semiconductor device production. The 

minimum exposure time for a given dose and area follows equation (2.1): 

 

T×I=D×A      (2.1) 

 

where, T, I, D and A are the time of exposure, the current of the beam, dose and exposed area 

respectively. For example, when exposing an area of 250µm×250µm with a dose of 10-5micro 

coulombs/mm2 and beam current of 0.2nA, the resulting minimum write time would be around 

0.86 hours (48 minutes), therefore throughput is a major limitation. To maximize the throughput, 

the wire bond pads were patterned by photolithography, the EBL was then used to fabricate the 

device structures with ultra-small features. Although the electron beam size of EBL tool (Raith 

tool) is around 2 nanometers, the EBL resolution is limited to 60-70nm due to several parameters 

including scattering, proximity effect, charging and resists performance [90].  

  A schematic illustration of electron scattering is shown in figure 2.1(a).  If an electron gains 

sufficient energy, not only can it penetrate inside resist layer but also scatter several times over a 

large distance. This leads to exposure of the areas around the desired exposure location. This 

scattering problem can be solved using a thin layer of resist. However, the lift-off process will be 

a big challenge.   
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  The proximity effect happens when electrons from exposed area spill over into the exposure 

of the currently written feature, effectively enlarging its image and reducing its contrast.  

  The charging effect originates from diffused electrons, especially high energy electrons, in the 

resist and trapped in the substrate.  The charged substrate repels the incoming electrons, causing 

the direction of the beam to be deflected away from the exposure area (figure 2.1 (b)).  The 

presence of a thin conducting layer underneath the resist and connecting the sample to the ground 

can help this issue (figure 2.1 (c)).  Generally, the chemical characteristics and thickness of resist 

have an impact on the final resolution in EBL.  Using negative resists such as a very thin layer of 

hydrogen silsesquioxane (HSQ), an isolated 2 nm wide line and 10nm periodic dot array have been 

implemented [90].  Since the lift-off process requires a resist three-time thicker than deposited 

metal, a minimum thickness of 200nm resist must be prepared to achieve 60nm hard mask. Such 

thick hard mask is necessary to etch 300nm Si layer. Table 2.1 shows the type and thickness of 

resists that were used in this dissertation. Both negative (Nlof2020: PGMEA, 2:5) and positive 

resist (PMMA A4) were used to fabricate devices in EBL.  The minimum feature size was achieved 

~100nm using EBL, mostly limited by scattering, proximity effect and charging.  

 

(a) 
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Figure 2.1.a) schematic representation of secondary electrons (SE), which typically travel or 

diffuse normal to the beam. Low energy SE is responsible for resist exposure, the effect of SE 

diffusion is to further broaden which reduces the resolution, b) schematic view of charge build-

up in the substrate, c) effect of the thin metal layer as an e-charge quencher. A conductive layer 

of Cr results in sharp and smooth edges of the pattern. 

 

Table 2.1. Characteristics of positive and negative resists used for the e-beam-lithography. 

 

Target 

Photoresist 

Spin Coating Pre-exposure 

Bake Time 

Exposure 

Dose (line) 

Post-exposure 

Bake Time 

Development 

Speed Acceleration Time Chemical Time 

nLOF 2020 

:PGMEA (2:5) 
2000 rpm 500 rpm/s 70 secs 60 secs 300 µC/cm2 60 secs AZ® 300 MIF 

1.5-2 

min 

PMMA A4 

Spin Coating Pre-exposure 

Bake Time 

Exposure 

Dose (line) 

Post-exposure 

Bake Time 

Development 

Speed Acceleration Time Chemical Time 

3000 rpm 1000 rpm/s 60 secs 60 secs 800 µC/cm2 - MiBk:IPA 1:3 
1.15 

min 
 

(b) 

Without Cr  With Cr 

(c) 
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2.3 Fabrication Process  

  The fabrication process includes several general steps including photolithography, EBL, metal 

deposition, etchings and releasing resonators.  Each step requires specific tools or materials 

alongside its challenges that will be described in the following sections.  Since both positive and 

negative resists have been used to fabricate devices in EBL, the process flow of fabrication using 

each resist will be discussed separately. 

2.4 Fabrication Process Using Positive Resist 

To maximize throughput, the 250µm×250µm wire-bond pads were patterned by 

photolithography, followed by deposition and lift-off of 60nm layer of chromium (Cr).  The small 

structure resonators  were then patterned by e-beam lithography on a 220nm thick layer of PMMA 

A4. This was followed by deposition of a 60nm Cr layer to perform lift-off to form a hard mask 

for the silicon etch. This step was followed by dry etching of silicon device layer in chlorine-based 

plasma.  Finally, the Cr hard mask was removed using chromium etchant and the devices were 

released in hydrofluoric acid (HF).  The fabrication process flow is shown in figure 2.2 (a-f).  

Figure 2.3 (a) shows a SEM image of the two-step fabrication process flow results.  SEM images 

of some of the fabricated NEMS devices are shown in figure 2.3(b). Since the e-beam resolution 

in this work was limited to ~100nm and the proximity effect is dominant at such scales, successive 

thermal oxide growth and removal was used to reduce the minimum feature size down to around 

35nm (figure 2.3 (c)).  To achieve an ultra-thin device layer which leads to higher mass 

sensitivities, the device layer was thinned down by thermal oxidation and subsequent removal 

using Hydrofluoric Acid (HF) as shown in figure 2.3 (d).  
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Figure 2.2. (a-f) Fabrication process flow; initially wire bond pads are patterned by conventional 

photolithography, e-beam lithography (EBL) is then used for patterning the disk resonators and 

their sub-micron features, (g) SEM image of one of the fabricated devices using the described two-

step approach. 
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Figure 2.3. a) SEM image of one of the fabricated devices using the described two-step approach, 

b) zoomed in SEM view of fabricated NEMS with various structures, c) the actuator nano-beams 

of very small resonators are sandwiched between two wider beams to overcome the EBL 

overexposure problems. To further narrow down the actuator beams, thermal oxide growth and 

removal in HF can be performed, d) an ultra-thin device layer can be achieved by growth of thermal 

oxide and its removal using HF. The samples are re-doped to compensate for the diffusion of 

dopant atoms into the oxide. 
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2.5 EBL Fabrication Using Negative Resist 

The positive resist (PMMA A4) can be swapped with a negative resist to reduce the area that is 

required to be exposed.  A negative resist, which is a combination of Nlof 2020: PGMEA (Az ebr) 

(2:5), was used to fabricate NEMS resonators.  Application of a negative resist has some 

advantages over positive (PMMA A4) resist in this work.  The negative resist yields high 

throughput since e-beam needs to expose a smaller area.  Unlike the positive resist case, where the 

wire bond pads had to be defined using photolithography, the whole device can be defined in a 

single step process (only EBL) using the negative resist.  Using the negative resist, the large wire 

bond pads areas do not need to be exposed and only a narrow border around the pads is exposed 

to be electrically insulated from the rest of the silicon device layer (once the silicon etch is 

performed).  Making narrow actuator beams (<80nm) using negative resist is more feasible than 

using positive resist.  Proximity effect decreases for negative resist since only edges of structures 

(and not the structure itself) are exposed to the electron beam.  However, it was found that the 

developing time of the negative resist was determined by the size of the exposed area.  While a 

large area developing time is short (~30 seconds), exposed small size areas need much more time 

(>1.5 minutes).  In addition, in metal deposition process to create a hard mask, the small structures 

were buried in metal layer, causing a substantial challenge during the lift-off process.  For example, 

the deposited metal layer for the lift off process can be as thick as 70nm or higher using a 220 nm 

thick PMMA A4, however, the deposited metal thickness must not be thicker than 45nm for 

negative resists with similar thickness.  The thin metal layer (as a hard mask) can’t survive in long  
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Figure 2.4.  SEM image of a fabricated disk resonator using negative resist (Nlof 2020: PGMEA).  

Compared to the two-step process of fabrication using positive resist, one step (EBL) is sufficient 

to fabricate both small devices and wire bond pads.  

 

etch process.  Figure 2.4 shows a SEM view of a device fabricated using the negative resist.  

2.6  Fabrication Challenges 

Several of the most common challenges surface in the fabrication process.  Such challenges 

include: choosing a correct e-beam dose value, reducing the proximity effect, and thick device 

layer etching.  The following sections discuss the challenges in detail and explain how to solve 

such issues.   

2.6.1 Exposure Challenges 

  To expose an area, the electron beam scans in a raster fashion, point by point with a pitch of 

20nm. A correct dose (see equation 2.1) creates the desired pattern with sharp edges.  Insufficiently 

exposed area (underexposed) cannot be developed completely, and those areas peel off during the 

lift-off process.  The shape of the overexposed areas changes from the original one. Figure 2.5 (a) 

shows a SEM image of a NEMS disk resonator with an underexposed area at the disk edges.  Those 

areas with insufficient doses were peeled off after the lift-off process. Figure 2.5 (b) shows a 

combination of underexposed area at the edges of a disk (white colour area) and overexposed area 

20 µm 
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of the actuator beams results in wider beams.  Figure 2.5 (c) shows an underexposed actuator beam 

with a jagged edge.  Such issues can be solved by an allocation of a correct dose for each point of 

a pattern.  Using a proximity effect reduction software, one can predict the effective dose of each 

point.  Figure 2.5 (d) demonstrates how a simple pattern with the same dose can be changed in a 

way that whole area in the pattern attain sufficient dose.  Considering the software results, a 

combination of an area dose and a line dose (a highly one-dimensional dose) at the edges can 

resolve the exposure problem.  

 

Figure 2.5.  Most common exposure issues in EBL, a) underexposed area cannot be developed 

properly, prone to peel off after liftoff, b) disk edges are underexposed and actuator beams are 

overexposed, c) underexposed beam, d) using a proximity effect reduction software, one can figure 

out the appropriate allocation of dose in each point. The borders (edges) of a structure needs a high 

dose. Therefore, a combination of low area dose and line dose at the edges of a pattern can be an 

alternative to the traditional design.  
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2.6.2 Proximity Effect 

The proximity effect occurs when electrons from exposed area spill over into the exposure of 

the currently written feature, effectively enlarging its image and reducing its contrast.  Even with 

an accurate dose, the proximity effect can impact the final structure.  Figure 2.6 (a) shows SEM 

image of overexposed beams of a 2µm disk resonator due to the proximity effect. The actuator 

beams in disk neighbourhood were overexposed due to backscattered electrons from the large area.  

To address such problem, a sandwiched structure was designed to keep the actuator beam far away 

from backscattered electrons of other areas (figure 2.6 (b)).    

 

Figure 2.6. Proximity effect and modified design to resolve it, a) small actuator beams are 

overexposed due to the proximity effect, b) a sandwiched beam structure was proposed to separate 

narrow actuator beams from disk area. 
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2.6.3 Two Hard Masks 

     Viscosity damping is a dominant parameter in liquid operation. The low transduction due to 

a low quality factor can be compensated by a large DC power supply. Thick resonators can handle 

higher DC supply. However, due to the lift-off process limitation, the thickest deposited chromium 

layer should be around 60-70 nm (PMMA A4 thickness is about 220nm). Such a thin hard mask 

can’t survive the long etch process, and just a 1.3 µm thick silicon layer can be etched in chlorine-

based plasma (see figure 2.7 (a)). To overcome such issue, a silicon dioxide layer (<500nm) was 

thermally grown on wafer. A silicon dioxide etch recipe, which is selective to chromium layer was 

carried out to etch the SiO2 layer. And finally, the chlorine-based plasma was performed to etch 

the silicon layer. With this procedure, devices as thick as 5µm were fabricated.  Due to the charging 

effect from electron charge build-up in the oxide layer, a very thin chromium layer was deposited 

to absorb diffused charges. Such a thin chromium layer (40-50nm) quenches extra electrons and 

the resulting etch profile is very smooth. The process flow of two-hard mask fabrication is shown 

in figure 2.7 (b-g) and SEM of two disk resonators with device layers of 3µm and 5µm are shown 

in figure 2.7 (h). 

 

(a) 

1.3 µm 

1 µm 

Maximum thickness that can be etched using single hard mask (Cr=70-80nm) is about 

1.3µm (initial device layer was 2µm) 
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Figure 2.7. Fabrication process of thick devices using two hard masks, a) a device layer thicker 

than 1.3µm cannot be etched using single metal hard mask (a 70nm Cr layer), the rough surface of 

the resonator clearly shows no hard mask at the top of silicon layer, b-f) process flow of etching 

thick devices using two-hard masks, g) SEM of two thick resonators. 
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CHAPTER 3 

NEMS RESONATORS OPERATION IN AIR AND LIQUID PHASE1 

3.1 Introduction 

  With small masses comparable to mass of biological particles and macro-molecules, 

nanomechanical resonators can provide adequately high mass sensitivity and resolution for 

detection of such.  Minimum detectable added mass in the zeptogram (10-21) range has been 

demonstrated for CNT-based NEMS resonators operating under high vacuum [91].  Such devices 

are however far from becoming practical solutions suitable for mass production and 

commercialization in the near future and generally require a sophisticated measurement 

apparatus[91].   

Offering much more convenient electronic readout, electromechanical resonant devices such as 

surface acoustic wave (SAW) resonators and quartz crystal microbalances (QCM) are capable of 

real-time monitoring of the added mass to their surface.  However, due to the large size of such 

devices, their mass resolution is limited to a few nanograms[74, 76].  Microscale particulate matter 

mass detection has been demonstrated using microscale versions of thermal-piezoresistive silicon 

resonators[30,31]. For instance, dog-bone thermal-piezoresistive resonators have demonstrated 

sensitivity in the order of a few Hz per femtogram resonating with very high-quality factors 

(>11000) in air [29].  Such resonators exhibit large quality factors (Q) in air or vacuum, but their 

Q drops drastically when immersed in liquid due to excessive viscos damping, which impedes 

                                                 

1 © 2018 IEEE. Portions of chapter 3 are reprinted, with permission, from [V. Qaradaghi, A. Ramezany, S. Babu, J. B. Lee & S. 

Pourkamali. Nanoelectromechanical Disk Resonators as Highly Sensitive Mass Sensors. IEEE Electron Device Letters, 2018.]    
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their application for bio-sensing.  

A more suitable resonator structure for direct biosensing in liquid is side-supported disk.  Side 

supported disk resonators can operate in an in-plane rotational resonance mode that allows the 

resonator to maintain relatively high Q in liquid [37].  Such disk resonators utilizing both thermal-

piezoresistive [92] and piezoelectric [93,94] transduction have been demonstrated.  Further 

miniaturization of thermal-piezoresistive resonators to achieve significantly higher mass 

sensitivity is the goal of this dissertation.  Scaling down the thermal actuator beams to nanoscale 

also helps reduce the power required for operation and therefore self-heating of the device [37].  

  Finite element analysis of disk resonators shows that the centre area of the disk has a minor 

role in mass detection while having a major adverse effect on quality factor due to its relatively 

large surface area.  Therefore, ring resonators were proposed to have a higher Q in liquid.  

   As disk or ring size scales down, the amplitude of resonance of rotational mode decreases 

significantly due to anchor loss.  The donut resonator structures proposed and demonstrated have 

mode shapes somewhat similar to the rotational modes of disks and therefore expected to be 

suitable for operation in liquid.  Unlike disk resonators, actuator beams of the donut resonators are 

not directly anchored to the substrate on one end.  This reduces the leakage of vibrational energy 

into the substrate and allows the resonators to maintain higher Q in air.  

  Chapter 3 will discuss the operation mechanism of disk, ring and donut resonators in detail. 

mass-sensitivity which translates to frequency shift per loaded mass for various dimensions of the 

disk, ring and donut resonators is characterized by adsorption of self-assembled monolayer (SAM) 

and gold nanoparticles (AuNPs) onto the resonator surfaces and monitoring the resulting frequency 

shift.  Effect of scaling down on the mass sensitivity and minimum detection time is also studied.   



 

30 

3.2 Thermal Piezoresistive NEMS Disk Resonators  

  Finite element modal analysis of a side supported disk resonator in its in-plane rotational 

resonant mode is shown in figure 3.1 (a).  The rotational mode can be excited by the two support 

beams extending and contracting in phase imposing an alternating tangential force to the disk.  To 

thermally actuate the resonator, a combination of an AC and a DC current is applied across the 

two terminals of the resonator (figure 3.1 (b)).  At resonance frequency, the thermal piezoresistive 

resonator can be modelled by a motional resistance (rm) in parallel with the physical actuator beam 

resistance (RA) (see figure 1.3).  Therefore, the objective of a proper design is minimizing rm/RA 

ratio to have a more pronounced resonance peak in the frequency response of the device.  As shown 

previously [37], shrinking down the beam actuator dimensions helps to reduce resonator motional 

resistance and improve the rm/RA ratio.  This allows a nanomechanical disk resonator to provide a 

sharper resonance peak for smaller DC current, i.e. a larger signal for detection under liquid with 

minimal power consumption or self-heating.  More importantly, scaling down the size results in a 

higher mass sensitivity.   

 

Figure 3.1. a) Finite element analysis results of rotational mode of a side supported disk resonator. 

b) SEM image of a 5µm diameter disk resonator and the associated electrical connections needed 

for its operation. 
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  Figure 3.2 (a) shows the frequency response of a 20µm diameter disk resonator measured in 

air with different DC bias currents.  As expected, as the DC bias current increases a stronger 

resonance peak is detectable.  Due to the negative temperature coefficient of Young’s modulus of 

silicon, the resonance frequency slightly decreases by increasing DC bias.  At higher DC currents, 

the device behaves like an active device and the AC power feeds from the DC and the device can 

attain self-oscillation- A condition which no longer requires AC bias for the actuation and a small 

noise in the system can actuate the resonator[85].  Figure 3.2 (c, d) shows the experimental results 

of frequency response for a 20 µm disk resonator.  The slight difference between simulation and 

experimental results arises from nonlinearity effects in the actuators beam structure which have 

not been included in the model. 

Figure 3.2. a, b) Frequency response of a 20 µm disk resonator using numerical simulation method  

(the characteristics of actuator beams are:  length=1 µm, width=0.12 µm, thickness=1.5µm), the 
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amplitude and phases of resonance increases while DC current changes from 1.7mA to  3.2mA  

using an n-type silicon, d, e) Experimental results of a 20µm disk resonator, the device layer is 1.5 

µm, the beams length and width are 1µm, 110nm  

 

  In this study, various structures of NEMS disk resonators have been fabricated and 

characterized. Some SEM images of fabricated disk resonators are shown in figure 3.3 (a-d).  As 

the disk size shrink down, to prevent proximity effect in EBL and fabricate small actuator beams, 

sandwiched beam disk resonators proposed and characterized successfully.  It has been shown that 

multi-disk structure (figure 3.3 (c)) have higher Q compared to single disk resonators in air due to 

fewer anchor losses.  However, their Q in liquid reduces due to the higher surface area.  For the 

first time, multibeam disk resonators have been fabricated and characterized in liquid (2-isopropyl 

alcohol (IPA)) (figure 3.3 (d)).  Such resonators could supply higher DC current than two beam 

disk resonators to improve motional resistance in liquid media.  However, the Q of such resonators 

decreases in air due to total stiffness enhancement. 
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Figure 3.3. SEM images of various structure disk resonators, a) single disk resonator, b) 

sandwiched beam structure which is applicable for submicron disk resonators, c) multi-disk 

resonator (high Q in air), d) multi-beams disk resonator (blade structure). 

 

To measure the mass sensitivity of devices, the silicon chip containing the devices was placed 

on a circuit board containing the required resistor and capacitor to apply DC and AC signals to the 

devices.  Figure 3.4 (a) shows the frequency response of a 20µm diameter disk resonator measured 

in air with different DC bias currents and figure 3.4 (b) shows the frequency response of the same 

device immersed in liquid (2–isopropanol, IPA) showing a relatively high Q of ~183. 

 

 

Figure 3.4. a) Measured frequency responses of a 20µm disk resonator with actuator beam width 

and length of 350nm and 7µm at different bias currents in air, b) Frequency response of the same 

resonator in liquid (2-isopropanol, IPA) after removing the feedthrough from the measured 

response via post-processing of data. 
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resonators have relatively low-quality factors in air (because of excessive anchor loss); however, 

they show unprecedented quality factor in IPA.  

 

Figure 3.5. (a) In liquid characterization of a four-beam disk resonator, a) SEM image of the 

fabricated disk resonator, b) resonance frequency of the device with different DC bias in IPA, c) 

extracted quality factor curve. 

 

 

Figure 3.6. The responsivity of a 10µm disk resonator in air and IPA at 55MHz. The frequency of 

resonance peak decreases about 1.5 MHz due to liquid viscosity. 
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Figure 3.7. SEM view of the fabricated 5µm disk resonator, after fabrication the beams were 

narrowed down by thermal growth of silicon dioxide and its removal by HF, a) characterization in 

the air, b) in liquid (IPA) characterization. 

 

Figure 3.8 summarizes the in liquid results and shows that both power consumption and the Q 

decrease for smaller resonators that have smaller actuator beams. 

 

Figure 3.8. In liquid (IPA) characterization results of quality factor and power consumption as disk 

sizes (actuator beam dimension) shrink down.  The power consumption and quality factor decrease 

by scaling down. 
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measured resonance frequency and quality factor of each device in air.  
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Table 3.1. Dimensions, measured resonance frequency and Q of fabricated resonators (W: width, 

L: length) 

 

Disk Size 

(µm) 

W(nm) L(µm) T(nm) F(MHz) Q 

20 300 10 300 22 3740 

10 250 7 200 45 2230 

5 200 3 150 128 805 

4 60 0.3 100 167 604 

3 35 0.2 50 192 589 

2 35 0.12 25 221 476 

 

The resulting frequency shift due to the addition of the HMDS SAM was recorded for each 

device and is shown in figure 3.9 (a).  Knowing the mass (m) and the resonance frequency (f) of 

the resonator and the measured frequency shift (Δf) for each resonator, the added mass to the 

surface (Δm) can be estimated by equation 3.1.  Therefore, the frequency shift per one attogram 

deposited mass was calculated and shown in figure 3.9 (b). 

𝛥𝑚 =
2𝑚𝛥𝑓

𝑓
     (3.1) 

 

 

Figure 3.9. a) The measured frequency shift of fabricated disk resonators with different diameters 

via formation of a self-assembled monolayer of HMDS, b) Frequency shift per one attogram 

loaded mass. 
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The main motivation to fabricate disk-shaped resonators is applying them to detect a mass in 

liquid media. To characterize the mass sensitivity of disk resonators in liquid, a 20µm disk 

resonator was covered with a 10nm thick layer of sputtered gold and subsequently exposed to a 

10-mM solution of mercaptohexanol (MCH) in ethanol in a closed container. The resonance 

frequency was recorded in real time as MCH molecules bonded to disk surface (due to the affinity 

between the MCH thiol group and the gold atoms on the surface [95]). The MCH molecules 

gradually adhered to gold atoms on the surface and induced a progressively negative frequency 

shift, as shown in figure 3.10. The calculated total mass from equation 3.1 is estimated to be 1.4pg. 

Such loaded mass induces 20 kHz frequency shift which equals to a layer of ~5nm MCH that 

covers the entire surface of the resonator. 

 

Figure 3.10. Real-time mass detection in liquid. The frequency shift gradually decreases as a result 

of mass deposition of MCH molecules on top of the gold-coated disk. 

 

In summary, various sizes of nanomechanical silicon disk resonators were fabricated via 

electron beam lithography and characterized both in air and liquid. The results show very high 

mass sensitivities for such resonators both in air and liquid. We showed that shrinking down the 

dimensions of devices not only increases the mass sensitivity of disk resonators, but also power 
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consumption decreases for such resonators. 

3.3 Thermal Piezoresistive NEMS Ring Resonators  

  Finite element simulation of a disk resonator in rotational mode is shown in figure 3.11 (a). 

Color coding of the disk shows that higher displacement happening at the edges (red area shows 

higher displacement), therefore, the mass sensitivity of a disk resonator increases at the edges.   

The mass sensitivity of a disk resonator doesn’t change significantly compared to a ring resonator 

(see figure 3.11 (b, c)) with the same diameter; however, the transduction of a ring resonator 

increases in liquid due to reduction of the total surface area.  As the ring width decreases, the 

viscosity effect shrinks due to reduction of surface area.  However, much more reduction of ring 

width results abnormality in mode shape (see figure 3.11 (c)). 

 

Figure 3.11. FEM simulation result of a disk and ring resonators with the same diameter (20µm), 

a) dark blue and green areas have mass sensitivity less than red colour region, b) FEM result of a 

10µm width ring resonator and c) abnormality occurs as the ring width shrinks more (here the ring 

width is 5µm). 

 

The mass sensitivity of three devices (20 µm Disk, 10µm width ring, and 5µm width ring) are 

compared to each other in figure 3.12. A self-assembled monolayer of HMDS was deposited on 
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the devices using HMDS prime oven tool and the frequency shift due to loaded mass was recorded. 

As the figure 3.12 (b) shows, the frequency shift because of one monolayer HMDC as a loaded 

mass on ring resonator is almost the same frequency shift of the disk resonator, even though the 

total surface has reduced by half.  

 

Figure 3.12. Comparison of the mass sensitivity of disk and ring resonators, a) SEM view of 

fabricated devices, b) Comparison of frequency shift for disk and rings resonators. 

 

Although the mass sensitivity of a ring and disk resonator is almost the same in air 

characterization, however preliminary results show that the Q factor of rings resonators increases 

in liquid due to less surface area.  Figure 3.13 shows the results of disk and ring resonators 

characterization in liquid (2-isopropyl alcohol, IPA).  Even though the ring resonators quality 

factor in liquid increases, they did not show significant Q improvement in compared to disk 

resonators.  Such deficiency could arise from inner wall of the rings enhancing the effective surface 

area.  Decreasing the device thickness might increases the quality factor. However, due to anchor 
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beams expand-extract freely.  In the next part, a structure will be discuss that have higher Q in air 
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and liquid. Such structure designed in donut shape to preserve ring shape and its actuator beams 

can expand and extract on both sides, increasing the Q. 

 

Figure 3.13. In liquid characterization of a 20µm disk and ring resonators (T=1.5µm) and 

comparison their quality factor in IPA. 

3.4 Thermal Piezoresistive NEMS Donut Resonators  

 Unlike disk resonators, actuator beams of the donut resonators are not directly anchored to the 

substrate on one end. This reduces the leakage of vibrational energy into the substrate and allows 

the resonators to maintain higher Q in air. The donut resonator structures proposed and 

demonstrated in this work have mode shapes somewhat similar to the rotational modes of disks 

and therefore expected to be suitable for operation in liquid, although operation in liquid is not the 

focus of this work (all measurements in this work are performed in air after drying the resonators 

exposed to the biochemical solutions).  

In this work, mass-sensitivity which translates to frequency shift per loaded mass for various 

dimensions of the donut resonators is characterized by adsorption of gold nanoparticles (AuNPs) 

onto the resonator surfaces and monitoring the resulting frequency shift.  Effect of scaling down 

on the mass sensitivity and minimum detection time is also studied.   

Such resonators with diameters ranging from 2.5µm to 20µm and thickness from 300nm to 
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1.35µm with thermal actuator beams as narrow as 35nm were fabricated via electron beam 

lithography.  Quality factors (Q) as high as 4000 in air have been achieved for such resonators 

with resonance frequencies in the 115MHz range.  In liquid test, the Q of 156 at the resonance 

frequency of 65 MHz has been achieved for donut resonators, much higher than disk resonators 

(75).  To investigate the mass sensitivity, the donut resonators were characterized using 10nm gold 

nanoparticles (AuNPs) coated with Igg as a loaded mass.  The surfaces of the devices were initially 

functionalized by anti-H1N1 antibodies.  On the next step, anti-IgG-AuNPs were bound to the 

functionalized surface.  The highest mass sensitivity of 36Hz/attogram (712Hz/AuNp) was 

achieved for a donut resonator with 2.5µm in diameter while operating at the resonance frequency 

of 387MHz.  

     Finite element (FE) modal analysis of a donut resonator with side supported in its in-plane 

breathing mode is shown in figure 3.14 (a).  The in-plane breathing mode can be excited by the 

two actuator beams extending and contracting in phase imposing an alternating force to the arc-

shape masses.  Decreasing the width of donuts has a positive effect on the resonator quality factor; 

however, very narrow donut induces more series resistance which results in higher power 

consumption.  To thermally actuate the resonator, a combination of an AC and a DC current is 

applied across the two terminals of the resonator as shown in figure 3.14 (b). At resonance 

frequency, similar to disk or ring resonators, the actuator beams can be modelled by a motional 

resistance (rm) in parallel with the physical actuator beam resistance (RA) [37].  However, here, the 

transduction (iac/vac) is bigger than disk resonators since the actuator beams can expand-extract on 

both sides (higher Q).  In the breathing mode, the arc shape masses actuate like actuator beams. 

The objective of a proper design is minimizing rm/RA ratio to have more pronounced resonance 
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peak in the frequency response of the device.  As shown previously, shrinking down the actuator 

beam dimensions helps to reduce resonator motional resistance and improve the rm/RA ratio. This 

allows a nanomechanical donut resonator to provide a sharper resonance peak for smaller DC 

current, i.e. a larger signal for detection under liquid with minimal power consumption/self-

heating.  More importantly, scaling down the dimensions of arcs results in a higher mass sensitivity 

as shown before. 

 

Figure 3.14. (a) Finite element analysis results showing the in-plane breathing mode of a side 

supported donut resonator. b) SEM image of a 10µm donut resonator and the associated electrical 

connections needed for its operation. 

 

 

The SEM of some of the fabricated devices is shown in figure 3.15.  Table 3.2 summarize the 

dimensions, the measured resonance frequency and quality factor of each device in air.  The mass 

sensitivity of donut resonators was characterized using 10nm gold nanoparticles (AuNPs).  The 

devices surfaces were initially functionalized by anti-H1N1 antibodies.  Later, anti-IgG-AuNPs 

were bound to the functionalized surface.  

  To prepare the surface of samples for gold nanoparticles binding (AuNPs), the surface of the 

resonators was initially cleaned in piranha (H2O2: H2SO4 1:3) for 15 minutes to remove all the 

possible organics.  Cleaning with piranha terminates the surface with OH groups which are 

required for covalent bonding of the self-assembled-monolayer (SAM) used in this approach to 
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the surface.  The cleaned dies are left for 20 minutes in a %1 solution of trimethoxysilane aldehyde 

(TMSA) in ethanol %95.  The dies are then washed thoroughly with ethanol and dried to remove 

physically attached SAM molecules from the surface. 

 

Fig. 3.15. Zoomed in SEM view of fabricated donuts with various diameters.  The actuator nano-

beams of donuts less than 60 nm can be achieved by growth of thermal oxide and its removal using 

HF.  

Table 3.2. Dimensions and measured resonance frequency and Q of fabricated resonators (W: width, L: 

length, T: thickness) 

 

The resonators die was left in 110 ºC vacuum oven for 15 minutes afterward.  On the next step, 

anti-Influenza A Virus Hemagglutinin antibody (AB) or mouse monoclonal to Influenza- A Virus 
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with pH 8.4, 2.2mS/cm).  The surface is then washed in 5 separate 10mM KPB (pH 8.4) solutions 

to remove the physically attached antibody from the surface.  To avoid non-dissociative surface 

bindings, bovine serum albumin (BSA) is used to fill the free SAMs sites on the surface.  The BSA 

solution (1g/100ml) is prepared by dilution of 10µl of original solution (30% w/v) in 290µl of 

4mM NaCNBH3 in 10mM KPB.  The solution is left on the surface for 3 hours and finally washed 

with 5 separate 10mM KPB (pH 8.4) solutions.  Ultimately, the dies are rinsed with DI water and 

dried and functionalized sensors were exposed to a 0.1X solution of Anti-Mouse IgG (whole 

molecule)– 10nm Gold nanoparticle (AuNPs) in 1X phosphate buffered saline (PBS). 

Figure 3.16 (a-f) shows the flow process of AuNPs binding to the surface of the device.  Figure 

3.16 (g) shows one of device surface which has been processed and exposed to gold nanoparticles. 

The maximum surface coverage of ABs density on the surface is around 1011/cm2 [96]. AuNPs 

density on the surface can be calculated easily using image process software [97]. Figure 3.17 

shows the frequency shifts due to loaded masses of Igg and AuNPs to one of the resonators (gold 

nanoparticles density at the surface was 1010/cm2, ~1ng/mm2). Since the gold nanoparticles mass 

is bigger than Igg molecules (10-20 Kg (5nm in radius) compared to 10-22kg for each Igg 

molecules), so most of the frequency shift is induced from AuNPs mass.  

The impact of scaling down on the mass sensitivity can be seen easily from figure 3.18 (a). 

Shrinking down the resonators dimensions from 20µm to 2.5 µm increases induced frequency shift 

to two orders of magnitudes.  Using equation 3.1, the theoretical frequency shift (Δf) can be 

calculated from the added mass (Δm).  Where f and m are the resonance frequency of devices and 

the mass of resonator itself respectively.  As can be seen from figure 3.18 (a), the experimental 

achievements follow the theoretical results.  Using equation 3.1 and figure 3.18 (a), figure 3.18(b) 
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shows the frequency shift because of one single gold nanoparticle or one antibody molecule of 

IgG.  Frequency shift as result of one single AuNP is 718 Hz (36 Hz/attogram) using a 2µm donut.

 Figure 3.18 (d) shows the frequency shift because of the various density of gold nanoparticles 

on the surface.  To perform such an experiment, devices were exposed to gold nanoparticles 

solution in the different time span.  Figure 3.18 (c) shows the SEM images of bonded gold 

nanoparticles density on the surface with the time span. Even at very short exposure time, 

considerable frequency shift has been achieved using small size devices. Therefore, extra 

miniaturization of devices could help to achieve higher mass sensitivities.  
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AuNPs density extraction 

Fig.3.16. The process of gold nanoparticles assembly on the donut, a) surface termination by 

ozone and c) TMSA binding, d) functionalized surface by antibody (AB, IgG) e) The 

passivation process using BSA for removing unbounded molecules, f) Gold nanoparticles 

assembly on IgGs, g) SEM view of one of donut resonators with AuNPs on the surface. The 

density of gold nano particles on the surface is around 5.5×1010 cm-2.  
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Fig. 3.17.  Frequency response of a 10 µm donut resonator to added mass of ABs and AuNPs. 

Due to heavy weight of AuNPs, the resulted frequency shift is more. 
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Figure 3.18. a) Scaling down effect on frequency shift; the theoretical calculation is compatible 

with the experimental result. b) Calculated frequency shift for the mass of one single gold 

nanoparticles or one single AB molecule. C) Frequency shift results of exposure to the AuNPs 

solution.  Devices are exposed to AuNPs solution for different time spans (1min to 150 minutes), 

d) Resulted in frequency shift for the exposed devices. 
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In summary, a novel design of NEMS resonator with donut configuration was proposed and 

various sizes of such resonators were fabricated and characterized.  The novel structure showed 

high quality factor in the air and shows good Q in liquid since its resonance mode preserves very 

low contact with surrounding medium.  Characterization of donut resonators was performed using 

gold nanoparticles as a loaded mass on functionalized surfaces.  An experimentally achieved 

frequency shift shows that such resonators can able to detect one single gold nanoparticle.  
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CHAPTER 4 

EFFECTIVE SURFACE ENHANCEMENT OF NANOMECHANICAL RESONATORS 

USING MWCNT FOR MASS SENSING APPLICATION 

 

4.1 Introduction 

 In chapter 3 different structures of thermal piezoresistive resonators (TPRs) as mass sensors 

and the effect of scaling the dimensions on their mass sensitivities, quality factor and power 

consumption were discussed in detail.  Scaling down the surface area reduces the amount of 

adsorption of molecules or particulates of interest onto the NEM resonator surface.  Surface 

functionalization of NEM resonators enhances their affinity and as a result a strong binding forms 

between target molecules or particles and surface of the resonator as it was discussed in chapter 3.        

There have been a lot of research on carbon nanotube as gravimetric sensor due to its higher mass 

sensitivity and excellent affinity to some target molecules [98, 99]. However, due to fragile 

structure of single nanotube and difficulty of measurement setup, such methods are not feasible 

for mass production.  Another approach is to integrate CNT on a MEMs mass sensor which is 

easier to implement and measurement.  Integration of CNTs to MEMS devices have been 

performed to detect specific organic molecules [100,101].  However, there is no such 

comprehensive study to cover a wider range of particles with different affinity to CNTs.  In this 

chapter, carbon nanotubes (MWCNTs) have been used as surface area enhancer.  Addition of 

carbon nanotubes to such resonators can significantly increase the effective sensor surface area 

and allow detection of much lower concentrations of analytes.  To study the effective surface 

enhancements induced by MWCNTs growth on resonators, after fabrication of the silicon 
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resonators, MWCNT forests with 5µm height were grown on the resonators via chemical vapor 

deposition (CVD).  Electrodeposition was then used to decorate the grown MWCNTs with MnO2 

nanoparticles.  Resonance frequency shift measurement was used to determine the effect of surface 

area enhancement on density of adsorbed particles.  To study the enhanced surface area on the 

detection of other particles in low concentration solution, gold nanoparticles were deposited on the 

devices.  The resonance frequency shifts of the devices covered with MWCNTs were recorded to 

compare with the bare resonators.  

After fabrication of disk resonators, a layer of iron (Fe) with 5 nm thickness was deposited on 

top of the devices using e-beam evaporation as the catalyst for MWCNT growth.  Figure 4.1 (a) 

shows SEM image of one of the fabricated disk resonators with a 5 nm layer of iron (Fe).  Later, 

the resonators were placed in a horizontal furnace to grow MWCNTs.  Figure 4.1 (b) shows the 

SEM image of one of the fabricated 20µm disk resonators after MWCNTs growth.   

To grow MWCNT forests on the resonators, a chemical vapor deposition (CVD) method was 

used in a furnace using iron as catalyst layer with acetylene as the carbon source and helium as the 

carrier gas.  The flow of gases for acetylene, helium, and hydrogen were 100 sccm, 150 sccm and 

5 sccm respectively. MWCNT forests with the height of less than 5 microns were synthesized at a 

temperature of 780˚C in 25 seconds (growth rate~ 0.2μm/s).  Specific surface areas (SSA) of the 

grown carbon nanotubes were estimated from nitrogen adsorption isotherms to be 835 m2/g.  It is 

possible to improve the SSA of the MWCNTs significantly by optimizing carbon flux and dwell 

time and controlling the impurity of carbonaceous gas during the growth.  Here, we controlled the 

precursor's fluxes to reach to the optimum SSA for MWCNTs. 
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Figure 4.1. a) After fabrication of disk resonators, a 5nm Fe was deposited on top of resonators as 

catalyst to grow MWCNTs. Later, a chip containing the disk resonators was placed in the 

horizontal chamber to grow MWCNT, b) SEM view of MWCNT grown on a disk resonator. 

  

MWCNT growth time is an important element to achieve a suitable height of MWCNTs.  In 

long growing time, the resonator gets buried under the MWCNTs forest as shown in figure 4.2, 

therefore we need to optimize the process for a certain height.  To measure the mass of MWCNTs 

on the resonators, the mass of a big size blank (dummy) sample (2cm×2cm) with and without 

500µm tall MWCNTs was measured by Torbal AGZN220 scale tool.  The measured MWCNTs 

density on the surface was ~480µg/cm2.  Monitoring the height of MWCNTs with the growth time, 

the mass density of 5µm tall MWCNTs on the surface was calculated to be 4.8 µg/cm2. Such mass 

density results in 13.3pg of MWCNTs mass on top of the 20µm disk resonators. 

 

Figure 4.2. Growth time effect on MWCNTs density on the surface, a) long growth time buried 

the devices make them non-operational (no resonance peak could be detectable), b) short growth 

time results in very short MWCNTs, not useful for resonators application. 
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(b) 
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  To characterize the mass sensitivity of the resonators coated with MWCNTs, MnO2 

nanoparticles were used as an added mass due to their ease of formation and high adhesion to 

MWCNTs.  Using electrodeposition technique in a 0.02M manganese sulfate aqueous solution 

under 1.1V bias voltage, MnO2nanoparticles were loaded on MWCNTs.  Deposition time and 

electrolyte concentration determine the amount of deposited MnO2 particles on MWCNTs 

structure [102, 103].  The results of MnO2 nanoparticles deposition for two different deposition 

times (5s and 15s) is shown in figure 4.3 (a- d) with/without MWCNT.  Since the CNTs affinity 

to attract MnO2 nanoparticles, their density on CNTs is much more than bare silicon surface.  To 

measure the mass sensitivity of the devices, the silicon chip containing the devices was placed on 

a circuit board containing the required resistor and capacitor to apply DC bias and AC actuation 

voltage to the devices.  Figure 4.4 (a) shows SEM of one of the devices as well as the electrical 

connections required for frequency response measurements.  The frequency shift due to modified 

and unmodified surface to the deposited MnO2 is graphed in figure 4.4 (b, c).  As the deposition 

time prolongs, the number of deposited MnO2 particles on MWCNTs/silicon surface increases. 

Since the affinity of MWCNTs to absorb MnO2 nanoparticles is more than the silicon surface, 

increasing the time span has much more effect on the amount of absorption.  Using equation 3.1 

and considering the mass of MWCNTs on the resonators (13.3pg), the calculated frequency shift 

was 27.3kHz.  Since the achieved experimental frequency shift is ~21 kHz and matches to the 

calculation, therefore, based on induced frequency shifts because of MnO2 nanoparticles 

deposition, the predicted amount of deposited MnO2 mass for 5 seconds and 15 seconds are around 

3pg and 30pg, respectively.  To compare the effect of MWCNT enhanced surface on the frequency 

shift of the device a similar device without MWCNTs was exposed to the same solution.  The 
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frequency shift because of MnO2 nanoparticles on the surface is shown in figure 4.5.  The results 

show that effective surface area around 14 times was enhanced for MWCNT covered resonators. 

Using a thinner device layer, the mass sensitivity of disk resonators increases due to the reduction 

of the resonators mass. Therefore, devices with two different device layers (1.5 µm and 3 µm) were 

fabricated and characterized and their measurement results are shown in figure 4.5 (a). 
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Figure 4.3. Electrodeposition results of MnO2 nanoparticles assembly on resonators surfaces. 

Devices (with or without MWCNTs) are exposed to MnO2 solution for different timespans (5 

seconds and 15 seconds), (a) Silicon resonators exposure in MnO2 solution, the white areas on 

silicon surface are MnO2 nanoparticles and their density on the surface increases by time;b) Results 

of exposing the devices covered by MWCNTs to MnO2 solution.  By increasing exposure time to 

15 seconds, the MnO2 particles fully cover the MWCNTs. The figure shows how extra MnO2on 

MWCNTs changed the vertical alignment of MWCNTs. 
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Figure 4.4. Frequency shift because of exposure time to the MnO2 solution. a) Schematic of 

electrical connections required for frequency response measurements, b) As the deposition time 

increases, the frequency shift significantly increases for the CNTs covered devices due to high 

affinity between nanoparticles and MWCNTs, c) similar result was achieved for the devices 

without CNTs, however, prolonged exposure time has not much effect on frequency shift. 

 

As it is shown in figure 4.5 (a), the frequency shift of the resonator with a 1.5µm device layer 

is 65 kHz (purple column) due to MWCNT mass.  Such a frequency shift is translated to the mass 

sensitivity of 5Hz/femtogram.  As expected by theory, the mass sensitivity of the resonators with 

device layer of 1.5µm is twice as high as the 3µm thick resonator.  Figure 4.5 (b) compares the 

frequency shift of devices with or without MWCNTs along with their thickness reduction effect.  

As the device layer decreases, the mass of resonator increases and by capturing more particles, the 

total frequency shift enhances about two times for a thin device layer resonator.  By further scaling 

down both device layer thicknesses and disk dimensions, sensitivities far beyond values reported 

here can be achieved.  
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Figure 4.5. (a) mass sensitivity of thinner resonator (1.5µm) in comparison to the thicker device 

layer resonator (3µm).  The frequency shift in each step of mass deposition as a result of MWCNT 

growth, and 5s and 15s MnO2 deposition times show about 2X higher mass sensitivity for the 

thinner resonator as expected, b) Comparing the frequency shift as a result of MnO2 deposition on 

devices with or without MWCNTs for different timespans.  Based on the frequency shift, the 

effective surface area has been enhanced 14 times. 
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4.2 Gold Nanoparticles as a Loading Mass 

The biggest application of MWCNT as a surface enhancer could be the detection of much lower 

concentrations of analytes. Adsorption of biomolecules such as DNA, virus, microbe, and bacteria 

require functionalized surface. A high level of biomolecules concentration results in a high density 

of bio-products at the surface, however, the density of attached bio-particles on modified surfaces 

barely reaches to 1011/cm2. It is known that by increasing the adsorption cites on the surface, the 

probability of particles attach to the resonators can be increased as well. Therefore, using 

nanostructure materials such as carbon nanotubes due to their high surface to volume ratio enables 

the resonator devices to detect masses in low concentrations. Different methods of 

organic/inorganic particle assembly on carbon nanotubes using DNA, Peptides, and ligand-coated 

AuNPs as organic and TiO2, WO3 and Fe2O3 as inorganic materials have been reported so far [104–

106]. Here, we used carbon nanotube as surface area enhancement material for capturing organic 

particles. Gold nanoparticles (AuNPs) surrounded with organic layers of ligands was used as the 

loaded mass. Unlike other bioparticles, gold nanoparticles can be identified in the SEM images 

clearly, and it is easy to calculate their density on the surface. Gold nanoparticle assemblies on 

MWCNTs have been reported previously using 1-Pyrenemethylamine or thiol-terminated pyrene 

inter-linker [107].  Here, we have used a novel way to bind AuNPs on the wall of MWCNTs; 

Initially, MWCNTs were exposed to oxygen plasma to generate defects (dangling bonds) on their 

structure and that facilitates binding SAM molecules on the CNTs wall. Later, antibody (AB) 

molecules were assembled on the SAM and finally, gold nanoparticles were attached to ABs. To 

prepare the surface for gold nanoparticles binding (AuNPs), the surface of the resonators with and 

without MWCNTs were initially exposed to oxygen plasma for 5 minutes (50 W, 15sccm gas flow 
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and gas pressure of 200 psi).  Plasma treatment terminates the surface of silicon with oxygen groups 

required for covalent bonding of the self-assembled-monolayer (SAM).  Additionally, it creates 

vacancies on the wall of MWCNTs which facilitates binding between SAM molecules and defects.  

The dies are left for 20 minutes in a %1-%2 solution of trimethoxysilane aldehyde (TMSA) in 

ethanol %95.  Then, they were washed thoroughly with ethanol and dried to remove physically 

attached SAM molecules from the surface.  The resonators die was left in 120°C vacuum oven for 

15 minutes afterward.  On the next step, anti-Influenza A Virus Hemagglutinin antibody (AB) or 

mouse monoclonal to Influenza- A Virus Hemagglutinin supplied by ABCAM- was used to 

functionalize the surface.  For this purpose, 50µl of 50µg/ml antibody solution was added to the 

surface.  The solution contains 10µl of 250µg/ml antibodies diluted in 40µl of 4mM NaCNBH3 in 

10mM KPB (KH2PO4/ K2HPO4 buffer solution with pH 8.4, 2.2mS/cm).  The surface is then 

washed in 5 separate 10mM KPB (pH 8.4) solutions to remove the physically attached antibody 

from the surface.  To avoid non-dissociative surface bindings, bovine serum albumin (BSA) is used 

to fill the free SAMs sites on the surface.  The BSA solution (1g/100ml) is prepared by dilution of 

10µl of original solution (30% w/v) in 290µl of 4mM NaCNBH3 in 10mM KPB.  The solution is 

left on the surface for 3 hours and finally washed with 5 separate 10mM KPB (pH 8.4) solutions. 

Ultimately, the dies are rinsed with DI water and air-dried and functionalized sensors were exposed 

to a 0.1X solution of Anti-Mouse IgG (whole molecule)– 10nm Gold nanoparticle (AuNPs) in 1X 

phosphate buffered saline (PBS).  Figure 4.6 (a-e) schematically shows the process steps of gold 

nanoparticles assembly on the resonators surface with/without MWCNTs.  Figure 4.6 (f) shows a 

SEM image of a 20µm disk resonator exposed to AuNPs and Figure 4.6 (g) illustrates a similar 

resonator covered by MWCNTs and exposed to gold nanoparticles.   
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Figure 4.6.  The process of binding AuNPs to the devices surface, a) surface passivation/defect 

generation by ozone and TMSA (self-assembly monolayer) binding, b)  Igg binding (Antibody ) 

to SAM c) the passivation process using BSA for removing unbounded molecules, d) Gold 

nanoparticles assembly on Iggs, e) Schematic of AuNPs assembly on MWCNTs e) SEM view of 

one of the disk resonators with AuNPs on the surface.  The density of gold nano particles on the 

surface is around 8.9×109 cm-2.  SEM view of one of the devices covered by MWCNTs and 

exposed to AuNPs. 

 

  The AuNPs density on the resonator surface can be determined using open source image 
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of AuNPs is specified by Anti-Mouse IgG solution.  Therefore, a high concentration of gold 

nanoparticles (~1011/cm2) on the surface can be achieved by increasing the SAM and IgG 

concentration to two or three times more.  The effective time of binding to the resonator surface 

decreased to about 1.5 hours by increasing the Anti-Mouse IgG concentration (0.1X) to 0.2X as 

well.  To characterize the mass sensitivity of the MWCNT coated/not coated resonators several 

devices were selected randomly.  The devices resonance frequencies were recorded before and 

after AuNPs attachments.  The frequency shift because of loaded mass is shown in figure 4.7.  The 

average induced frequency shift of devices without MWCNTs is about 31 kHz, while similar 

devices which were covered by MWCNTs result frequency shift of 97.7 kHz suggesting 3.15 times 

more enhancement because of using carbon nanotubes. 

 

Figure 4.7. Frequency shift for the selected resonators with/without CNT assistance. The average 

frequency shift of CNT covered devices showed three times enhancement. 

 

In conclusion, forests of multiwall carbon nanotubes (MWCNT) have been grown on the top 

surface of the resonators increasing the effective surface area of the resonator, which in turn 
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increases adsorption capacity of the sensor in molecular or particulate detection applications.  To 

investigate the enlarged surface area on the mass sensitivity, initially, the devices with and without 

MWCNTs were exposed to a solution of manganese sulfate monohydrate (MnSO4·H2O) (0.02M) 

for different deposition times.  MnO2 nanoparticles were gradually deposited on both resonators 

adding to the resonator mass.  The resonance frequency shift due to added MnO2mass was recorded 

accordingly.  The calculated frequency shift from the devices covered with MWCNTs showed 14 

times more than similar bare silicon-based devices.  Later, to study the surface enhancement ability 

of the MWCNTs even in low concentration solution, another experiment was performed for gold 

nanoparticles as loaded mass.  A novel way to interlink between surface assembled molecules 

(SAM) and carbon nanotube was developed.  Oxygen plasma was used to introduce the required 

dangling bond on the MWCNTs wall to facilitate bonding between them and SAM.  After 

functionalization of the device with SAM and anti-influenza H1N1 viruses (AB), the device was 

exposed to gold nanoparticles solution, and the results showed more than 3 times surface 

enhancements in a similar manner.  This study demonstrates the potential application of integration 

of MWCNTs on NEM resonator to detect particles in low concentrations of solution. 
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CHAPTER 5 

REAL-TIME MASS MEASUREMENT IN LIQUID MEDIA 

5.1 Introduction 

    Microscale resonators show a great potential to replace conventional methods such as quartz 

crystal microbalances (QCMs) [43] and surface plasmon resonance (SPR) sensors [108] for real-

time mass sensing applications. Large foot-print of QCMs and SPR biosensors hampers 

application of such sensors in an array format. In addition, complicated amplification procedures 

are required like using nanobeads or enzymatic amplifications to increase their sensitivities in 

detection of a low concentration of analyte or small biomolecules [109, 43].  MEMS resonators on 

the other hand offer high mass sensitivities which are orders of magnitude higher than QCMs [110] 

and eliminate complexity of optical detection as well. Therefore, a high mass sensitivity can be 

achieved without the need for amplifications.  

    Most microelectromechanical (MEMS) resonators exhibit large quality factors (Q) in air or 

vacuum, but their Q significantly reduces when the resonator operates in contact with a viscous 

media (<10) [24]. Several techniques have been utilized to minimize losses of MEMS resonator 

while operating in liquid phase. Moderate Q in liquid has been achieved (<100) for resonators 

operating in in-plane resonance mode that is attributing to having much smaller portion of surface 

area striking against the liquid interface [111]. Much higher quality factors (up to 15000) have 

been demonstrated for suspended microchannel resonators (SMR) [112], where the liquid flows in 

channels embedded within the resonators structure. However, with the fluid and all the molecules/ 

particles suspended in it already being part of the total mass of the resonators, it is not clear how 
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this approach could be utilized for detection of surface adsorption events [113, 114]. In-plane 

rotational resonance modes have previously shown to be able to maintain a relatively high Q (up 

to 300) in liquid [57, 60]. In the rotational mode, the device surfaces merely slide alongside the 

solid-liquid interface, as opposed to paddling against the surrounding liquid. Such disk resonators 

utilizing both thermal-piezoresistive [92] and piezoelectric [94] transduction have been 

demonstrated. Scaling down of TPR disk resonators have shown picogram mass resolution in 

liquid and much importantly less power consumption/self-heating [115]. However, conductive 

ionic solutions in contact with such resonators and their electrical connections interfere with 

electrical performance of such resonators. Recently a piezoelectric micro-resonator-on-membrane 

(MRoM) structure has been proposed to separate ionic solutions from resonators [116]. Such 

reliable approach for mass sensitivity shows less mass resolution compared to previous results due 

to remained buffered oxide layer (BOX) underneath membrane [94].  Here, thermal-piezoresistive 

disk resonators with much smaller dimensions in the deep submicron range have been fabricated 

on a thin membrane using electron beam lithography (EBL).  Unlike MROM structure, the nano-

resonators-on-membrane (NRoM) are separated from the rest of device layer (membrane) with a 

submicron size gap. The gap limits aqueous solution to diffuse and surround the topside of 

resonators; therefore, one side of resonators always contacts with the solution.  Since in this 

structure the BOX layer has been removed and narrow gaps act as an isolation, the mass sensitivity 

of such resonators can be much higher than previous report. The mass-sensitivity which translates 

to frequency shift per loaded mass for NRoM is characterized by adsorption of gold nanoparticles 

(AuNPs) from the solution onto the resonator surfaces and monitoring the resulting frequency shift 

in real-time.  
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5.2 Operation Mechanism 

    Figure 5.1 (a) shows the schematic view of a NROM. While a solution is added into the 

submillimeter-cavity, the membrane prevents the liquid to penetrate around the resonator and 

avoids liquid to meet vibrating resonator. Therefore, viscous losses are limited to rotation 

movements of the resonator on the bottom surface of the membrane in contact with liquid to 

maintain a high Q for a micro-resonator with nanoscale actuator beams. In addition to a better 

mechanical performance, NRoMs also show superior electrical performance due to isolation of 

electrical connections (on top of device layer) from ionic buffer solutions (in the cavity) which are 

required for most of biosensing applications. Nanoparticles from the solution can be bonded on 

the functionalized surface.  Figure 5.1 (b) shows SEM image of one of fabricated NRoM. The 

Cavity size is 300µm×300µm and the fabricated disk size is 20µm in diameter. Figure 5.1 (c) 

shows optical microscopy image of a NRoM. The image clearly shows the narrow gaps and thin 

cavity.  
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Figure 5.1. (a) Schematic view of a NRoM; narrow gaps separate resonator from the rest of device 

layer(membrane), and isolate aqueous solution from topside, (b) SEM image of the topside and 

bottom side view of a NRoM, c) Optical microscopy image of a NRoM  

5.3 Fabrication 

Resonators were fabricated on low sheet resistance (<20 Ω/ם) n-type silicon on insulator (SOI) 

wafers with device layer of 3µm and buried oxide (BOX) of 5µm thicknesses. Initially, a 500nm 

silicon oxide was grown thermally on wafer to increase hard mask thickness. Later a 30nm 

chromium was deposited by e-beam evaporation system on top of Oxide layer to prevent charge 

build up.  The devices were patterned by e-beam lithography on a 220nm thick layer of (nLof 

2020: PGMEA|2:5). This was followed by deposition of a 45nm Cr layer to perform lift-off 

forming a hard mask for the silicon etch to define device structures. This step was followed by dry 

etching of the silicon dioxide layer using a silicon oxide recipe (using plasma ions of CHF3), and 

device layer was etched in chlorine-based plasma. The back cavity was aligned and patterned using 

traditional photolithography. Deep reactive ion etching (DRIE) of silicon was performed to etch 

handle layer.  Finally, Cr hard mask was removed using chromium etchant and devices were 

undercut and released in hydrofluoric acid (HF). The fabrication process flow is shown in figure 

5.2 (a-i).  

5.4 Characterization of NROMS 

    To characterize mass sensitivity of NRoMs, anti-mouse IgG (2nd-ABs) tagged with 10 nm Au 

nanoparticles were attached to functionalized surface with Human Immunoglobulin G (HIgG) 

antibodies (ABs) from the backside cavity. The detailed functionalization procedure was described 

in section 3.4. Kinetic of bindings of antigen molecules to antibodies are recorded by monitoring 
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Figure 5.2. (a-i) Fabrication process flow; e-beam lithography (EBL) was used for the patterning 

the wire bond pads and disk resonators. To increases the thickness of hard mask for etch process, a 

500nm silicon oxide was grown thermally. Since the insulator layer causes charge build up, a thin 

conductive metal layer was deposited on top of oxide layer using ebeam evaporation tool.   

 

real time frequency changes of the NRoM. Figure 5.3  

(a,b) shows the frequency responses and quality factors of disk resonators to two different 

concentration. Higher concentration of solution results higher frequency shift, while the time of 

bonding particles decreases for. The resulted mass sensitivity of 6.5 kHz/1.9pg was achieved for 

such experiment. 
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Figure 5.3: Frequency responses of two different solution in real-time mass measurement.  The 

quality factors of disk resonators decrease in time due to loading mass. The SEM images resulted 

particle deposition on the surface are shown as well. 

 

5.5 Conclusion 

    Nano-Resonator-on-Membrane (NRoM) is presented as a new NEMS pico-balance for 

operation in liquid phase. A moderate Q-factor is achieved in liquid phase while avoiding electrical 

interference of ionic solutions due to presence of the isolation membrane. With high mass 

sensitivities up to 6.5 kHz/1.9pg and superior mechanical/ electrical performance, NRoMs are 

great candidate to be used as biosensors where real time high sensitivity detections are desired. 
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CHAPTER 6 

NANOMECHANICAL DISK RESONATOR-ON-MEMBRANE WITH PICOMETER 

DEFLECTION RESOLUTION 

6.1 Introduction 

 Detecting extremely small deflections of a thin membrane can be a viable sensing approach in 

a variety of applications such as pressure sensing, shear stress sensing and detection of bio-film 

formation [117, 118].  Among various measurement schemes: optical, electrostatic (capacitive) 

and piezoresistive methods have been widely adopted [118-122].  Optical detection techniques 

offer very high sensitivity; however, they require complex, bulky and costly measurement 

apparatus[122].  Electrostatic electromechanical transduction is the most popular approach in 

pressure sensing.  The air gaps in such sensors are vulnerable to contaminants, and their 

fundamental nonlinearity is among the challenges of this approach. Conventional piezoresistive 

pressure sensors detect small linear changes in resistance of selectively doped areas on a membrane 

in response to a deflection [123].  In the presence of 1/f noise, the detection of small change in 

resistance limits their resolution.  Furthermore, analog to digital conversion is required to interface 

such devices with digital readout and control electronics [124].  For this reason, sensors with 

frequency modulated outputs, as opposed to amplitude modulated are generally more desirable as 

they eliminate the need for A/D conversion and have superior noise performance.  

6.2 Fabrication and Measurements 

Thermal-piezoresistive resonators (TPRs)  have been used in wide areas of sensing applications 

including pressure and shear stress sensors [117, 118].  In dual-plate TPR pressure sensors, a force 
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transfer mechanism is used in which a beam connects the center of the membrane to the resonator.  

A deflection on the membrane will change the effective stiffness of the resonator and its resonance 

frequency.  The beam used in this method can have a detrimental effect on the mode shape of dual-

plate TPRs.  To avoid such issue, thermal-piezoresistive disk resonators have been used in this 

work.  In rotational mode, the center of the rotating disk can be directly connected to a membrane 

with a stem without disturbing the resonance mode of the resonator or decreasing its quality factor 

considerably.  In this work, disk resonators with operating frequencies in the very high frequencies 

(VHF) range are connected to their respective silicon membranes through a SiO2 stem.  Therefore, 

membrane deflection due to changes in pressure can slightly deform the disk and change its 

effective stiffness.  Equation 6.1 shows the relationship between changes in the resonance 

frequency (Δf) and changes in the effective stiffness (Δk) in response to any force applied through 

the stem, where k and f are the effective stiffness and resonance frequency of the resonator, 

respectively, and the actuating beam stiffness depends on its cross-sectional area (A), Young's 

modulus (E) and length (L).  As equation 6.1 shows, for the same resonance frequency, a smaller 

stiffness results in a higher sensitivity to changes in the effective stiffness.  For this reason, it is 

desirable to scale the dimensions of the actuating beam down into the submicron scale to maximize 

the sensitivity of the resonator frequency to the membrane deflection. 

∆𝑓 = 𝑓
∆𝑘

2𝑘
        𝑘 = 𝐸

𝐴

𝐿
       ( 6. 1) 

 Fabrication of such pressure sensors is the similar process we used to make NEMS resonators.  

However, the buried oxide layer was etched in hydrofluoric acid (HF) until a few microns wide 

stem is left at the center of the disks. Figure 6.1 (a-f) shows the fabrication process flow. Figure 

6.1 (g) shows the SEM view of one of the fabricated 5µm disk resonators which is separated from 
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the backside cavity by a 20µm thick silicon membrane, and figure 6.1 (h) shows fabricated 10µm 

and 20µm in diameter disk resonators with a visible SiO2 stem in the center. Table 6.1 summarizes 

the dimensions of the devices fabricated in this work.  

 

Figure 6.1. (a-f) fabrication process flow on an SOI wafer with 300 nm device layer. At first, 

electro-pads were fabricated by traditional lithography system following by e-beam lithography 

and chromium (Cr) deposition as a hard mask. Then, the topside etching process was followed by 

the back cavity fabrication process. Finally, the devices released by Hydrofluoric Acid (Hf) to 
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make a stem at the center of the disk, (g) SEM image of the fabricated 5µm top-side device on top 

of the unseen back cavity, h) 10µm and 20µm in diameter disk resonators. 

 

 

Table 6.1. Dimensions and measured resonance frequency and Q of fabricated resonators (width 

(w), length (l)) 

Disk Size 

(µm) 

W(nm) L(µm) T(nm) F(MHz) Q 

20 300 10 300 35 1876 

10 250 7 300 65 1351 

5 160 3 300 145 805 

 

To measure the pressure sensitivity of the fabricated devices, the silicon chip containing the 

devices was mounted on a glass substrate by super glue to trap air in the cavity.  The devices were 

placed in a vacuum chamber as shown in Figure 6.2 (a).  Initially, the resonance frequency of 

devices was recorded in atmospheric pressure. Since the pressure difference between the trapped 

air in the cavity and the outside results in membrane deflection, frequency shifts were then 

measured according to pressure reduction in the chamber. The amount of membrane deflection 

due to differential pressure can be simulated by finite element method (FEM). The simulation 

results for a device with 5µm disk diameter are shown in figure 6.2 (b). The maximum deflection 

occurs at the center of the membrane (the red color), where the device is located.  Figure 6.2 (c) 

shows the shifts in the frequency response when the differential pressure increases from 0 to 10 

Torr.  
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Figure 6.2. a) Schematic of the devices characterization set-up. Trapped air inside the cavity 

induces pressure to the membrane when chamber pressure decreases, (b) FEM simulation results 

of a device attached to membrane under pressure. Devices were fabricated on the center of the 
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membrane to sense the maximum deflection, c) Resonance frequency shifts as a result of different 

pressure. 

 

Increasing the diameter of the membrane (D) will increase the maximum deflection and 

therefore the frequency shift for the same amount of pressure change by reducing the stiffness of 

the membrane. Figure 6.3 (a) shows the relative frequency shift for resonators with a similar 5 µm 

disk diameter and a membrane thickness of 20µm but different membrane diameter sizes varying 

from 0.25mm to 2mm. While the larger membrane diameters show a larger sensitivity to changes 

in pressure (e.g., a 46 times improvement when the diameter is increased from 0.25mm to 2mm), 

they become nonlinear at higher differential pressure (e.g., above 20 Torr for a diameter of 2mm). 

Figure 6.3 (b) shows the frequency shift of devices in Table 6.1 with disk diameters (d) of 5, 

10 and 20µm with a similar 2mm membrane diameter. The device with 5µm disk diameter shows 

8 times more sensitivity compared to the device with 20µm diameter. Higher resonance frequency 

and smaller actuating beam dimensions of the 5µm device are responsible for this improvement in 

sensitivity. Using the measurement results in figure 6.3 (b) and the simulated membrane deflection 

in response to change in pressure, a maximum sensitivity of 0.5Hz/pm has been achieved in the 

linear region. This sensitivity equals to a shear stress of 12Pa at the center of the membrane (e.g., 

1mPa differential pressure). 

In summary, NEMS disk resonators on micro-membranes were fabricated and their pressure 

sensitivity was characterized for different devices and membrane. Using finite element analysis 

(FEM), the sensitivity of such resonators was calculated, and the results show picometer deflection 

sensitivity. Moreover, the results showed that by scaling down the actuator beams and disk sizes, 
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the pressure sensitivity increases. Such results indicate the ability of NEMS disk resonators for 

low power and highly sensitive pressure sensing applications. 

 

Figure 6.3. (a) Deflection sensitivity of a 5µm disk resonator mounted on different membrane size 

(thickness of the membrane is 20µm).  frequency shift saturates at higher differential pressure due 

to nonlinear deflection of membranes.  (b) Using experimental results, FEM analysis shows the 

small disks have higher frequency shift to the same deflections.  The sensitivity is shown with   S  

mark. 
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CHAPTER 7 

CONCLUSIONS  

The focus of this work was to develop NEMS resonators nano-balances operating in liquid 

where nano-resonators face challenges of mechanical performance degradation.  Various 

configurations of thermal piezoresistive (TPR) NEMS devices were proposed and fabricated using 

electron beam lithography to operate in liquid with high mass sensitivity.  The proposed design 

demonstrated less striking of resonator surface against liquid preserving good quality factor.  In 

addition, they showed much higher mass sensitivity which remarks them as a good candidate for 

biosensing applications.  Initially, various dimensions of NEMS disk resonators were fabricated 

and their mass sensitivity was characterized in air.  Attogram mass sensitivity was achieved using 

ultra-thin devices (<20nm) in air.  Later, resonators with thicker device layers were employed to 

resonate in liquid. Various disk sizes (5 µm to 20µm) showed a strong enough signal at resonance 

frequency in liquid. A 20 µm disk resonator presented quality factor as high as 183 in IPA, and a 

5µm disk resonator showed Q of 75 resonating in IPA at a frequency of 70 MHz.  Experimental 

results showed lower power consumption and quality factor by scaling down the disk resonators. 

Later, disk resonators were characterized as real-time mass sensor in liquid.  Gradual deposition 

of self-assembled mercaptohexanol in ethanol showed a mass sensitivity as high as 20 

Hz/femtogram in 10mM solution which is two orders of magnitude more sensitive than the 

previous report on QCM resonators [80].  Another experiment was carried out using Igg coated 

gold nanoparticles as the loaded mass for biosensing applications.  The nanoparticles were 

gradually bonded (immobilized) on the functionalized disk surface which resulted in 16 kHz 

frequency shift using 40µm disk resonators. 
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 Since the center of a disk resonator have very smaller mass sensitivity compared to edges, ring 

resonator configuration was proposed.  Smaller surface area of ring resonators suggests higher Q 

in liquid since the viscosity effect decreases.  Characterization in liquid showed higher Q for ring 

resonators; however, signal amplification was not considerable, mainly due to total area 

enhancement from inner wall of ring. 

 Energy dissipation in anchor e.g. anchor loss affects the quality factor of ring and disk 

resonators.  To alleviate energy dissipation, a donut-shaped structure was proposed to increase the 

transduction in air and preserve in-plane breathing mode to minimize liquid viscosity effect.  Donut 

resonators showed considerable Q improvement in air and liquid.  They showed a resonance peak 

at 110 MHz in liquid with a quality factor of 87. The highest achieved Q of disk resonators was 

75 operating at 70MHz. Donut resonators were used to detect gold nanoparticles in different 

concentration.  Similar to disk resonators, scaling down the donut resonators resulted in higher 

mass sensitivities (700 Hz/AuNP).   

In this dissertation, we showed that further scaling the resonator dimensions down into the 

nanoscale increased their mass sensitivity and reduce their required operating power.  At the same 

time, due to the reduction of the surface area, the probability of adsorption of molecules or 

particulates of interest onto the NEM resonator surfaces diminishes.   In this dissertation multi-

wall, carbon nanotubes (MWCNTs) were used as a surface area enhancer.  Addition of carbon 

nanotubes to such resonators could significantly increase the effective surface area and allow 

detection of much lower concentrations of analytes.  With proper controlling the gas flow, carbon 

nanotubes with height of a few microns were grown on top of the NEMS resonators.   The devices 
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with or without MWCNTs were then exposed to inorganic and organic nanoparticles.  The 

experimental results show ~9 times more frequency shift for the devices covered by MWCNTs.   

Besides the mass sensitivity, other potential applications of NEMS resonators were 

investigated.  A novel NEMS pressure sensor was demonstrated in this work.  Various size of 

NEMS disk resonators on micro-membranes were fabricated and their pressure sensitivity was 

characterized.  Using finite element analysis (FEM), the sensitivity of such resonators was 

calculated, and the results showed picometer deflection sensitivity.  Moreover, scaling down the 

actuator beams and disk sizes resulted in higher pressure sensitivity.  
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