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Abstract 
The rapidly emerging field of plasmonics offers many exciting research opportunities. In 
particular, the large field intensities and short probing range of surface plasmon waves 
makes them an ideal candidate for sensing. A surface plasmon is a collective wave-like 
oscillation of the free electrons right at the surface of a metal film. Beyond prism-
coupling techniques, the illumination of properly nano-structured metallic surfaces, 
gratings, and particles will also demonstrate significant plasmon resonances, with rich 
physics and many interesting applications. Using a novel, low-cost nano-fabrication 
technique for creating ultra-smooth patterned metallic surfaces, this workshop will cover 
the fabrication, characterization, and analysis of nano-structured metallic films and their 
use as bio-sensors. 
 
Background 
- partially adapted from NC Lindquist et al.,”Engineering Metallic Nanostructures for 
Plasmonics and Nanophotonics,” Reports on Progress in Physics 75, 036501 (2012). 
 
Surface Plasmon Polaritons 

The emerging fields of plasmonics and nanophotonics take advantage of the 
subwavelength manipulation of electromagnetic energy. An electromagnetic wave is 
associated with a wavevector k = nω/c, where ω is the angular frequency, c is the speed 
of light, and n is the effective refractive index of the wave. In general, as the wavevector 
increases, the confinement of the wave also increases. Using the relationship k2 =  kx
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ky

2 + kz
2 = n2(ω/c)2 = 4π2n2/λ2, where λ is the wavelength, it is possible to see why 

dielectric structures are not able to achieve subwavelength confinement: the x, y, and z 
components of the wavevector k cannot be increased arbitrarily, and are bound in 
magnitude by k = nω/c. In fact, the electromagnetic wave cannot be confined to a region 
of space smaller than ≈λ/(2n), which is Rayleigh’s resolution limit. If this wave is 
propagating away from a sample through space into the “far-field”, i.e. as in a 
microscope, it cannot carry with it any information about spatial scales less than ≈λ/(2n), 
limiting the microscope’s imaging resolution. To beat these resolution and confinement 
limits, at least one component of k must be imaginary, allowing the other components to 
increase arbitrarily while at the same time providing subwavelength confinement and 
nanoscale information. 

In this manner, unlike dielectric structures that suffer from diffraction, metallic 
nanostructures do allow for the subwavelength control and manipulation of optical 
energy. This is due to the generation of Surface Plasmon Polaritons (SPP). The SPP 
propagates along the surface of the metal as an electron density fluctuation, behaving 



much like ripples on the surface of a pond. The electric field of the plasmon decays 
exponentially into both the dielectric and the metal, giving the SPP an evanescent nature, 
i.e. an imaginary component of k in the z direction. Typically, the field penetration depths 
in the z direction can be much less than the free-space wavelength λ. This is shown 
schematically in Figure 1a. Because of this evanescent component, the SPP wave does 
not propagate in the direction of imaginary k and is bound to the surface. Along the 
surface of the metal, the SPP propagates in the x direction with a wavevector kx = kspp. 
Thus, the fields of an SPP can become deeply sub-wavelength. The high-resolution 
evanescent wave components of the SPP can provide the “near-field” optical information 
about a sample. Gathering this information then requires local probing the near-field, 
since wave propagation through free space into the far-field filters high spatial 
frequencies. For plasmonics, this near-field squeezing of light provides the high 
resolution, high sensitivity, and large field enhancements that make SPP optics such an 
exciting research area. 

 
Figure 1: Surface plasmon polaritons (SPP). (a) An SPP wave propagates along a metal-
dielectric interface with dielectric constants εm and εd, respectively, with a wavevector 
kspp. In the z direction, the fields penetrate into the metal and the dielectric with 
characteristic depths δm and δd, respectively. The magnetic field H is entirely transverse. 
(b) The dispersion curve for a lossless plasmon at a metal-air interface. The momentum 
of the SPP lies to the right of the light line and diverges at the frequency ω = ωp/√2, 
where ωp is the plasmon frequency of the metal. 
 

Physically, to support SPP waves as a collective surface charge density oscillation, 
the real part of the dielectric function must undergo a sign change. For real metals at 
optical frequencies, this is typically accomplished with gold or silver. At other 
frequencies, different materials may be used, such as aluminum in the blue and ultraviolet 
regions or tungsten in the near infrared. Unfortunately, real metals suffer from significant 
optical losses—associated with the positive imaginary component of the dielectric 
function—limiting the propagation of the SPP and the efficiency of any plasmonic 
device. 
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The SPP on a flat surface is non-radiative and bound to the metal, only coupling to free-
space photons under specific conditions. Likewise, the optical excitation of an SPP 
requires that the energy and momentum of an incident light beam match that of the 
plasmon. Because of the electronic component of the SPP, however, there exists a 



momentum mismatch—SPPs have a larger momentum than free space photons (i.e. kspp > 
ω/c) at the same frequency, given in equation 1. There, εd and εmetal are the dielectric 
constant of the medium and metal, respectively. This momentum mismatch is also shown 
graphically in Figure 1b. To overcome this, a grating or a prism coupling mechanism is 
typically used. Furthermore, since SPPs are transverse-magnetic waves, the incident 
photons must also have a component of the correct polarization.  
 
Surface Plasmon Resonance Biosensors 

Modern biology has been transformed by the ability to describe biological 
phenomena quantitatively, due in part to new technologies such as Surface Plasmon 
Resonance (SPR) biosensing. With the completion of the Human Genome Project, the 
next challenge in the life sciences is to catalogue proteins, the workhorse in our bodies, 
and to understand how they interact with other biomolecules. In general, the function of a 
biosensor is to transduce specific molecular interactions (e.g. binding, cleavage, or 
transport) into a signal that can be read out using optical, electrical, or mechanical 
methods. To do this, solid-state sensing surfaces are typically decorated with “receptor” 
molecules, whose binding with target “analyte” molecules generates a signal change (e.g. 
impedance, mass, luminescence, or refractive index). It is desirable to monitor protein 
recognition events without labeling the target analytes with fluorescent or radioactive 
tags because the chemical labeling process is expensive, time-consuming, and often 
perturbs the binding interactions. Furthermore, to understand molecular recognition 
mechanisms, thermodynamic constants and key biophysical parameters should be 
measured directly. As the analyte binds to the receptor, these biomolecules accumulate on 
the surface. In a simple model, the change in the relative amount R(t) of analytes on the 
surface as a function of time t can be obtained by subtracting the dissociation rate from 
the association rate: 

  (2) 

where ka (mol-1 L s-1) is the association constant, cA is the analyte concentration, and kd 
(s-1) is the dissociation constant. The equilibrium constant KA = ka/kd (M−1) is for the 
association reaction and KD = kd/ka (M) is for the dissociation reaction. A large KA means 
high affinity, i.e. large binding strength. When dR/dt = 0, equilibrium coverage Req is 
obtained, as described by the equation below. This equation is known as the Langmuir 
equation or Langmuir isotherm (Figure 2): 
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Figure 2. (a) Simulated binding responses with “typical” values of cA (200 nM, 50 nM, 
20 nM, and 5 nM), ka (105), and kd (10-3). With such real-time measurements, the on-off 
rates (kinetics) and affinity of a reaction can be measured. All three parameters (KA, ka, 
and kd) are important, since two reactions can have the same affinity ka/kd, but have 
different kinetics. (b) The Langmuir isotherm equation is plotted for receptor-analyte 
pairs with different KD values (1 pM and 1 nM). As an example, consider a 1 µm × 1 µm 
sensor chip that is coated with 104 receptor molecules, and assume that KD = 1 nM 
between the receptor and analyte. If the analyte concentration is 1 pM, Req/Rmax ~10-3 
according to Eq. 11, thus only 10 molecules will be bound to the sensor in equilibrium. 
As this example shows, the kinetics and equilibrium constants guide the design of 
surface-based affinity biosensors. 
 

Relatively few surface-sensitive techniques exist that allow label-free measurements 
of protein binding affinity and kinetics. Among various transduction mechanisms for 
detecting thin biological films, optical techniques have been particularly successful 
because they are robust in the presence of background fluctuations in pH, viscosity, or 
conductivity of the solution. The effective refractive index—a function of the amount 
R(t) of molecules on the surface—of a sensing surface will change with time as analytes 
bind to receptors. This can be read out using various optical techniques. Label-free 
optical sensing of biomolecules, however, is challenging since a monolayer of 
biomolecules is only a few nanometers in thickness, i.e. a tiny fraction of the optical 
wavelength. To enhance the sensitivity, one has to increase the optical path length, i.e. 
the light-matter interaction distance in the biological film. SPR instruments accomplish 
this by redirecting optical energy to travel laterally along the interface and thereby 
increasing the effective film thickness seen by the SPP wave. The use of tightly confined 
SPP waves can further increase the sensitivity for thin films. In a simplified model, the 
effective refractive index of a thin film seen by the SPP waves can be approximated as 
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where nfilm and nbulk are the refractive indices of a thin film and of the surrounding liquid, 
respectively, d is the film thickness, and l is the SPP decay length into the medium. Since 
Surface Plasmon Polaritons (SPP) are coupled to free electrons, for a given energy they 
have a larger momentum than light, necessitating a mechanism to increase the 
momentum of the exciting light, such as the use of a high-index prism, metallic grating, 
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or subwavelength pattern. In a commercial BiacoreTM SPR instrument, a convergent light 
cone illuminates the detection spot (~1 mm in size) on a gold film via prism coupling in a 
total internal reflection mode (figure 3). The SPP excitation condition in this case is given 
by:  
 

   (5) 

where kx is the in-plane momentum of an SPP wave (or kspp), εd and εmetal are the 
dielectric constant of the medium and metal, respectively. In metals such as gold or 
silver, Re(εmetal) is negative and large in magnitude, and Im(εmetal) is small in comparison. 
The Surface Plasmon Resonance (SPR) condition can then be simplified to: 
 

    (6) 

 
Figure 3. (a) Schematic depicting evanescent SPP waves and their excitation with a 
prism in a total internal reflection setup. The decay length l of the SPP determines its 
sensitivity to a film of different thicknesses. When the film thickness d is small compared 
to l, the SPP will probe the refractive indices of both the film and the bulk solution above 
the film. (b) Simulated SPR excitation. At the correct angle, SPPs are excited at 850 nm 
illumination for a 50 nm thick Au film. The inset shows a 1° shift in the SPP resonance 
dip when the bulk refractive index above the Au film changes from 1.32 to 1.33. This 
sensitivity of 100 deg/RIU (Refractive Index Unit) is typical for prism-based SPR 
instruments. 
 

The excitation of an SPP wave can be monitored by a sharp dip in the reflected light 
at the resonant angle (figure 3b). As more analytes bind to the receptors on the surface, 
this resonant angle changes. The angular distribution of the reflected light can be 
measured by a photodiode array or a CCD camera in real time, scanning for the steep 
drop in intensity that indicates the excitation of SPR (figure 3a). For an SPP excitation 
source, a light emitting diode, a broadband lamp, or a laser can be used. In a prism-based 
SPR setup, the angular sensitivity is typically ~100 deg/RIU (refractive index unit). 
Assuming an angular resolution of 10-4 degrees, the corresponding minimum resolution 
for refractive index changes is ∆n/n ~10-6. Recently groups have reported refractive index 
resolution approaching 10-7 using SPR sensors. A basic setup is shown in figure 4. 
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The SPR peak width is determined by both ohmic loss and radiative out-coupling, 
which is a function of the dielectric constants, surface roughness, film thickness, and the 
wavelength of operation. While any metallic films that can sustain SPP waves can be 
used for SPR sensing, gold and, to a lesser degree, silver, have been mainly employed. 
The use of smooth metallic films with increased SPP propagation lengths can improve 
the sharpness of the SPR peak. Single spot measurements can be taken, or, if the entire 
sensor chip is illuminated, the reflection dips can be imaged onto a camera, providing 
parallel imaging of multiple sensing spots. An SPR instrument is indeed a sophisticated 
system that integrates optics, surface chemistry, signal processing, and microfluidics. 
Advances in nanofabrication, utilization of SPPs in the near-infrared or of long-range 
SPPs, parallel SPR imaging, microfluidic multiplexing, and integration with other 
analytical methods such as mass spectroscopy will benefit the next generation of 
biosensing instruments. 

 

 
 
Figure 4. (a) SPR excitation and sensing. (a) The reflected intensity versus incident 
angle. (b) By using a converging laser beam, multiple angles are excited and can be 
imaged (c) on a detector. (d) Monitoring the reflected intensity at a constant angle of 
excitation allows monitoring the position of the SPR in real time.  



 
Workshop Procedure 
In this workshop we will be creating a Surface Plasmon Resonance (SPR) “lab-on-a-
chip” device using Template Stripping to create atomically-flat gold films, This 
fabrication technique involves a re-usable master template, minimizing costs. After 
fabricating our chips, we will monitor the SPR with a laser as a function of time as we 
inject different liquids. 
 
Template Stripping 
 

1. The 50 nm thick gold films have already been deposited onto a clean, atomically-
flat silicon wafer. Using this technique, films can be prepared well ahead of time 
and in large batches, minimizing costs. 

2. The 50 nm thick films must be transferred from the silicon wafer to a glass slide 
via the use of an optically clear epoxy. Since gold adheres very poorly to silicon, 
this is easily accomplished, leaving the gold film with an atomically smooth 
finish. 

3. The 50 nm thick gold film now needs to be attached to a prism with an index-
matching oil for the correct SPR geometry, shown above in figure 3. The in-plane 
wavevector of the incident light must match the in-plane wavevector of the SPP. 
This occurs at a specific resonant angle, given in equation (6), and only for the 
transverse-magnetic polarization. 
 

Visualization of the SPR condition 
 

1. A small microfluidic chip is attached to the top side of the gold film, allowing the 
introduction of a small droplet of water.  

2. A HeNe laser is used to excite the SPR. It is first expanded and collimated before 
being focused tightly onto the underside of the gold film. This focusing gives a 
range of angles in the incident and reflected light, giving a clear view of the dark 
SPR band and the beam expands upon reflection. 

3. Rotating the polarization of the laser shows clear polarization dependence. Tilting 
the laser up and down shows that the dark SPR band is at a definite fixed angle. 
 

Using SPR for refractive index sensing 
 

1. The dark band of the SPR reflection is refocused and positioned onto a 
photodetector. The intensity of the dark SPR band is thus monitored on an 
oscilloscope in real-time. 

2. By dropping a few grains of sugar into the water droplet on the gold chip, the 
resonant angle of the SPR will shift, giving a large change in the monitored 
intensity. This forms the basis of SPR biosensing. 

 
 


