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Abstract

Label-free biosensors allow for real-time measurements of the target molecule, providing 

valuable kinetic data about the unperturbed biological system. Yet, they generally rely on a single 

transduction mechanism that reflects a single aspect of a system. In order to have a more complete 

understanding of the system, many aspects of the system need to be examined simultaneously. An 

integrated multi-mode label-free sensor capable of providing consistent and complementary 

information about multiple aspects of a system is highly desirable for biomedical research. 

Currently there are some hybrid sensors utilizing the optical and quartz crystal microbalance 

(QCM) techniques to measure both the optical and mechanical properties of a system. However, 

those hybrid sensors have some shortcomings in implementation and performance that limit their 

applicability. 

In this research, we developed Optical Quartz Crystal Microbalance (OQCM) sensors - 

hybrid sensors utilizing the same techniques for simultaneously measuring both optical and 

mechanical properties, which also address these shortcomings. Two OQCM structures were 

designed, fabricated and explored. The first structure is an interferometric OQCM sensor (I-

OQCM) with a multilayer planar optical structure. The interference between reflections at the 

interfaces between layers generates an interference pattern in the optical spectrum that shifts upon 

accumulation of additional films on the structure. The second structure is a plasmonically-

enhanced grating OQCM sensor (PEG-OQCM). The theory and simulation analyses indicate that 
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the PEG-OQCM can achieve near zero bulk refractive index sensitivity by optimizing the 

incidence angle. Simulation results show that at an incident angle of 47 degrees, the bulk RI 

sensitivity becomes near zero around bulk RI = 1.33. Experimental results for vapor deposition, 

water and biosensing (solution of streptavidin) match well with the simulation results. With this 

PEG-OQCM structure, an optical linewidth of 25 nm was obtained in air, 15 nm in water – up to 

6 times narrower than that of SPR/LSPR (50-100 nm in water).  

The OQCMs were characterized separately to demonstrate the operation in each mode for 

each structure, and tests were performed to show biosensing capability. Dual-mode tests were 

conducted for both the I-OQCM and PEG-OQCM to show the capability of simultaneous 

measurement of both optical and mechanical properties and responses of a system. The test results 

validate the simulation analyses and correlation between the optical and mechanical responses that 

would provide corroborating information for more reliable, robust cross-examination/confirmation 

for the evaluation of test systems. 

The OQCM-A sensor with 3 single I-OQCM sensors on a single wafer was also designed, 

fabricated. Each I-OQCM sensor can be characterized independently of the others. Mechanical 

response tests performed on the OQCM-A indicate that each sensor responds independently of the 

other sensors and the cross-talk between on adjacent sensors is negligible.  
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Chapter 1: Introduction

1.1 Label-free Biosensors 

The interactions between different molecular [bio] recognition elements, such as protein-

protein interactions, are central to biological processes in living systems. The analysis of these 

interactions is crucial for understanding biological systems and for developing biotechnologies 

including microarrays and biosensors to study these systems. 

Biosensors generally fall into one of two categories based on their detection mechanism: 

label-based detection and label-free detection. Label-based detection relies on the attachment of 

fluorescent, enzymatic, etc. labels to the target molecules or other recognition elements, and the 

fluorescence intensity indicates both the target presence and interaction strength between target 

and biorecognition molecule1. Label-free detection, in contrast, leaves the target molecule free of 

labels or alterations, and able to be detected in its natural form1. 

Labelled sensors have been in use for a long time due to their low limit of detection (LOD), 

availability of instruments for sensing, and standardized labelling protocols2. However, there are 

several key disadvantages to labelled sensors: (1) labelling is time-consuming and has a higher 

cost due to the large number of steps required; (2) in addition, label-based sensors cannot be used 

for real-time detection, and (3) the labels themselves can affect the kinetics of the system under 

study3. For these reasons, much research is being done on the development of label-free sensors.  
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Label-free sensors allow for real-time measurements of the unlabeled target molecule, 

which provide valuable kinetic data about the unperturbed biological system. Label-free sensing 

is also relatively less time consuming and less expensive compared to its label-based counterpart 

due to the smaller number of steps needed.  

Label-free biosensors can be classified into five classes4 based on their transduction 

mechanism:  

 Electrochemical  

 Electrical 

 Optical 

 Piezoelectric (Mechanical)  

 Thermal.  

In this thesis, the focus will be on optical and mechanical/piezoelectric sensors per our 

direction. A brief review of each class is given in the next section. 

1.2 Overview of Optical Sensors 

 Optical sensors rely on the changes in the optical signal that occur upon interaction of the 

optical field with the system and the environment. These sensors have the advantages of 1) 

immunity to electromagnetic interference; 2) capability for remote sensing; and 3) ability to 

perform multiplexed measurements1, 5.  As a result, optical sensors find wide application in the 

fields of biomedical research, environmental monitoring, and military field testing. Only label-free 

optical sensors will be discussed in this thesis.  

 For optical biosensors, many different structures have been studied and utilized for 

analyzing biological systems. These structures can be roughly categorized based on the mechanism 
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used to generate the optical signal: surface plasmon resonance (SPR), interferometry, waveguide, 

ring resonator, optical fiber and photonic crystals1. The sensors developed in this thesis will be 

based on one or both of the following mechanisms: surface plasmon resonance (with a grating 

coupler) and interferometry. 

1.2.1 Surface Plasmon Resonance (SPR) 

 A surface plasmon polariton (SPP) is a charge oscillation at the interface of two media with 

the real parts of the dielectric constant having opposite signs. In natural materials, this occurs 

between a dielectric and certain metals such as gold, silver, or copper. The wavevector of the SPP 

at the interface is given by equation (1):  

 𝛽𝛽𝑆𝑆𝑆𝑆 = 𝑘𝑘0�
𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝜀𝜀𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷
𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚+𝜀𝜀𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

 (1) 

Where 𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is the dielectric constant of the metal, 𝜀𝜀𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 is the dielectric constant of the dielectric, 

and 𝑘𝑘0 is the wavenumber of the light in vacuum. 

 

Figure 1-1 SPR sensor coupling configurations1 – (a) Prism coupling, (b) waveguide coupling, c) optical fiber coupling, 
(d) side-polished fiber coupling, (e) grating coupling, (f) long-range and short-range surface plasmon 
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At the resonant wavelength or angle, the parallel component of the wavevector of the 

incident light on the interface matches that of the SPP. As a result, the light is coupled into the 

SPP. Coupling into the SPP is usually achieved via one of several methods: prism coupling, 

waveguide coupling, fiber coupling, or grating coupling6. The different methods for coupling to a 

SPP are shown in Figure 1-1.  

 Plasmonic devices have been implemented based on the surface plasmon polariton (SPP) 

in planar devices, or the localized surface plasmon resonance (LSPR), which uses small metal-

dielectric nanostructures such as nanospheres or metal nanostructures to amplify the optical 

response7, 8.  

1.2.2 The Interferometric Sensor 

 The interferometric sensor relies on the interference of beams between two or more beams 

from the different interfaces in the optical structure, resulting in an interference spectrum with 

fringes whose linewidth and wavelength peaks/troughs depend on the thicknesses and refractive 

indices of the different optical layers in the material.  

 

Figure 1-2  Principle of Interferometric Sensor and corresponding intensity spectrum9 
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The simplest interferometric sensor consists of a single optically transparent layer (in the 

desired wavelength range), which determines the initial interference pattern. The phase difference 

between the reflected beams changes upon absorption of a thin film, which results in a red shift in 

the interference spectrum (see Figure 1-2). This technique has been implemented by many research 

groups (Gao et al. 7, Cheng et al.10, Avci et al.9, Özkumur et al.11 (Figure 1-3) and Hänel et al.12). 

 

Figure 1-3  Interferometric sensor utilizing a thick SiO2 film to generate the initial interference pattern11 

1.3 Overview of Mechanical Sensors 

 Mechanical sensors rely on a change in the mechanical property of the sensor as a result of 

changes in its environment (e.g. adsorbed layer or bulk medium). To monitor the property change, 

the sensor material is usually chosen to be a piezoelectric material that exhibits mechanical 

oscillation due to an applied electric field, and vice versa via electromechanical coupling. A change 
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in the adsorbed mass or bulk medium results in a change in the mechanical response which is 

converted to an equivalent electrical response via the piezoelectric effect. 

1.3.1 Types of Mechanical Label-Free Sensors 

Mechanical label-free sensors generally belong to one of two categories: cantilever-based 

or resonator-based: 

The cantilever-based sensors13 are partly-suspended structures, fixed at one end, which 

oscillate at a frequency determined by the device parameters. Accumulation of mass or change in 

the viscosity of the bulk medium results in a change in the oscillation frequency. Since the sensor 

oscillates vertically, this type of sensor is heavily damped in liquid, and as a result, generally is 

not as suitable for real-time mechanical sensing.  

 The resonator-based sensors fall into one of 4 subcategories – surface acoustic wave 

(SAW), acoustic plate mode (APM), flexural plate mode (FPM), and quartz crystal microbalance 

(QCM) 14. All four subcategories of resonator-based sensors rely on the crystal being driven by 

two electrodes and resonating at an oscillation frequency determined by the device parameters. 

The QCM is chosen as the mechanical sensor for this work due to its robustness, availability, and 

affordable electronics, as well as suitability for a liquid environment for real-time biosensing. 

1.3.2 The Quartz Crystal Microbalance Sensor 

 The quartz crystal microbalance is a mass sensor based on the piezoelectric effect 15 , which 

converts the mass of the analyte into an electrical signal. An alternating electric field is applied via 

electrodes on both sides of a quartz wafer, generating a mechanical oscillation in the thickness 

shear mode (TSM) 16, a transverse mechanical wave with the propagation vector normal to the 

crystal surface. An AT-cut quartz crystal (35° to the optical axis) is usually chosen for its high 
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frequency stability (Δ𝑓𝑓
𝑓𝑓
≈ 10−8) and a temperature coefficient of near zero in the 0-50°C range. A 

photograph of a QCM sensor from Inficon EDC is shown in Figure 1-4. 

Due to the electromechanical coupling resulting from the piezoelectric effect, the electrical 

characteristics of the QCM are affected by mechanical changes arising from interactions between 

the QCM and any media in contact with the QCM. The electrical admittance/impedance is the 

characteristic most often chosen for monitoring the QCM frequency response17. 

 

 

Figure 1-4  A photograph of a QCM sensor from Inficon EDC 

The behavior and characteristics of the QCM crystal are usually described using the 

Butterworth-Van-Dyke (BVD) model, an equivalent circuit model consisting of an electrical and 

a mechanical arm. The electrical arm has a static capacitance C0, while the mechanical arm 

contains three elements: a mechanical capacitance C1, inductance L1, and resistance R1, which are 
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given by the equations from Martin et al17 and depend on the QCM device area, crystal thickness 

and peak oscillation frequency. 

 

Figure 1-5  Modified Butterworth-Van Dyke (BVD) equivalent circuit17 

The effect of mass (rigid) and liquid loading on the QCM can be modelled17 by the addition of 3 

electrical elements to the unperturbed BVD circuit: L2, R2 and L3 (Figure 1-5). L2 and R2 model 

the liquid loading effect and are functions of the density-viscosity product of the liquid, as well as 

the original device parameters C1, L1, and R117. L3 models the accumulation of rigid mass on the 

QCM wafer as a function of the film density.  

For small mass and liquid loading (L2 + L3 << L1), the change in frequency can be written 

as a function of the mass and liquid properties and crystal resonant frequency, and is given by 

equation (2)17  

 Δ𝑓𝑓𝑠𝑠 ≈ −
2𝑓𝑓𝑠𝑠2

𝑁𝑁�𝑐𝑐6̅6𝜌𝜌𝑞𝑞
�𝜌𝜌𝑠𝑠 + �

𝜌𝜌𝜌𝜌
4𝜋𝜋𝑓𝑓𝑠𝑠

�
1
2
� (2) 
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Where 𝜌𝜌𝑠𝑠 is the solid layer density, 𝑓𝑓𝑠𝑠 the QCM resonant frequency, 𝑁𝑁 the overtone number,Δ𝑚𝑚 

the total change in mass, 𝜌𝜌 the liquid density, 𝜂𝜂 the liquid viscosity, and 𝐴𝐴 the electrode area. 

The first term on the RHS is equivalent to the Sauerbrey equation for the change in 

resonance frequency (equation (3)) due to accumulation of a thin rigid film onto the QCM sensing 

surface: 

 Δ𝑓𝑓𝑠𝑠 ≈ −
2𝑓𝑓𝑠𝑠2𝜌𝜌𝑠𝑠

𝑁𝑁�𝑐𝑐6̅6𝜌𝜌𝑞𝑞
= −

2𝑓𝑓𝑠𝑠2

𝑁𝑁�𝑐𝑐6̅6𝜌𝜌𝑞𝑞

Δ𝑚𝑚
𝐴𝐴

  (3) 

The second term in equation 2 gives the effect of liquid loading on the QCM crystal as a 

function of the density viscosity product 𝜌𝜌𝜌𝜌 . The effect of solid and liquid loading on the 

equivalent BVD circuit is depicted in Figure 1-5. The assumption for this model is that the solid 

film is very thin and rigidly attached to the QCM17. For viscoelastic films of greater thickness, an 

extended model is given in Arnau et al18. 

The piezoelectric parameters of AT-cut quartz, used to calculate the expected mechanical 

response of the OQCM, are listed below17. 

Table 1-1 Properties of AT-Cut Quartz 

 Property Value 

𝜌𝜌𝑞𝑞 Density  2.651 g/cm3 

𝑐𝑐6̅6 Piezoelectric constant  2.947 × 1011 dyne/cm2 

𝐾𝐾2 Coupling constant  7.74 × 10-3 

𝜂𝜂𝑞𝑞 Stiffness  3.5 × 10-3 g/(cm s) 

𝜌𝜌𝜂𝜂 Shear modulus 2.947 × 1011 g/cm1s2 
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1.4 Optical vs. QCM Based Sensors: A Comparison 

Optical and QCM sensors can be used individually to extract different sets of properties 19-

21 of a material or system. A comparison of the two techniques, especially the types of data that 

can be extracted, is listed in Table 1-2 below. 

Table 1-2 Comparison between Optical and QCM Measurements 

 Optical Measurement Quartz Crystal Measurement 

Operating 
Frequency Order of 1014 Hz 100-102 MHz (fundamental frequency) 

Measured 
Signal 

Measurement of the change in 
optical response (reflection, 
transmission, etc.) of the system 

Measurement of the change in the 
piezoelectric response (impedance, 
conductance, etc.) of the system 

Data which can 
be extracted 

• Film thickness 
• Film uniformity 
• “Dry” mass 
• Index of refraction 

• Total film mass 
• Film density 
• “Wet” mass – including bulk 
• Film viscosity 

Advantages 

• Can be designed to be insensitive 
to either surface or bulk RI 

• Completely non-contact 

• Higher sensitivity to strong specific 
binding 

• Can measure mass directly 
 

Disadvantages 

• Measures RI change at surface, 
does not measure direct mass 
change 

• Sensitive to non-specific binding 

• Mass measured includes any trapped 
bulk solution 

• Sensitivity dependent on film position 

 

The comparison clearly shows 2 key facts: 

 Both methods are independent of each other as each has its own significantly different 

operating frequencies;  

 Each method on its own can extract only a certain subset of data. 
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1.5 Motivation for Developing the Optical Quartz Crystal Microbalance 

 While label-free sensors allow for real-time monitoring of the biological system under 

study, they generally rely on a single transduction mechanism (optical, mechanical, etc.), which 

yields information on only a single aspect of the system. This information may be insufficient and 

could lead to erroneous conclusions. In order to obtain an accurate picture of the system, multiple 

aspects need to be examined simultaneously 19, 22-27. An integrated multi-mode label-free sensor 

capable of providing consistent and complementary information about bio-interactions is therefore 

highly desirable for fundamental and applied biomedical research. For this purpose, the optical 

quartz crystal microbalance (OQCM) is developed in this thesis in order to provide complementary 

information on the optical and mechanical properties of a biological system on a single sensor. 

1.6 Thesis Roadmap 

 In this thesis, we designed, fabricated, characterized, tested and analyzed the performance 

of two different OQCM sensors for dual-mode detection. Chapter 2 gives an overview of previous 

work done on optical/quartz crystal microbalance hybrid sensors and describes the general 

structure of the optical quartz crystal microbalance (OQCM) devices. Chapter 3 and Chapter 4 

each focus on one type of OQCM device developed in the course of the research. Chapter 3 focuses 

on the interferometric OQCM (I-OQCM) structure, including the underlying theory, fabrication, 

characterization and testing of this structure. Chapter 4 focuses on the plasmonic-enhanced 

grating-based OQCM (PEG-OQCM) structure, designed to address the issue of separating the 

effects of bulk and surface sensing, and the theory, fabrication, characterization and testing of the 

PEG-OQCM structure. Chapter 5 discusses the OQCM array, which expands upon the structure 
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presented in Chapter 3 by integrating 3 of the I-OQCM structures onto a single QCM wafer for 

multiplexed detection. The design, structure and cross-talk results are presented in this chapter. 

Finally, Chapter 6 concludes this thesis with a short summary and future directions for this research. 
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Chapter 2: Optical Quartz Crystal Microbalance – Structure and 
Principles

2.1 Overview of Optical/QCM Hybrid Sensors 

 Several hybrid sensors have been developed that combine the QCM sensor with various 

optical structures for simultaneous optical and mechanical measurements of a system. Those 

optical/QCM hybrid sensors have utilized Surface Plasmon Resonance (SPR), Optical Waveguide 

(OWG), Reflectometry/Ellipsometry, and Microscopy as the optical sensing method.  

2.1.1 Surface Plasmon Based Hybrid Sensors 

Shinbo et al. designed a hybrid sensor based on a combination of QCM and SPR28, which  

used silver as the electrode material, and a polymer film coating for moisture absorption. This 

implementation relied on coupling via the side of the wafer into the quartz crystal to excite the 

surface plasmon (Figure 2-1, right side).  

The more common implementation is to etch a corrugation grating into the quartz crystal 

to couple the incident light into the surface plasmon mode (Plunkett et al.29, Bund et al.30, Zong et 

al.31, Laschitsch et. al 32 and Bailey et al.33). One example is shown in Figure 2-1. The optical 

sensor response was monitored using angular interrogation in each of these cases. 
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Figure 2-1  Two surface plasmon resonance-based optical/QCM hybrid sensors. Left: a grating-coupled SPR hybrid 
sensor32. Right: a side-coupled SPR hybrid sensor28 

Grab et al.34 and Zhu et al.35 took a different approach and used localized surface plasmon 

resonance (LSPR) to fabricate LSPR-based hybrid sensors that do not require prism coupling or 

grating coupling. The optical/QCM hybrid sensor (Figure 2-2, left side) by Grab et al.34 is made 

of gold-plated polystyrene core-shell structures self-assembled onto a gold electrode QCM wafer  

for simultaneous optical and mechanical detection of fibrinogen absorption to determine the 

solvent content in thin adsorbed layers. Zhu et al.35 took a different approach and fabricated gold 

nanorings on a transparent ITO electrode (Figure 2-2, right side), which allowed for measuring the 

optical spectrum in transmission mode.  

 
Figure 2-2  LSPR-based hybrid sensors. Left: Core-shell nanoparticle based LSPR hybrid sensor34. Right: Nanoring 
based LSPR hybrid sensor 35  
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2.1.2 Optical Waveguide Based Hybrid Sensors 

Shinbo et al. also designed a hybrid sensor based on optical waveguide spectroscopy36, 37. 

Their OWG-based sensor used a similar base QCM structure to that of their SPR-based hybrid 

sensor (differing only in electrode thicknesses and polymer coatings) and was used to monitor the 

evaporation of lead phthalocyanine. Another two OWG-based sensors37 were designed by the same 

group, and used QCMs with gold electrodes. The first configuration consisted of a bilayer of 

fluorinated polyimides (on top of the electrode) with different refractive indices, which served as 

the optical waveguide. A prism was placed in contact with the QCM and used to couple light into 

the slab waveguide. The second configuration consisted of a grating core, which formed a ridge 

waveguide. These sensors (Figure 2-3) were used for humidity and vapor sensing. 

 

Figure 2-3  Three optical waveguide-based optical/QCM hybrid sensors. Top Left: Planar waveguide-based hybrid 
sensor37. Top Right: Side-coupled waveguide-based hybrid sensor36. Bottom: Ridge waveguide-based hybrid sensor37 
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2.1.3 Reflectometry/Ellipsometry Based Hybrid Sensors 

 Optical reflectometry is a technique in which incident light is reflected off a sample, and 

the properties of the reflected light are used to characterize the sample. An example of the intensity 

spectrum generated for increasing film thickness is shown in Figure 2-4. Ellipsometry is a type of 

reflectometry which measures the change in polarization as light is reflected from a sample. The 

amplitude ratio Ψ and phase difference Δ of the reflected TE and TM polarized light are measured 

and used to determine the properties (such as film thickness and refractive index) of the sample38-

44. The principle of ellipsometry is shown in Figure 2-5. 

 

Figure 2-4  Reflectometric measurement from an interference layer and resulting reflectance spectrum45 

 

 

Figure 2-5 Principle of ellipsometry46 
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Rodenhausen et al38, 39 reported a combinatorial approach using in-situ spectroscopic 

ellipsometry and quartz crystal microbalance methods to study the formation of ultra-thin organic 

films. Kananizadeh et al.47 uses generalized ellipsometry on an unmodified gold electrode QCM 

to determine the thickness of the absorbed film. Edvardsson et al.48, Guleryuz et al.49, and Buron 

et al.50 use reflectometry to monitor various layer formation processes. Figure 2-6 shows their 

initial setup and later modified setup, which utilized a reference beam to correct for material 

deposited at the prism-liquid interface.  

 

Figure 2-6  Reflectometric and ellipsometric hybrid sensors. Left: Setup for QCM/ellipsometry measurement39. Right: 
Setup for reflectometry hybrid sensor48. 

2.1.4 Optical Microscopy Based Hybrid Sensor 

 Optical microscopy is a technique where incident light on a sample is modified by a system 

of lenses to provide a magnified image of the sample surface. Microscopy allows for the full 

sample surface to be imaged, limited only by the field of view of the system.  

Niri et al. utilized a bare gold-coated QCM crystal to monitor the electroformation of 

phospholipid vesicles51 by simultaneous optical microscopy and quartz microbalance techniques 

through an ITO-coated glass window. While the imaging was performed in real time, the film 

thickness measurements were performed via AFM outside of the optical setup, and not in real time. 

Their setup and the resulting QCM response and AFM images are shown in Figure 2-7. 
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Figure 2-7  Optical microscopy-based sensor51 

2.2 Motivation for the OQCM Structure  

Though each of the structures described in section 2.1 has its own set of advantages, each 

also has its own set of shortcomings, as discussed below.  

2.2.1 Issues with Current Hybrid Sensors 

For the SPR-based hybrid sensors, coupling to the plasmon is achieved via one of two 

methods. The first involves placing a prism in contact with the quartz crystal, which can affect the 

mechanical performance. The second method involves etching a grating into the quartz crystal to 

phase match the incident light to the surface plasmon mode. This irreversibly changes the crystal 

and renders it unusable outside of the grating-coupled SPR application. Also, by relying on simple 

SPR, there is limited room to optimize the optical performance of the device. 

 In the case of the LSPR sensor, the core-shell structures are placed on the surface via self-

assembly. It is indicated in the paper that only in the case of complete homogeneous coverage were 

they able to achieve stable operation of their structure. Also, the polystyrene core-shell structures 
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still underwent structural changes during the 2-hour stabilization procedure, which is attributed to 

water penetration34 into the cavities between the nanoparticles and swelling of the beads upon 

contact with water.  

The OWG based hybrid sensor has the same issue as the prism-coupled SPR sensor – the 

prism in contact with the crystal will affect the mechanical oscillations. Also, the grating structure 

used in the ridge waveguide device by Shinbo et al.37 is very deep, potentially leading to large 

damping issues in liquid. 

 The reflectometry/ellipsometry structures (such as those by Edvardsson et al.48) use a 

gold electrode QCM crystal with no optical structure or an extremely thin coating layer. This 

makes the interference fringes very shallow due to the large difference in amplitude between the 

reflection of the gold electrode and the reflection off the detected film. 

The optical microscopy structure (by Niri et al.51) suffers from the same issue as the 

reflectometry/ellipsometry structures – the absence of 1) a blocking layer to block metallic 

reflections, and 2) a thicker interference film result in a low contrast optical spectrum. 

2.2.2 The Optical Quartz Crystal Microbalance 

The Optical Quartz Crystal Microbalance (OQCM) developed in this thesis will seek to 

address the issues of the above optical/QCM hybrid devices: 

First, the quartz wafer of our OQCM does not undergo any modifications – all electrodes 

and sensing structures will be fabricated on top of a standard wafer with no features etched into 

the crystal. This ensures that 1) the oscillation of the crystal is not impacted by the crystal 

mechanical structure; 2) the crystal can be reused more easily since the mechanical structure of the 
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crystal is not permanently modified. As a result, the OQCM optical structure can be optimized 

independently of the QCM wafer itself. 

Second, the OQCM optical structure is designed for top-side optical interrogation. This 

allows for monitoring of the distribution of binding material on the sensing surface. This is 

important since the mechanical frequency response of the QCM is dependent on the surface 

uniformity of the binding material and bulk medium, but this information cannot be directly 

extracted from the QCM response by itself.  

Furthermore, the OQCM structure can be configured for multiplexed sensing, which cannot 

be easily implemented for some of the current optical hybrid sensors, especially those in the 

waveguide configuration.  

2.3 OQCM Device for Multi-Mode Analysis 

2.3.1 Single Sensor OQCM for Multi-Modal Analysis 

 

Figure 2-8  General structure of the OQCM 

The general OQCM structure we developed is shown in Figure 2-8. The structure consists 

of a 185 µm thick AT-cut quartz wafer (corresponding to 9 MHz operating frequency). On the top 

b). Cross-sectional (A-A) 

Front Electrodes 

a). 3-D View 

A 

A 

Optical Structure 

Back Electrodes 

Quartz Wafer 

Optical Structure is of multi-layers  
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and bottom surfaces are patterned electrodes. For the structures in this thesis, tantalum is used for 

the first structure (to reduce metal reflection) and gold for the second (to generate plasmons). An 

optical structure is fabricated in the center region where the sensing occurs.  

Other factors to consider when selecting the appropriate optical structure for the OQCM 

include the following: 

 Total mass – for the mechanical response to remain within the linear regime, the 

accumulated mass on the OQCM sensor must be less than 2 percent of the total OQCM 

mass. 

 Material viscosity – non-rigidly bound films introduce additional damping into the system. 

 Film stress – high-stress films are more susceptible to being peeled off. Adhesion layers 

must be included to prevent this 

In Chapters 3 and 4, the details of the two OQCM structures (the I-OQCM and PEG-

OQCM) will be discussed further. 

2.3.2 The OQCM Array 

 One of the advantages of using an optical technique is the capability to monitor multiple 

sensing areas using a single detector. This has already been exploited in different types of optical 

sensors, such as interferometric reflectance imaging sensors (IRIS)9, 10, 52, surface plasmon 

resonance imaging sensors (SPRi)7, 53-55, photonic crystal imaging56, including resonant waveguide 

gratings (RWG)57, 58.  

 The OQCM array seeks to utilize this capability to enable optical imaging of the sample. 

This provides two additional capabilities not present in the previously described structures. The 
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presence of multiple sensing areas allows for multiplexed detection. In Chapter 5, an OQCM array 

consisting of multiple interferometric OQCMs on a single chip is further discussed and tested.  

2.4 Summary 

We have further reviewed the research works on the Optical/QCM hybrid sensors, 

especially on the SPR/LSPR, OWG and Reflectometry/Ellipsometry based hybrid devices. 

Though each of the optical sensing methods has its advantages, but also has its own deficiencies – 

such as no optical structure, etching a grating into the quartz crystal, having prism in contact with 

the crystal, etc. A new OQCM concept and the basic structure are presented in this chapter. The 

OQCMs seek to maintain the positives from the current Optical/QCM hybrid devices while to 

address their shortcomings. The optical structure of our OQCM does not modify the quartz wafer, 

so the OQCM optical structure can be optimized independently of the QCM wafer which would 

lead to better layer design possible. The OQCM optical structure is also designed for top-side 

optical interrogation. This allows for monitoring of the distribution of binding material on the 

sensing surface to provide better signal. More details on the two specific OQCM devices will be 

discussed in Chapter 3 and Chapter 4. 
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Chapter 3: Optical Quartz Crystal Microbalance Structure 1 – 
Interferometric OQCM Sensor

3.1 Motivation for the Interferometric OQCM Sensor 

 The interferometric sensor relies on the interference between reflected [transmitted] beams 

to generate fringes in the optical spectrum. These fringes can be measured using similar techniques 

as those used in reflectometry. 

In Chapter 2, several reflectometry and ellipsometry based optical/QCM hybrid sensors 

were discussed. These sensors utilized either a bare quartz crystal or one with a thin sensing film. 

Due to the high reflectance from the metal electrode (usually gold), the contrast in fringes formed 

by the reflected beams from the protein-bulk and metal-protein interfaces is very low, especially 

in liquid. Also, the protein thickness is usually on the order of single nm to a couple 10s of nm. 

For a single dielectric film of thickness h, the wavelengths at which extrema occur in the reflection 

spectra are given59 by equation (4):  

 𝒉𝒉 =
𝑚𝑚𝜆𝜆0

4 cos 𝜃𝜃𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
→ 𝑚𝑚𝑚𝑚0 = 4ℎ cos 𝜃𝜃𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ,𝑚𝑚 ∈ 𝑍𝑍 (4) 

Where m is the fringe order, 𝜃𝜃𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 is the incidence angle in the film, and 𝜆𝜆0 is the wavelength of 

light. For a protein film with small h, there are no extrema in the UV to IR range resulting from 

the protein itself. These two factors make it more difficult to detect the spectral or intensity shift 

indicative of a change in protein thickness. 
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 The interferometric OQCM (I-OQCM) we developed seeks to address both of these issues 

by (1) including a blocking layer between the electrode and interferometric layers to minimize 

reflections from the metal electrode, and (2) including a thicker interferometric layer (a few 

hundreds of nanometers or larger) to reduce the linewidth, and (3) including higher refractive index 

(RI) layers to increase the reflection contrast in liquid. These help to set a baseline optical spectrum 

where a change due to thin film thickness changes is much easier to detect. 

3.2 Device Structure 

 

Figure 3-1  Interferometric OQCM (I-OQCM) Structure. a) photograph of I-OQCM prior to wire bonding; b) microscope 
image of sensing area and electrode c) 3-D schematic of interferometric OQCM; d) cross-sectional view of OQCM showing 
interferometric and blocking layers 

  

) 
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The optical structure used for the I-OQCM sensor is a multiple-beam interference planar structure. 

The electrode of this sensor was chosen to be tantalum for its low reflectivity as compared to the 

standard gold electrode. On top of the sensing area is a 100-nm thick p-doped silicon film (with 

10 nm titanium adhesion layer) to block reflections from the underlying electrode. The 

interferometric structure is formed with a 400 nm SiO2 (n = 1.46) /30 nm TiO2 (n = 2.30) bilayer 

on top of the Si blocking layer. 

3.3 Theory and Simulation Results 

 For 1D multilayer structures, the characteristic matrix technique is often used to calculate 

the response at the output of the structure for a given incident plane wave. Each layer is described 

by a characteristic matrix (called a transfer matrix in some literature). The characteristic matrices 

are multiplied together in the order of the layers to generate a characteristic matrix for the entire 

structure, whose elements can be used to calculate the amplitudes of the reflected and transmitted 

waves. The theory of the characteristic matrix technique59 is described in Section 3.3.1.  

3.3.1 Theory  

 The characteristic matrix for a single homogenous thin film of thickness 𝑧𝑧 is given by 

equation (5): 

 𝑀𝑀(𝑧𝑧) =

⎩
⎪⎪
⎪
⎨

⎪⎪
⎪
⎧
� cos(𝑘𝑘0𝑛𝑛𝑛𝑛 cos 𝜃𝜃) −

𝑖𝑖
𝑝𝑝

sin(𝑘𝑘0𝑛𝑛𝑛𝑛 cos 𝜃𝜃)

−𝑖𝑖𝑖𝑖 sin(𝑘𝑘0𝑛𝑛𝑛𝑛 cos 𝜃𝜃) cos(𝑘𝑘0𝑛𝑛𝑛𝑛 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃)
� , 𝑝𝑝 = �

𝜀𝜀
𝜇𝜇

cos𝜃𝜃  (𝑇𝑇𝑇𝑇)

� cos(𝑘𝑘0𝑛𝑛𝑛𝑛 cos 𝜃𝜃) −
𝑖𝑖
𝑞𝑞

sin(𝑘𝑘0𝑛𝑛𝑛𝑛 cos 𝜃𝜃)

−𝑖𝑖𝑖𝑖 sin(𝑘𝑘0𝑛𝑛𝑛𝑛 cos 𝜃𝜃) cos(𝑘𝑘0𝑛𝑛𝑛𝑛 𝑐𝑐𝑐𝑐𝑐𝑐 𝜃𝜃)
� , 𝑞𝑞 = �

𝜇𝜇
𝜀𝜀

cos 𝜃𝜃  (𝑇𝑇𝑇𝑇)

 (5) 
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For a medium composed of a succession of stratified media extending from 𝑧𝑧0 = 0 ≤ 𝑧𝑧1, 𝑧𝑧1 ≤

𝑧𝑧2, … , 𝑧𝑧𝑁𝑁−1 ≤ 𝑧𝑧𝑁𝑁, the characteristic matrix for the medium59 is given by equation (6), with 𝑀𝑀(𝑧𝑧𝑁𝑁) 

given by equation (7). 

 
 𝑄𝑄0 = 𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡𝑄𝑄(𝑧𝑧𝑁𝑁) (6) 
   

 𝑀𝑀(𝑧𝑧𝑁𝑁)  = �𝑀𝑀𝑖𝑖(𝑧𝑧𝑖𝑖 − 𝑧𝑧𝑖𝑖−1)
𝑁𝑁

𝑖𝑖=1

 

 

(7) 

Where 𝑄𝑄0 is the vector of electric and magnetic field amplitudes at z = 0, 𝑄𝑄(𝑧𝑧𝑁𝑁) is the vector of 

field amplitudes at  𝑧𝑧 = 𝑧𝑧𝑁𝑁, and 𝑀𝑀(𝑧𝑧𝑁𝑁) is the characteristic matrix for the entire thin film structure. 

 The reflection coefficient of the film structure is given59 by equation (8) below for a TE 

wave: 

 𝑟𝑟 =
(𝑚𝑚11

′ + 𝑚𝑚12
′ 𝑝𝑝𝑙𝑙)𝑝𝑝1 − (𝑚𝑚21

′ + 𝑚𝑚22
′ 𝑝𝑝𝑙𝑙)

(𝑚𝑚11
′ + 𝑚𝑚12

′ 𝑝𝑝𝑙𝑙)𝑝𝑝1 + (𝑚𝑚21
′ + 𝑚𝑚22

′ 𝑝𝑝𝑙𝑙)
 (8) 

Where 𝑚𝑚𝑖𝑖𝑖𝑖
′  are the elements of the characteristic matrix of the medium: 

 𝑝𝑝1 = �
𝜀𝜀1
𝜇𝜇1

cos 𝜃𝜃1  (for the incident medium)  

 𝑝𝑝𝑙𝑙 =  �
𝜀𝜀𝑙𝑙
𝜇𝜇𝑙𝑙

cos 𝜃𝜃𝑙𝑙  (for the exit medium)  

  
For a TM wave, the reflection coefficient is given by equation (9):  

 𝑟𝑟 =
(𝑚𝑚11

′ + 𝑚𝑚12
′ 𝑝𝑝𝑙𝑙)𝑝𝑝1 − (𝑚𝑚21

′ + 𝑚𝑚22
′ 𝑝𝑝𝑙𝑙)

(𝑚𝑚11
′ + 𝑚𝑚12

′ 𝑝𝑝𝑙𝑙)𝑝𝑝1 + (𝑚𝑚21
′ + 𝑚𝑚22

′ 𝑝𝑝𝑙𝑙)
 (9) 

Where: 
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 𝑞𝑞1 = �
𝜇𝜇1
𝜀𝜀1

cos𝜃𝜃1  (for the incident medium)   

 𝑞𝑞𝑙𝑙 = �
𝜇𝜇𝑙𝑙
𝜀𝜀𝑙𝑙

cos 𝜃𝜃𝑙𝑙  (for the exit medium)  

3.3.2 Simulation Results 

For the device structure in this chapter, the characteristic matrix for the I-OQCM is given 

by equation (10):  

 𝑀𝑀𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑀𝑀𝑆𝑆𝑆𝑆𝑂𝑂2𝑀𝑀𝑇𝑇𝑇𝑇𝑂𝑂2𝑀𝑀𝑆𝑆𝑆𝑆𝑀𝑀𝑇𝑇𝑇𝑇  (10) 

The physical model used for the calculation is shown in Figure 3-2. The calculated 

reflection spectra are shown in Figure 3-3. The incident medium is either air (refractive index (RI) 

= 1.00) or deionized (DI) water (RI = 1.33). The refractive index data for the Si was measured 

using a Woollam 2000 Ellipsometer, and the data for tantalum was obtained from Werner et al. 60 

 

Figure 3-2  Model used for characteristic matrix calculation of reflection spectra for interferometric OQCM sensor 
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The reflection coefficients of this structure (before any additional thin film deposition) are 

calculated using the transfer matrix technique59. The parameters used in the calculation are listed 

in Table 3-1.  

Table 3-1 Optical and Physical Properties of the Materials Used in the Interferometric OQCM 

 Density (g/cm3) Index of Refraction n Thickness z (nm) 

SiO2 2.20 1.46 400 

TiO2 3.78 2.30 30 

Si 2.33 Dependent on wavelength 100 

Ti 4.51 Dependent on wavelength 10 

 

Figure 3-3 shows the calculated reflection spectra of the I-OQCM in air (RI = 1.00) and 

water (RI = 1.33) at three different incidence angles. The wavelengths at which the reflectance 

peaks shift towards shorter wavelength with increasing incidence angle, as expected from equation 

(4). Note that the fringe contrast is decreased significantly in DI water due to the reduced refractive 

index difference between the SiO2 layer and the bulk medium. This is explained by the following 

theory. For two beams with field amplitudes 𝐸𝐸1 and  𝐸𝐸2 and phase difference 𝜙𝜙, the intensity of 

the beam resulting from the interference between them is given by equation (11): 

 �𝐸𝐸1 + 𝐸𝐸2𝑒𝑒𝑖𝑖𝑖𝑖�
2

= |𝐸𝐸1|2 + |𝐸𝐸2|2 + 2𝐸𝐸1𝐸𝐸2 cos𝜙𝜙 (11) 

The third (interference) term determines the fringe contrast for changing phase differences and is 

dependent on the product of the amplitude between the two beams. This term is maximized when 

𝐸𝐸1 = 𝐸𝐸2. With the reduced beam amplitude from the SiO2/bulk medium interface while the beam 
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from the TiO2/Si layer is increased, the product term is reduced substantially, resulting in a 

decreased fringe contrast. 
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Figure 3-3  Calculated spectra of the interferometric OQCM in air (RI = 1.00) and in DI Water (RI = 1.33) using equations 
(5) to (7). The properties of the SiO2 and TiO2 films used for the calculation are listed in Table 3 and were measured experimentally 
using a Woollam 2000 Ellipsometer. Given a specific interferometric structure, it is clear that when in DI water (RI = 1.33), the 
fringe contrast is greatly reduced due to the smaller refractive index difference between the interferometric layer and the bulk 
medium. 

The calculated reflection spectra of the I-OQCM in air (RI = 1.00) for increasing protein 

(n = 1.51) thickness are shown in Figure 3-4. As the protein thickness is increased, the spectrum 

shifts toward longer wavelengths due to the increasing phase difference between the reflected 

beams at the interferometric layer and blocking layer interfaces. Note that the fringe contrast is 

reduced past 650 nm due to reduced absorption by the Si blocking layer at longer wavelengths, but 

fringes in the interference spectra are clearly visible. 
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Figure 3-4  Incidence Angle Effects - in Air: Reflection spectra for increasing protein (n = 1.51) thickness at three different 
incidence angles 

The calculated reflection spectra of the I-OQCM in water (RI = 1.33) for increasing protein 

(n = 1.51) thickness are shown in Figure 3-5. With the reduced fringe contrast, tracking the peak 

wavelength becomes difficult. An alternative approach is to integrate the dI/I0 response over a 

broadband spectral range (450 to 1000 nm) – the resulting quantity is called the integrated response 

(IR), which is plotted in Figure 3-5, lower right. Similar to in air, the fringe contrast is reduced 

past 650 nm due to reduced absorption by the Si blocking layer at longer wavelengths, but fringes 

in the interference spectra are clearly visible. 
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Figure 3-5  Incidence Angle Effects – In Water: Reflection spectra for increasing protein (n = 1.51) thickness at three 
different incidence angles 

The baseline frequency shift due to the optical layers can be estimated by using the 

Sauerbrey equation to calculate the expected frequency shift for each optical layer and adding the 

results. Using the material parameters and thicknesses from Table 3-1, and crystal frequency of 9 

MHz, the expected frequency difference between the bare Ta and I-OQCM sensor in air is 

calculated to be 23.27 kHz. 
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3.4 Device Fabrication 

3.4.1 QCM Electrode Fabrication Process 

The I-OQCM was fabricated in the Lurie Nanofabrication Facility at the University of 

Michigan. The fabrication process for the QCM electrodes is shown in Figure 3-6, and described 

in detail below. 

 
Figure 3-6  Fabrication Process for QCM Electrodes 
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Preparation:  

The 1-inch diameter AT-cut quartz wafers are purchased from Inficon EDC. Wafers used 

are 185 microns thick, corresponding to a fundamental oscillation frequency of 9 MHz. The wafer 

is cleaned by sonicating in acetone and IPA, then plasma-treated for a minimum of 180 seconds at 

100 W RF power, 35 sccm to remove residual organics.  

Fabrication:  

Steps 1-5 of the fabrication process shown in Figure 3-6 are described in detail below. 

1. The backside is fabricated first. The wafer is baked for 5 minutes at 115 degrees Celsius to 

dehydrate the surface. LOR 10B photoresist was spin-coated onto the wafer at 4000 RPM 

for 30 seconds using a CEE 100B spinner, then baked for 6 minutes at 190 degrees Celsius. 

Next, S1813 is spin-coated at 4000 RPM for 30 seconds, then baked for 5 minutes at 115 

degrees Celsius. 

2. Exposure is performed using a Karl Suss MA/BA-6 Mask/Bond aligner with hard contact 

for 20 seconds to define the electrode area. 

3. The resist bilayer is then puddle developed for 60 seconds with AZ 726 developer. The 

sample is then placed in a plasma machine for 20 seconds at 100 W power, 35 sccm O2 to 

remove residual photoresist. 

4. A 100 nm Ta film with 10 nm Ti adhesion layer was sputtered onto the patterned wafer 

with a Kurt Lesker Lab 18 PVD tool. 

5. The sample is then placed into heated Remover PG after deposition to perform lift-off, 

leaving the electrode patterned on one side. The sample is cleaned with IPA, then placed 
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in the YES Plasma stripper for 20 seconds at 60 degrees Celsius, 100 W RF Power, 35 

sccm O2 

The wafer is flipped over, and the above process repeated to fabricate the other electrode. 

3.4.2 Optical Sensing Area Fabrication 

The optical interferometric structure is fabricated in two phases: the blocking layer and the 

interferometric layer. These layers are deposited directly on top of the electrode, but only in the 

sensing area, where the electrode is patterned on both sides of the QCM wafer. 

1) Fabricate the blocking layer:  

 

Figure 3-7  Fabrication Process for Optical Layers Part 1: P-Doped Silicon Blocking Layer (100 nm) 

1). Spin-coat LOR 10B, Bake for 6 
min , then. S1813, Bake for 5 min 

2) Expose for 12 s on the 
MA-BA6 Mask Aligner 

3) Puddle develop with AZ 726 
for 60 s 

4) Sputter 100 nm Ta/10 nm Ti 
using the Lab 18-2 PVD 

5) Remove photoresist, leaving 
the blocking layer 
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The process for fabricating the blocking layer is shown in Figure 3-7. The procedure for depositing 

the blocking layer is the same as that of the electrodes, except for two steps: the mask used is such 

that the developed area is confined to the overlap between the top and bottom electrodes, where 

the QCM oscillation will occur; and the material deposited is 100 nm of p-doped Si. 

2) Fabricate the interferometric layer 

 

 

Figure 3-8  Fabrication Process for Optical Layers Part 2: Interferometric Layers of OQCM 
 

1). Spin-coat LOR 10B, Bake for 6 
min, then S1813, bake for 5 min 

2) Expose for 12 s on the 
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4) Sputter 100 nm Ta/10 nm Ti 
using the Lab 18-2 PVD 

5) Remove photoresist, leaving 
the blocking layer 
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 The procedure for depositing the interferometric layer is similar to that of the bare QCM, 

and the process is shown in Figure 3-8. The mask used in this step is the same one used for the 

blocking layer. In step (4), the interferometric layer deposited consists of 400 nm SiO2/30 nm TiO2, 

evaporated using a SJ-26 evaporator, which was later changed to an Angstrom Evaporator. The 

TiO2 served both as an adhesion layer, and a thin absorbing layer to reduce reflection from the 

blocking layer. 

Finally, to complete the sensor, lead wires are bonded to the sensor at the top and bottom 

electrode pads (located at the edge of the wafer) with silver paste and allowed to dry for 24 hours. 

3.5 Experimental Setup and Procedure 

3.5.1 Experimental Setup 

 The experimental setup (Figure 3-9) consists of two branches for the 2 functions of the 

dual-modes: One branch is used to monitor the mechanical response, and the other to monitor the 

optical response.  

The mechanical time-resolved response is logged via a RQCM machine from Maxtek Inc. 

The SMB cable leads from the channel on the RQCM are connected to the lead wires from the I-

OQCM wafer to drive and monitor the mechanical response.  

The optical branch of the experimental setup is configured for spectral interrogation. Light 

from a fiber-coupled halogen white light source (HL-2000 from Ocean Optics) is incident on the 

sensing area, with a beam diameter of 2 mm. The reflected light is collected by a lens and focused 

into the collection fiber (multimode, Ocean Optics), and sent to a HL-4000 custom spectrometer, 

with resolution 0.2 nm for the VIS-NIR range. The setup can be modified for intensity 

interrogation by switching the white light source for a laser with wavelength at the quadrature 
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point and replacing the spectrometer with a photodetector to monitor the reflected light intensity 

at that wavelength. 

 

 

Figure 3-9  Experimental setup for testing the I-OQCM. White light from a fiber-coupled halogen light source is collimated 
with an asphere, then polarized and directed onto the OQCM sample. The reflected light is sent into a USB spectrometer. At the 
same time, the lead wires from the OQCM are connected via SMB connection to the RQCM machine to monitor the resonance 
frequency vs. time 

 

 

Figure 3-10  Fixture for the OQCM. For vapor sensing, a hole is cut in the glass window to allow vapor to be introduced 
and to escape. A test fixture is made from two slides and a pair of Viton fluoroelastomer o-rings, which are used to secure the 
OQCM chip. O-ring spacers (not shown) are added between the windows to prevent excessive pressure being applied to the 
OQCM via the o-ring and glass window 
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To conduct dual-mode tests, the OQCM is secured between two Viton fluoroelastomer o-

rings to prevent contact of the remainder of the fixture with the sensing area. A polycarbonate slide 

with a central hole and channels is placed on top of the second o-ring to form the sensing chamber 

with liquid inlet/outlet channels. Finally, a glass cover slide with a hole drilled on each side is 

placed on top of the polycarbonate slide and glued with PDMS, in order to seal off the channels 

and define the liquid inlet and outlet ports. A set of o-ring pairs (Figure 3-11) are placed between 

the top and bottom slides to act as a spacer and prevent accidental application of excessive pressure 

on the OQCM crystal, and deformation of the cover slide. A schematic and photograph of the 

fixture are shown in Figure 3-10 and Figure 3-11 respectively. 

If a large incidence angle is required, an N-BK7 prism is placed on top of the glass window, 

with index matching fluid (Norland, RI = 1.52) used between the prism and glass slide to prevent 

any TIR at the interface due to air gaps. 

 

Figure 3-11  Photograph of fixture used for dual-mode measurements 
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3.5.2 Experimental Procedure 

The sample is secured into the fixture. The procedures for the different experiments 

conducted are as follows. 

1. Mechanical characterization: G (conductance) vs. frequency curves are acquired using the 

Agilent 4391A network analyzer. For liquid loading tests, preliminary tests were conducted 

with 4 uL of liquid in the center of the sensor, followed by covering the entire sensor area 

for the I-OQCM liquid loading test. 

2. Optical characterization: Reflection spectra are collected via an HL-4000 Ocean Optics 

spectrometer 

3. Mechanical Response to Vapor Deposition: Water vapor is introduced from the open 

window of the fixture onto the I-OQCM sensor surface and allowed to evaporate. 

Frequency and resistance data were collected at regular intervals using a Maxtek RQCM. 

4. Optical Response to Vapor Deposition: Water vapor is introduced from the open window 

of the fixture onto the I-OQCM sensor surface and allowed to evaporate. Optical spectra 

are collected at regular intervals using the HL-4000. Peak wavelength and reflectance at 

561 nm are then extracted from the spectrum at each point in time. 

5. Dual-Mode Measurements: Water vapor is introduced from the open window of the fixture 

onto the I-OQCM sensor surface and allowed to evaporate. The I-OQCM is connected to 

both the RQCM after being placed into the optical setup, and both the mechanical and 

optical responses are monitored with the RQCM and HL-4000 respectively. 
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3.6 Results and Discussion 

3.6.1 Mechanical Characterization  

The frequency response of the bare Ta electrode QCM sensor and OQCM sensors were 

measured using the Agilent 4391A network analyzer with attached impedance module. Fitting was 

performed to obtain the equivalent BVD circuit parameters for each sensor, and the values obtained 

are listed in Table 3-2.  

Table 3-2 Calculated BVD circuit parameters for Bare Ta Sensor and OQCM Sensor in Air 

Sensor Type Resonant Frequency 
(MHz) 

Resistance R1 
(Ohms) 

Inductance L1 
(H) 

Capacitance C1 
(fF) 

Bare Ta Sensor 8.980600 55.10 0.0079272 39.6194 

OQCM Sensor  8.960372 37.50 0.0076915 41.0392 

 

The characterization results are plotted in Figure 3-12. The plots show 2 sources of frequency 

shifts:  

1. Shift due to liquid medium 

2. Shift to optical layers on the I-OQCM sensor 

The baseline frequency shift due to the optical layers is 20.2 kHz, which is 15% lower than 

the predicted value. The discrepancy could be a result of differences in the density or thickness of 

deposited layers, as well as effects from the finite thickness and/or stress in the materials. 

To calibrate the I-OQCM sensor response for bulk liquid loading, 4 µL of each liquid was 

placed onto the OQCM sensor using a pipette. For comparing the liquid loading response to 

literature, the entire sensor surface was covered with the bulk liquid. The sensor response for the 
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latter case was fitted according to the modified BVD circuit for liquid loading from Martin et al.17. 

The circuit parameters obtained are listed in Table 3-3. To compare the response to the standard 

model, the effective density-viscosity product is calculated from the frequency shift Δ𝑓𝑓𝑠𝑠  using 

equation (12).  

𝜌𝜌𝜌𝜌 ≈ �
�𝑐𝑐6̅6𝜌𝜌𝑞𝑞Δ𝑓𝑓𝑠𝑠

2𝑓𝑓𝑠𝑠2
�
2

4𝜋𝜋𝑓𝑓𝑠𝑠 
(12) 

 
Table 3-3 Calculated BVD circuit parameters and liquid density and viscosity of the OQCM in three different liquids 

Sensor fs 
(MHz) 

Δfs 
(kHz) 

R2 
(Ohms) 

L2 
(µH) 

ρη 
(g2/cm4 s) 

ρη (25C) 
(g2/cm4 s) 

I-OQCM  
(Air) 

8.960372 0.0000 0.00 0.0000 0.00000 0.00000 

I-OQCM  
 (Water) 8.958117 -2.2547 164.40 3.6500 0.01734 0.00890 

I-OQCM  
 (1:1 Water:Glycerol) 8.954723 -5.6491 493.80 9.1500 0.10887 0.0635661 
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Figure 3-12  Left: G vs. frequency plot of Bare Ta and SiO2 I-OQCM Sensor 2 response to 4 uL of liquid in center of sensor. 
Right: I-OQCM Sensor 10 response to full coverage of sensing area with bulk liquid 
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The calculated effective density-viscosity product is about 1.6 times the value expected 

from literature. This may be a result of the relatively thick layers on the I-OQCM (total thickness 

of blocking + interferometric layers exceeding 600 nm), which introduces a relatively large mass 

loading effect, such that the resulting liquid loading deviates from the liquid behavior for an 

uncoated or thinly coated QCM wafer.  

3.6.2 Optical Characterization 

The optical response of the OQCM sensor is measured using the HL-4000 USB 

Spectrometer (Ocean Optics). The results are plotted in Figure 3-13.  
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Figure 3-13  Broadband reflection spectra of an I-OQCM in air with s-polarized light 
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The interference fringes formed by the dielectric layers are clearly visible up to 700 nm in 

the broadband reflection spectrum. Beyond 700 nm, the fringe contrast is reduced as the 

contribution from the tantalum electrode becomes greater due to the decreasing absorption 

coefficient of the Si blocking layer at longer wavelengths. 

3.6.3 Mechanical Response to Vapor Deposition and Evaporation 

To demonstrate the real-time mechanical sensing capability of the I-OQCM sensor, the 

electrode pads are placed in contact with the lead wires from the SMB cables connected to the 

RQCM. The sample is exposed to human breath at irregular intervals, and the frequency and 

resistance are recorded on the RQCM. The real-time response is plotted in Figure 3-14.  
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Figure 3-14  Mechanical response of an I-OQCM to vapor deposition and evaporation 
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The mechanical response to a single pulse of vapor can be separated into the following 

stages: condensation, equilibration, absorption/diffusion, and evaporation. A detailed analysis of 

the mechanical response at each stage is given in section 3.6.5. 
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Figure 3-15  Mechanical response of I-OQCM sensor to liquid loading 

A liquid loading experiment was performed on the I-OQCM, and the results are shown in 

Figure 3-15. Upon liquid being introduced to the surface of the sample, the frequency immediately 

decreased to the steady-state frequency due to bulk medium loading (water in this case). The 

frequency remains at this value until sufficient water has evaporated that the bulk loading 

approximation is no longer valid (liquid depth >> mechanical penetration depth (170 nm in DI 
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water at 9 MHz). At this point the frequency rises quickly, then slowly as the remaining thin film 

of water evaporates into air, returning to the original oscillation frequency.  

3.6.4 Optical Response to Vapor Deposition and Evaporation 

To demonstrate the real-time optical sensing capability of the I-OQCM, the fixture (with 

the sensor inside) is placed into the reflection setup, and the optical intensity spectrum is recorded 

on the Ocean Optics spectrometer. The resonance wavelength and reflectance at the quadrature 

point (561 nm) are extracted from the optical spectrum at each point in time (Figure 3-16). 

The optical response to a single pulse of vapor can be separated into the following stages: 

condensation, equilibration, absorption/diffusion, and evaporation. Details of the optical response 

are given in Section 3.6.5. 
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Figure 3-16  Optical response of the interferometric OQCM to vapor deposition and evaporation 
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3.6.5 Dual-Mode Measurement of Vapor Deposition and Evaporation 

Next, dual-mode measurements of the I-OQCM were performed in air. The I-OQCM chip 

is secured into the fixture depicted in Figure 3-10. The optical spectrum was recorded using an 

Ocean Optics spectrometer with the following settings: 5 ms integration time, averaged over 3 

scans. At the same time, the mechanical oscillation frequency and resistance are recorded using 

the Maxtek RQCM. The mechanical oscillation frequency, resistance, optical resonant wavelength 

and reflectance at 561 nm to irregular injections of water vapor are plotted in Figure 3-17. Figure 

3-18 focuses on the details of a single vapor pulse between t = 75 seconds and t = 100 seconds.  

1. Condensation (83.35 s – 83.65 s): Water vapor is introduced above the I-OQCM surface. 

As the humidity increases, the vapor starts to condense onto the I-OQCM surface.  

• Mechanical frequency decreases due to the increase in mass of the condensed 

vapor onto the sensor surface 

• Mechanical resistance increases slowly due to the viscosity of the condensed film 

• Optical resonance wavelength increases due to the increase in thickness of the 

condensed vapor onto the sensor surface 

• Reflectance at 581 nm increases as the vapor film increases in thickness 

2. Equilibration (83.65 s – 83.95 s): As the humidity increases further, a small amount of the 

condensation on the OQCM surface evaporates to establish equilibrium with the water 

vapor above the sensor. 

• Mechanical frequency increases slightly due to the slight decrease in mass of the 

condensed vapor evaporating from the sensor surface 
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• Mechanical resistance increases slowly due to the humidity above the sensor 

surface 

• Optical resonance wavelength decreases slightly due to the decrease in the 

thickness of the condensed vapor layer 

• Reflectance at 581 nm decreases as the vapor film increases in thickness 

3. Absorption/Diffusion (83.95 s – 87.65 s): The flow of water vapor is terminated. The 

condensed water vapor is adsorbed onto the sensor surface in liquid phase. The viscoelastic 

nature of the water film becomes more visible here. 

• Mechanical frequency decreases due to the absorption of the condensed water 

vapor onto the sensor surface, increasing the viscosity into the film 

• Mechanical resistance increases due to vapor adsorption onto sensor surface 

• Optical resonance wavelength remains relatively stable since the total optical 

thickness of the vapor layer has not changed significantly 

• Reflectance at 581 nm decreases slightly as the vapor film is adsorbed onto the 

sensor surface 

4. Evaporation (87.65 s – 100 s): The condensed vapor evaporates. The evaporation process 

occurs in two phases: in the first phase, the water vapor above the sensor is evaporating at 

the same time as the condensed vapor. This accelerates the evaporation process and 

corresponding response in the mechanical and optical parameters below. In the second 

phase, after all the vapor above the sensor has evaporated, the remaining adsorbed water is 

released back into the atmosphere at a slower exponential rate. 
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• Mechanical frequency increases due to vapor evaporation (above sensor and from 

sensor surface) and diffusion of adsorbed vapor back to the sensor surface, reducing 

the mass of the condensed vapor on the sensor surface. 

• Mechanical resistance decreases due to vapor evaporation (above sensor and from 

sensor surface) and diffusion of adsorbed water vapor back to the sensor surface 

• Optical resonance wavelength decreases due to vapor evaporation, reducing the 

optical thickness of the condensed vapor on the sensor surface 

• Reflectance at 581 nm increases as the vapor film is evaporating from the sensor 

surface 

5. The sensor stabilizes at the initial conditions. 

• Mechanical frequency stabilizes at the initial value 

• Mechanical resistance stabilizes at the initial value 

• Optical resonance wavelength stabilizes at the initial value 

• Reflectance at 581 nm stabilizes at the initial value 

Fitting the data at the second evaporation “tail” to an exponential decay curve, a decay time 

constant of 𝜏𝜏𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 3.0979 seconds for the mechanical frequency and 𝜏𝜏𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 = 1.6263 seconds 

for the resonant wavelength is obtained for vapor absorption for the film on the I-OQCM sensor. 
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Figure 3-17  Dual-mode measurement of water vapor injection at irregular intervals. Frequency, Resistance, Resonant 
Wavelength and Reflectance at the quadrature point (561 nm) are plotted from top to bottom 
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Figure 3-18  Dual-mode measurement of water vapor injection pulse at 83 seconds. Frequency, Resistance, Resonant 
Wavelength and Reflectance at the quadrature point (561 nm) are plotted from top to bottom 

 



51 
  

3.7 Summary 

The interferometric OQCM (I-OQCM) is discussed in detail in this chapter. The theory 

and basic structures of the I-OQCM and the complete fabrication process are presented. The I-

OQCM seeks to address the low contrast and insufficient range issues from current hybrid sensors 

by including a blocking layer, a thicker interferometric layer and higher refractive index (RI) layers 

to increase the reflection contrast in liquid. These help to set a baseline optical spectrum where a 

wavelength shift due to thin film thickness changes is easier to detect. A set of simulations was 

done first to find the optimal parameters and determine the direction of the experiments. The test 

results on the I-OQCM show the frequency and spectral shifts that were expected under different 

conditions and verify the theoretical analyses and simulation results.  

The dual mode tests demonstrate the ability to collect both mechanical (frequency and 

resistance) and optical (resonance wavelength and reflectance) information simultaneously from a 

single I-OQCM sensor. 
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Chapter 4: Optical Quartz Crystal Microbalance Structure 2 – 
Plasmonically-Enhanced Grating OQCM Sensor

4.1 Motivation for the Plasmonically-Enhanced Grating OQCM Sensor 

 While the interferometric OQCM (I-OQCM) sensor developed in Chapter 3 is simple in 

structure and easy to fabricate, it has two weaknesses. First, there is an intrinsic tradeoff between 

reducing the linewidth of the optical reflection spectrum and increasing the wavelength sensitivity. 

As either the interferometric layer thickness or refractive index is increased, the relative phase 

change for a given thickness change is reduced, even as the linewidth of each resonance peak is 

decreased. In addition, a greater interferometric layer thickness will increase the mass loading on 

the I-OQCM. The second lies in the fact that the contrast of the interference fringes (in the 

reflection spectrum) is determined by the difference in amplitude between the interfering beams. 

For a low-index layer, the reduced refractive index difference at the liquid-solid interface makes 

measurements in water/aqueous solutions more difficult as a result of the low-contrast interference 

pattern. 

 The Plasmonic-Enhanced Grating OQCM (PEG-OQCM) sensor structure discussed in this 

chapter addresses both issues by employing a dielectric grating on a metal layer (the electrode on 

the PEG-OQCM). The dielectric grating coupler provides coupling to the surface plasmon at the 

grating-metal interface 62-69. With the plasmonic grating, a linewidth of 25 nm is obtained in air, 

15 nm in water – a factor of 3-6 improvement over current SPR/LSPR-based sensors, where the 
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linewidths are usually 50-100 nm34, 70. The reflectance dip yields a depth of 60% and can be 

optimized further by including additional layers to the structure described below to improve 

coupling to the plasmon. Additionally, the sensor can achieve near zero sensitivity to the bulk 

refractive index at an optimized incidence angle. 

 Several researchers (Abutoama et al.71, 72 and Mizutani et al.73) have utilized this type of 

sensor, but primarily as a bulk refractive index sensor. Abutoama excited the grating-assisted 

plasmon mode with TM polarized light, while Mizutani et al. used TE polarized light to excite a 

waveguide mode in a taller grating. Jung et al.74 have used this structure for DNA detection and 

surface sensing, but their configuration relies on prism coupling, which has the same issues as 

previous SPR-based hybrid sensors for a QCM device.  

 While the LSPR-based structure from Grab et al.34 also has an angle where bulk sensitivity 

effectively vanishes, there are several disadvantages in their structure that are addressed in the 

PEG-OQCM.  

1. The spectral response of the core-shell structures in the LSPR-based structure is highly 

sensitive to their dimensions, and the standard deviation for the diameter is listed as +/- 10% 

to 15% - this results in a broadened lineshape due to the large distribution in dimensions. 

In our structure, the duty cycle for the shape varies by only +/- 5 nm, corresponding to +/- 

0.7% variance in the lateral grating ridge dimensions.  

2. The spectral width of the peak in the LSPR sensor extinction spectrum is approximately 

100 nm at full width half-maximum (FWHM) in water, which is 6.7 times broader than the 

15 nm linewidth achieved by our PEG-OQCM. 
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3. Their fabrication method involves nanoparticle deposition via self-assembly and has a 

greater chance of resulting in non-uniform coverage of the QCM surface that will impact 

the sensor response. Our PEG structure, in contrast, is fabricated using standard 

semiconductor techniques, which have low manufacturing variance and high coverage 

uniformity75, 76.  

4. Our structure is fabricated using silicon dioxide, titanium dioxide and gold, and is 

completely open to the bulk medium. This makes our structure significantly more  resistant 

to water absorption by the sensing medium, and more resistant to water trapping in cavities, 

both of which can impact the resulting measured absorbed mass77.  

4.2 Device Structure 

The grating structure used in the PEG-OQCM sensor we developed is based on the 

structure by Abutoama et. al.71, but our structure is designed specifically for surface sensing in 

aqueous media (RI around 1.33) at approximately 45 degrees, with an anti-resonance around 785 

nm. The grating structure for this sensor is designed for a width w = 706 nm, period Λ = 1395 nm, 

and total height h = 120 nm. Each grating ridge has the following structure (from top to bottom): 

110 nm SiO2/10 nm TiO2 (which serves as an adhesion layer). A further modification was made 

by adding a thin set of spacer layers: 15 nm SiO2/10 nm TiO2. The TiO2 serves as an adhesion 

layer, while the SiO2 is included such that the full sensing surface is exposed SiO2, providing a 

uniform material for functionalizing the surface of the biosensor. The structure of the PEG-OQCM, 

with photos and top-view SEM image, are shown in Figure 4-1. 
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Figure 4-1 Structure of the Plasmonic Grating OQCM sensor. The structure is optically identical to that of the OQCM 
sensing area due to the Au film thickness being significantly higher than the skin depth. 

4.3 Theory 

In order to understand the PEG structure, we will first describe the principle of the 1D 

optical grating (the structure used in the PEG-OQCM), followed by the theory and operating 

principle of the PEG. 
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4.3.1 The 1-D Optical Grating  

  An optical grating (diffraction grating) consists of a periodic modulation at the interface 

between two (or more) materials78. Due to the periodic modulation, incident light at a wavelength 

𝜆𝜆 is reflected at angles satisfying equation (13): 

 sin𝜃𝜃𝑖𝑖 + sin𝜃𝜃𝑑𝑑 =
𝑚𝑚𝑚𝑚
𝑑𝑑

 (13) 

where 𝜃𝜃𝑖𝑖  is the angle of the incident beam, 𝜃𝜃𝑑𝑑  is the angle of the diffracted beam, 𝑚𝑚  is the 

diffraction order, 𝜆𝜆  is the free-space wavelength, and 𝑑𝑑  is the grating period. The diffraction 

grating is often used in spectrometers and monochromators to spatially separate the wavelengths 

of incident light, and is also used to couple light into a guided mode by providing the additional 

wavevector component needed to match the effective index of a SPP or waveguide mode, which 

cannot be achieved via direct coupling. The coupling condition is given78 by equation (14): 

 𝑘𝑘0𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑘𝑘0𝑛𝑛𝑖𝑖 sin𝜃𝜃𝑖𝑖 + 𝒎𝒎
𝟐𝟐𝟐𝟐
𝚲𝚲

, 𝑚𝑚 ∈ 𝑍𝑍 (14) 

where 𝑁𝑁𝑒𝑒𝑒𝑒𝑒𝑒  is the effective index of the SP or guided mode, 𝑛𝑛𝑖𝑖  is the refractive index of the 

incident medium, 𝑘𝑘0 = 2𝜋𝜋
𝜆𝜆0

 is the free-space wavevector, 𝑚𝑚 is the order number and Λ is the period 

of the grating.  

 Optical gratings have been used as couplers in many plasmonic79, interferometric80 and 

waveguide-based sensors, but have also been used directly as the optical resonant structure in the 

resonant waveguide grating (RWG)81, 82. RWG sensors were used by Cunningham et al.57, 58 to 

monitor the binding of anti-IgG. 
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4.3.2 The Plasmonically Enhanced Grating (PEG)  

The simplest case of the PEG consists of a dielectric grating on a metal film or substrate. 

To analyze this structure, we examine the momentum matching equation (15) (Abutoama et al.71) 

for the surface plasmon at the grating-metal interface. Inserting the expressions for each 

wavevector in equation (16) and rearranging the expression, we obtain equation (17): 

 𝑘𝑘�⃗ 𝑥𝑥_𝑖𝑖𝑖𝑖𝑖𝑖_𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 + 𝑘𝑘�⃗ 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 = 𝑘𝑘�⃗ 𝑆𝑆𝑆𝑆 (15) 

 𝑘𝑘0𝑛𝑛𝑎𝑎 sin𝜃𝜃𝑎𝑎 ± 𝑚𝑚
2𝜋𝜋
Λ

= 𝑘𝑘0�
𝑅𝑅𝑅𝑅(𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) ∙ 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒2

𝑅𝑅𝑅𝑅(𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) + 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒2  (16) 

 𝜆𝜆0 = ∓
𝛬𝛬
𝑚𝑚
��

𝑅𝑅𝑅𝑅(𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) ∙ 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒2

𝑅𝑅𝑅𝑅(𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) + 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒2 − 𝑛𝑛𝑎𝑎 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃𝑎𝑎� (17) 

Where 𝑘𝑘�⃗ 𝑥𝑥_𝑖𝑖𝑖𝑖𝑖𝑖_𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑡𝑡 = 𝑘𝑘0𝑛𝑛𝑎𝑎 sin 𝜃𝜃𝑎𝑎  is the incident wavevector in the x-direction, 𝑘𝑘�⃗ 𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺 = 𝑚𝑚2𝜋𝜋
Λ

 

is the grating contribution to the wavevector, 𝑘𝑘�⃗ 𝑆𝑆𝑆𝑆 = 𝑘𝑘0�
𝑅𝑅𝑅𝑅(𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) ∙𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒

2

𝑅𝑅𝑅𝑅(𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)+𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒
2   is the wavevector of the 

surface plasmon at the grating-metal interface, 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 is the effective index of the medium above 

the metal layer, 𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is the dielectric constant of the metal, 𝑛𝑛𝑎𝑎 is the bulk refractive index, 𝑘𝑘0 is 

the incidence wavenumber in vacuum, 𝜆𝜆0 is the wavelength in vacuum, 𝛬𝛬 is the period of the 

grating, 𝑚𝑚 is the diffraction order number, and 𝜃𝜃𝑎𝑎 is the incidence angle in the bulk medium.  

If the bulk refractive index is increased by Δ𝑛𝑛𝑎𝑎 there will be a corresponding increase in 

the effective index Δ𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒. The wavelength bulk refractive index sensitivity is given by equation 

(18).  
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If the condition below is satisfied:  

 

(Where 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒(𝑛𝑛𝐺𝐺 ,𝑛𝑛𝑆𝑆𝑆𝑆 ,𝑛𝑛𝑎𝑎,𝑤𝑤,Λ,ℎ) is a function of the grating parameters and bulk 

medium) the bulk refractive index sensitivity goes to zero. 𝜃𝜃𝑎𝑎 is the only parameter in the equation 

independent of the device, and can be optimized in combination with the device design, such that 

the device operates with zero bulk sensitivity in the RI of interest. The PEG-OQCM device in this 

paper is designed to minimize bulk RI sensitivity around RI = 1.33, the refractive index of DI 

water and salt solutions in which biosensing is performed.  

4.3.3 Simulation Results 

For the structure above, we calculate the reflection spectra using the rigorous coupled wave 

analysis (RCWA) method 83, with code written in MATLAB84. The device parameters used for the 

simulation are as follows: w = 700 nm, period Λ = 1395 nm, and total height h = 120 nm (dSiO2, 

Grat = 110 nm and dTiO2, Adh = 10 nm); spacer layer thicknesses dSiO2, SP = 15 nm, dTiO2, SP = 10 nm. 

An increase in protein thickness is modelled by a combination of increasing the protein thickness 

on top of the ridge and valley regions and increasing the duty cycle of the SiO2 grating. The 

calculated reflection spectra of the PEG-OQCM in air and DI water at 45 degrees incidence angle 

(in the bulk medium) are plotted in Figure 4-2.  

 
𝑑𝑑𝑑𝑑0
𝑑𝑑𝑛𝑛𝑎𝑎

= ∓
𝛬𝛬
𝑚𝑚
��

𝑅𝑅𝑅𝑅(𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)
𝑅𝑅𝑅𝑅(𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) + 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒2 �

3/2 𝑑𝑑𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒
𝑑𝑑𝑛𝑛𝑎𝑎

 − 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃𝑎𝑎� (18) 

 �
𝑅𝑅𝑅𝑅(𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚)

𝑅𝑅𝑅𝑅(𝜀𝜀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) + 𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒2 �
3/2 𝑑𝑑𝑛𝑛𝑒𝑒𝑒𝑒𝑒𝑒

𝑑𝑑𝑛𝑛𝑎𝑎
= 𝑠𝑠𝑠𝑠𝑠𝑠 𝜃𝜃𝑎𝑎 (19) 
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A reflectance dip in the optical spectrum is present in both spectra, which corresponds to 

the coupling of the incident wave to the surface plasmon at the metal-dielectric/bulk interface. In 

the case of air, multiple dips are present, corresponding to different grating orders supported by 

the structure. In water, there is only one grating order where the incident wave can couple to a 

surface plasmon – this is shown by the fact there is only one reflectance dip in the spectrum for RI 

= 1.33.  

As the incidence angle is increased, the dip wavelength shifts toward shorter wavelengths 

due to the increasing contribution from the incident wavevector, as predicted by equation 13. 

Around θ = 45° and bulk RI = 1.33, the bulk RI sensitivity becomes zero, when the condition given 

by equation (14) is satisfied. The reflection spectra for 𝜃𝜃 = 45° for increasing bulk RI are plotted 

in Figure 4-4 to show this phenomenon. 
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Figure 4-2  Comparison of the calculated reflection spectra of the PEG-OQCM in Air and Water 
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Figure 4-3  Effect of varying protein thickness and bulk refractive index - calculated reflection spectra for increasing bulk 
RI (left) and increasing biolayer thickness (right) for θ = 35°, 45°, and 55°° (top to bottom) for RI = 1.33. Note that the bulk 
refractive index sensitivity changes sign from positive to negative as the angle is increased 
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Figure 4-4   Dip wavelength vs. Bulk RI for varying incidence angles. Note that at an incident angle of 47 degrees, the 
bulk RI sensitivity approaches zero around bulk RI = 1.33 

As the incidence angle is increased (Figure 4-4), the bulk refractive index wavelength 

sensitivity 𝑑𝑑𝜆𝜆0/𝑑𝑑𝑛𝑛𝑎𝑎  for a fixed incidence angle changes sign from positive to negative. At a 
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certain angle (approximately 47 degrees for these device parameters), the bulk RI wavelength 

sensitivity at RI = 1.33 – corresponding to the intersection point of the different RI curves in Figure 

4-4 - vanishes. As a result, any wavelength shift in the optical response at this angle can be 

attributed almost entirely to the accumulation of material on the surface of the grating, if the 

incidence angle is fixed at the optimal value.  

To determine the effect of incidence angle on surface sensitivity for biosensing applications, 

we simulate bio-molecular binding by increasing the width and height of the grating ridges while 

fixing the grating period. For a protein layer of refractive index 1.51, the surface sensitivity is 

calculated to be 2.1 nm/nm in air (RI = 1.00), and 1 nm/nm in DI water (RI = 1.33 – see Figure 

4-5). Note that within this range, the surface sensitivity is relatively insensitive to incidence angle 

compared with that of the I-OQCM sensor. The narrow linewidth also makes single wavelength 
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Figure 4-5  Dip Wavelength vs. Biolayer thickness in DI Water (RI = 1.33) at θ = 35°, θ = 45°, and θ = 55° 
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tracking feasible in liquid, which is not easily done with the I-OQCM sensor. The simulation 

results are plotted in Figure 4-5. 

 For an experimental setup where the incidence angle for the material bordering the bulk 

medium is fixed, the wavelength shift is a function of two parameters: 1) the change in the 

incidence angle in the bulk liquid due to the refractive index change, and 2) the change resulting 

directly as a change of the bulk refractive index. In the biosensing experiment discussed later in 

this chapter, the shift for an RI change from 1.33 (DI water) to 1.362 (ethanol) is found to be 11 

nm, when the incidence angle in water was calibrated to be approximately 45 degrees. For a 

refractive index change of 0.18·5×10-4 (corresponding to a 500 μg/mL solution of streptavidin in 

PBS), this corresponds to a wavelength shift of 9×10-3 nm, only 0.18% of the predicted 5 nm 

wavelength shift for a full monolayer of streptavidin on the grating. This shows that for biosensing 

applications, as long as the incidence angle in the material immediately before the bulk medium is 

near the optimal angle (crossover point), the impact of the bulk refractive index change is 

negligible even for a fixed external incidence angle (outside the bulk medium). 

 

4.4 Device Fabrication 

4.4.1 Base QCM Fabrication 

 The process for fabricating the base QCM for the PEG-OQCM sensor follows the same 

procedure as in Section 3.4.1 in Chapter 3, except that the Ta layer is replaced with gold from the 

Kurt J. Lesker Lab 18-2 sputterer.  
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4.4.2 Plasmonic Grating Fabrication 

The key steps are illustrated in Figure 4-6. The first step is to deposit the planar spacer 

layers. The procedure for the spacer layers is similar to that for the interferometric layer in the I-

OQCM structure, except the Si layer is replaced by 15 nm SiO2/10 nm TiO2, which are evaporated 

onto the wafer using the Angstrom Evaporator.   

 

Figure 4-6  Fabrication process for plasmonically-enhanced grating layer 

1) To fabricate the grating, the wafer is plasma cleaned for 180 seconds before being vapor 

primed with HMDS for 300 seconds using a YES Image Reversal Oven.  

1) Evaporate 15 nm SiO
2
/ 10 nm 

TiO
2
 

2) Spin-coat (Y) SPR 955 0.9 @ 3000 
RPM, bake @ 100 C for 60 s (G) CEM 
365iS at 4000 RPM 

3) Expose for 0.66 s on GCA 
Autostep 200 

4) Remove CEM 365iS layer with DI 
water, then bake @ 110 C for 60 s. 
Puddle develop with AZ 726 for 25 s.  

0) Gold electrode on quartz 
substrate (not shown) 

5) Evaporate 10 nm TiO
2
/ 110 nm 

SiO
2
 

6) Soak in Remover PG overnight 
to remove remaining SPR, 
leaving the final grating 
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2) SPR 955 photoresist is then spun onto the wafer at 3000 RPM and soft-baked at 100°C 

for 60 seconds. Next, CEM 365iS (a contrast enhancement material (CEM)) is spun 

onto the wafer to enhance the sidewall profile and reduce diffusion effects during 

exposure. 

3) Exposure is performed on a GCA Autostep for 0.66 seconds. The mask used for the 

grating was purchased from Compu-Graphics. 

4) Next, the wafer is rinsed with DI water at 1000 RPM to remove the CEM, then baked 

at 110°C for 60 seconds before being puddle developed with AZ 726 for 25 s. The 

sample is plasma treated for 20 s at 60°C, 100 W RF Power, 35 sccm O2 to remove 

residual photoresist. 

5) 10 nm TiO2/110 nm SiO2 is evaporated onto the sample using an Angstrom Evaporator. 

6) The photoresist is lifted off in Remover PG, then cleaned with IPA. Finally, the sample 

is cleaned with a 300 second plasma descum (100 W RF Power, 35 sccm O2 on the 

YES Plasma Stripper) to remove any residual photoresist. 

4.5 Experimental Setup and Procedure 

4.5.1 Experimental Setup 

 The experimental setup (Figure 4-7) is the same as that in Section 3.5.1, consisting of two 

branches for each of the 2 measurement modes: one branch is used to monitor the mechanical 

response, and the other to monitor the optical response. The only difference is the device is now a 

PEG-OQCM. 

For experiments conducted with a liquid medium (water, ethanol or phosphate buffered 

saline (PBS)), a prism is placed on top of the optical interrogation window to achieve 45 degrees 
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incidence angle in liquid. Index matching fluid of refractive index 1.52 is used between the prism 

and window to fill any potential air gaps. 

 
Figure 4-7  Experimental setup for the PEG-OQCM. White light from a fiber-coupled halogen light source is collimated 
with an asphere, then polarized and directed onto the OQCM sample. The reflected light is sent into a USB spectrometer. At the 
same time, the lead wires from the OQCM are connected via SMB connection to the RQCM machine to monitor the resonance 
frequency vs. time 
  

4.5.2 Experimental Procedure 

For mechanical and optical characterization, we follow the same procedure described in 

Section 3.5.2. 

To demonstrate the PEG optical biosensing capability, a biosensing test is first performed 

on the PEG structure fabricated on a Si wafer. The Au thickness is much larger than the skin depth, 

such that the Au layer is effectively infinite for visible and NIR wavelengths.  

The biotin-streptavidin system is chosen for this experiment for its high affinity. The sensor 

surface is first rinsed with ethanol, then a 1:1 v/v mixture of ethanol:HCl (1 N aqueous solution) 

RQCM Spectrometer 

Halogen 
Light Source 

PEG-OQCM 
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for 30 minutes to clean the surface, followed by a second ethanol rinse to remove the ethanol:HCl 

mixture. Next, a 5% solution of APTMS in ethanol is introduced to the sensor surface and allowed 

to incubate for 1.5 hours. The surface is then rinsed with ethanol to remove any unbound APTMS. 

The sensor is then baked at 70 C for a minimum of 45 minutes to cross-link the APTMS layer. 

 Next, the surface is rinsed with DI water. Phosphate buffered saline (PBS) (pH = 7.4, Gibco) 

is then introduced into the chamber to establish the baseline for the protein binding step(s). The 

PBS is then replaced with a solution of 0.5 mg/mL biotin in PBS and allowed to incubate for 1 

hour. The biotin serves as a cross-linker between the silane layer and streptavidin. PBS is then 

flowed through the chamber to rinse any unbound biotin. Increasing concentrations of streptavidin 

in PBS are introduced, starting from 200 ng/mL, and allowed to incubate for 1 hour for each 

concentration. A 1-minute rinse step is added between the introduction of each new concentration 

to remove any unbound streptavidin. 

4.6 Results and Discussion 

4.6.1 Mechanical Characterization 

Characterization of the mechanical response of the OQCM is performed using two 

instruments: the sensor response in the mechanical frequency domain is measured using an Agilent 

43961A network analyzer, while the real-time frequency and resistance response of the sensor to 

liquid loading and vapor deposition and evaporation was measured using a RQCM machine from 

Maxtek Inc.  

Table 6 shows the resonant frequency and calculated equivalent circuit parameters for the 

PEG-OQCM response in air, which are later used to characterize the PEG-OQCM liquid loading 

behavior. 
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Table 4-1 Calculated BVD circuit parameters of PEG-OQCM in air 

 Resonant Frequency 
(MHz) 

Resistance R1  
(Ohms) 

Inductance L1 
(H) 

Capacitance C1 
(fF) 

PEG-OQCM  
(Air) 8.9944501 25.90 0.0075402 41.52464 

 

Table 4-2 contains the calculated equivalent circuit parameters obtained by fitting the data 

to the modified BVD circuit described in Chapter 1. 
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Figure 4-8  Mechanical frequency response of the PEG-OQCM in air, water and ethanol 
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Table 4-2 Liquid Loading Response of PEG-OQCM and equivalent circuit elements 

 f0 
(MHz) 

Δf0 
(kHz) 

R2 
(Ohms) 

L2 
(µH) 

ρη 
(g2/cm4 s) 

ρη (expected) 
(g2/cm4 s) 

PEG-OQCM  
(Air) 8.994450 0.000 0.0 0.000 0.0000 0.00000 

PEG-OQCM 
(Ethanol) 8.992372 -2.078 177.1 3.486 0.01458 0.00890 

PEG-OQCM 
(DI water) 8.991758 -2.950 193.1 4.515 0.02446 0.00816 

 

The calculated density-viscosity product for DI water, using equation (6), exceeds that 

predicted by the model in 17 by 80% - a significant departure from the expected liquid loading 

frequency shift. This can be attributed to the increase in the effective surface roughness from the 

optical grating on the sensing area 85-87. In Daikhin et al., the frequency shift for a given liquid as 

a function of the surface roughness is given by equation (20)87 (in the limiting case where the 

rough layer is treated as having low permeability):  

 Δ𝜔𝜔 = −
𝜔𝜔0
2𝜌𝜌

𝜋𝜋�𝜇𝜇𝑞𝑞𝜌𝜌𝑞𝑞�
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𝐿𝐿

𝜉𝜉𝐻𝐻2𝑞𝑞12
−

1
𝑊𝑊

1
𝜉𝜉𝐻𝐻2𝑞𝑞12

�
2𝑞𝑞0
𝑞𝑞1

(cosh(𝑞𝑞1𝐿𝐿) − 1) + sinh(𝑞𝑞1𝐿𝐿)�� (20) 

Where 𝜌𝜌  is the liquid density, 𝜂𝜂  the liquid viscosity, 𝜉𝜉𝐻𝐻  the permeability length scale, 𝜔𝜔0  the 

crystal resonance frequency, 𝜌𝜌𝑞𝑞 the quartz crystal density, and 𝐿𝐿 the layer height. 

For a quartz crystal of resonance frequency 9 MHz, the decay length in water for a planar 

surface is 186 nm. The height of the grating (120 nm) corresponds to 64 percent of the decay length. 

The calculated frequency shift is 2.4 kHz, which is slightly larger than the experimentally obtained 

value.  
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4.6.2 Optical Characterization 

For the initial device characterization, the reflection spectra were measured for mixtures of 

ethanol/water at different ratios, with known refractive indices. To match the incidence angle for 

each medium, the angle in air was adjusted such that the angle in the bulk liquid would be the same 

for each substance. The spectra were measured using a Woollam 2000 ellipsometer. The spectra 

in air, DI water, phosphate buffered saline (PBS), and ethanol were also measured for a given 

incidence angle in air. The dip wavelengths were obtained from the reflection spectra in order to 

calculate the bulk refractive index wavelength sensitivity for a fixed external incidence angle. The 

reflection spectra are plotted in Figure 4-9, and the measured dip wavelengths in different media 

for a fixed external incidence angle (in air) are listed in Table 4-3. 
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Figure 4-9  Optical Reflectance Spectra in Air, Ethanol, DI Water and Phosphate Buffered Saline (PBS) 
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Table 4-3 Dip wavelength in different media for fixed incidence angle in air 

Medium Angle in medium Wavelength 

Air 36.19 860.30 

Water 46.27 780.63 

Ethanol (RI = 1.362) 44.87 787.38 

4.6.3 Mechanical Response to Vapor Deposition and Evaporation 

 To demonstrate the real-time mechanical sensing capability of the PEG-OQCM sensor, the 

sensor electrode pads are connected to the lead wires from the SMB cables to the RQCM. The 

sample is exposed to water vapor at irregular intervals, and the mechanical oscillation frequency 

and resistance are recorded by the RQCM. The real-time response is plotted in Figure 4-10. For 

each pulse in Figure 4-10, the condensation, equilibration absorption/diffusion and evaporation 

steps are clearly defined in the response. A detailed analysis is given in Section 4.6.6. 
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Figure 4-10  Real-time mechanical response to vapor deposition and evaporation at irregular intervals 
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4.6.4 Optical Response to Vapor Deposition and Evaporation 

To verify the real-time optical sensing capability of the PEG-OQCM sensor, the sensor is 

placed into the sample mount for the optical setup. The sample is exposed to water vapor at 

irregular intervals, and the reflection spectrum is collected by the Ocean Optics spectrometer. The 

dip wavelength and reflectance (Figure 4-11) are extracted from the raw spectrum at each point in 

time, and the real-time response of the dip wavelength and reflectance are shown in Figure 4-12. 

A detailed analysis of the optical response is given in Section 4.6.6. 
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Figure 4-11  Reflection spectrum of the PEG-OQCM at 37 degrees. The parameters extracted from the optical spectra 
and plotted vs. time are indicated on the figure. 
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Figure 4-12  Real-time optical response to vapor deposition and evaporation at irregular intervals. The top figure 
shows the optical spectrum with lines indicating the two quantities, which are plotted in the bottom figure vs. time. 

 

4.6.5 Biosensing Test – Optical 

A biosensing experiment was also performed on a PEG sample fabricated on a silicon 

wafer using the procedure detailed in section 4.5.2. Optically, this sensor is identical to the 

structure fabricated on the QCM wafer (the Au layer is much thicker (100 nm) than the skin depth 

and can be treated as infinite for determining the optical response). The optical reflection spectra 

in air, ethanol, DI water, and phosphate buffered saline (PBS) were measured using the HL-4000 

spectrometer (Ocean Optics). 

 From Figure 4-9, we can see that there is an 11 nm shift between the resonant dip 

wavelength for PBS and for ethanol. As shown in Section 4.3.3, this yields an expected change of 

0.0009 nm for a 500 µg/mL solution of streptavidin, which is far below the expected 5 nm 
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wavelength shift due to protein binding. The effect of the bulk RI change is therefore negligible 

for this biosensing test. 

The response of the system was calculated using the integrated response (IR), which is 

given7 by equation (21):  

 
𝐼𝐼𝐼𝐼 = �

𝐼𝐼(𝜆𝜆) − 𝐼𝐼0(𝜆𝜆)
𝐼𝐼0(𝜆𝜆)

𝜆𝜆=𝜆𝜆2

𝜆𝜆=𝜆𝜆1

 (21) 

 

Where 𝐼𝐼(𝜆𝜆) is the intensity at wavelength 𝜆𝜆, 𝐼𝐼0(𝜆𝜆) is the reference intensity at wavelength 𝜆𝜆, and 

𝜆𝜆1 and 𝜆𝜆2 are the lower and upper limits of the wavelength range for integration. For the biosensing 

experiment, 𝜆𝜆1 = 759.90 𝑛𝑛𝑛𝑛 and 𝜆𝜆2 = 780.25 𝑛𝑛𝑛𝑛. These limits are indicated in the reflection 

spectrum shown in Figure 4-13. 𝐼𝐼0(𝜆𝜆) is the reflectance spectrum for pure PBS, prior to the 

injection of 0.5 mg/mL biotin in PBS solution.  

Table 4-4 Table showing the integrated response and wavelength shift after each step in the biosensing test 

Step 
Integrated 
Response 
(Step only) 

Integrated Response 
(Total) 

Wavelength Shift 
(Gaussian fit, step only) 

(nm) 

Wavelength Shift 
(Gaussian fit/Total) 

(nm) 

Biotin binding 7.37 7.37 0.75 0.75 
(780.47 nm - 781.22 nm) 

200 ng/mL 
streptavidin in PBS 1.07 8.44 0.12 0.87 

(781.25 - 781.37 nm) 

2 µg/mL 
streptavidin in PBS 8.22 16.66 0.92 1.79 

(781.37 - 782.29 nm) 

20 µg/mL 
streptavidin in PBS 19.24 35.90 1.66 3.45  

(783.95 nm) 

 

The integrated response during each step is plotted in Figure 4-14, and the total integrated 

response at the end of each step is listed in Table 4-4. The resonant wavelengths obtained from a 

Gaussian fit of the reflectance spectra are also included in Table 4-4 for comparison. The IR for 
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all steps are plotted sequentially in a single curve in Figure 4-15, and the reflection spectra at the 

end of each step are shown in Figure 4-16. 
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Figure 4-13  Intensity and Reflection Spectra at the beginning and end of the 0.5 mg/mL biotin binding step. The vertical 
lines show the wavelength range used for calculating the integrated response (IR) during each step 
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Figure 4-14  Integrated Response (IR) vs. time for the cross-linking and protein-binding steps. From Top to Bottom, 
Left to Right: 1) After 0.5 mg/mL biotin in PBS; 2) after 200 ng/mL streptavidin in PBS; 3) After 2 µg/mL streptavidin in 
PBS; 4) after 20 µg/mL streptavidin in PBS. Saturation of the response occurs after injection of the 20 µg/mL solution, as seen 
by the nonlinear increase in signal compared to the previous steps. 

 

The size of a biotin molecule is 1.1 nm with a molecular weight of 443 Da, and 

approximately 5 nm for streptavidin with a molecular weight of approximately 55 kDa. From our 

simulations, for a 100 percent packed monolayer of streptavidin, the expected wavelength shift is 
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5 nm in a bulk medium with RI = 1.33. In our biosensing test, we observe a total of 3.12 nm shift 

at 20 µg/mL concentration, where the response has saturated. The observed shift is equivalent to 

a 60 percent coverage of the sample. The incomplete coverage could be due to the spacing between 

adjacent molecules, the number of binding sites on the biotin layer, and/or a portion of the 

streptavidin molecules being oriented randomly.  
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Figure 4-15  Integrated Response (IR) vs. time for all cross-linking and protein-binding steps. From Left to Right: 1) 
After 0.5 mg/mL biotin in PBS; 2) after 200 ng/mL streptavidin in PBS; 3) After 2 µg/mL streptavidin in PBS; 4) after 20 µg/mL 
streptavidin 
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Figure 4-16  Reflectance spectra of the sensor at the end of each step. From Left to Right: 1) Phosphate Buffered Saline 
(PBS); 2) After 0.5 mg/mL biotin in PBS; 3) after 200 ng/mL streptavidin in PBS; 4) After 2 µg/mL streptavidin in PBS; 5) after 
20 µg/mL streptavidin 

4.6.6 Dual-Mode Measurement of Vapor Condensation and Evaporation 

Next, dual-mode measurements of the PEG-OQCM were performed in air. The PEG-

OQCM chip is secured into the fixture depicted in Figure 3-10. The optical spectrum was recorded 

using an Ocean Optics spectrometer with the following settings: 5 ms integration time, averaged 

over 3 scans. At the same time, the mechanical oscillation frequency and resistance are recorded 

using the Maxtek RQCM. The mechanical oscillation frequency, resistance, optical reflectance dip 

wavelength and dip depth response to irregular injections of water vapor are plotted in Figure 4-17. 

Figure 4-18 focuses on the details of the single vapor pulse between t = 105 seconds and t = 120 

seconds.  
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Figure 4-17  Frequency + Resistance vs. time and Dip Wavelength + Dip Depth vs. time for irregular injections of water 
vapor onto the PEG-OQCM surface 
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Figure 4-18  Plot of Frequency + Resistance vs. time and Dip Wavelength + Depth vs. time between 105 to 120 seconds 
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There is a clear correlation between the mechanical and optical response to water vapor 

condensation on the PEG-OQCM. A thin layer of dried ethanol residue is present on the PEG-

OQCM, which adsorbs and releases water vapor from the air. To analyze the response of each 

mode, we focus on the injected vapor pulse between t = 107 seconds to t = 117 seconds. The 

response can be decomposed into the following stages: 

1. Condensation (107.11 s – 107.47 s): Water vapor is introduced above the OQCM surface. 

As the humidity increases, the vapor starts to condense onto the PEG-OQCM surface due 

to 1) higher humidity, 2) higher temperature of the water vapor (breath).  

• Mechanical frequency decreases due to condensation of vapor on the surface 

(107.29 s – 107.47 s). 

• Mechanical resistance remains constant, then increases slightly, since the liquid 

layer here is thin enough such that the viscoelastic nature of water is not significant  

• Dip wavelength increases due to condensation of water vapor on the sensor surface. 

• Dip depth increases, then decreases as the vapor condenses onto the surface 

2. Equilibration (107.47 s – 107.70 s): A small amount of the condensation on the OQCM 

surface evaporates to establish equilibrium with the water vapor above the sensor. 

• Mechanical frequency increases slightly due to condensed vapor evaporating back 

into the gas phase 

• Mechanical resistance starts to increase slowly as the ethanol film starts to absorb 

the condensed vapor 

• Dip wavelength decreases slightly as a small amount of the vapor film evaporates; 

at the same time, the ethanol film is starting to absorb the condensed vapor 
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• Dip depth decreases slightly as the vapor film thickness decreases 

3. Absorption/Diffusion (107.70 s – 108.82 s): The condensed water, now in liquid phase, is 

absorbed by the ethanol film on the sensor surface. The viscoelastic nature of the water 

film becomes stronger here. 

• Mechanical frequency decreases due to vapor absorption by the ethanol film, 

increasing its viscoelasticity and inducing an additional frequency shift 

• Mechanical resistance increases due to vapor absorption by the rigid ethanol film, 

increasing its viscoelasticity and resulting in damping of the signal 

• Dip wavelength decreases: due to vapor absorption by the ethanol film. From 

108.13 s - 108.82 s, there is a rapid exponential drop-off as the condensed vapor is 

rapidly absorbed by the ethanol film, reducing the optical thickness of the 

condensed vapor. 

• Dip depth increases 

4. Evaporation (108.82 s – 120 s): The condensed vapor evaporates. The evaporation process 

occurs in two phases: in the first phase, the water vapor above the sensor is evaporating at 

the same time as the condensed vapor. This accelerates the evaporation process and 

corresponding response in the mechanical and optical parameters below. In the second 

phase, after all the vapor above the sensor is gone, the remaining adsorbed water evaporates 

back into the atmosphere at a slower exponential rate to re-establish equilibrium conditions. 

• Mechanical frequency increases due to a combination of evaporation from sensor 

surface and diffusion of absorbed vapor back to the sensor surface 

• Mechanical resistance decreases due to vapor evaporation (above sensor and from 

sensor surface) and diffusion of adsorbed vapor back to the sensor surface 
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• Dip wavelength decreases in two stages: 

1) (108.82 s – 110.28 s) Vapor evaporates from the space above the sensor. As a 

result, the condensed vapor on the sensor surface also evaporates, following the 

response of the space above the sensor. The absorption of the condensed vapor 

by the ethanol film limits the evaporation into the atmosphere, resulting in a slow 

decay of the dip wavelength. 

2) (110.28 s – 120.00 s) At this point, all vapor above the sensor surface has 

evaporated, and the decrease in the dip wavelength is due primarily to the 

condensed vapor evaporating from the surface. 

• Dip depth decreases as the vapor film is evaporating from the sensor surface 

5. Stabilization: The water vapor above the sensor has fully evaporated. The vapor on the 

sensor surface evaporates to re-establish initial conditions 

• Mechanical frequency increases towards the initial value 

• Mechanical resistance decreases back to the initial value 

• Dip wavelength decreases back to the initial value 

• Dip depth decreases back to the initial value 

Fitting the data at the second evaporation “tail” to an exponential decay curve, a decay time 

constant of 𝜏𝜏𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 = 2.4808 seconds for the mechanical frequency and 𝜏𝜏𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 = 2.5151 seconds 

for the dip wavelength is obtained during the final evaporation phase (using a single exponential 

fit). 
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4.7 Summary 

The second structure, the PEG-OQCM, seeks to addresses two weaknesses of I-OQCM: 

An intrinsic tradeoff between reducing the linewidth of the optical reflection spectrum and 

increasing the wavelength sensitivity, and low-contrast interference pattern, by employing the 

plasmonic grating. The PEG-OQCM structure is fabricated using silicon dioxide, titanium dioxide 

and gold, and is completely exposed to the bulk medium. This makes our structure significantly 

more resistant to water absorption by the sensing medium, and more resistant to water trapping in 

cavities.  

With this structure, a linewidth of 25 nm is obtained in air, 15 nm in water – up to 6 times 

narrower than that of SPR/LSPR (50-100 nm in water). The reflectance dip yields a depth of 60% 

and can be optimized further by including additional layers to the structure. Furthermore, the 

theory and simulation analyses indicate that the PEG-OQCM can achieve near zero sensitivity to 

the bulk refractive index by optimizing the incidence angle. Simulation results show that at an 

incident angle of 47 degrees, the bulk RI sensitivity becomes near zero around bulk RI = 1.33. The 

impact of the bulk refractive index change would be negligible. Experimental results in vapor 

deposition, water and biosensing (solution of streptavidin) match well with the simulation results.  



85 
  

Chapter 5: Optical Quartz Crystal Microbalance Array

5.1 Overview of Quartz Crystal Microbalance Array Sensors 

The need for low-cost, simple-to-use sensors for biomedical applications ranging from 

health care to defense continues to grow. One of the most common approaches taken is fabricating 

multiple sensors onto a single chip for multiplexed detection. 

 Abe et al.88, Kao et al.89, 90 and Hung et al.91 have fabricated multiple high-frequency QCM 

sensors on a single chip by etching the quartz wafer to define the QCM sensing areas. The unetched 

regions between each sensing area isolate the individual sensors. The thickness of the quartz wafer 

is reduced in the etched regions, resulting in a higher oscillation frequency. Jaruwongrunsee et 

al.92 and Thies et al.93 utilize polydimethylsiloxane (PDMS) walls to suppress interference in the 

multi-channel QCM and separate fluidic chambers. Jin et al.94 and Tao et al.95 took an alternative 

approach and fabricated multiple sensors on a chip without etching the original wafer, preserving 

the structural integrity of the crystal. In this case, the crystals are separated by a sufficient distance 

in order to minimize cross-talk94, 95 between adjacent sensors96, 97. The last approach is used for 

the OQCM array in this chapter. 

5.2 OQCM Array Device Structure 

An OQCM array (OQCM-A) consists of multiple OQCM sensors and is fabricated on a 

single chip, enabling multiplexed multi-mode sensing on a single device. The OQCM-A structure 
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presented in this chapter has 3 I-OQCM sensors (described in Chapter 3) on a single wafer. Each 

sensing area is 5 mm in diameter. The individual I-OQCM sensors are arranged in an equilateral 

triangle, 5 mm apart to ensure that there is minimal cross-talk between the sensors.  

5.3 Device Fabrication 

The procedure used to fabricate the OQCM-A is the same as that used for the 

interferometric OQCM structure described in Chapter 3, except for the set of masks used to define 

the electrode and sensing areas – the masks for the OQCM-A define 3 I-OQCM sensors on the 

same chip. A fabricated OQCM-A sensor before and after wire bonding is shown in Figure 5-1. 

 

                 

Figure 5-1  Fabricated OQCM-A sensor before (left) and after wire bonding (right) 

5.4 Experimental Setup 

The experimental setup for the OQCM array is similar to that of the single OQCM, with 

two additions:  
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1) For the optical branch of the setup, a beam expander (consisting of two lenses separated by 

the sum of their focal lengths) is placed between the first collimating lens and the polarizer, 

in order to illuminate all sensing areas. 

2) For the mechanical branch, the electrodes on each I-OQCM sensor are connected in parallel 

to different channels on the RQCM. 

5.5 Preliminary Results 

For multiplexed dual-mode measurements, where each OQCM is treated as an individual 

sensor, calibration is needed to determine the mechanical resonance frequency for each sensor on 

the OQCM-A.  
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Figure 5-2  G vs. frequency plot of sensors 1, 2, and 3 on the I-OQCM array. 
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Tests were conducted using the Agilent network analyzer to obtain the G (conductance) vs. 

frequency curves for each sensor on the array. The results are plotted in Figure 5-2. 

The results show that the resonance frequency for sensor 3 is separated by approximately 

10 kHz from that of sensors 1 and 2. This may be due to a bonding issue with sensor 3, which in-

turn affects the resistance, as seen by the lower peak conductance value (given by 1/R1), where R1 

is the mechanical resistance of the OQCM. This difference will not have an effect since the 

frequency shifts are measured relative to the base frequency of each individual sensor. 
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Figure 5-3  Stability test in air for bare Ta array to confirm sensor independence in the selected array layout 

The key for successful operation of the OQCM-A is to ensure there is no cross-talk (or 

minimal) between any two sensors. To confirm the independence of the individual sensors in this 

array, a frequency stability test in air is performed on the Ta QCM array to show that the oscillation 
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of sensor 1 is unaffected by the oscillation of sensor 3. The results for the stability test in air (Figure 

5-3) show that sensor 1 oscillates fully independently of sensor 3 in the absence of any loading. 

To confirm that there was no cross-talk between adjacent sensors upon disturbance to a 

single sensor, tests were performed where one sensor was left exposed to air, while 4 microliters 

of DI water was pipetted onto the center of an adjacent sensor on the same chip. This test was 

performed for both the bare Ta array and the OQCM-A. The results (Figure 5-4) further validate 

the independence of each sensor. 
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Figure 5-4  Liquid loading tests between two adjacent sensors. Left: Bare Ta sensor array - used to verify that the 
separation between sensors is sufficiently large to prevent cross-talk between sensors. Right I-OQCM array showing minimal 
cross-talk between sensors 

5.6 Summary  

The OQCM-A structure with 3 single I-OQCMs on a single chip was designed, fabricated 

and discussed in this chapter. Even though there is some variation between individual sensors due 

to variation during fabrication and assembly, each sensor can be characterized independently of 

the others. Mechanical response tests performed on the OQCM-A indicate that 1) each sensor 

responds independently of the other sensors; 2) the cross-talk between on adjacent sensors is 



90 
  

negligible. Each sensor on the OQCM-A can therefore be used as an independent dual-mode sensor 

for multiplexed multi-mode detection. 
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Chapter 6: Summary and Future Work

6.1 Summary 

In this research project, we developed Optical Quartz Crystal Microbalance (OQCM) 

sensors that are capable of simultaneously measuring both optical and mechanical properties, while 

addressing the issues of similar existing sensors. Two types of single-OQCM structure were 

designed, fabricated and explored. The first structure is an interferometric OQCM sensor (I-

OQCM) with a multilayer planar optical structure. The interference between reflections at the 

interfaces between layers generates an interference pattern in the optical spectrum that shifts upon 

accumulation of additional films on the structure. The common detection surface is the top of the 

multilayer structure. The I-OQCM is designed for top-side optical interrogation, which allows for 

monitoring of the distribution of binding material on the sensing surface.  

The second structure is a plasmonically-enhanced grating OQCM sensor (PEG-OQCM), 

where the optical structure is a dielectric grating patterned on top of the electrode. The PEG-

OQCM has a narrower optical response linewidth compared to standard SPR, while maintaining 

the same advantages as the I-OQCM. Additionally, the PEG-OQCM structure can be optically 

optimized to minimize the bulk refractive index sensitivity for a specific incidence angle, allowing 

the optical interrogation to decouple bulk and surface effects due to thin film accumulation. 

Simulation results show that at an incident angle of 47 degrees, the bulk RI sensitivity becomes 

near zero around bulk RI = 1.33. Experimental results for vapor deposition, water and biosensing 
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(of streptavidin to biotin) match well with the simulation results. With this PEG-OQCM structure, 

an optical linewidth of 25 nm was obtained in air, 15 nm in water – up to 6 times narrower than 

that of SPR/LSPR (50-100 nm in water). 

The OQCM sensors were characterized separately to calibrate the operating parameters in 

each mode for each structure. Tests were performed in each mode under different conditions to 

demonstrate operation in air and liquid media, as well as biosensing capability. Dual-mode tests 

were then conducted for both the I-OQCM and PEG-OQCM to show the capability of 

simultaneous measurement of both optical and mechanical properties and responses of a system. 

The test results validate the simulation analyses and correlation between the optical and 

mechanical responses that would provide corroborating information for more reliable, robust 

cross-examination/confirmation for the evaluation of test systems. 

OQCM-As with 3 I-OQCM sensors on a single quartz wafer were also designed, fabricated 

and tested for this project. The experimental data showing minimal cross-talk between adjacent 

sensors in air, and during liquid loading and evaporation validates the independence among sensors. 

6.2 Next Steps/Future Work 

For single I-OQCM and PEG-OQCM sensors:   

Both sensors have successfully demonstrated dual-mode measurement capability under 

basic conditions. More biosensing tests need to be done on these sensors.  

Some factors could have a significant impact on the sensor performance and are worth 

investigating further: 
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 Size and shape of the sensing area – one of the difficulties encountered is “dead volume”. 

Because the sizes of the input and output openings are smaller than the sensing diameter, 

some liquid from the previous step gets trapped inside the fluidic chamber (dead volume) 

and is difficult to remove. A smaller sensing area, properly shaped, would improve liquid 

flow to increase the efficiency. 

 Optical incidence angle – the current experimental setup is fixed at an angle close to the 

optimized angle per simulations. The incidence angle can be optimized further through 

additional experiments to improve the device performance. One option is to have 

automated angle adjustment in real time to optimize/maximize the response via hardware 

and software to improve its performance. 

For the OQCM-A:   

• To construct fluidic chambers to perform multiplexed measurements on the OQCM arrays 

in dual optical and mechanical modes under liquid loading conditions.  

• To optimize the distance among the single sensors on an array. 
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