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ABSTRACT 
 

Many important bio and chemical molecules have their signature frequency (vibrational resonance) matching the 
mid infrared region (2-10 μm) of the optical spectrum. But building a bio-sensor, sensitive in this spectral regime, is 
extremely challenging task. It is because of the weak light-particle interaction strength due to huge dimensional 
mismatch between the probed molecules (typically ~ 10’s of nm) and the probing wavelength (order of micron).  We 
exploit the optical antenna to overcome this problem by squeezing the optical modes. This modal confinement 
happens only in the near-field region of the antenna and thus we have built an apertureless near-field scanning 
optical microscope (a-NSOM) to demonstrate it experimentally. Further, we have integrated these plasmonic 
antennas with mid-infrared sources known as Quantum Cascade Lasers (QCL).  Our antenna structure is based on 
metal-dielectric-metal (MDM) and we have shown how they can generate higher electrical field enhancement 
compared to single metal design. Antenna integrated QCL operated at room temperature and its wavelength of 
operation was measured to be ~ 6um. We have used 3D finite-difference-time-domain (FDTD) simulations to 
optimize the different component of the MDM antenna.  After optimizing, we fabricated the antenna on the facet of 
QCL using focused ion beam (FIB) and measured using a-NSOM. We have shown that the optical mode can be 
squeezed down to a few 100’s of nm which is much smaller than the incident light wavelength (λ~6μm). We also 
propose a microfluidic approach to build a typical mid-infrared bio-sensor where the probed molecules can be 
transferred to the near field region of the antenna through fluidic channels. Such scheme of building bio-sensor can 
overcome the barrier of weak light-particle interaction and eventually could lead to building very efficient, compact, 
mid-infrared bio-sensors.  

Key words: Bio-sensing, Focused ion beam milling, Field enhancement, Micro-fluidics, Near-field imaging, 
Optical antenna, Plasmonics, Quantum Cascade Laser, Surface plasmon resonance. 
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Surface plasmons (SP)1 is a collective oscillation of charges at the interface between metal and dielectric. 
Such surface wave has long propagation length and avoids the metal loss (as most of the part of the surface wave 
stays in dielectric). SP wave can be generated using an incident light beam with satisfying the fundamental law of 
conservation of momentum. The principle of surface plasmons has been extensively applied in many novel 
applications for example extraordinary optical transmission2,3,4, label-free measurements of bio-molecular sensing 
5,6, drug discovery 7,8, surface plasmon interference lithography 9and spectroscopic applications 10. By solving the 
Maxwell’s equation in a planar film, the SP dispersion relationship is found to be: 

 
                                                     (1) 
 
Where, k is the wave vector of the electromagnetic field propagation parallel to the interface between metal 

and dielectric, ω is the angular frequency of the incident field. εeff  is the effective dielectric constant given by: 
 
                                                    (2) 

 
Where, εm and εd represent the dielectric constants for metal and dielectric respectively. As formula (1) 

suggests, the angular momentum of SP is greater than the free space momentum of incident photon and thus exciting 
SP at the metal-dielectric interface requires special technique to compensate the difference in momentum. 
Previously, it has been achieved using two different coupling techniques – prism coupler 1 or grating coupler11.  

Although the fundamental principle remains unchanged, generation of SPs in microscopic object like 
nanoparticles require more rigorous optical theories and Mie theory 12 has addressed the solution of Maxwell 
equation with full complexity for such light-particle interaction. Mie theory suggests that a collective charge 
oscillation i.e. SP gets induced when an incident electromagnetic field interacts with the target nano particle. 
Moreover the oscillating frequency matches with the frequency of incident field. For such small particle size, SP is 
dipolar13. It induces the charge accumulation process at the two ends of the nano particle with opposite polarity. The 
accumulated charge generates strong electric field in the near field region of the nano particle due to coulomb 
interaction. Such phenomena expand the realm of geometric optics to focus radiant visible and infrared light down 
to nanometric length scale much smaller compared to its wavelength.  

In the past decade, there has been considerable amount of research on optical antennas due to its novel 
photonic application including chemical14,15 and thermal sensors16,17, near-field microscopy18,19, nanoscale 
photodetectors20 and plasmonic devices21,22,23. Like RF antenna, optical antennas are resonant structures responding 
to specific wavelengths through both the geometrical and material characteristics of the antenna as well as the 
surrounding environments24,25,26. Though both optical and RF have fundamental application in controlling radiation 
pattern, there do exist some basic differences. For example, radio frequency (RF) antenna designs27 wholly focus on 
optimization of far-field characteristics in order to obtain better long distance transmission and reception 
performance. In contrast optical antenna emphasize on the near field behavior because the enhancement decays 
rapidly with distance. Further, the primary challenge of dimensional mismatch between the wavelength and the 
emitter/receiver (e.g. molecules) for optical antenna is met by improvement in near-field coupling instead of using a 
feed line as in the RF case. 

Significant works related to optical antenna in visible spectrum28 has been previously demonstrated. 
Recently there has been an added interests in infrared (IR) optical antenna due to relatively ease of structural 
fabrication compared to visible range, and more importantly the great technological need for its potential 
applications in chemical spectroscopy, remote sensing, ultrafast IR  and THz transient detection29,30. Many of the 
demonstrated infrared optical antennas were designed based on an external IR laser source31,32,33.  Integration of 
optical antenna along with an IR source was far-reach for a long time due to the absence of any efficient laser source 
in this optical regime (2-10 µm) till the field of Quantum Cascade Laser matured significantly in the last decade. 
Since its first demonstration34 in 1994, QCL – a unipolar semiconductor laser35 which works on the principle of 
intersubband transitions, showed watt level power performance at room temperature36. Group lead by Fredrico 
Capasso at Harvard University, first demonstrated a fully integrated mid-infrared optical antenna based on QCL and 
showed a strong near field localization37,38,39,40,41,42. Such optical antenna showed great promise in microscopic 
application below diffraction limit. The usefulness can be extended further to chemical and bio sensing application if 
composite material (multilayered) is used instead of single metal as optical antenna element as it paves the way to 
functionalize different layers. 

1. INTRODUCTION 
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Here, we demonstrate a metal-dielectric-metal (MDM) based antenna design, where surface plasmon waves 
at two metal interfaces get coupled by the sandwiched dielectric medium. In comparison to a metal nanorod antenna, 
such a design promises stronger light enhancement. Furthermore, as a result of higher number of geometrical 
singularities or sharp edges present in the MDM structure, it can increase the number of regions with local hot spots 
making it extremely useful for bio-sensing applications43,44. Moreover the design is superior to a single metal 
nanorod because it opens up the possibility of use it for many bio-sensing applications where different probe 
molecules can be attached to different layers of the same nanorod45. 

 
 

2. SIMULATIONS 

To analyze the performance of our MDM antenna compared to metal nanorod antenna, we first simulated the 
structure using commercially available 3d FDTD software, Lumerical. All material data used in the simulation, other 
than the laser region, is from ref 46. The refractive index of the laser material is chosen to be 3.2, which is the 
weighted average of the refractive index of the active region,In0.44Al0.56As/In0.6Ga0.4As. The simulated structure has 
a 100nm buffer silicon dioxide followed by the metal-dielectric-metal antenna. A schematic diagram of the 
simulated structure is shown in the inset of Figure 1.  An optical TM polarized plane wave with central wavelength 
around 5.97um and it is used as the source for all performed FDTD simulations. 

 

 
 

Figure 1 - (Color online) FDTD simulation shows the peak intensity enhancement vs antenna length at 
λ=5.98 μm. The silicon dioxide thickness for MDM structure has been varied from 0, 5, 10, 20, 30 to 50 nm, 
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while keeping the total thickness of the structure to be constant at 170nm. Inset: schematic diagram of the 
MDM single nanorod. (b) Simulated E-field intensity distribution of the y=0 plane for MDM nanorod (Au-
SiO2 -Au) at a resonant length of 2.0μm. It also shows the location of multiple hot spots with high peak 
intensity ~ 500 times the incident field intensity.    

At resonance, surface charge is accumulated at the end of each nanorod and it is maximized at the gap between 
two closely placed nanorods due to capacitive coupling. The accumulated charge leads to large electric field 
intensity enhancement at its vicinity. Peak electric field enhancement is plotted against varying lengths of the 
nanorod antenna (Figure 1). In the simulations, we varied the SiO2 thickness from 0, 5, 10, 20, 30 to 50 nm, while 
keeping the total structure thickness to be 170nm. It can be seen that by increasing the SiO2 thickness from 5 to 
10nm, the average intensity is enhanced. It is maximized at a thickness of 20nm and decreases at an oxide thickness 
of 30nm47. We also performed identical simulations for MDM coupled nanorod antenna48 and the results have 
shown in Figure -2.  

 
Figure 2 - (a) Plot shows the peak intensity enhancement vs antenna length. The silicon dioxide thickness for 
MDM structure has been varied from 0, 10, 20, 30, 50 and 100nm, while keeping the total thickness of the 
structure to be constant at 170nm. (b) Side view of the simulated intensity profile for MDM antenna (Au/SiO2 
/Au; 70-30-70 nm) at resonance antenna length of 2 um.  
  

 The physics of metal-dielectric-metal antenna is substantially different compared to a single metal design. 
In short, MDM design works based on a multiple-coupling mechanism. If viewed in time domain, the incident laser 
light first generates surface plasmons on the bottom Au/buffer SiO2 interface. Due to vertical plasmon coupling, 
surface charges are induced on the top Au. Finally, the induced dipole moments at each vertically coupled Au 
antennas couple radiatively to generate strong near field enhancement. This could also be viewed in frequency 
domain (steady state) using coupled mode theory, which has been covered extensively in the literature. 
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We used apertureless near-field scanning optical microscope (a-NSOM) to study the near-field of the antenna 
integrated QCL49. A-NSOM offers spatial resolution up to few tens of nanometers and independent of any 
wavelength. The experimental set-up has been illustrated in Figure -4.  The tip of an atomic force microscope 
(AFM) scans parallel to the surface normal of the antenna in tapping mode. Local electromagnetic field from the 
antenna structure is scattered by the AFM tip. Part of it gets transmitted through the laser cavity and collected by a 
mercury-cadmium telluride (MCT) detector after beam collimation. The scattered signal possesses local field 
information. However, there is also scattering from the cantilever which produces a huge background noise. This 
background has been overcome by modulating the distance between the probe and the sample. At a small distance 
between the probe and sample, the apex signal gets hugely enhanced. There is also a contribution to the modulated 
signal from many other scattering centers along the probe shaft. But the signal contribution of the more distant ones 
can be effectively suppressed due to their rapid fading at larger distance from the sample50,51. Thus modulating the 
signal using AFM in tapping mode and then demodulating using a lock-in amplifier can give an excellent 
background suppressed near-field signal.  

Due to selection rule for intersubband transition, QCL emits TM polarized light52, where direction of the 
electric field is along the growth direction. The antenna structure is integrated on the facet of the QCL such that the 
antenna axis coincides with the direction of laser polarization. Such condition makes the antenna resonant with the   
incident laser frequency and enhances the near field. There is also a perturbation effect on the antenna near-field due 
to the presence of probing tip, but it can be suppressed by using dielectric tip instead of metal tip as been suggested 
in ref 53.  

 

 
Figure 4 - Apertureless near-field optical microscope (a-NSOM) to probe near field intensity of optical 
antennas. 

5. MEASUREMENT 

Experimentally, nanorod on the laser facet was located using AFM scanning. Under laser in operation, the 
AFM tip-scattered near-field response is recorded simultaneously with the topography. When in plane incident field 
interacts with the MDM nanorod, conduction electrons in the metal respond with generating a surface Plasmon 
wave. For composite material based antenna surface Plasmon waves get generated at each interface between metal 
and dielectric.  

4. EXPERIMENTALL SET-UP 
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 To be able to investigate bio-molecules, which have vibration frequency in the mid-infrared region of 
optical spectrum, the detection volume must be reduced by an order of magnitude. The QCL integrated optical 
antenna has shown squeezing of optical spot within a small volume (radius ~ 12 times smaller than the operating 
wavelength). Thus any bio or chemical molecule, which has vibration resonance matching the lasing frequency, can 
have a strong absorption while inside the confined spot size. Now the challenge comes to develop a process to load 
such molecules at specific location of the antenna where the near field enhancement takes place. Further, the loading 
process needs precise control so that it doesn’t affect reflectivity of laser front facet (directly related with lasing 
performance).  We are on a process to develop an opto-fluidic platform to control the flow of fluid over the “hot 
spot” regions based on polydimethylsiloxane (PDMS) material . Low cost, rapid prototyping, reusability of the 
master molds, thermosetting nature and multilayer fabrication to create complex 3-dimensional systems make 
PDMS superior compared to other elastomeric materials available for soft lithography. Furthermore, replica molding 
using elastomers enables easy installation of fluidic interconnections as well as implementation of on-chip pressure 
driven flow through multilayer fabrication capabilities. Fluid flow through the microchannels can be controlled 
either by external pumps or by microfabricated components integrated on-chip. A more detailed description about 
this work can be found in ref 58  
 

7. CONCLUSIONS 

 During the NSOM measurement, the laser was operated at 1% duty cycle near the threshold voltage with an 
average power output of 100µW. The near-field images of the antenna were recorded with high pixel resolution and 
with a reduced scan speed of 0.1 line/s. The NSOM images show excellent agreement with the z-component of the 
simulated near field distribution (not shown in this paper).  The full widths at half maximum (FWHM) of the “hot 
spot” were found to be ~ 450nm. The spot is naturally confined along the short direction of the antenna width of 
100nm. The generated power flux at each hot spot is calculated as the total operating laser power divided by number 
of spots and spot area. Neglecting any incurred optical losses the total power flux is calculated to be approximately 
0.8nW/nm2 per hot spot. Even at 1% of this value, there will be enough optical power to have an interaction with 
single molecules59. 
 In conclusion, we have demonstrated near field scanning optical microscopy of a single and coupled 
nanorod antenna integrated on to the facet of a room temperature working QCL. The presented composite material 
based antenna designs can generate a very small optical spot size with power flux density in the order of nW/nm2. 
Simulations have confirmed that its multilayered design can significantly increase this intensity enhancement. Such 
high power densities combined with multiple hot spot location on the same antenna will enable us to detect single 
molecule based on their unique vibrational signature.  
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