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Abstract       

    Optical biosensors that utilize surface plasmon resonance (SPR) technique to analyze 

the biomolecular interactions have been extensively explored in the last two decades and 

have become the gold standard for label-free biosensing. These powerful sensing tools 

allow fast, highly-sensitive monitoring of the interaction between biomolecules in real 

time, without the need for laborious fluorescent labeling, and have found widely ranging 

applications from biomedical diagnostics and drug discovery, to environmental sensing 

and food safety monitoring. However, the prism-coupling SPR geometry is complex and 

bulky, and has severely limited the integration of this technique into low-cost portable 

biomedical devices for point-of-care diagnostics and personal healthcare applications. 

Also, the complex prism-coupling scheme prevents the use of high numerical aperture 

(NA) optics to increase the spatial resolution for multi-channel, high-throughput 

detection in SPR imaging mode.  

    This dissertation is focused on the design and fabrication of a promising new class of 

nanopatterned interferometric SPR sensors that integrate the strengths of miniaturized 

nanoplasmonic architectures with sensitive optical interferometry techniques to achieve 

bold advances in SPR biosensing. The nanosensor chips developed provide superior 

sensing performance comparable to conventional SPR systems, but employing a far 

simpler collinear optical transmission geometry, which largely facilitates system 

integration, miniaturization, and low-cost production. Moreover, the fabricated 

nanostructure-based SPR sensors feature a very small sensor footprint, allowing massive 
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multiplexing on a chip for high-throughput detection. The successful transformation of 

SPR technique from bulky prism-coupling setup into this low-cost compact plasmonic 

platform would have a far-reaching impact on point-of-care diagnostic tools and also lead 

to advances in high-throughput sensing applications in proteomics, immunology, drug 

discovery, and fundamental cell biology research. 
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                                                       Chapter 1 

                                                  Introduction 

1.1 Motivation 

    Biosensors, with the ability to analyze and quantify biomolecular interactions, are 

indispensable tools in life science research, drug discovery, medical diagnostics, 

food/safety monitoring, homeland security, and the battlefield [1-4]. Generally, there are 

two protocols for biosensing: fluorescent-based detection and label-free detection. While 

fluorescent-based detection is extreme sensitive, the labeling step imposes extra time and 

cost demands, and may also interfere with the function of target biomolecules [3]. In 

contrast, label-free detection has recently drawn more attention as it provides opportunity 

to detect biomolecules in their natural forms without labeling and also allows 

quantitative, real-time kinetic measurement of biomolecular interactions [3-5]. Among 

various label-free biosensing technologies, surface plasmon resonance (SPR) continues to 

dominate the field because of their demonstrated very high sensitivity and real time 

detection capability [4]. As shown in Fig. 1.1 [6], SPR instrumentation is by far the most 

widely deployed form of label-free biosensing and have an approximately 40% market 

share.  

    While SPR is the current gold standard for label-free biosensing, it suffers from two 

important limitations that need to be addressed. First, the commercially available SPR 

instruments typically employ Kretschmann-based prism-coupling setup, which is 
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complex and bulky, increasing the size and cost of SPR systems [7-9]. This has severely 

hindered the integration of SPR technique into low-cost portable devices for point-of-care 

diagnostics and personal healthcare applications. Second, the attenuated total reflection 

geometry and the prism-coupling setup prevent the use of high NA optics in SPR imaging 

for high-throughput detection. A high NA is desired in order to magnify the image and 

increase the number of CCD pixels illuminated by light from a given probe area, thereby 

improving the sensor signal-to-noise.  [10-13].  As a result, these important limitations of 

current SPR systems strongly motivate the search for a new type of SPR platform that is 

more suitable for low-cost point-of-care applications and high-throughput SPR imaging 

operation.   

 

Fig. 1.1. Estimated vendor market share for label-free binding analysis instruments (2008 
to 2010) [6]. 

 

    Nanopatterned SPR (nanoplasmonic) biosensors, that employ nanopatterned hole 

arrays or nanoparticles to directly excite SPR in a simple collinear transmission 
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geometry, are a promising new generation of SPR sensors [14-19]. The simplicity of their 

optical transmission geometry offers substantial advantages for system integration and 

miniaturization. Moreover, these nanostructure-based sensors can have a footprint as 

small as a few square micrometers, allowing massive multiplexing on a sensor chip (107 

sensors on a 1cm2 sensor area) for high-throughput sensing applications [10-13]. While 

promising, the performance of nanoplasmonic sensors reported to date is still not 

comparable to commercial SPR systems, which has severely limited the 

commercialization of this new sensing technique.  

    A significant focus of this dissertation will be the development of a novel class of 

nanoplasmonic interferometric sensors that integrated the strengths of nanoplasmonic 

structures (small footprint, simple optical geometry) with those of optical interferometry 

techniques (high sensitivity), to achieve bold advances in the performance of 

nanoplasmonic sensors. The results presented in this dissertation will enable the 

development of a new generation of nanopatterned SPR sensors with superior sensing 

sensitivity, simple compact optical configuration, and massive multiplexing capacity. A 

sensor with such sensing capabilities currently does not exist and will be essential to the 

development of low-cost, portable, point-of-care diagnostic devices and can lead to 

dramatic advances in various high-throughput sensing applications in proteomics, 

immunology, drug discovery, and fundamental cell biology research. 

1.2 Surface Plasmon Resonance (SPR) systems 
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    SPR sensors employ a special mode of electromagnetic field confined at a metal-

dielectric interface - surface plasmon polaritons (SPPs) - to monitor the changes in the 

refractive index of the dielectric in the proximity of the interface [2-5]. SPPs are 

electromagnetic waves coupled to coherent charge oscillations at a metal-dielectric 

interface [16]. The dispersion relation of SPPs can be expressed as 

                                                       ,                                                    (1.1) 

where ω is the angular frequency of the electromagnetic wave, c the speed of light in 

vacuum, εm the metal permittivity, and n is the refractive index of the medium covering 

the sensor surface.   This dispersion condition can be satisfied for metals as the real part of 

εm is negative. Considering the complex permittivity of metal εm = ε’
m + i ε’’

m, Eq. 1.1 can 

be rewritten as   

                					
/
.                       (1.2) 

The real part of kspp is shown by the solid curve in Fig. 1.2. For a frequency ω0, there is a 

momentum mismatch between light and SPPs (k0 < kspp). As a result, this momentum 

mismatch must be bridged in order to couple free-space light into SPPs. We will discuss 

several popular SPP coupling techniques in section 1.2.1. The second consequence of this 

dispersion relation is that the wavevector of SPPs in the z direction kz is imaginary, 

because k0 = kspp
2 + kz

2 and kz
2 = k0

2 - kspp
2 < 0. Accordingly, the field perpendicular to the 

surface decay exponentially with distance from the interface. Electromagnetic wave with 

this behavior is said to be evanescent (nonradiative), which prevents the power from 
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radiating away from the surface and results in confined optical field and associated strong 

light-matter interaction at the metal-dielectric interface for biosensing applications.   

 

Fig. 1.2. The dispersion curve of SPPs, showing the momentum mismatch between light 
and SPPs.   
 

    There are several important characteristics of SPPs that need to be first defined. The 

propagation length of SPPs is defined as the propagation distance at which the intensity 

of SPPs decays by a factor of 1/e due to the absorption loss in the metal. As the SPP 

intensity decreases along the metal surface as exp (-2kspp
’’x), the propagation length of 

SPPs can be calculated using  

                                               
/
.                                 (1.3) 

SPPs also decay evanescently perpendicular to the dielectric-metal interface. The skin 

depth is then defined as the penetration depth into the dielectric and metal at which the 

SPP field falls to 1/e. The skin length of SPPs into the metal can be expressed as: 

                                                    
/
,                                           (1.4) 
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while the skin depth into the dielectric can be written as:  

                                                  
/
.                                        (1.5) 

1.2.1 Optical excitation of SPR 

    There are two important SPP coupling schemes that are commonly used in commercial 

SPR sensors: (1) prism coupling, (2) grating coupling. Prism SPP couplers represent the 

most frequently used method for optical excitation of SPPs. As shown in Fig. 1.3a, in the 

so-called Kretschmann prism-coupling configuration [4], the incident light is totally 

reflected at the prism-metal interface and generates an evanescent field penetrating into 

the metal layer. If the metal film is sufficiently thin (less than 100 nm in visible and near 

infrared part of spectrum [2]), the evanescent wave will resonantly couple with SPPs at 

the metal-dielectric interface. This coupling condition can be expressed as  

                                         	 	 ,                                     (1.6) 

where nprism is the refractive index of the prism and θ is the incident angle. This coupling 

condition can be fulfilled for a specific θ and w, and the excitation of SPPs will be 

recognized as a minimum in the intensity of the reflected light. The usage of this resonant 

excitation condition for SPR sensing will be discussed in detail in the next section.  
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Fig. 1.3. SPP coupling through prism (a) and grating (b) [4]. 
 

    The second commonly used coupling method is based on optical diffraction at a 

metallic grating structure. As shown in Fig. 1.3b, in this coupling method, a light wave is 

incident from the dielectric medium onto a metallic grating. If the momentum of the 

diffracted light parallel to the metal surface matches that of SPPs, the incident light will 

be coupled to SPPs. This process can be described as 

                                                      
	

,                                       (1.7) 

  where m is an integer denoting the diffraction order and P is the period of the metallic 

grating.  

1.2.2 SPR sensing using angular, wavelength, and intensity modulations 

    The optical setup of a typical commercial SPR system is illustrated in Fig. 1.4a, which 

consists of a light source, a prism SPP coupler, and a detector. The incident light excites 

SPPs through total internal reflection at the prism-dielectric interface when the 

momentum matching condition is fulfilled (Eq. 1.6). Depending on which modulation 
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approach is employed (angle, wavelength, or intensity), the detector records a minimum 

in the angle or wavelength spectrum, or the change in reflected light intensity at a fixed 

incident angle and wavelength. When there are biomolecules attached to the metal 

surface, the local refractive index increases, which produce a change in the propagation 

constant of the SPPs. This change in SPP propagation constant then alters the associated 

resonant coupling condition, which can be measured as the change in one of the 

characteristics of the light coupled to SPPs. Depending on which characteristics is 

measured, SPR sensors can be classified as angular, wavelength, or intensity modulated.  

    In SPR sensors using angular modulation, a narrow-band laser beam excites SPPs 

through the prism coupler and this resonant light-SPP coupling leads to a minimum in the 

angular spectrum of the sensor output. In SPR sensors based on wavelength modulation, 

the angle of the incident white light is kept constant, and the wavelength at which light is 

resonantly coupled to SPPs is measured as the sensor output. For SPR sensors using 

intensity modulation, the wavelength and the angle of the incident light are both kept 

constant, and the change in the intensity of the reflected light serves as the sensor output. 

Fig. 1.4b shows a typical SPR angular or wavelength spectrum, which features a 

reflection minimum at the resonant SPP coupling wavelength or angle. The increase of 

the refractive index ∆n results in a red-shift of the spectrum (∆λ or ∆θ) or a decrease in 

the reflected light intensity (∆R) at the fixed wavelength or angle indicated by the dashed-

dotted line.       
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Fig. 1.4. (a) Schematic of an SPR sensor system. (b) Typical SPR wavelength or angular 
spectrum. The increase in the refractive index results in the red-shift of the angular 
spectrum (angular modulation), wavelength spectrum (wavelength modulation), or the 
decrease of the reflected light intensity ∆R (intensity modulation) [20]. 
 

    While SPR has been demonstrated as a highly-sensitive technique for real-time label-

free biomolecular detection, it is not conducive to sensor miniaturization and low-cost 

production, due to its optical complexity and bulky instrumentation. In order to overcome 

these limitations, new types of SPR platforms are required that use simple, compact, low-

cost optical geometry design without compromising the sensing performance. In this 

dissertation, we will demonstrate a unique nanopatterned SPR platform that exhibits 

sensing performance similar to SPR systems but using significantly simpler collinear 

transmission optical setup, showing great promise for sensor miniaturization. Another 

significant challenge of current SPR systems is to extend the sensing capability to 

multiplexed assays for high-throughput applications in drug discovery, proteomics, and 

basic biology research, where thousands of biomolecular interactions need to be 

monitored simultaneously to significantly save on time and sample consumption [21]. 

SPR imaging (SPRi) is currently the most employed approach to address this need, which 
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typically employing a CCD camera to monitor the intensity distribution of light reflected 

from an SPR surface containing multiple sensing spots [21-23]. In the next section 1.2.3, 

SPRi technique will be discussed in detail, including their advantages and disadvantages 

and possible approaches to improve their performance.  

1.2.3 SPR imaging for high-throughput sensing 

SPRi technique combines the sensitivity of SPR with the spatial resolution of CCD 

imaging. It employs the intensity modulation method, as discussed in the last section, to 

measure the change in the reflected light intensity that occurs when the SPR spectrum 

red-shifts upon the biomolecular binding at the sensor surface. Fig. 1.5a shows a diagram 

of the SPRi setup [24], and Fig. 1.5b shows a typical CCD image captured by a SPR 

imager [25]. The light intensities reflected from the entire sensor surface can be 

monitored in real time and multiple biomolecular interactions can thus be analyzed 

simultaneously (up to several hundreds). These SPRi facilities have important impact in 

high-throughput sensing applications.  
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Fig. 1.5 (a) Diagram of the SPRi setup [24]. (b) A typical CCD image captured by a SPR 
imager. The bright regions correspond to sensing spots that were immobilized by receptor 
biomolecules [25].  
 

While SPRi has been commercialized and successfully employed for a number of 

high-throughput applications, its sensing spot size is rather large (on the order of several 

hundred micrometers) [21], which has severely limited its throughput and the capability 

to probe nanovolumes and single cells. This is partially due to the prism-coupling scheme 

used in SPRi systems, which prevents the use of high NA optics. A high NA is desired in 

order to magnify the image and increase the number of CCD pixels illuminated by light 

for a given probe area, thereby improving the signal-to-noise [26]. The other factor that 

limits the spatial resolution of SPRi is the crosstalk from propagation of SPPs between 

adjacent sensing areas [10]. In order to improve the sensor signal-to-noise ratio and 

minimize SPP crosstalk, state-of-the-art commercial SPRi systems typically employ large 

sensing spots of 100 ~ 500 µm in diameter [21, 26-28]. This large sensing spot size is not 

suitable for probing nanovolumes and for single-cell analysis and has limited the number 

of sensing channels to several hundred for a 1 × 1 cm2 sensor chip area.  
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In this dissertation, our first goal is the development of a nanopatterned 

interferometric SPR platform with performance comparable to commercial SPR 

platforms but using a much simpler optical geometry. The second goal is to scale up the 

developed platform for highly-multiplexed detection. Our developed sensor array has 

achieved a small sensing spot size of 100 µm2, which is at least two order of magnitude 

smaller than that of commercial SPRi systems. More importantly, the developed sensor 

platform exhibits a sensing resolution comparable to that of SPRi instruments. This 

demonstrated sensor array can significantly increase the sensing throughput for numerous 

high-throughput applications and also opens opportunities to probe nanovolumes and for 

single-cell analysis. 

1.2.4 Sensor performance characteristics 

    Resolution is a key sensor characteristic that is typically used to evaluate and compare 

the overall sensor performance. For bulk refractive index sensing, the resolution is 

defined as the smallest refractive index change that can produce a detectable signal in the 

sensor output. The unit of the sensor resolution is thus refractive index unit (RIU). The 

smallest detectable sensor output depends on the level of the uncertainty (noise) of the 

sensor output, which is related to the sensor system design (gold film thickness, surface 

roughness, incident light wavelength), the fluctuations in the intensity of the incident 

light, and also the electronic noise of the detector [2]. The SPR sensor noise can be easily 

characterized by measuring the time-resolved sensor output and determine the standard 

deviation of the sensor output (σ), i.e., signal-to-noise (SNR) of 1. For surface 

biomolecular sensing, the measure of resolution can be either the surface mass density of 
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the molecules (pg /mm2) or biomolecule concentration in the sample solution (ng /ml). 

State-of-the-art commercial SPR systems typically employ angular modulation in a 

prism-coupling setup, and the sensor resolution can achieve 1 × 10-7 RIU in terms of bulk 

refractive index or 0.1 pg/mm2 in terms of surface biomolecule mass density [4]. 

    In SPRi system, another important sensor characteristic is the sensing spot size, which, 

as discussed above, directly determines the throughput of the device and the sensor 

probing volume. As the resolution of SPRi improves by integrating signal from a larger 

sensing spot size (spatial averaging), there is a trade-off between the sensor resolution 

and sensing spot size. Commercial SPRi systems typically employs a sensing spot size of 

100 ~ 500 µm in diameter and exhibits a detection resolution of around 1 × 10-5 RIU [21, 

26-28]. The reason for the lower resolution of SPRi comparing to SPR systems is that 

commercial SPR systems collect angular spectrums (a series of intensities) to determine 

the dip position, while SPRi measures only one intensity data at a fixed wavelength and 

angle, thus losing analytical data and typically exhibiting lower SNR than SPR systems 

[4].         

1.3 Nanoplasmonic biosensors 

    The bulky optical instrumentation and difficulty in scaling up for high-throughput 

detection are two important limitations of current SPR systems. A new type of 

nanopatterned SPR (nanoplasmonic) sensors, that employ nanohole arrays or 

nanoparticles and operate in a simple collinear transmission geometry, has recently been 

proposed to address these two limitations. This new group of sensors is believed to be a 

promising alternative to the current prism-coupling SPR and SPRi systems [16-19] due to 
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their significantly simpler collinear transmission geometry, which offers promising 

opportunities for system miniaturization and low-cost production [19]. Through further 

integration on compact microfluidic platforms, nanoplasmonic biosensors hold great 

promise to develop fast, inexpensive, portable biomedical devices for point-of-care 

diagnostics and healthcare applications [9]. 

    Besides the promise in device miniaturization and cost-effectiveness, another 

significant advantage of nanoplasmonic sensors is their capacity for massive multiplexing. 

Such nanostructure-based sensor arrays can have a sensor footprint as small as a few 

square micrometers and an on-chip packing density as high as 1 × 107 sensors per cm2 

[10]. Moreover, the simplicity of the optical transmission geometry allows the use of high 

NA optics to improve the imaging resolution for multiplexed detection in imaging mode. 

A system offering such a high multiplexing capacity would tremendously advance 

research in proteomics, drug discovery, diagnostics, and system biology.  

    So far, nanoplasmonic sensors based on extraordinary optical transmission (EOT) 

through nanohole arrays have been extensively studied for their potential use in high-

throughput detection in imaging mode. This approach employs a CCD camera for the 

simultaneous measurement of the intensity variations of transmitted narrow-band light 

from multiple nanohole arrays, providing dynamic and multiplexed detection capability 

[10-13, 29-31]. However, the reported detection limits of EOT sensing platforms are 

typically in the 10-4 RIU range [10-12], which is one to two orders of magnitude poorer 

than that of commercial SPRi systems (see the upper left quadrant of Fig. 1.6) and is 

inadequate for many biomolecular sensing applications. As a result, the development of a 
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new nanoplasmonic sensor platform that combines the strength of nanopatterned SPR in 

sensing spot size and that of conventional SPR in mass detection resolution would have a 

far reaching impact on various high-throughput biosensing applications. These exciting 

possibilities are illustrated in the lower left quadrant of Fig. 1.6. 

 

Fig. 1.6. Nanoplasmonic sensor platforms are typically limited by the sensing 
performance, while current SPRi systems limited by the multiplexing capacity. The 
proposed platform in this thesis provides both high sensing and multiplexing performance 
at the same time. The black dots indicate the reported experimental results in: (a) [21], (b) 
[26], (c) [27], (d) [28], (e) [32], (f) [29], (g) [31], (h) [11], and (i) [12]. 
 

1.3  Outline of the thesis 

    In this thesis, we will focus on the development of a novel class of nanoplasmonic 

interferometric sensors that integrate the strengths of nanoplasmonic architectures and 

those of optical interferometry techniques, to achieve both superior sensing performance 

and high multiplexing capability in a simple, low-cost, compact sensing platform. Such a 

sensor platform currently does not exist but will be essential for various high-throughput 
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sensing applications and facilitate the development of miniaturized portable biomedical 

devices for point-of-care diagnostics and personal healthcare applications.      

    Phase-sensitive interferometry is one of the most sensitive optical interrogation 

methods. Transforming this technique into nanoplasmonic platforms provides new 

exciting opportunities to significantly improve the sensor performance. In Chapter 2, we 

will first discuss the optical interferometry technique and the methods to combine 

interferometry with nanoplasmonic structure to realize novel plasmonic interferometers. 

In this chapter, we will also discuss the unique advantages of plasmonic interferometric 

sensors compared to previous plasmonic sensors based on EOT in nanohole arrays or 

localized plasmon resonance in nanoparticles.     

    In Chapter 3, we will discuss in detail the fabricated prototype plasmonic 

interferometric sensor device. In this dissertation, we have demonstrated, for the first 

time, the usage of a plasmonic interferometric sensor for highly-sensitive biomolecular 

detection. This novel sensor combines a Mach-Zehnder interferometer design and a 

simple two-nanoslit architecture with a 30 µm × 30 µm sensor footprint. It exhibits a 

sensor resolution of 7 × 10-6 RIU and a 10X better refractive index sensitivity than 

previous reported nanoplasmonic sensor platforms.  

    In Chapter 4, the developed nanoplasmonic interferometric sensor will be fabricated in 

a high-density array format to scale up the platform for high-throughput detection. A 

narrow-band light source and a CCD camera will be employed to perform the intensity 
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modulation in imaging mode and a novel self-referencing method will also be introduced 

to increase the sensitivity and reduce sensor noise for multiplexed detection. 

    A significant focus of the research presented in this thesis will be the design and 

optimization of novel plasmonic interferometer structures to achieve significant 

improvement in sensor performance. The results presented in Chapter 3 and 4 

demonstrate the promise of plamsonic interferometer for both single-channel spectral 

sensing and high-throughput detection in imaging mode. In Chapter 5, we will discuss 

the further optimization of the interferometer structure and systematically investigate the 

sensing and multiplexing performance of the optimized sensor platform. The results show 

that our developed sensor array can achieve a sensing spot size (10 µm × 10 µm) two 

order of magnitude smaller than commercial SPRi systems, but exhibiting a sensing 

resolution comparable to or better than that of SPRi instruments.  

    Providing a number of conceptual and scientific huddles can be overcome, the novel 

plasmonic multiplexed sensing platform developed in this dissertation would potentially 

lead to significant advances in point-of-care diagnostics and vast high-throughput array 

sensing applications in proteomics, diagnostics, drug screening, and fundamental cell 

biology research. Chapter 6 will summarize the achievements of this dissertation and 

future research directions.  
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                                                       Chapter 2 

                                      SPP Interferometry 

    Existing nanoplasmonic sensors based on the resonant EOT effect in nanoaperture 

arrays or localized plasmon resonance in nanoparticles typically exhibit spectrally broad 

plasmon resonances due to the inevitable strong radiative and non-radiative losses in 

plasmonic resonant structures [17,19,33]. Such broad linewidths make it difficult to 

differentiate small spectrum shifts due to biomolecular bindings, posing significant 

obstacles to further improvements in sensor performance. In this thesis, we have 

proposed a fundamentally new approach that combines the concept of optical 

interferometry with plamsonic sensing, which opens up opportunities for a new class of 

nanoplasmonic sensor that can easily but significantly tune the plasmon line shape 

observed through SPP interference [34-36]. In this chapter, we will first discuss the 

basics of optical interferometry in section 2.1, and the methods to combine optical 

interferometry technique with plasmonic architecture to realize plasmonic interferometer 

devices in section 2.2. The usage of plamsonic interferometers for sensing applications 

and their unique advantages compared to existing plasmonic sensors will then be covered 

in section 2.3. 

2.1 Basics of optical interferometry 

Interferometry has long been a valuable tool for a variety of precision measurements 

using the interference phenomena produced by light waves [37]. Interferometric 



21 
 

measurements require an optical arrangement in which two or more light beams, derived 

from the same light source but traveling along separate paths, are made to combine and 

interfere. The resultant interference fringe is highly sensitive to the phase shift or the 

change in optical path length between the sample and reference arms. Thus, when the 

interference patterns are studied, the properties of the light waves and of the materials 

that they have traveled through can be explored. This technique, known as 

interferometry, has led to the development of some of the most sensitive optical 

interrogation methods and has found application in vast fields including astronomy, 

metrology, oceanography, and biological sciences [38].  

If two light waves are to interfere to produce a stable interference fringe, the key 

requirement is that the light source must be coherent. The coherence effects can be 

divided into two classifications, temporal and spatial. Temporal coherence is a measure 

of the correlation between the light wave’s phase at different times. Coherence time ∆t is 

the time interval over which the phase of the light wave is still predicable, and the 

coherence length ∆l defined as the distance the light wave travels in time ∆t. The 

temporal coherence relates directly to the finite bandwidth ∆υ of the light source. If the 

light source is perfectly monochromatic, ∆υ would be zero and ∆t and ∆l infinite. Spatial 

coherence is a measure of the correlation between the light wave’s phases at different 

points. It is related directly to the finite extent of the light source in space. 

  In order to achieve two separate, independent, adequately coherent light sources for 

interference, Thomas Young, in his classic double-slit experiment, brilliantly split a 

single wavefront from the same light source into two coherent portions, and then had 
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them superpose and interfere. In this experiment, as shown in Fig. 2.1 [39], a 

monochromatic light source illuminates a primary slit, which works as a spatial filter and 

produces spatially coherent beam. This light beam identically illuminates the closed 

placed two slits, which constitute two coherent secondary sources and generate 

constructive (bright band) and destructive (dark band) interference as the optical path 

difference between the two beams varies at different points on the screen.  

 

Fig. 2.1 Young’s double slit experiment [39]. 
 

Besides this two-slit interferometer, other best known types of interferometers are 

Mach-Zehnder interferometer, Michelson interferometer, Fabry-Perot interferometer, and 

Sagnac interferometer. Interferometry technique has already been used in biological 

science as an analytical tool to monitor the interaction between biomolecules [38]. For 

example, Fig. 2.2 shows the schematic of a Mach-Zehnder interferometer (MZI), which 
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uses a silicon waveguiding method to monitor the difference in refractive index between 

the sensing and reference waveguides. Any biomolecular binding at the sensing arm 

produces a phase shift, which in turn leads to a change in the output intensity. State-of-

the-art silicon MZI sensor can detection protein surface coverage as low as 0.25 pg/mm2 

[40], a resolution that compares favorably with commercial SPR sensors. However, the 

sensitivity of MZI device typically increases with the length of the arms. Sensitive MZI 

sensor typically utilizes sensing arms on the millimeter or centimeter scale, which 

requires large amount of sample solutions. The silicon waveguiding method is also not 

suitable for massive multiplexing detection due to the difficulty in coupling light into the 

micrometer scale waveguide. In fact, interferometry technique has also been combined 

with conventional SPR systems and produce sensor resolutions one order of magnitude 

better the current angular or wavelength-modulated SPR systems [41]. While this phase-

sensitive SPR system demonstrates the promise of interferometry technique, the resulted 

SPR system still requires complex prism-coupling optical setup and is limited for high-

throughput detection. 

 

Fig. 2.2. Diagram of a silicon waveguide Mach-Zehnder interferometer [38]. 
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2.2 SPP interferometry  

So far, there are several works reported that have combined the concepts of 

interferometry with plamsonics in the so-called plasmonic interferometers [42-44]. As 

shown in Fig. 2.3, a plasmonic analogue of Thomas Young’s double slit experiment was 

proposed and demonstrated. In this experiment, two nanoslits (200 nm wide) were 

patterned on a 200 nm thick gold film with a separation of 24.5 µm. When the whole 

structure is illuminated by a TM-polarized (the electric field perpendicular to the slits) 

collimated laser light (tunable from 740 to 830 nm), the transmission spectrum is seen to 

be approximately sinusoidally modulated as a function of the wavelength (dots in Fig. 

2.3b). In contrast, there is no such modulation for a TE-polarized incident beam (the open 

squares). This observation can be explained using a model involving the propagation of 

SPPs between the two slits. When the light is TM-polarized, the SPPs excited at one slit 

propagates towards the other slit, where they will be partially back-converted into free-

space light and interfere with the light that is directly transmitted through the slit [42].  

The theoretical expression for the transmitted light intensity through the interferometer 

can be written as  

                      2 2	 cos	 .                 (2.1) 

Here Espp and Elight are the field amplitudes of SPP-mediated and directly-transmitted 

light components at one of the slits, respectively. d is the distance between the two slits. 

nspp(λ) = Re((εmn2/ (εm+n2))1/2) is the effective refractive index of SPPs propagating along 
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the metal surface between the two slits, and φ0 is an additional phase shift associated with 

SPP excitation at the slits. The term (2πdnspp/λ + φ0) represents the phase difference 

between the two interfering components, which varies with λ and thus leads to the 

observed constructive and destructive interferences.   

 

Fig. 2.3. (a) The schematic of the two-slit plasmonic interferometer. The dashed line 
indicates the excited SPPs. (b) The measured transmission spectrum for TM- (black dots) 
and TE- (open squares) polarized laser beam [42]. 
 

    Another interesting plasmonic interferometer design is shown in Fig. 2.4a, which 

consists of a nanogroove-nanoslit structure. Our group has employed this interferometer 

structure to study the dependence of SPP coupling efficiency on the groove width [44]. 

While the details of this work are beyond the scope of this thesis, here we show some 

measured interference patterns to illustrate the working principle of this slit-groove pair 

as a plasmonic interferometer. Similar to the optical setup used in Fig. 2.3, when a TM-

polarized collimated white light illuminates the interferometer structure, SPPs are excited 
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at the groove and propagate toward the slit, where they will be partially back-converted 

into free-space light and interfere with the light that directly transmits through the slit. As 

shown in Fig. 2.4b, the experimentally measured spectra (the upper frame) fit well with 

the theoretical predictions (the lower frame) calculated using Eq. 2.1, demonstrating the 

working principle of this plamsonic interferometer. Note that the interference period 

gradually decreases as d increases, which is in fact an interesting phenomenon that can be 

utilized to optimize the nanoplasmonic sensor performance. We will discuss in the next 

section the unique advantages of plamsonic interferometric sensors.  

 

Fig. 2.4. (a) The schematic of the slit-groove plasmonic interferometer. (b) The 
experimentally measured and theoretical spectrum for interferometers with different slit-
groove distance (5.24, 8.39, and 10.23 µm, from top to bottom). 
 

2.3 Optical sensing suing SPP interferometry 

    Existing nanoplasmonic sensors based on localized plasmon resonance in nanoparticles 

or the resonant EOT effect in metal nanoaperture arrays typically exhibit broad peak 

linewidths because of strong radiative (scattering) and non-radiative (ohmic) losses 
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[17,19,33]. Such broad linewidths increase difficulties to differentiate small spectrum 

shifts due to biomolecular bindings. To optimize the performance of nanoplasmonic 

sensors, improvements in several basic plasmon characteristics are required: a very 

narrow spectral linewidth, a high spectral contrast, and a large spectral shift for modest 

changes in refractive index [18]. Consequently, plasmon line shape engineering is 

emerging as an important means to optimize the plasmonic sensor performance [45-48]. 

For example, the concepts of plasmonic Fano resonance and plasmon induced 

transparency have generated considerable interest due to their narrow linewidths 

associated with the subradiant dark modes [45-48]. Plasmon linewidths as small as 4 nm 

have been experimentally measured using these approaches [33]. However, these efforts 

suffer from the relatively low spectral contrast and weak resonance intensity of sub-

radiant modes, which in fact greatly limit the overall sensor performance [33,47,49].  

Different from existing nanoplamsonic sensors, plasmon sensing peaks are generated 

through spectral SPP interference in plamsonic interferometers, allowing flexible 

tailoring of the plasmon lineshapes through control of the amplitude and phase properties 

of SPPs [36]. For example, as shown in Fig. 2.4b, the linewidth of the interference peak 

can be effectively controlled by tuning the length of the interferometer arms (d), which 

alleviates the loss issues associated with previous resonant plasmonic nanostructures. 

Also, as will be shown in the following chapters, by appropriately designing the 

interferometer structure to balance the intensities of two interfering components, we can 

achieve interference patterns with very high spectral contrast, which is beneficial for 

optimized sensing. Moreover, the refractive index sensitivity can also be effectively 
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controlled. As will be discussed in Chapter 3, we have demonstrated a nanoplasmonic 

Mach-Zehnder interferometer with 10X higher sensitivity than previous reported 

nanoplamsonic sensors [34], showing great promise to significantly improve the sensor 

performance.  

2.4 Summary 

In summary, optical interferometry techniques are among the most sensitive optical 

interrogation methods. By combining the concepts of interferometry with plasmonics, we 

can develop plamsonic interferometric sensor with much greater flexibility, easy but 

significantly tuning of the plasmon line shape to achieve narrow interference linewidth, 

high spectral contrast, and high refractive index sensitivity, all key characteristics to 

achieve optimized plasmonic sensor performance. In the following chapters, we will 

discuss in detail several of our interferometric sensor designs and our demonstration of 

greatly improved performance compared to existing plasmonic sensor platforms.   
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                                                       Chapter 3 

                          Plasmonic interferometers 

for highly-sensitive biosensing 

In this chapter, we will introduce the design, fabrication, and characterization of our 

first prototype nanoplasmonic sensor device. To the best of our knowledge, this is the 

first time plasmonic interferometer was employed for ultrasensitive biomolecular 

sensing. We have fabricated a plasmonic Mach-Zehnder interferometer (MZI) 

integrated with a microfluidic chip to test the feasibility of the proposed sensing 

approach. The MZI is formed by patterning two parallel nanoslits in a thin metal film, 

and the sensor monitors the phase difference, induced by surface biomolecular 

adsorptions, between SPPs propagating on top and bottom surfaces of the metal film. 

The combination of a nanoplasmonic architecture and sensitive interferometric 

techniques in this compact sensing platform yields enhanced refractive index 

sensitivities greater than 3500 nm/RIU and record high sensing figures of merit 

exceeding 200 in the visible region, largely surpassing previous nanoplasmonic sensors 

and still holds potential for further improvement through optimization of the device 

structure. We also demonstrate real-time, label-free, quantitative monitoring of 

streptavidin-biotin specific binding with high signal-to-noise ratio in this simple, 

ultrasensitive, and miniaturized plasmonic biosensor. 

3.1 Sensor design and fabrication 
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3.1.1 Detection principle 

A schematic illustration of the plasmonic MZI is shown in Figure 3.1a. The device 

consists of a 350 nm-thick silver film evaporated onto a flat fused silica microscope slide. 

Focused ion beam (FIB) milling was used to fabricate a series of double-slit patterns, 

with slit separation distances of 22.7, 34.2, 45.6 and 57.6 μm. Each slit is 35 μm long and 

0.1 μm wide. A scanning electron microscope (SEM) image of a slit pair with a slit 

separation distance of 22.7 μm is shown in Figure 3.1b. Optical measurements were 

performed using an Olympus X81 inverted microscope. A white light beam from a 100W 

Halogen lamp was focused onto the left slit A from the metalized side of the sample (see 

the lower inset of Figure 3.1b). Slit A scatters part of the incident radiation into SPP 

modes in both sensing and reference arms, located at the top metal surface and buried 

bottom metal/substrate interface, respectively. The SPP waves launched in these two 

arms propagate towards the right slit B, where they interfere with each other and 

modulate the far-field scattering. The SPP-mediated radiation from slit B was collected in 

transmission mode by an X40 microscope objective to measure the spectral interference 

patterns. For a specific wavelength, the intensity of the far-field transmission depends on 

the phase difference between the two SPP waves at the top sensing surface and bottom 

reference surface, which is modulated when biomolecules are adsorbed on the sensing 

metal surface. For broadband illumination, a spectral shift of the interference pattern is 

observed. Note that the sensing and reference arms of this plasmonic MZI are vertically 

aligned and separated by a 350 nm-thick thin silver film, enabling a compact footprint 

and dense array packing. The silver film also serves as a protection layer for the buried 
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reference arm, eliminating the need for additional cladding layer deposition and etching 

procedures as required for conventional planar silicon MZI. The simplicity, compactness, 

and ease-of-fabrication of this plasmonic sensing platform make it attractive for 

integration into practical, cost-effective sensing devices with potential high multiplexing 

capability. 

 

Fig. 3.1. (a) Schematic of the plasmonic MZI. (b) SEM image of a two-nanoslit structure 
(each slit being 35 μm long and 0.1 μm wide) with a slit separation of 22.7 μm. The 
upper inset shows a detailed SEM image of one nanoslit. The lower inset shows a 
transmission image of two-nanoslit structure with slit A being illuminated.  
 

The solid curves in Figure 3.2 show the experimental spectra for a series of plasmonic 

MZIs in an air environment, with different slit separation distances L. The experiment 

was configured in a way that only SPP-mediated far-field scattering contributes to the 

resulting spectral oscillations (see section 3.1.2). Obvious interference patterns are 

observed as a function of wavelength under TM polarized illumination (with the electric 

field perpendicular to the long axis of the slit).  For samples with larger L, the amplitudes 

of the interference oscillations are smaller, indicating increased SPP propagation loss at 

the metal surfaces. The decreased visibility of the interference is related to the increasing 
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intensity imbalance between the signals in two arms, as SPPs experience greater 

propagation loss at silver/glass interface. In this work, we focus on the spectral positions 

of the interference peaks and valleys and their usefulness for biosensing. To better 

interpret the measurements, theoretical interference patterns were calculated using the 

equation: 

                                  ∝ .                             (3.1) 

Here nsppi(λ) = Re((εm(λ)ni
2/ (εm(λ) + ni

2))1/2) is the effective refractive index of SPPs at 

the metal/dielectric  interface, εm is the metal permittivity, ni is the refractive index of the 

dielectric, and the subscript i = 1, 2 denote the upper dielectric and lower glass substrate, 

respectively. φ0 is an additional constant phase shift. Using n1 = 1.00 for air, the 

calculated interference patterns show a higher oscillation frequency than the experimental 

data, consistent with the results reported previously in ref. 44, 50 and 51. This 

discrepancy is attributed to formation of a contamination layer of Ag2S (or a mixture of 

Ag2O/AgO) on top of the silver surface [44, 50]. Here we assume a contamination film 

thickness of 4 nm (consistent with exposure in air for several-weeks [52]) and a film 

refractive index of 2.8 [53, 54], which yields an effective refractive index of the top 

dielectric n1 = 1.03. One can see from Figure 3.2 that the resulting calculated oscillation 

frequencies and spectral positions of the peaks and valleys (dotted curves) agree very 

well with the measured data for plasmonic MZIs with four different L.  
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Fig. 3.2. Experimental SPP-mediated interference patterns for two-nanoslit structures in 
an air environment with slit separation distances, L, of 22.7, 34.2, 45.6, and 57.6 µm, 
respectively (from top to bottom). The upper spectra (solid curves) are experimental 
spectra and the lower dotted lines are theoretical predictions. No smoothing algorithm 
was applied to the experimental spectra. 
 

3.1.2 Fabrication of the sensor chip and microfluidic channel  

    Fabrication of Plasmonic MZI. Silver films of 350nm thickness were deposited by e-

beam evaporation (Indel system) onto flat fused silica microscope slides (Fisherbrand). 

Prior to the evaporation, the glass slides were cleaned thoroughly with acetone in an 

ultrasonic cleaner for 20min, followed by extensive DI water rinsing. Focused ion beam 
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(FIB) (FEI Dual-Beam system 235) milling (30kV, 30pA) was used to fabricate the 

double-slit plasmonic MZI structures.  

Here FIB was used to fabricate the plasmonic MZI structures due to its convenience 

and precise control over nanostructure parameters, allowing us to test and optimize the 

interferometer design pretty easily. Fig. 3.3a shows several nanostructures we fabricated 

using FIB, showing the flexibility to easily and precisely control the nanostructure shape 

and geometrical parameters. For our long-term goal to do high-throughput biosensing, 

electron beam lithography will be employed for relatively large-area array patterning. 

Possibilities for low-cost sensor platforms will also be explored using other emerging 

relatively low-cost, large-area fabrication techniques such as nanoimprint lithography, 

colloidal lithography, or soft lithography.  



35 
 

 

Fig. 3.3. (a) Various nanostructures fabricated using FIB. (b) FEI Dual-Beam system 235 
used for the nanofabrication presented in this dissertation. 
 

Fabrication of PDMS microfluidic channels. Microfluidic channels were fabricated by 

conventional photolithography. A SU-8 (SU8-50, Microchem) master mold of the 

channel (50 µm deep and 4 mm wide) was first patterned on a 3 inch wafer. A 10:1 ratio 

of PDMS (Sylgard 184, Dow corning) and curing agent were used to cast the mold, 

which was then baked at 70oC for 3 h. The PDMS channel was cut and peeled from the 

master, and inlet and outlet holes were punched for tubing. The surfaces of the 

microfluidic channel and the nanopatterned sample were then activated by oxygen 
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plasma treatment (PX-250, March Instruments) and bonded to each other. Fig. 3.4a 

shows the fabricated PDMS microfluidic channel. A photograph of the fabricated 

plasmonic MZI sensor chip integrated with a microfludic chip is shown in Figure 3.4b. 

 

Fig. 3.4 (a) A photograph of the fabricated PDMS microfluidic channel. (b) A photograph 
of the fabricated sensor chip integrated with the microfluidic channel.  
 

3.1.3 Experimental setup and optical measurement 

A 100W halogen lamp was used to illuminate the double-slit patterns through the 

microscope condenser of an Olympus X81 inverted microscope. The condenser centering 

screws were tuned to move the image of the field diaphragm off the center of the viewing 

area, illuminating only the left slit A (with the right slit B located at the center of the 

viewing area). The transmitted light emanating from the slits was collected by an X40 

microscope objective (NA = 0.6) and passed through an iris diaphragm that ensures only 

the SPP-mediated radiation from slit B in the center was transmitted. This signal was 

coupled into a multimode fiber bundle interfaced to a fiber-based compact spectrometer 

(Ocean Optics USB 4000). When slit A is illuminated and scattered light collected from 
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slit B, the SPP-mediated far-field scattering is directly observed. However, the measured 

data also contains a weak radiation leakage emanating directly from two open slits. 

Consequently, we designed another control experiment to remove the light leakage and to 

emphasize the SPP contribution. A CCD camera (Cooke sensicam qe) was employed to 

record the positions of the double slits. Under identical experimental conditions, a 

reference single slit was moved to the recorded positions of the left, and then the right slit 

of the interferometer. The collected transmission spectra were then both subtracted from 

the experimental raw data to yield the SPP-mediated far-field scattering spectra shown in 

Fig. 3.2. Each spectrum shown in this work represents an average of 100 acquisitions 

with an integration time of 100 ms for each acquisition.  

3.2 Characterization of the sensor performance 

3.2.1 Sensitivity calibration  

The spectral interrogation sensitivity of the plasmonic MZI can be derived from Eq. 

3.1 by setting the term  /)]()([ 21 sppspp nn  to be constant, yielding:  
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where  )()()( 1221  sppsppspp nnn  .  The bulk sensitivity, S, depends directly on the 

operational wavelength, the dielectric properties of the metal, and the refractive indices of 

the dielectrics at the upper and lower interfaces. For a liquid environment (n1 = 1.330, n2 

= 1.516), this equation predicts S is greater than 3000 nm/RIU in the visible region. This 

sensitivity level is significantly higher than previously reported nanoplasmonic sensors 
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[17-19]. To confirm this theoretical prediction experimentally, a double-slit structure with 

L = 34.2 μm was fabricated and integrated with a PDMS microfludic channel (see Fig. 

3.4b). To calibrate the sensitivity of plasmonic MZI, glycerol-water solutions were 

prepared with glycerol volume concentrations varying from 0.5 % to 3 %. An 

ellipsometer (J. A. Woollam, V-VASE) was used to measure their refractive indices, 

which range from n = 1.3302 to n = 1.3344. Glycerol-water solutions of varying glycerol 

concentration were then injected to tune the refractive indices of the liquid. As shown in 

Fig. 3.5a, the interference pattern blue-shifts as the liquid refractive index increases, in 

good agreement with the theoretical predictions (lower dotted curves). The peak and 

valley positions of the interference patterns around 700 nm and 730 nm (indicated by the 

upper and lower arrows, respectively) were measured as a function of the liquid refractive 

index and are plotted in Figure 3.5b. One can see that the positions of the peaks and the 

valleys vary approximately linearly with the refractive index of the liquid. The 

sensitivities are estimated to be 3524 nm/RIU (peak) and 3600 nm/RIU (valley) from the 

linear fits to the experimental data, in agreement with the theoretical predictions obtained 

using Eq. 3.2 (3448 nm/RIU and 3545 nm/RIU at 700 nm and 730 nm, respectively). 

These measured sensitivities are one order of magnitude larger than those reported 

previously for nanoplasmonic sensors based on nanoparticles [17-19], metamaterials [45], 

and EOT through nanoaperture arrays [55-57] in this visible spectral region. In addition, 

the unique plasmonic interferometry scheme allows broadband coupling of light into 

SPPs for biosensing. The availability of multiple interference maxima and minima enable 

this plasmonic MZI sensor to operate at different wavelengths where the SPP penetration 
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depth into the liquid environment may vary, permitting the detection of species with 

different size or/and absorption properties in a single device. With SPP fields extending 

different distances into the liquid, surface and solution refractive index changes may also 

be distinguished in a single measurement and at a single sensing spot, well-suited for 

applications in which solution index and compositions are poorly known.  

 

Fig. 3.5. (a) Measured spectra (upper curves) and calculated interference patterns (lower 
dotted curves) of plasmonic MZI with L = 34.2µm for water and glycerol-water solutions 
with six different glycerol volume concentrations (from 0.5 % to 3 %). The directions of 
the upper and lower arrows indicate the blue-shifts of the peak and the valley. No 
smoothing algorithm was applied. (b) Spectral position of the interference peak (squares) 
and valley (dots) versus refractive index of the solutions. The solid lines are linear fits to 
the data. 
 

3.2.2 Figure of merit characterization 

    Eq 3.2 predicts that the sensor sensitivity can be increased further if nspp1 and nspp2 are 

closer in value. This can be realized by matching the refractive indices of the substrate 

and the top dielectric material. By setting the substrate refractive index n2 = 1.38 (e.g. 
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using magnesium fluoride as the substrate), a sensitivity of more than 10000 nm/RIU is 

potentially achievable at a wavelength of 700 nm in a water environment (n1 = 1.33). This 

would greatly surpass the performance of previous plasmonic sensors and compare 

favorably with conventional prism-based SPR sensors. However, it should be noted that 

when the two terms are closer in value the oscillation period of the interference pattern 

also increases, as described by the following expression: 
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When nspp1  ≈ nspp2, broadening in the interference pattern makes it difficult to resolve 

very small wavelength shifts of the peak or valley. To evaluate the performance of 

plasmonic sensors more precisely, researchers introduced the figure of merit FOM = 

(∆λ/∆n)/δλ that simultaneously considers the refractive index sensitivity and the 

sharpness of the SPP resonance [58, 59]. Here ∆λ/∆n is the wavelength-shift sensitivity 

and δλ is the full-width at half-maximum (FWHM) of the sensing peak. The FOM of our 

plasmonic MZI (for L = 34.2 μm) is found experimentally to be 122 (3524 nm/RIU /29 

nm) for the interference peak (indicated by the upper arrow in Fig. 3.5a). This FOM value 

is among the highest reported for plasmonic biosensors in the visible region [33]. 

Moreover, the FOM for this plasmonic MZI can be increased further by properly 

choosing the operational wavelength and slit separation distance L. By letting the 

interference fringe width δλ be equal to half of the oscillation period P, one can easily 

derive the FOM of plasmonic MZI from Eq. 3.2 and 3.3: 
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Using Eq. 3.4, one can estimate the sensor FOM for our plasmonic MZI at L = 34.2 μm to 

be 113, which is in reasonable agreement with the experimentally derived value. Fig. 3.6a 

also shows the calculated FOM as a function of wavelength for different L. The results 

suggest that the value of FOM would increase further for shorter λ or larger L.  

       To demonstrate this theoretical prediction, plasmonic MZIs with L = 45.6 µm and 

57.6 µm were fabricated and integrated with microfluidic channels. As shown in Fig. 

3.6b, the linewidth of the interference peaks (see the arrows in Fig. 3.5a) decreases with 

increasing L for the plasmonic MZI in a water environment, consistent with predictions 

based on Eq. 3.3. Liquids with varying refractive index were then injected into the 

channel and the peak positions were extracted and plotted in Fig. 3.6c as a function of the 

liquid refractive index. For plasmonic MZIs with L = 45.6 µm and 57.6 µm, the measured 

sensitivities are 3470 nm/RIU and 3695 nm/RIU, respectively, and the resulting FOMs 

are 150 and 193, respectively, all in agreement with the theoretical calculations (see 

Table 1). The achieved FOM of 193 exceeds all reported FOM of previous non-prism-

based plasmonic sensors in the visible region: the FOM is approximately 23 for sensors 

based on EOT in nanohole arrays [56], 14.5 for silver nanowell array based sensors [60], 

typically < 10 for localized-SP resonance sensors based on nanoparticles [17-19], 3.8 for 

metamaterial-based sensor [45], and 162 for high optical-quality nanohole array sensors 

using subradiant dark modes [33]. Our experimental FOM also surpasses the theoretically 

estimated FOM value of ≈ 108 for conventional prism-based SPR sensors [33, 61]. While 
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further FOM improvements are still possible for plasmonic MZI with larger L, the higher 

propagation loss of SPPs results in a decreased modulation depth and lower signal-to-

noise ratio, limiting the further enhancement of the overall sensor performance for 

practical applications. This limitation could potentially be alleviated through several 

methods. First, the use of ultra-smooth metal films reported recently could decrease the 

scattering loss of propagating SPPs and enhance the sensor signal-to-noise ratio [62-64]. 

Second, slit dimensions can be optimized [44] to enhance the coupling from light to SPPs 

at the nanoslit.  

 

Fig. 3.6. (a) Calculated FOM of the plasmonic MZI as a function of wavelength for 
values of L ranging from 10 μm to 90 μm. (b) Measured spectra for glycerol-water 
solutions with varying glycerol volume concentrations. For clarity, only the spectra of 
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water and 1 %, 2 %, and 3 % glycerol-water solutions were shown. The black curves 
imposed on the experimental spectra are guides to the eye, obtained using a Fast Fourier 
Transform technique to filter out the high frequency noise of the raw data. Results are 
shown for L= 45.6 µm and 57.6 µm. (c) Spectral positions of the interference peak versus 
refractive index of the solution. Sensitivities are obtained using a linear fit to the 
experimental data. 
 

   L (µm) Peak λ    
(nm) 

Sensitivity   
(nm/RIU) 

Linewidth      
(nm) 

FOM 

34.2 698    3524    29.0          122 

   3442    30.4          113 

45.6 722    3470    23.1          150 

   3520    24.4          144 

57.6 730    3695    19.1          193 

   3545    19.7          180 

69.0 734    3688    16.5           224 

   3558    16.7           213 

 

Table 1. Experimental and calculated sensor sensitivities, peak linewidths, and FOMs for 
plasmonic MZIs with different L (shaded areas show the theoretically calculated values). 
 

3.3 Label-free, real-time biomolecular sensing 

    To examine the feasibility of this plasmonic MZI platform for real-time label-free 

biosensing, we employ the streptavidin-biotin affinity binding model. Measurements 

were performed using the same plasmonic MZI (L = 34.2 μm) discussed above in the 

bulk sensitivity calibration experiments. A 10 mM HEPES buffer (Sigma-Aldrich) was 

prepared and adjusted to pH 7.4. HEPES buffer was first injected into the microfluidic 

channel using a syringe pump (Harvard Apparatus) at a flow rate of 20 µL/min and run 
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for 20 min to define the baseline of the experiment. 500 μg/ml biotinylated BSA 

(Thermal Scientific) was then injected and run for 20 min to functionalize the sensor 

surface with a monolayer of bBSA. We then focused on the interference peak around 690 

nm and recorded its spectral position in real-time using a Lorentzian peak fitting method. 

As shown by the lower data points in Fig. 3.7, the injection of a 300 nM (16 μg/ml) 

streptavidin (SA) solution generated a large peak shift of 15.7 nm. A subsequent buffer 

rinsing had little effect on the peak wavelength. To rule out nonspecific binding of the 

analyte, a control experiment was also performed, in which a 300 nM SA solution was 

injected into a reference channel, whose sensor surface was covered by a monolayer of 

BSA without biotin conjugation. This was followed by a buffer rinse. A very small blue-

shift of the peak (0.7 nm) is observed (see the upper data points in Fig. 3.7), possibly due 

to nonspecific binding events. The net peak shift of 15 nm is therefore associated with the 

specific binding of biotin and SA. This value is considerably larger than previously 

reported results (e.g., 3.8 nm for 370 nM SA in gold nanodot arrays [65], 6 nm for 370 

nM SA in nanoparticle arrays [66], 3.5 - 4 nm for 5 μM SA in gold nanohole arrays [67] 

and 2 - 4 nm for 2 μM SA in a single gold nanoparticle platform [68]).   
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Fig. 3.7. The real-time sensor response upon the adsorption of molecules for biotin-SA 
sensing experiment (sensing channel) and BSA-SA experiment (reference channel). The 
inset shows the peak wavelength fluctuations in biotin-SA sensing experiment, which 
corresponds to an inherent noise level of 0.052 nm of the sensing system. 
 

       Next, we quantitatively extract the effective protein layer thickness de for streptavidin 

from the peak wavelength shift Δλ using the simple expression [69]: 
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where S is the bulk sensitivity determined from the calibration experiment (S = 3524 

nm/RIU), and nl and nb are the refractive indices of the adsorbed protein layer and buffer 

solution, respectively. ld is the decay length of SPPs into the solution, which is calculated 

to be 310 nm at 690 nm. If one assumes the effective refractive index of protein is n = 1.5, 

the wavelength shift of 15 nm upon adsorption of SA protein layer corresponds to a 

calculated effective thickness of 3.9 nm for the SA layer, which agrees with the literature 

values for a SA monolayer [57, 70]. 
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       The fluctuations in the sensor response determine the noise level of our biosensor 

system. As shown in the lower inset of Fig. 3.7, an inherent noise of 0.026 nm (S/N = 1) 

was obtained. This system noise corresponds to a sensor resolution of 7.5 10-6 RIU 

[0.026 nm / (3524 nm/RIU)] and a high signal-to-noise ratio of 288 for monolayer SA 

binding. It is worth mentioning that no temperature control was employed in these 

experiments. Temperature fluctuations of around 0.1 K in water would be expected to 

cause a refractive index change of ~1 × 10-5 RIU [71]. Further improvement in sensor 

resolution and signal-to-noise ratio would be expected by optimizing the device structure, 

developing advanced data analysis methods, and using temperature control and lower-

noise light source and detection systems.  

3.4 Summary 

In conclusion, we experimentally demonstrate a plasmonic MZI for miniaturized and 

ultrasensitive optical biosensing. The combination of sensitive interferometric techniques 

with nanoplasmonic architectures yields greatly enhanced sensitivities and record high 

FOM in a simple and compact sensor platform. The feasibility of this plasmonic 

interferometer for real-time, label-free, quantitative biosensing was also demonstrated by 

monitoring of protein binding events using simple transmission spectroscopy, 

significantly decreasing the sensing system complexity compared to conventional SPR 

measurements. The demonstrated enhanced sensor performance makes this miniaturized 

device promising for practical integrated biosensing devices for point-of-care diagnostics 

and healthcare applications. 
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Note that while this first-generation prototype nanosensor device has superior sensing 

performance and a compact footprint, its multiplexing capacity is somewhat limited due 

to its non-collinear transmission geometry (slit A needs to be illuminated while scattered 

light collected from slit B). Also, the spectral modulation method that was employed is 

not suitable for dynamic, highly multiplexed biosensing. As a result, the application of 

this demonstrated sensing device is limited for single-channel biosensing. In the next 

chapter, we will discuss approaches to extend the use of nanoplasmonic interferometry 

technique for highly-multiplexed detection in imaging mode.  
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Chapter 4 

                          Plasmonic interferometers            

for array-based high-throughput sensing 

4.1 Scaling up plasmonic sensors for multiplexed sensing in imaging mode 
    High-throughput biochemical sensing is needed in many important areas such as life 

sciences, drug discovery, medical diagnostics, food safety, and security [72]. High-

throughput sensing allows the same solution to be used to monitor hundreds or thousands 

of channels at the same time, providing a huge saving in time and also a tremendous cost 

savings for the precious biomolecules used for these assays. Moreover, because the buffer 

solution and temperature and many other variables are the same for thousands of sensing 

spots, this approach offers an improvement in measurement reliability [21]. The use of 

reference channels also provide effective reduction of noise sources such as non-specific 

molecular bindings. As we introduced in Chapter 1, while SPR imaging has been 

successfully commercialized for high-throughput sensing, this technique has several 

limitations that need to be overcome. The utilization of prism in SPR imaging limits the 

use of high NA optics and magnification of the imaging system. This has not only limited 

the throughput of the system but also lowers the sensor signal-to-noise ratio as a smaller 

number of CCD pixels can be used for a specific sensing spot size. Also the propagation 

of SPPs from nearby sensing spots is another noise source for SPR imaging. As a result, 
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the development of SPR imaging systems with both high sensing resolution and small 

sensing spot size (high throughput capability) is still a challenging task.  

Nanoplasmonic sensors are widely believed to be a promising platform to overcome 

these limitations of SPR imaging due to the simple collinear transmission setup and small 

nanostructure-based sensor footprint [17-19]. However, so far, most reported work on 

nanoplasmonic sensors have focused on spectral interrogation method due to its 

demonstrated superior performance [19,73,74]. While this modulation method is the most 

straightforward sensing approach to monitor the spectral shifts of plasmon peaks, it 

requires the sensor array to detect multiple binding events sequentially rather than 

simultaneously [75,76], making it unsuitable for those applications where high temporal 

resolution and spatial resolution are required simultaneously [77]. Intensity-based CCD 

imaging has been suggested as an attractive approach to overcome this limitation by 

simultaneously providing spatial and temporal information [10,11,77]. Ideally, it is 

desirable for the nanoplasmonic sensor platform to have both functionalities: a superior 

spectral sensing capacity comparable to conventional SPR systems, and an intensity-

based sensing capacity for scalable multichannel sensing applications. However, the 

development of such a platform poses significant challenges because of the broad 

resonance linewidths of existing LSPR and nanohole array sensors, which are associated 

with the strong radiative damping and absorption losses in the metal [33,49]. These 

significantly degrade the performance of nanoplasmonic sensors for both spectral sensing 

and intensity-based imaging. 
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In Chapter 3, we have demonstrated the superior sensing performance of our prototype 

plasmonic MZI sensor device. In this chapter, we will further extend the use of plasmonic 

interferometers to multiplexed high-throughput assay. As the demonstrate plamsonic MZI 

utilizes a non-collinear transmission setup, we have modified the plamsonic 

interferometer design, which contains a groove-slit-groove nanostructure and will be 

especially suitable for high-throughput sensing due to its collinear transmission setup. In 

this chapter, spectral modulation will first be employed to provide direct insight into 

several important sensor properties of the modified plamsonic interferometer, including 

the peak linewidth and refractive index sensitivity, and to guide a rational design and 

optimization of the sensor platform. The optimized sensor array platform will then be 

extended to intensity-modulated multiplexed assays, using a CCD camera to 

simultaneously monitor the narrow-band transmission intensities through multiple sensor 

elements. A novel self-reference method will also be introduced to approximately double 

the sensor sensitivity while effectively decreasing sensor noises.  

4.2 Design and fabrication of array-based nanoplasmonic interferometers 

    The proposed modified plasmonic interferometer, shown schematically in Fig. 4.1, 

illustrates the compact groove-slit-groove nanostructure design. Our sample consists of a 

350 nm silver film deposited onto a previously cleaned microscope cover slide. FIB 

milling was used to fabricate a series of nanoplasmonic interferometers with varying slit-

groove distance L. The 30-µm-long slit is at the center of the two 30-µm-long grooves. 

The slit and groove widths are 100 and 120 nm, respectively. The groove depth is around 

70 nm, measured using atomic force microscopy (AFM) (NT-MDT Solver NEXT). Fig. 
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4.1b shows a SEM image of a fabricated device with L = 5.1 µm. The structure was 

illuminated normally through the substrate by a focused white light beam. Under TM-

polarized illumination (with the electric field perpendicular to the long axis of the slit), 

light transmitted through the central nanoslit causes SPPs to be launched on the upper 

metal surface and propagate toward the two nanogrooves. The SPPs are partially 

reflected back toward the central slit, where they are then scattered and interfere with the 

light directly transmitted through the slit (Fig. 4.1c). Here two nanogrooves are employed 

to double the reflected SPP intensities relative to a single-groove interferometer [43,44] 

and improve the interference contrast. The SPP-mediated scattered light was then 

collected by an X40 objective for measurement. Illumination of this interferometer 

platform from the substrate side allows the incident light to be coupled first into a guided 

mode inside the nanoslit cavity, which has a large acceptance angle for light coupling 

[78]. As a result, a focused intense optical beam can be used to increase the signal-to-

noise ratio of the transmission spectrum, which is especially useful for a small-footprint 

sensor with limited light transmission [73]. This is a unique advantage of this design over 

previous plasmonic interferometers, which typically employ collimated illumination on 

the front side of the nanostructures [44, 79-81]. Moreover, the nanoslit in this device 

functions as a broadband SPP coupler, which enables sensor operation over a broad 

spectral range and permits multispectral sensing schemes that have improved sensitivities 

[57,82].  
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Fig. 4.1. (a) Schematic of the proposed plasmonic interferometer. (b) An SEM image of a 
fabricated groove-slit-groove nanostructure with L = 5.1 µm. (c) Side view of the 
proposed interferometer structure. 

 

The solid curves in Fig. 4.2 are experimental spectra measured in an air environment 

using two interferometers with slit-groove separations of 5.1 and 9.0 µm. Data were 

normalized to the transmission spectrum of an identical reference nanoslit milled on the 

same sample. One can see obvious spectral oscillations with narrow peaks and valleys 

resulting from the constructive and destructive interference between the light transmitted 

directly through the slit and SPPs propagating between the grooves and the slit. The 

interference pattern of the interferometer with the larger L of 9.0 µm exhibits faster 

spectral oscillations with decreased contrast. To better interpret these measurements, 

similar to Eq. 3.1, theoretical interference patterns can be expressed here as:  
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Here Efree and Espp are the field amplitudes of directly transmitted light and SPP modes, 

respectively. nspp(λ)=Re((εmn2/( εm+n2))1/2) is the effective refractive index of SPPs at the 

metal/dielectric interface, εm is the metal permittivity, n is the refractive index of the 

dielectric material on top of the metal surface, and φ0 is an additional phase shift due to 

SPP reflection at the grooves and scattering at the slit. According to this equation, the 

intensity of the transmitted light at a specific wavelength depends on the phase difference 

between SPPs and free-space light through the term (4πLnspp/λ + φ0), which can be 

modulated by bulk refractive index changes or biomolecule adsorptions at the upper 

sensor surface between the central slit and two grooves. For broadband illumination, a 

change in refractive index causes a spectral shift of the interference pattern, providing the 

basis of the proposed sensing scheme. Different from the proposed plamsonic MZI 

structure in Chapter 3, this modified interferometer design allows the use of collinear 

transmission setup, suitable for high-throughput multiplexed detection. 
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Fig. 4.2. Experimental interference patterns for slit-groove plasmonic interferometers in 
an air environment with L = 5.1 and 9.0 µm.  

 

By setting the term nspp/λ to constant in Eq. 4.1, we can derive the refractive index 

sensitivity of this plasmonic sensor as 
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Eq. 4.2 predicts that S is approximately 481 nm/RIU in a water environment at a 

wavelength of 650 nm. A unique advantage of this sensing scheme is the extremely 

narrow linewidth of the interference oscillation. The peak linewidth, δλ, is defined as half 

of the oscillation period, P, and can be described by the following equation: 
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Using Eq. 4.3, one can calculate the peak linewidths to be 16.3 nm (λ ~ 636.1 nm) and 

9.1 nm (λ ~ 631.1 nm) for interferometers with L = 5.1 and 9.0 µm in air, respectively, 
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agreeing well with the experimental results shown in Fig. 4.2. The peak linewidths of 

plasmonic interferometers are determined by the phase properties of propagating SPPs 

and free-space light, and can be further narrowed down by increasing L according to Eq. 

4.3. This differs from previous nanoplasmonic sensors based on EOT in nanohole arrays 

or LSPR in nanoparticles, whose resonance linewidths are limited by non-radiative ohmic 

losses and radiative SPP losses due to scattering. Also note that in this plasmonic 

interferometer, SPPs travel a round-trip between the slit and groove, which provides half 

of the peak linewidth observed previously for an interferometer with the same L but using 

front-side illumination [44,79]. The theoretical FOM of this plasmonic interferometer can 

be easily derived, yielding 
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This simple expression predicts that high FOMs are achievable using the proposed 

sensing scheme. For example, the calculated FOM value reaches 65 for an interferometer 

with L = 9.0 µm at λ = 650 nm. This would surpass previous EOT-based sensors, which 

have a typical FOM value of 23 [56].  

4.3 Characterization of the sensor performance 

    To experimentally demonstrate the theoretically predicted sensor performance, we 

integrated our sample with a PDMS flow cell and injected a series of glycerol-water 

solutions with different refractive index. As shown in Fig. 4.3a, the interference patterns 

of interferometers with two different L both red-shift as the liquid refractive index 

increases. The peak positions were extracted using a Lorentzian fitting method and 
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plotted in Fig. 4.3b as a function of time. For clarity, the sensor response of the 

interferometer with L = 5.1 µm was vertically displaced by 2 nm in this plot. As seen in 

Fig. 4.3b, both interferometers exhibit stable peak wavelengths at each glycerol 

concentration and the peak shifts were approximately proportional to the increase in 

glycerol concentration. The sensing peaks return to their initial spectral positions for both 

interferometers with the final DI water injection. The lower inset of Fig. 4.3b shows the 

peak positions as a function of the liquid refractive index. The solid lines are the linear 

fits to the experimental data, providing sensitivities of the two sensors. For 

interferometers with L = 5.1 and 9.0 µm, the measured sensitivities are 488.7 and 469.1 

nm/RIU, respectively, with peak linewidths of 13.9 and 7.0 nm, and FOMs of 35.2 and 

67.0, respectively, all in good agreement with the theoretical predictions (see Table 2).  

 

 

Fig. 4.3. (a) Measured interference patterns of nanoplasmonic interferometers for water 
and 3, 6, and 9% glycerol-water solutions. Black curves imposed on the raw data are 
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guides to the eye. The directions of the arrows indicate the red-shifts of the interference 
patterns. (b) The monitored peak positions for two interferometers as a function of time. 
The response of the interferometer with L = 5.1 µm was vertically displaced by 2 nm for 
clarity. The upper inset indicates the sensor noise level and the lower inset shows the 
spectral positions of the interference peak versus liquid refractive index.    
 

 
L(µm) Peak λ (nm) Sensitivity (nm/RIU) linewidth (nm) FOM 
5.1 659.4 488.7 13.9 35.2 
  484.7 13.4 36.2 
9.0 653.6 469.1 7.0 67.0 
  482.2 7.4 65.2 
a Numbers in italics are theoretically calculated results. 

 

Table 2. Experimental and Calculated Sensing Performances for Interferometers with 
Two different values of L.a 

 

As shown in the upper inset of Fig. 4.3b, the standard deviation (σ) of the monitored 

peak wavelength of the interferometer (L = 5.1 µm) is around 5 × 10-3 nm, corresponding 

to a sensor resolution of 1 × 10-5 RIU [i.e., 5 × 10-3 nm/ (488.7 nm/RIU)]. Importantly, 

this resolution was measured from a miniaturized sensing area of 30 × 10 µm2 using a 

compact fiber-optic spectrometer. In previous EOT-based nanoplasmonic sensors, similar 

spectral resolutions have been achieved but typically require collecting higher light levels 

from sensing areas at least two orders of magnitude larger [57,82], which limits the 

multiplexing capacity and prevents the integration with compact microfluidics. The good 

trade-off achieved between the sensor performance and footprint of this plasmonic 

interferometer was possible because of the narrow interference sensing peaks, and also 

from the intense focused beam illumination. It should also be noted that, while the 

interferometer with L of 9.0 µm has a larger FOM of 67, it exhibits very similar sensor 

resolution as the interferometer with L of 5.1 µm (data not shown). This is due to the 
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increased SPP propagation loss for larger L, which results in a lower spectral modulation 

depth. From this result one can see that while FOM may be a useful metric in comparing 

the sensing properties of different nanostructures, it is not the only guide for optimizing 

sensor performance. The sensor footprint, sensing peak intensity, and spectral modulation 

depth should also be taken into consideration when optimizing the performance of 

nanoplasmonic sensors. Due to the smaller footprint, the interferometer with L of 5.1 µm 

will be employed in this work for biosensing and multiplexing experiments in the 

following sections.  

Further optimization of this interferometric sensor is primarily limited by the relatively 

low interference contrast caused by the unbalanced intensities of interfering SPPs and 

light. We now discuss reasons for such intensity imbalance and possible ways to optimize 

it. According to Lalanne’s theory [83] and our following experimental validation [44], a 

large portion of the slit-guided mode (up to ~ 40 %) can be coupled to propagating SPPs 

(with the rest 60 % scattered into free-space light) when the slit width is around 20 % of 

the incident wavelength. As a result, we employed an optimized slit width of 100 nm in 

this work (660 nm × 20% / 1.33 = 99 nm, where the width is scaled by 1.33 as the device 

is in a water environment). Under this optimized condition, the intensity of the generated 

SPPs is comparable to interfering free-space light. Therefore, the relatively low 

modulation depth results mainly from the SPP reflection loss at the nanogrooves and 

propagation loss at the sensor surface. Here we mention several potentially important 

improvements that could reduce these losses. First, SPP reflection efficiency at the two 

grooves can be enhanced by improving the quality of the fabricated grooves (e.g., using 
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Ag-Al double metal layers with the bottom Al layer as a slow etch rate FIB stop to 

precisely and uniformly control the fabricated groove depth [84]). Second, instead of 

using single grooves as reflectors, groove or ridge arrays can be designed to function as 

Bragg mirrors, which have been shown to provide reflection efficiencies larger than 90% 

after structural optimization [85,86]. Note that a greater number of grooves or ridges 

make this interferometer less suitable for broadband sensor operation, but do not affect 

narrow-band intensity-interrogated sensing as will be discussed in the next section. Third, 

SPP propagation loss can be reduced by employing ultrasmooth metal films obtained by 

template stripping [62,82]. Fourth, the sensor noise level could be further reduced by 

using a more advanced spectrometer with higher saturation level and lower dark noise 

[73].  

4.4 Imaging-based high-throughput sensing experiment 

    While the capability of this interferometer platform for single-channel sensing has been 

demonstrated, the spectral modulation method is not suitable for dynamic, highly 

multiplexed sensing, which requires simultaneous determination of light intensities 

transmitted through multiple sensing elements. In this section, we further perform real-

time, multiplexed sensing experiments using a CCD camera and a narrow band light 

source for intensity-modulated measurement. As a proof-of-concept demonstration, we 

fabricated a 4 × 3 array of the slit-groove plasmonic interferometer (Fig. 4.5a). 

Interferometers in the first and third (second and fourth) column of the microarray have a 

groove-slit distance, L, of 5.1 (5.2) µm. Fig. 4.5b and c show an SEM image of the 

fabricated sensor array and a CCD image of one of the plasmonic interferometers, 
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respectively. Each interferometer has a footprint of around 300 µm2 with the center-to-

center distance between each sensing element of 50 µm, giving a potential packing 

density of 4 × 104 sensors per cm2. The dense packing capability of the proposed sensing 

scheme greatly exceeds that of commercial SPR imagers and illustrates its promise for 

high-throughput microarray applications. Further improvement in this packing density is 

still possible by fabricating groove/ridge arrays as Bragg mirrors instead of single 

grooves to enhance SPP reflection efficiency and decrease crosstalk between sensor 

elements [10]. 

 

 

Fig. 4.5. (a) A bright-field microscope image of the fabricated plasmonic interferometer 
array. Scale bar: 10 µm. The interferometers are fabricated with two different L: 5.1 (the 
first and third column) and 5.2 µm (the second and fourth column) (b) An SEM image of 
the 4 × 3 microarray. Scale bar: 10 µm. (c) A CCD image of one of the interferometers.  
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For the imaging experiment, the fabricated sensor array was illuminated through the 

substrate using a white light source passing through an optical band-pass filter centered at 

655 nm with a 12 nm bandwidth. The transmitted light from 12 interferometers was then 

collected simultaneously by an X40 microscope objective and imaged onto a CCD 

camera. The intensity change of the transmitted light from each interferometer is 

determined by two factors: one is the peak shift resulting from refractive index changes 

and the other is the slope of the spectrum at the illumination wavelength. Accordingly, to 

achieve optimal sensing performance, the slit-groove distance needs to be carefully 

designed to locate the high-slope region of the interference pattern at the illumination 

wavelength. Plasmonic interferometers with L of 5.1 and 5.2 µm are used in this 

measurement, and their transmission spectra are shown in Fig. 4.6a, respectively. The 

yellow regions indicate the spectral range of the incident light. Both interference patterns 

red-shift with the increase in the liquid refractive index, and the transmitted light 

intensities either increase or decrease, depending on the negative or positive slope of the 

spectrum. Green and blue dots in the inset of Fig. 4.6b present real-time experimental 

measurements of the transmitted intensities from these two interferometers. As a series of 

glycerol-water solutions with increasing refractive index are injected into the channel, the 

transmission intensity of the interferometer either decrease (for L = 5.1 µm) or increase 

(for L = 5.2 µm), in agreement with predictions. Following the 6 % glycerol test, DI 

water was again introduced into the channel, returning the transmitted intensities to their 

initial levels and validating the reliability of the sensing performance.   
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Fig. 4.6. (a) Transmission spectra of interferometers with two different values of L: 5.1 
and 5.2 µm. The yellow regions indicate the spectral range of the filtered white light 
source. As the dielectric refractive index increases, the transmitted intensity can either 
decrease (L = 5.1 µm) or increase (L = 5.2 µm). (b) The blue and green dots shown in the 
inset indicate the real-time measurements of the normalized transmitted intensities from 
two interferometers. The black dots are the experimental results obtained after using a 
self-referencing method.  
 

The standard deviation of the measured light intensity determines the noise level and 

detection resolution of this intensity-interrogated sensor. To improve the sensor 

performance, background fluctuations needs to be subtracted, including noise from 

mechanical vibrations and light intensity fluctuations. Here a self-referencing method 

was introduced to reduce the influence of these effects and approximately doubles the 

sensor sensitivity. As shown in Fig. 4.6a, interferometers carefully designed with two 

different L exhibit similar initial transmitted intensities but have positive and negative 

intensity-change sensitivities. To design such two sensors, the interference pattern of the 

second interferometer needs to be spectrally shifted by half of an interference period from 
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the first one. The theoretical expression of ΔL (the difference between L of two sensors) 

can be easily derived from Eq. 4.1 as: ∆L = λ/ 4nspp, where λ is the sensor working 

wavelength. According to this equation, two interferometers with L of 5.1 and 5.2 µm 

were designed and fabricated for measurements. When performing the experiment, a 

signal arising from the refractive index change shifts the transmitted intensities of these 

two sensors in two different directions (that is transmission increase or decrease), while 

unwanted signal from light intensity fluctuations and mechanical vibrations change two 

transmitted intensities in the same direction. Monitoring the intensity difference between 

the two interferometers results in a near two-fold improvement in sensor sensitivity, and 

also subtracts the background noises (see the black dots in Fig. 4.6b). The resulting 

intensity sensitivity is 684 %/RIU with a sensor noise level of 0.033 %. Here the 

transmission intensity through single interferometer in water serves as the reference 

intensity. The sensor resolution is calculated to be 5 × 10-5 RIU (0.033 %/ 684 %/RIU), 6 

times smaller than that of a single interferometer (3 × 10-4 RIU for the interferometer 

with L = 5.1 µm).  

This demonstrated sensor resolution is better than previous nanohole array-based 

multiplexed sensors, with typical refractive index resolutions in the 10-4 RIU range. 

Importantly, this demonstrated sensor sensitivity and resolution can be improved by 

increasing the interference contrast through the methods discussed in section 4.3. Instead 

of a halogen lamp, an intense and highly stable laser source may also be used to reduce 

the light source fluctuation and further increase the sensor signal-to-noise ratio. In 

addition, the dynamic range is also an important sensor characteristic. The dynamic range 
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of this sensor is around 0.01 RIU (the refractive index difference between water and 6 % 

water-glycerol mixture) using the current experimental setup. The dynamic range of this 

interferometric sensor depends on the bandwidth of the incident light and also the 

interference linewidth. By setting up a laser to replace the current 12-nm-bandwidth light 

source, the dynamic range of the device can be improved. Also, by increasing the 

interference linewidth through tuning L (see Eq. 4.3), the dynamic range of the device 

can be further increased. Note that the increased linewidth might lead to lower intensity 

sensitivity. Thus, one needs to rationally design L to balance such trade-off between the 

sensor performance and dynamic range with regard to the target applications. Large-area 

fabrication of the proposed sensor device is also important for future practical 

applications. While the FIB fabrication method used in this work is not applicable to 

large-area patterning, emerging nanofabrication techniques such as template stripping 

[87] allows mass production of the proposed three-dimensional silt-groove 

nanostructures.  

4.5 Summary 

    In summary, we have demonstrated real-time, multiplexed sensing in this chapter using 

nanoplasmonic interferometric sensors. The SPP-light interference results in narrow 

sensing peak linewidths of 7 nm and provides a new route for plasmon line shape 

engineering by tailoring interferometer structures as well as SPP amplitude and phase 

properties in two interfering channels. A refractive index resolution of 1 × 10-5 RIU has 

been measured from a miniaturized sensing area of 30 × 10 µm2 using a low-cost 

spectrometer. This sensor resolution can be further improved by fabricating large-area 
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interferometer arrays, employing an advanced spectrometer, or using multiple 

groove/ridges to increase SPP reflection efficiencies at the groove reflectors. We have 

demonstrated the high-throughput, multiplexed sensing capability of this small-footprint 

sensor by using a CCD camera and a narrow band light source for intensity interrogation. 

The demonstrated multiplexed sensing performance and possible further improvements 

suggest that this novel class of nanoplasmonic interferometric sensors have exciting 

promise to be integrated into multiplexed, miniaturized sensing devices for label-free 

biochemical applications. 
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Chapter 5 

        Optimization of plasmonic 

interferometers for sensing and high-

throughput imaging 

In Chapter 3 and 4, we have demonstrated the single-channel sensing and multiplexed 

imaging capacity of the proposed plamsonic interferometer platform. While demonstrated 

sensor characteristics (refractive index sensitivity, FOM) greatly exceed that of existing 

nanoplasmonic sensors, the overall sensor performance (sensor resolution) is still not 

comparable to commercial prism-coupling SPR systems. For example, the plasmonic 

MZI exhibits a sensor resolution of 7.5 × 10-6 RIU, one to two orders larger than that of 

state-of-the-art SPR system (1× 10-7 RIU). The demonstrated slit-groove plasmonic 

interferometer array shows a sensor resolution of 5× 10-5 RIU for imaging-based 

multiplexed detection, 5 times poorer than that of commercial SPR imagers. In this 

chapter, we further optimize the plasmonic interferometer design to achieve bold 

advances in both single-channel spectral sensing and imaging-based multiplexed 

detection. The demonstrate optimized sensor platform exhibits a spectral sensing 

performance comparable to state-of-the-art commercial SPR systems, as well as a record 

high intensity-change sensitivity that is promising for scalable high-throughput sensing 

applications. The proposed optimized sensor device has a simple structure design, which 

consists of concentric nanogrooves that function as a plasmonic lens [88] and a central 
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aperture patterned on a gold film. When the whole structure is illuminated by a 

collimated white light beam, the plasmonic lens excites and focuses SPPs to the central 

aperture, where the SPPs interfere with the light that is directly transmitted through the 

aperture and modulate the far-field transmission. By careful structural tuning, we can 

effectively control the phase and intensity properties of interfering SPPs and light to 

generate spectral fringes with high contrast, narrow linewidth, and large amplitude, all 

key characteristics to achieve optimized spectral sensing. Using this method, we have 

demonstrated a superior protein surface coverage resolution of 0.4 pg/mm2. This 

resolution compares favorably with that of commercial SPR systems (0.1 pg/mm2) [4], 

but was achieved here using a significantly simpler optical transmission geometry, a two 

orders of magnitude smaller sensor footprint, and a low-cost compact fiber-optic 

spectrometer. Moreover, we further introduced in this chapter a low-background 

intensity-based sensing concept, which can be easily combined with CCD imaging to 

scale up our sensor platform to high-throughput assays. It measures the changes in 

relative intensity (dI/I0) induced by a refractive index change dn at a specific wavelength. 

A widely employed figure of merit, defined as FOM* = (dI/I0)/dn, is used to evaluate the 

intensity-based sensor performance [89-91]. Our approach exploits the near-dark 

reference background (I0 ~ 0) achieved through balanced destructive SPP-light 

interference, and yields a record high FOM* value of 146 in the visible region. The 

demonstrated platform using this novel sensing method show a sensor resolution of 1 × 

10-5 RIU, comparable to commercial SPR imagers but based on a two orders of 

magnitude smaller sensor footprint. In the following, we will first introduce the detection 
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principle of this optimized circular plasmonic interferometer and then show the 

demonstrated superior performance for both single-channel and multiplexed sensing.  

5.1 A circular nanoplasmonic interferometer with optimized performance for both 

sensing and imaging  

5.1.1 Design of circular nanoplamsonic interferometer 

    The proposed optimized interferometer structure, schematically illustrated in Fig. 5.1a 

and b, consists of a gold film containing a nanoaperture surrounded by three 

nanopatterned concentric grooves. While silver exhibits lower SPP propagation loss and 

was employed in previous nanoplasmonic interferometers [34,35,44,79], here we employ 

gold for its superior stability and biocompatablity for biosensing applications. The 

multiple circular grooves function as an efficient SPP coupler as well as a focusing lens 

to scatter the normally incident light into propagating SPPs and then focus them at the 

central hole [92]. The groove periodicity (P) is carefully chosen so that the SPPs 

launched at each groove add up approximately in phase in the spectral region of interest, 

generating a strong propagating SPP wave directed to the central focusing point. The 

following simple expression may be used to calculate P [93]: 
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                                         (5.1) 

where λ is the center wavelength of the spectral region of interest, εm is the gold 

permittivity, and n is the refractive index of the medium covering the sensor surface. At 

the hole position, the focused SPPs interfere with the light that is directly transmitted 



69 
 

through the hole and modulate the far-field scattering. The theoretical expression for the 

transmitted light intensity through the interferometer can be written as: 
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Here Espp and Elight are the field amplitudes of SPP-mediated and directly-transmitted 

light components at the central aperture, respectively. R is the distance between the 

middle circular groove and the rim of the hole. nspp = Re ((εmn2/ (εm+n2))1/2) is the 

effective refractive index of SPPs propagating along the metal surface between the 

grooves and the hole, and φ0 is an additional phase shift associated with SPP excitation at 

the grooves. The term (2πRnspp/λ + φ0) represents the phase difference between the two 

interfering components, which varies with λ and leads to constructive and destructive 

SPP-light interferences. The spectral positions of the resulting multiple interference peaks 

and valleys are very sensitive to nspp, which can be modulated by surface biomolecular 

adsorption. 
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Fig. 5.1 The working principle of the plasmonic interferometer. (a) Schematic of the 
proposed plasmonic interferometer. (b) Side view and the operating principle of the 
device. 
 

        In the context of sensor design, there are several important structural parameters that 

largely determine the device performance. Using Eq. 5.2, we can derive the expression 

for the interference linewidth δλ, defined here as half of the spectral oscillation period: 
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As suggested by this equation and experimentally demonstrated in Ref 35, the 

interference peaks and valleys can easily be made narrower by increasing the SPP path 

length R. Note that adjusting R also allows the focused SPP intensity to be tuned through 

SPP propagation loss. Since the hole radius (r) can also be varied to control the intensity 
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of the directly transmitted light, the geometric parameters can thus be strategically 

designed to approximately balance the intensities of two interfering components in the 

spectral range of interest. The resulting spectral fringes with high contrast and relatively 

narrow linewidths are especially favorable for enhanced spectral sensing. Another 

important design parameter is the number of the groove couplers. Previous studies on 

plasmonic interferometry have investigated using a single linear nanoslit or nanogroove 

to excite SPPs [34,35,44,79,94]. While this approach allows SPP coupling over a broad 

wavelength range, the generated SPP energy is likely insufficient for further optimization 

of the device performance. Our structural design goes beyond previous plasmonic 

interferometers by introducing multiple circular groove couplers to generate significantly 

stronger focused SPPs. This offers more degrees of freedom to optimize and balance the 

intensities of two interfering components and generates high-contrast interference fringes. 

Also, this unique design differs from traditional bull’s eye structures that use a periodic 

Bragg grating for resonant scattering and focus on transmission enhancement only for a 

single wavelength or a narrow wavelength range [92,93]. As will be discussed in the next 

section, here we choose three nanogrooves to balance the trade-off between SPP intensity 

and sensor working spectral range. The fast spectral oscillation produced over a relatively 

broad wavelength range serves as a unique advantage of this sensor for optimized 

spectral sensing. 

5.1.2 FDTD numerical modeling 

    To examine the interplay between multiple geometric parameters and the device 

characteristics, we performed three-dimensional finite difference time domain (FDTD) 
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numerical simulations (Lumerical Solutions Inc.). The dielectric constant of gold used in 

the simulations was experimentally measured using an ellipsometer (J. A. Woollam, V-

VASE) and shown in Fig. 5.2. The perfectly matched layer boundary condition was used 

in x, y and z axes in our 3D simulations. A mesh size of 2 nm was utilized. For the 

parameter optimization process, the preferred groove depth d and width w can be first 

determined using simulations to maximize the SPP coupling efficiency. Since the white 

light source used has its maximum power around λ = 625 nm, the value of P 

corresponding to this wavelength was calculated using Eq. 5.1 and found to be 430 nm. 

The parameters R and r were then carefully tuned with the goal of using the largest 

possible R, while still balancing the intensities of two interfering components. These 

simulations yielded an optimal geometric parameter set (R = 4.3 µm, w = 200 nm, d = 45 

nm, P = 430 nm, and r = 310 nm) with interfering components perfectly balanced in 

power and generating broadband, high-contrast, narrow-linewidth spectral interference 

(see the simulation result in Fig. 5.3a). Fig. 5.3b and c show the calculated electric field 

distributions at the interference peak and valley wavelengths, respectively. Fig. 5.4 also 

shows the distribution of | |	 and | |  components, respectively. Strong light 

transmission and perfect light cancellation are clearly visualized at the central hole 

location, which correspond to constructive and destructive SPP-light interferences, 

respectively. 
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Fig. 5.2. Measured n and k of the gold film used in the experiments. Measured by J. A. 
Woollam, V-VASE ellipsometer. 
 

 

Fig. 5.3. (a) The simulated transmission spectrum of the proposed interferometer, 
normalized to that of a reference central aperture. The calculated electric field 
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distributions (|E|/|E0|) at interference peak and valley wavelengths are plotted in (b) and 
(c), respectively. 
 

 

Fig. 5.4. Calculated | |  distributions at interference peak (a) and valley (b) 
wavelengths. Calculated | |  distributions at interference peak (c) and valley (d) 
wavelengths.  
 

5.1.3 Sensor fabrication and characterization  

Following design and optimization of the device geometry, FIB milling was used to 

mill the plasmonic interferometers. The structures were patterned on a 300 nm-thick gold 

film deposited on a glass substrate that had been previously coated with a 5 nm titanium 

adhesion layer. Fig. 5.5a-c show both the SEM images and bright-field microscope image 

of the fabricated interferometers. Here a large 12 × 12 array of the proposed 

interferometers was fabricated to improve the overall light transmission and the spectral 

signal-to-noise ratio. The device was illuminated from above by a collimated white light 

beam normally incident on the top sample surface. The blue solid curve in Fig. 5.6 shows 

the measured transmission spectrum of the interferometers in a water environment, 

normalized to that of a reference hole array without surrounding grooves. This 

experimental spectrum agrees reasonably well with the simulated result in Fig. 5.3a, 
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demonstrating the operating principle of the device. The slight discrepancy likely arises 

from fabrication imperfections due to difficulties in precise control of groove profile, and 

also from the SPP propagation loss resulting from the gold surface roughness (RMS 2.9 

nm measured using AFM, see Fig. 5.7), which is not fully accounted for in the numerical 

simulations. As one of our major goals is to achieve high modulation contrast for 

optimized spectral sensing, we now quantify the interference contrast C using the 

equation C = (Imax - Imin)/ (Imax + Imin) [95]. Here Imax and Imin are adjacent intensity 

maximum and minimum of the interference fringe, respectively. Because of the balanced 

intensities of SPPs and free-space light, the experimental contrast of our interferometers 

(as high as 0.87) greatly exceeds that observed in previous plasmonic interferometers 

[34,35,44,79]. However, this is still slightly lower than the simulated interference fringe 

contrast of 0.98, which result from balanced interfering components as well as a perfectly 

collimated light illumination. In our experiments, the microscope field and aperture 

diaphragms were both closed to achieve a near-collimated light illumination condition, 

which, however, still has 3° light divergence. Higher experimental contrast would be 

expected by further optimizing the collimating optics.  
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Fig. 5.5. The fabricated interferometer array and the spectroscopy characterization. SEM 
images of the fabricated interferometer array (a) and one of the interferometers (b). Scale 
bar: 10 µm. (c) The bright-field microscopy image of the device. The center-to-center 
distance between each interferometer is 12.5 µm, and the sensor array footprint is 150 × 
150 µm2. Scale bar: 10 µm. 
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Fig. 5.6 Experimental spectra for plasmonic interferometer arrays with three circular 
grooves (blue solid curve) and single circular grooves (red dashed curve). 
 

 

Fig. 5.7. AFM images of a 300 nm gold film. The root mean square roughness is 2.9 nm, 
measured from a 2 × 2 µm2 area using a NT-MDT Solver NEXT AFM. 
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      The red dashed curve in Fig. 5.6 shows the measured normalized spectrum of an 

interferometer array with a single circular groove, which clearly exhibits lower 

interference contrast. From this result one can see that the use of multiple nanogrooves 

with properly designed period P increases the generated SPP power and improves the 

interference amplitude and contrast. Note that while more nanogrooves can be added to 

further increase the interference peak intensity, the interference contrast decreases when 

the number of grooves is too high due to resonant Bragg scattering which only efficiently 

generates SPPs for a specific wavelength. Fig. 5.8a shows the transmission spectra and 

contrast for a series of interferometers as the number of circular grooves varies from one 

to six. For interferometers with groove number of 1, 2, 3, 4, 5, and 6, the interference 

contrasts are 0.56, 0.81, 0.87, 0.84, 0.78, and 0.75, respectively. We now further discuss 

the origin of such contrast dependence on groove numbers. Since each groove in a 

circular groove array can excite SPPs but has a different distance to the central aperture, 

the SPP phase delay from each groove to the aperture is different and leads to slightly 

different interference patterns. We treat the interference pattern of the hole-grating 

structure approximately as a superposition of the contributions from each circular groove. 

Fig. 5.8b shows the interference fringes (calculated using Eq. 5.1) resulting from each 

groove (green curves) and their superposition (the red curve). It is clear that as the groove 

number increases from 3 to 5, and to 7, the transmission increases at the valley position 

(indicated by the black arrows), and accordingly, the interference contrast decreases. In 

our experimental measurements, the interferometers with three circular grooves exhibit 

the highest contrast of 0.87. Higher interference contrast is favorable for our multispectral 
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sensing measurements and especially for low-background intensity-based sensing 

scheme, as will be discussed later. A smaller groove number has the advantage of overall 

device compactness and ease of fabrication. As a result, in this work interferometers with 

three circular grooves were employed for sensing measurements. 

 

Fig. 5.8. (a) Transmission spectra for interferometers with increasing number of circular 
grooves from 0 to 6. (b) Analytically calculated interference patterns contributed by each 
groove (the green curves) and their superposed interference fringe (the red curve). 
 

5.2 High-performance single-channel spectral sensing 

    Refractive index sensing. To calibrate the sensor sensitivity and resolution, we 

integrated the fabricated sensor chip with a PDMS microfluidic channel and injected a 

series of glycerol-water solutions of different refractive index. As shown in Fig. 5.9a, the 

interference pattern red-shifts upon the increase in liquid refractive index. The signal 

changes that occur over a broad spectral range constitute a unique advantage of this 

interferometric sensor. To exploit this sensor property, we use a multispectral data 
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analysis method, which integrates the magnitude of the relative intensity changes at all 

wavelengths as the sensor output [57,82]. This approach improves the detection signal-to-

noise ratio and sensor resolution, since more SPP-mediated data are taken into account 

than for the common single-peak tracking method. The integrated response (IR) of the 

sensor can be expressed as:  

                                                2
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where λ1 and λ2 define the wavelength range of the integration, and I0 is the reference 

transmitted intensity of the sensor in water. Fig. 5.9b shows the relative intensity changes 

for liquids of different refractive index. The signals are most prominent in the spectral 

range from 570 nm to 800 nm, as indicated by the black dashed lines. The magnitude of 

the intensity changes were integrated within this spectral range, providing the sensor 

output IR. As shown in Fig. 5.9c, the change in IR is approximately proportional to the 

increase in glycerol concentration, confirming the excellent sensor linearity. Fig. 5.9d 

shows the extracted IR values as a function of the refractive index. The linear fit to the 

data points yields a sensor sensitivity of 2.71 × 106 %/RIU. The lower inset of Fig. 5.9c 

indicates the noise level of the integrated response, which exhibits a standard deviation of 

2.16 % on a time scale of 3 minutes. This corresponds therefore to a bulk refractive index 

resolution of 8.0 × 10-7 RIU (i.e., 2.16 %/ 2.71 × 106 %/RIU). Note that in this real-time 

measurement, the time resolution is 10 s (200 spectra are averaged with an integration 

time of 50 ms for each spectrum). An easy and efficient way to further enhance the 

detection resolution of a plasmonic sensor using spectral modulation is to increase the 
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number of spectra averaged, but at the cost of time resolution. For real-time kinetics 

measurement, care must be taken to balance such trade-off between time and detection 

resolution. For faster kinetics measurement, a smaller number of spectra can be averaged 

with a modest increase in the sensor noise level (see Fig. 5.10).  

 

Fig. 5.9. Refractive index sensing using plasmonic interferometer array. (a) The 
normalized transmission spectra of the interferometer array in water and 3, 6, 9, 12, 15 % 
glycerol-water mixtures. (b) The relative intensity changes (I(λ) - I0(λ))/ I0(λ) for liquids 
with different refractive index. The dashed lines indicate the spectral region for 
integration. (c) The integrated sensor response as a function of time. The inset indicates 
the noise level of the sensor response on a time scale of 3 minutes. (d) The extracted 
integrated sensor response for liquids with different refractive indices. The blue line is the 
linear fit to the data points, which shows good sensor linearity. 
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Fig. 5.10. The sensor noise for different number of spectra averaged. 
 

We also measured the sensor resolution by using the common single-peak tracking 

method. The sensitivity of the interference peak at 674.5 nm is determined to be 470.6 

nm/RIU (see Fig. 5.11), and the standard deviation of the peak position is 7.3 × 10-4 nm, 

corresponding to a sensor resolution of 1.55 ×10-6 RIU. One can see that this 

multispectral sensing method improves the sensor resolution by approximately two fold. 

Our demonstrated sensor resolution surpasses that of state-of-the-art nanohole array 

sensors (3.1× 10-6 RIU) [96], and is obtained here using a low-cost spectrometer and a 

simple transmission setup. The improved sensor performance results from the high-

contrast, narrow-linewidth interference fringes, the intense transmission peaks from a 

large interferometer array, and also the broadband sensor response and associated 

advanced data analysis method. Moreover, several potentially important improvements 

could further enhance this sensing resolution. First, a larger number of interferometers 

can be fabricated on a sensor chip using large-area fabrication techniques (i.e., template 
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stripping on a patterned silicon template [87]) to further increase the spectral signal-to-

noise ratio. Second, the interference amplitude is mainly limited by the SPP propagation 

loss, which could be effectively reduced by employing ultrasmooth metal films [62,82]. 

Third, a temperature controller can be integrated with the sensor chip to decrease the 

sensor noise caused by temperature fluctuations. 

 

Fig. 5.11. (a) The monitored interference peak position as a function of time. The lower 
inset shows the standard deviation of the sensor response. (b) The extracted peak position 
as a function of liquid refractive index. 
 

Real-time biomolecular sensing. While superior bulk sensing resolution was achieved, 

it does not directly represent the sensor capability for surface biomolecular sensing. In 

this section, we further demonstrate the feasibility of this platform for biosensing and 

estimate the biosensing resolution of this optimized sensor platform. We performed label-

free real-time monitoring of the specific binding between BSA and anti-BSA molecules. 

The microfluidic channel was first injected with a PBS buffer for 25 min to rinse the 

sensor chip and define the experiment baseline. A 500 µg/ml BSA solution in PBS buffer 



84 
 

was then introduced in the channel and functionalized the surface with a monolayer of 

BSA molecules. As shown in Fig. 5.12, a large sensor integrated response IR of 0.91 × 

104 % was clearly observed (see the first signal change at the time of 1.5 × 103 S). A 

subsequent 15 min buffer wash has little effect on the sensor response. Then, a 42 µg/ml 

anti-BSA solution was injected in the channel and followed by a 25 min buffer rinse to 

wash out the unbound anti-BSA molecules. The small spikes observed at buffer 

injections are measurement artifacts caused by exchanging syringes. The binding 

between BSA and anti-BSA leads to an IR change of 0.62 × 104 %. Note that the 

saturated BSA monolayer, which has a surface coverage of around 1.7 ng/mm2 [69], was 

detected here with a high signal-to-noise ratio (SNR) of 4213 (i.e., 0.91 × 104 %/ 2.16 

%). This high SNR, achieved with a low-cost portable spectrometer, exceeds that of state-

of-the-art LSPR biosensors, which exhibit an SNR of ~ 3000 for monolayer protein 

adsorption and relies on an expensive advanced spectrometer [73]. The SNR of 4213 

gives a final sensor resolution of 0.4 pg/mm2 (i.e., 1.7 ng/mm2/ 4213) for protein surface 

coverage. This demonstrated sensor resolution is in fact comparable to that achieved in 

commercial prism-based SPR systems, which can detect biomolecules down to 0.1 

pg/mm2 from a sensing area of a few mm2 [4]. It is important to note that our sensor 

footprint (150 µm × 150 µm) is around two orders of magnitude smaller than that of 

commercial systems. This largely improved sensor resolution per unit area facilitates 

sensor integration with compact microfluidics and also decreases the sample 

consumption. Furthermore, the collinear transmission setup of our platform is much 

simpler than the total internal reflection operational mode of conventional SPR systems, 
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and has great potential for system miniaturization, low-cost production, and for scaling 

up to highly-multiplexed sensing measurements. Finally, further improvement in 

resolution is still possible by employing the optimization methods discussed in the last 

section. With demonstrated superior performance and possible further improvement, this 

simple sensor platform may serve as a promising alternative to conventional bulky 

expensive SPR devices. Note that in both bulk and bio-sensing experiments, the sensor 

noise was determined in blank samples (water for bulk sensing and PBS buffer for 

biosensing). However, for biomolecular detection in complex fluids (serum, urine, etc), 

other noise terms are present (such as nonspecific biomolecular bindings), and the sensor 

resolution will depend not only on nanostructure design and optical instrumentation, but 

also on sensor surface chemistry and sample complexity. 

 

Fig. 5.12. Real-time integrated sensor response upon BSA adsorption on the sensor 
surface and subsequent molecular binding between BSA and anti-BSA. 
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5.3 High-performance imaging-based high-throughput sensing 

    In previous sections, we have demonstrated enhanced sensor performance using a 

spectral sensing method. However, for applications that require simple and inexpensive 

instrumentation, biosensing device based on intensity interrogation is typically preferred. 

More importantly, the intensity-based sensing scheme can be easily combined with CCD 

imaging to advance our sensor platform for scalable high-throughput sensing 

applications. In this section, we further investigate the performance of this interferometric 

platform using intensity interrogation. To better evaluate and compare the sensor 

performance using this detection scheme, Becker et al. have suggested a figure of merit, 

defined as [91]: 

                                                           0* / / .FOM dI I dn                                          (5.5) 

Here dI/I0 is the change in relative intensity at an incident wavelength λ induced by a 

refractive index change dn. For optimized sensing performance, the sensor operating 

wavelength λ should be properly chosen to maximize the value of FOM*. Our 

interferometric sensor have a fundamental advantage in that balanced destructive 

interference between SPPs and free-space light leads to extremely low optical 

transmission through the interferometers (I0 ~ 0). This delicate interference balance can 

be easily disrupted by a small change in local refractive index and thus gives rise to a 

pronounced relative intensity increase dI/I0 and a corresponding high FOM* value. The 

near-dark reference background I0 allows the use of stable high-power laser sources 

without saturating the detector and produces significantly large intensity-modulated 



87 
 

signal change dI for sensitive detection. As shown by the blue curve in Fig. 5.13a, our 

experimental FOM* reaches a maximum value of 146 at a wavelength λ of 700.6 nm, 

slightly detuned from the interference valley wavelength of 705.1 nm. This observed 

FOM* value is higher than that achieved in state-of-the-art plasmonic perfect absorber 

sensors (87 at 1.7 µm [90]) and gold nanorod sensors (24 at 850 nm [91]). In addition, 

our planar single-layer interferometer design is simpler and more easily mass-produced 

than plasmonic absorbers, which consist of multiple functional layers and rely on 

reflection measurements [90]. The straightforward transmission geometry of our platform 

also simplifies the optical design and facilitates system miniaturization. It should be 

noted that the operational design wavelength of intensity-based detection scheme must be 

carefully tailored to match the incident wavelength, which can be accomplished for this 

platform by appropriately adjusting R. From Eq. 5.2, the relation between the interference 

valley wavelength λv and R can be described as: 

                                                                ,v v c
R R

 
 


                                                 (5.6) 

where ∆λv and ∆R are the changes in λv and R, respectively, and c is a constant 

determined by nspp and φ0. This equation constitutes a simple design rule, which we can 

easily use to tune λd by properly varying R. In Fig. 5.13b, we measured the transmission 

spectra for a series of interferometers with gradually increasing R from 4 to 4.4 µm. The 

corresponding operating wavelength clearly red-shifts with the increase in R and is 

plotted in Fig. 5.13c. The slope of the linear fit to the data points gives ∆λd /∆R = 0.15 

nm/nm, in good agreement with λd/R of 0.16 nm/nm and verifying the proposed design 

rule.  



88 
 

 

Fig. 5.13. Low-background interferometric sensing. (a) Experimental FOM* as a function 
of wavelength (blue dotted curve). Values of FOM* were derived using experimental 
spectra in water and 12% glycerol-water mixture to calculate dI/I0 at each wavelength. 
The measured refractive index difference of 0.0177 was used in the denominator to 
calculate FOM*. The black solid curve represents the transmission spectrum of 
interferometers in water. (b) Normalized spectra of interferometers with tailored R of 4, 
4.1, 4.2, 4.3, and 4.4 µm. The sensor operational wavelengths of 656.8, 671.3, 686.4, 
700.6, and 716.8 nm (colored dashed arrows) are slightly detuned from their interference 
valley wavelengths. (c) The black dots represent the sensor operational wavelengths at 
different R. The blue line is the linear fit to the data points. (d) The solid curves show the 
calculated interference linewidths for interferometers with R of 4.3, 6, 8, and 12 µm. The 
black dots are experimental linewidths of interferometers with R of 4.3 µm, extracted 
from Fig. 5.6. 
 

     From the discussion above, one can see that similar to plasmonic perfect absorber 

sensors, the key issue in designing this interferometric sensor is to achieve near-perfect 

light suppression through destructive SPP-light interference. This can be realized under 
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two conditions. First, all geometric parameters of the interferometers need to be carefully 

designed to balance the intensities of SPPs and directly transmitted light near the sensor 

operating wavelength. Second, perfectly collimated illumination is required to eliminate 

additional SPP-light phase lag caused by different incident angles. While the first 

condition can be fulfilled through numerical simulations and fine-tuning of the structure 

geometry during fabrication, the microscope-based optical setup used in this work has a 

3o light divergence. A laser source and related collimating optics are being set up for 

better light collimation and to further optimize this intensity-based detection scheme. In 

addition to achieve perfect light cancellation, another way to optimize the sensor 

performance is to narrow the interference linewidth and thus to increase the values of 

dI/dn. As suggested by Eq. 5.3, this can be realized by increasing the SPP path length R. 

The curves in Fig. 5.13d show analytically calculated interference linewidths for R values 

of 4.3, 6, 8, and 12 µm, respectively. The interference linewidths clearly decrease with 

increasing R. The black dots represent extracted experimental linewidths for 

interferometers with R of 4.3 µm in Fig. 5.6, which exhibit close agreement with the 

analytical results and confirm the proposed analytical model. The increasing SPP loss 

associated with larger R can be easily compensated by fabricating a greater number of 

circular grooves to increase the generated SPP power. Note that while this method is not 

suitable for broadband spectral sensing as discussed in Fig. 5.8, it does not strongly affect 

single-wavelength intensity-based detection. As a result, rational design of R and the 

groove number should lead to further improvement in the sensing FOM* and 

corresponding sensor performance of this interferometric platform. Since this intensity-
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based detection can be performed simply using a single-wavelength light source and a 

photodetector in a straightforward transmission geometry, it has the potential to 

significantly reduce the instrumentation cost of the biosensing device. Furthermore, a 

CCD camera can be integrated into this sensing platform for simultaneously monitoring 

of the light transmission from multiple sensor elements, making possible real-time 

highly-multiplexed detection. Another unique advantage of this sensor design is the 

minimal crosstalk between sensing pixels, which is especially useful to increase the 

sensor packing density for high-throughput detection. Here, the crosstalk between sensing 

pixels in our sensor array is minimal for two reasons. First, the circular grooves serve as 

both efficient SPP couplers and Bragg mirrors to block SPPs from adjacent sensing 

pixels. Second, the circular structure design ensures SPPs propagate radially towards 

adjacent structures. This allows only a very limited portion of SPPs propagate towards 

the hole locations of surrounding sensors and lead to unwanted cross-talk. To verify this 

hypothesis, we measured the spectra of sensor arrays with increasing sensor-to-sensor 

distance L from 12.5 to 20 µm (see Fig. 5.14). There is no obvious difference between 

collected spectra, demonstrating the minimal crosstalk between sensing pixels. This 

unique feature is useful for high-throughput multiplexed sensing as sensors can be more 

densely packed on the chip. 
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Fig. 5.14. The transmission spectra for sensor arrays with different sensor-to-sensor 
distances.  

 

We now show the proof-of-principle imaging experiment using this novel sensing 

method. Filtered white light centered at 655 nm was transmitted through the 144 

interferometers (Fig. 5.15a) and collected simultaneously using an X10 microscope 

objective and imaged onto a CCD camera. While 144 sensors were monitored in this 

proof-of-concept experiment, the current experimental setup can monitor up to 4000 

sensors simultaneously, providing enough throughput for most biosensing applications. 

Fig. 5.15b shows the changes in sensor outputs of 144 sensors as the refractive index of 

the liquid was increased. The sensor resolution in this preliminary study was calculated to 

be around 1 × 10-5 RIU, among the best reported for intensity-modulated nanoplasmonic 

sensors [11,12,29,31]. Moreover, as seen by the shaded region in Fig. 5.15c, the FOM* of 
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this sensor at 655 nm is around 35, which is four times smaller than the maximum value 

achievable at 700.6 nm (see dotted blue line in Fig. 5.15c). In future work along this 

research direction, we will employ a highly stable single-wavelength laser source at the 

optimized working wavelength (700.6 nm in this experiment), instead of a filtered 

halogen lamp, together with effective referencing methods to further increase the sensor 

sensitivity and minimize effects of light intensity fluctuations. Note that, as shown in Fig. 

5.13b, this optimized operating wavelength can be freely controlled by appropriately 

adjusting R to match the incident laser wavelength. Interferometric sensors with larger R 

values and more circular nanogrooves will be fabricated and tested for further sensitivity 

improvement. With structural optimization and performance improvement, the sensitivity 

and associated sensor detection limit of the proposed nanoplasmonic sensor platform is 

expected to improve by at least a factor of four to 2.5 × 10-6 RIU. This will compare 

favorably with or exceed that of commercial SPR imagers, but is based on a two orders of 

magnitude smaller sensor footprint of 10 × 10 μm2. With the demonstrated superior 

sensing performance and possible further improvement, this sensor platform would lead 

to revolutionary advances in numerous high-throughput sensing applications.   
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Fig. 5.15. (a) SEM image of the fabricated 12 × 12 sensor array. (b) The real-time sensor 
output monitored simultaneously from 144 sensor elements, demonstrating the dynamic 
multiplexed sensing capability of the proposed sensor platform. (c) The measured spectra 
for sensors in water (black curve, n = 1.3312) and 12% glycerol-water mixture (green 
curve, n = 1.3489). The dotted blue curve is the calculated sensitivity using S = (dI/I0)/dn. 
The orange region indicates the linewidth of the incident light for CCD imaging 
experiment. By using a single-wavelength laser source at 700.6 nm, the sensitivity is 
expected to further increase by 4 times.  
 

5.4 Summary 

In summary, in this chapter we have further optimized the plamsonic interferometer 

design, which is suitable for both sensitive single-channel spectral sensing and high-

throughput multiplexed imaging. Through careful and optimized design of the structural 

parameters, we have observed spectral interference fringes with high contrast, large 

amplitudes, and narrow linewidths, and achieved an enhanced spectral sensing resolution 

of 0.4 pg/mm2 within a small (150 µm × 150 µm) sensing area. This demonstrated 

superior resolution and simple optical geometry suggests exciting potential for low-cost 

portable biosensing devices, which would significantly impact point-of-care diagnostics 

and personal healthcare applications. The demonstrated sensor resolution compares 

favourably with state-of-the-art commercial SPR systems. In addition, we demonstrated 

sensitive multiplexed detection in imaging mode using a novel low-background 

interferometric sensing concept, and achieved a record-high FOM* value of 146. This 

surpasses previous plasmonic sensors and still holds potential for further improvement 

through the optimization of the device structure. In our proof-of-concept experiment, we 

have demonstrated multiplexed detection with a sensing resolution of 1 × 10-5 RIU, 

comparable to commercial SPR imagers. This demonstrated sensor platform may serve as 
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a promising tool for high-throughput applications in drug discovery, screening of novel 

therapies, proteomics, immunology, and basic biology research. 
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                                                       Chapter 6 

              Conclusions and future directions 

In this chapter, we first summarize the results achieved in this dissertation and then 

propose future research directions.  

6.1 Conclusions 

This dissertation discusses design and fabrication of several plasmonic interferometer 

nanostructures for applications in sensitive biomolecular detection, and achieves superior 

sensing performance comparable to state-of-the-art commercial SPR systems but based 

on significantly simpler optical setup and smaller sensor footprint, showing great promise 

for miniaturized portable biomedical devices with massive multiplexing capacity.  

In Chapter 3, we demonstrated, for the first time, a plasmonic interferometric 

biosensor, which exhibits a refractive index sensitivity over 3000 nm/RIU, 10 times 

better than previous nanoplasmonic sensors. This sensor platform also exhibits a record-

high sensing figure of merit exceeding 200, demonstrating the promise of plasmonic 

interferometric sensing technique.  

High-throughput sensing has important application in various fields. In Chapter 4, the 

proposed plasmonic interferometers were further designed and fabricated in a high-

density array format to extend its use for dynamic multiplexed detection. Instead of the 

spectral sensing method employed in Chapter 3, narrow-band illumination and CCD 

imaging were used in this modified sensor array platform for imaging-based multiplexed 

detection. A novel self-referencing method was also proposed to improve the sensing 



97 
 

performance. 

    In Chapter 2 and 3, we have demonstrated the feasibility of plasmonic 

interferometric sensor platform for single-channel sensing and imaging-based 

multiplexing, respectively. Chapter 5 discussed the further optimization of plasmonic 

interferometers for both applications. Through novel interferometer structure design and 

optimization, we have demonstrate in this chapter an enhanced single-channel sensor 

resolution of 0.4 pg/mm2, comparing favorably with state-of-the-art commercial SPR 

systems (0.1 pg/mm2). The simple collinear transmission setup and two orders of 

magnitude smaller sensing area are important advantages and open up opportunities to 

greatly decrease the size and cost of SPR systems without compromising the 

performance. We also proposed in this chapter a novel low-background intensity-based 

sensing method. Using this approach, we have demonstrated dynamic, 144-channel, 

multiplexed sensing with a resolution of 1 × 10-5 RIU. While the sensor resolution we 

demonstrated is comparable to commercial SPR imagers, the achieved 100 μm2 sensor 

footprint is two orders of magnitude smaller than commercial systems, significantly 

increasing the sensor throughput and also facilitating the probe of nanovolumes and 

single-cell detection.  

6.2 Future directions 

Further performance improvement. While the demonstrated sensor resolution for both 

single-channel and multiplexed sensing are comparable to commercial SPR and SPRi 

systems, significant improvements in sensor performance are still possible. For example, 

the use of ultrasmooth metal films to decrease SPP propagation loss or the fabrication of 
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a larger sensor array to increase the light transmission can both help to improve the 

spectral signal-to-noise ratio and the resulting sensing resolution. For imaging-based 

multiplexing, instead of a filtered halogen lamp, a highly-tunable laser source, together 

with effective referencing methods, can be used to further increase the sensor sensitivity 

and minimize effects of light intensity fluctuations. Circular interferometers with larger 

radii and more circular nanogrooves can also be fabricated and tested to decrease the 

interference linewidth for further sensitivity improvement. These approaches for structure 

and system optimization using this platform should lead to improved sensitivity and 

associated sensing resolution.   

Sensing in complex samples. To facilitate the application in real biomedical 

diagnostics, this demonstrated plasmonic sensor platform needs to be able to detect 

analytes in complex biological samples such as blood, serum, urine, etc. To achieve this 

goal, the next-step would be to optimize the surface modification protocols to maintain 

receptor stability and minimize non-specific bindings in a complex solution. It is also 

important to include a reference channel, which lacks the receptor coating and thus only 

responds to bulk changes or environmental factors such as temperature and mechanical 

vibration. Signal from the reference sensors will then be subtracted from those on the 

functional sensors to yield exclusive target molecule binding signals.  

Sensor miniaturization. One unique advantage of nanoplasmonic sensors with respect 

to commercially available systems is their low-cost producability and potential for 

miniaturization. For example, replacing the spectrometer and white light source with a 

simple CMOS detector and a LED light source will significantly decrease the cost and 
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size of the system, although tradeoffs must be made between spatial resolution and 

performance degradation. Combining nanoplamsonic sensor chip with smart phone 

technology is another interesting research direction that is worth pursuing.  Finally, to 

commercialize the developed sensor system, we also need to package the sensor system, 

develop a user-friendly software and hardware interface, and automate the instrument 

operation and sample handling.     
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