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Remarkable progress has been made in the fabrication and characterization of optical antennas that are integrated with optoelectronic 

devices. We describe the fundamental reasons for, and experimental evidence of the dramatic improvements that can be achieved by 

enhancing the light-matter interaction via an optical antenna in both photon emitting and photon detecting devices. In addition, 

integration of optical antennas with optoelectronic devices can lead to the realization of highly compact multi-function platforms for 

future integrated photonics, such as low-cost lab-on-chip systems. In this review paper, we further focus on the effect of optical antennas 10 

on the detectivity of infrared photodetectors. One particular finding is that the antenna can have a dual effect on the specific detectivity: 

while it can elevate light absorption efficiency of sub-wavelength detectors, it can potentially increase the noise of the detectors due to 

the enhanced spontaneous emission rate. In particular, we predict that the detectivity of interband photon detectors can be negatively 

affected by the presence of optical antennas across a wide wavelength region covering visible to long wavelength infrared bands. In 

contrast, the detectivity of intersubband detectors could be generally improved with a properly designed optical antenna.  15 

 

 

 

1. Introduction 

 The past decade has witnessed a rapid growth in the field of 20 

optical antennas, as they have proven to be an excellent tool for 

manipulating the propagation of light and its interaction with 

electrons in matter. The inherent abilities of optical antennas, 

combined with rapid advances in nanotechnology, have led to its 

widespread application in many (bio-)molecular sensing 1, 2, 25 

photonics 3, 4 and optoelectronic devices 5, 6. At a more 

fundamental level, these devices can be divided into passive and 

active categories. Passive devices are inherently linear (e.g. flat 

optics 7 and transformational optics 8), while active devices are 

non-linear and incoherent (e.g. photodetectors 9, 10). Here, we 30 

focus on the application of optical antennas in active 

optoelectronic devices. The non-linear nature of active devices is 

responsible for their ability to amplify or transduce the optical 

signal, as well as to convert optical power to electrical power, or 

vice versa.  35 

 As we will see in the following, many interesting active optical 

devices have two major dimensional requirements: a large 

(microscale) optical component and a small (nanoscale) quantum 

absorber/emitter. The former is needed for efficient coupling of 

light to/from a distance, and the latter can significantly improve 40 

the sensitivity of the device. The dimension contrast is inherently 

related to the difference in photonic and electronic wave-

functions, and in the absence of a coupler, it results in a weak 

coupling between the two. The inefficient light-matter interaction 

can be enhanced using an optical antenna. Optical antennas can 45 

couple diffraction-limited far-field modes to sub-wavelength 

near-field modes in the vicinity of the nanoscale optical 

absorber/emitter. The sub-wavelength nature of the field near the 

antenna demands tight alignment, and hence there is a preference 

for direct integration of the antenna to the device. 50 

 

 The main motivations, a brief history, and the recent progress 

in integrating the optical antenna with the active optical device 

are the subjects of this review article. In section 2, a theoretical 

background is presented to explain the optical enhancement 55 

mechanism in the interaction between the far-field mode and the 

semiconductor nano-absorber/emitter. In section 3, we review 

two major categories of active devices with integrated optical 

antenna: light emitting and absorbing devices. However, the 

fundamental concept described in section 2 has been utilized in 60 

many other active devices, including modulators and switches11. 

2. Optical Antenna: Background and the Need for 
High Efficiency and Directivity 

 The weak interaction of light and matter is a double-edged 

sword: for example, it is responsible for our ability of chemical 65 

sensing and imaging across the universe, but on the down side, it 

severely limits the sensitivity of our detectors, as we will see in 

section 3.3. It is therefore highly desirable to be able to increase 

this interaction strength selectively and where needed. Naturally, 

since most optical systems take advantage of the large 70 

propagation distance of light, a high directivity is desirable. 

Table 1 shows some of the key parameters of the emitter, 

medium, and absorber for the case of infrared imagers. Details 

will be provided in section 3.3.1, but note that the conventional 

receiver (e.g., a piece of semiconductor) has a poor directivity 75 

compared to the incoming beam.  Furthermore, the weak light-
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matter interaction leads to a rather large absorption length, which 

demands a large volume of semiconductor to ensure high 

quantum efficiency (QE). In the following we shall see that the 

weak interaction can be substantially enhanced with a proper 

optical antenna design via an enhanced local density of states 5 

(LDOS). Although many commonly used optical antenna designs 

(e.g. Bowtie, Bulls-eye, Yagi-Uda, etc.) can produce a either a 

high QE or a high directivity, it is not easy to achieve both 

properties simultaneously. However, this is not a fundamental 

limit, and we will show a design based on photonic jets 12 that can 10 

achieve both requirements simultaneously. This method should 

be useful in many other applications, such as molecular sensing 

and solar harvesting, since their parameters are quite similar to 

those listed in Table 1. 

 15 

Table 1. Comparing optical properties of semiconductor integrated with 

different optical antenna.  

 

2.1. Near-field and Far-field  

An optical antenna is essentially a mode convertor that can 20 

efficiently couple free-space propagative modes to spatially 

confined near-field modes. Fig. 1 illustrates the schematic of the 

optical antenna functionality. A sub-wavelength quantum 

emitter/absorber is similar to its classical counterpart, the 

electrically small dipole, and has a broad range of wave-vectors 25 

(due to the diffraction). This property leads to a spatial radiative 

beam with weak directionality. On the other hand, in many light 

trapping/extracting applications, the far-field optical mode is 

considered to be a propagative mode with high directionality 

consisting of a narrow range of wave-vectors. A highly directive 30 

antenna can establish efficient coupling between the wide-spread 

modes of the emitter/absorber, and the desirable directional far-

field. Due to the reciprocity principle, the antenna can operate 

both as a receiver of, or transmitter to, the far-field. The antenna – 

emitter/absorber interaction is significant at the region near-field 35 

of the antenna, where the antenna modes are dominant compared 

with the free-space propagative modes. Antenna modes can be 

propagative or evanescent waves, and they carry radiative and 

non-radiative power, as well as store electromagnetic (EM) 

energy. These properties are often characterized by the antenna 40 

quality factor and loss, as extensively discussed in the literature13. 

Antennas with large quality factor have low non-radiative and 

radiative antenna losses.  At the first glance, the low radiative 

loss might seem to indicate a low coupling efficiency to the far-

field. However, this is not true since the stored energy can be 45 

very large for antennas with large quality factor. In fact, a near 

unity coupling is possible, based on the coupled oscillator theory, 

but only at a very narrow spectral range. Since the minimum 

quality factor of the antenna is inversely proportional to its 

dimension (normalized to wavelength) 13, one can conclude that 50 

broadband antennas cannot be optically small. 

 

We conclude that highly efficient and broadband antennas with 

high directivity, which are most desirable for the aforementioned 

application, have to be optically large. All-metallic antennas 55 

based on adiabatic mode conversion can satisfy the above 

performance at the radio frequencies (e.g. horn antennas). 

However, large metal losses at the optical frequencies can 

significantly reduce the efficiency for an optically large, and all-

metal optical antenna. This inherent limitations have motivated 60 

many research groups to develop metallo-dielectric hybrid 

antenna recently14, 15. 

 

 
Fig. 1 Optical antennas couple far-field and the near-field, and enhance 65 

extracting light from a quantum emitter, or delivering it to a quantum 

load.  

   

2.2. Local Density of States 

In addition to the aforementioned mode coupling, an optical 70 

antenna can alter the photonic density of states (DOS) locally. 

This property could be utilized to increase radiative power 

from/to a quantum emitter/absorber. In vacuum, DOS is a 

function of photon frequency,     ( )    
     ⁄ , and it 

determines the number of available photonic states that an 75 

electronic dipole can spontaneously emit to. However, the local 

density of state (LDOS) measures the geometrical and 

electromagnetic field effects on the locally available photon states 

by quantifying the electromagnetic energy density in the space 

and the polarization states. The value of LDOS for polarization 80 

state l can be defined as 

     (   )  ∑ (    )( ( )|    ( )|
 
  ( )|    ( )|

 
)

 

 

(1) 

where, En
 and Hn are orthonormal eigenfields. In the case of a 

cavity with a quality factor Q,  (    ) the function can be 

approximately replaced by a Lorentzian spectrum with ∆ω = ω/Q 85 

16. The total DOS is the volume integration over space and 
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summation over the polarization of LDOS, normalized to the 

volume of the space 17: 

   ( )  
 

 
∑ ∫     (   ) 

   
    (2) 

Importantly, the spontaneous emission rate of a dipole is 
proportional to the LDOS, 5 

    
   

    
|⟨ | ̂| ⟩|     (     ) (3) 

where,     |⟨ | ̂| ⟩| is the dipole moment. 

 
Fig. 2 LDOS as a function of distance from a 100-nm-diameter 

nanosphere for three different materials: metal (Gold), semiconductor (Si) 10 

and insulator (SiO2) and at a wavelength of =500 nm.   

Thus, the LDOS distribution in space determines the radiation 

enhancement/suppression due to the presence of polarizable 

objects such as optical antenna. Fig. 2 shows the LDOS as a 

function of distance from a sphere with a 100 nm diameter, and 15 

made with three different materials.  

 Although LDOS is an important property of the microcavities, 

optical antennas and other photonic structures, a straightforward 

and universal definition of LDOS in a dissipative system has been 

subject to many debates and controversies for decades18-24. In 20 

practice, almost all materials in nature exhibit a certain level of 

optical loss. Specifically, in light trapping/extracting applications 

such as photodetector and LED devices, considering the loss of 

the active region is crucial for proper evaluation of LDOS. It 

should be emphasized that the definition of LDOS in equation (1) 25 

is under the lossless condition, where eigen-modes are Hermitian 

and orthogonal17, allowing the LDOS to be derived from the 

converging imaginary part of the system’s Green’s function25,26. 

However, in a lossy system a set of orthogonal eigen-modes no 

longer exists to define LDOS as in equation (1) 26. In addition, 30 

insertion of loss mixes both real and imaginary parts of Green’s 

function, leading to the divergence of the imaginary part27. In 

general, there are two major approaches to resolve LDOS 

calculation issues in lossy systems. The first approach is to 

circumvent the divergence issue of the imaginary part of Green’s 35 

function, for example by introducing locally lossless 

homogeneous medium at the dipole position where LDOS is to be 

calculated14. The second approach is to redefine the LDOS 

formalism, for example by introducing a small set of quasi-

normal modes26, or replacing delta function by a finite line-width 40 

Lorentzian function17. In this paper, the latter approach is chosen 

to calculate LDOS at a dissipative medium. This approach is 

highly compatible with finite-difference-time-domain method. 

 In the same vein, circuit theory could be used to model and 

optimize optical antennas. Using this approach, it becomes 45 

evident that the impedance of the quantum emitter/absorber is 

quite different from the vacuum impedance. Antenna can adjust 

the impedance mismatch problem by behaving as an impedance 

matching circuit28, 29.  

3. Integration of Optical Antenna with Active 50 

Devices 

3.1. Semiconductor Lasers with Integrated Optical Antenna 

Integrated optical antennas on laser sources have many 

advantages, since they directly modify the near-field and far-field 

properties of the lasers’ beams. Many applications could 55 

significantly benefit from such a modification, including 

microscopy, spectroscopy, nanoscale optical lithography, heat 

assisted magnetic recording, spatially resolved chemical imaging, 

and laser processing. The integration of optical antennas with 

lasers can be categorized into the far-field and the near-field 60 

modification of the lasers’ output. Far-field modification of laser 

outputs is the goal of a large volume of research, such as optical 

data recording, far-field optical microscopy, and laser beam 

shaping and collimation. On the other hand, near-field 

modification is mainly used for biological spectroscopy and 65 

molecular sensing, since it provides great field enhancement at 

the near-field of an optical antenna. In the following, we look at 

the major achievements in both areas. 

 

3.2.1. Laser far-field modification      70 

The initial motivation for the integration of the optical structure 

with a laser to modify its far-field goes back to the research 

efforts to reduce laser spot size in optical data recording 

technologies30, 31. As an example, early work demonstrated the 

recording of 250-nm-diametrer marks at 7.5 Gb/in2 by fabricating 75 

a very small aperture laser (VSAL) operating at λ = 980 nm with 

a 250-nm-square aperture at the facet of the laser 30. VSAL was 

further investigated to realize a high-resolution far-field scanning 

optical microscope by controlling the focal length of the 

transmitted field’s spot 32, 33. A main parameter in the evaluation 80 

of the quality of the laser beam at the far-field, in terms of 

divergence and directionality, is the directivity of the optical 

structure fabricated on the laser’s facet. An aperture on the facet 

of a laser cannot enhance the directivity of the beam in the far-

field, instead, it modifies the field’s spatial distribution by the 85 

aperture’s Fourier transformed shape. Directivity enhancement 

can be achieved by coherent interference between an array of 

optical elements and apertures, similar to a phased array antenna 

in RF terminology34-37. For example, B. Guo et al. fabricated an 

optical antenna on a 650-nm-wavelength commercial laser, which 90 

was consisted of a 300x500 nm2 aperture and four concentric 

rings to focus the beam ~2λ away from the laser’s facet with a 

140% intensity enhancement 35. An edge-emitting semiconductor 

laser has an intrinsic beam divergence that limits the coupling 

efficiency of the beam to optical fibers and waveguides. Using an 95 

aperture-groove optical antenna on a quantum cascade laser 

Page 3 of 10 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



(QCL) at 9.9 µm, N. Yu et al. reported ~ 25 times reduction in the 

beam spreading. The interference of the light radiated from the 

aperture with the light scattered by the 1D-grooves reduces the 

divergence angle to as little as 2.4 degrees in the direction of the 

grooves, and increased the beam directivity by at least 10 dB 37.  5 

 
Fig.3 Far-field modification using  optical antenna integrated with 

quantum cascade lasers (QCL). a-b) SEM image of concentric grooves 

with aperture on QCL, and the measured far-field of the output 

laser.Reproduced with permission of the American Institute of Physics 10 

from ref. 38. c-d) SEM image of two set of aperture-grooves on QCL, and 

the measured far-field that produces a combination of linear and circular 

polarization. Reproduced with permission of the American Institute of 

Physics from ref. 42. 

In order to collimate light cylindrically, concentric grooves have 15 

been implemented (Fig. 3a-b)38. Additionally, the superposition 

of concentric rings results in multiple collimated beam generation 

in the far-field39, 40. The same group has reported a similar optical 

antenna integrated on a high power QCL laser to collimate the 

far-field beam 41. Since the orientation of the grooves determines 20 

the polarization of scattered light from individual grooves in the 

far-field, the polarization of the laser can be rotated relative to the 

groove orientation. For example, the combination of two sets of 

aperture-grooves,  tilted 45 degrees in opposite directions can 

produce a combination of linear and circular polarization 42 as 25 

shown in fig. 3c and d. The concept of optical antenna integration 

on semiconductor lasers is also adapted to THz laser sources 

utilizing spoof plasmonics 43 and concentric circular grating 44. 

 
3.2.2. Laser near-field modification      30 

Many applications, such as molecular sensing and low power 

switching, can greatly benefit from a laser beam that is tightly 

confined within a sub-wavelength volume. Very large 

confinements can be accomplished in the near-field, where 

evanescent modes exist. Although sub-wavelength apertures on  35 

facets of lasers can confine light, the coupling of the laser cavity 

modes to the near-field is very inefficient, 45 since the optical 

transmission through a sub-wavelength aperture decays rapidly (it 

is proportional to the fourth power of the aperture size) 46. Unlike 

tiny apertures, optical antennas can efficiently convert laser 40 

power to the near-field and reduce the power loss. The first 

demonstration of optical antenna integration on an edge emitting 

laser was reported by E. Cubukcu et al. 45 where a coupled 

nanorod antenna was fabricated on the facet of a commercial 

near-infrared laser using focused ion beam (FIB) milling.  45 

 The application of such integrated optical antennas has been 

extended to biological imaging and spectroscopy by fabricating 

an integrated system in the mid-infrared region, where many 

biological and chemical molecules have absorption features 47-52. 

This integration of optical antennas with active devices could 50 

propel lab-on-chip technology one step closer to fully integrated 

microsystems 53. Recent progresses in QCLs have led to 

realization of lasers with excellent properties in the mid and long 

infrared regions, where many important biomolecules have strong 

absorption features. However, biomolecules’ overall optical 55 

absorption is still very weak in their naturally occurring 

concentrations. Since mid and long-wave infrared detectors have 

a poor sensitivity at room temperature, the aforementioned weak 

absorption cannot be detected with a system operating at room 

temperature. One of the ideas we developed to address this issue 60 

was to take advantage of the laser's non-linearity near its 

threshold and the strong coupling between the laser cavity mode 

and the optical antenna mode. 

 
Fig. 4 The schematic of an integrated bowite antenna with a QCL (left). 65 

Using time resolve spectroscopy (right), we measured the frequency shift 

and intensity of QCL laser due to the mechanical motion of an atomic 

force microscope (AFM) tip (center). Despite the extremely large volume 

difference between the antenna modes and laser cavity modes (about 

10-8), as well as the sub-wavelength motion of the AFM tip of ~/120, 70 

laser output is strongly modulated by the tip motion.  

 We initially fabricated and measured single 
49 and coupled 

metal-oxide-metal antennas 48 on the facet of  QCLs operating 

near ~6 m. Our experiments suggested that the perturbation of 

antenna’s hot-spot can affect the laser dynamic due to the strong 75 

coupling of the antenna and cavity modes. We then demonstrated 

strong modulation of QCL cavity modes by perturbing the 

integrated optical antenna’s near-field through an atomic force 

microscope (AFM) tip movement 54. In this work, a non-linear 

feedback mechanism was shown to enhance the sensitivity in 80 

detecting molecules in the proximity of antenna. Fig. 4 shows a 

schematic of a bowtie antenna integrated on the facet of a QCL, 

and the relative position of the AFM tip. The AFM is operated on 

a non-contact mode with an amplitude oscillation of ∆d = 50 nm 

near the antenna hot-spot. As a result of AFM tip movement by 85 

about /100, laser power is modulated by ~74%, and its 

frequency shifts by ∆f ~ 30 GHz. The figure of merit (FOM) of 
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the frequency tuning of the laser in this experiment is g = ∆f/∆d ~ 

6.4x108 Hz.nm-1, as shown in our time-resolved spectroscopy 

measurement (see Fig. 4). The measured FOM shows the 

extremely high modulation of laser operation caused by 

perturbing the antenna hot-spot due to the concentration of EM 5 

energy in the high LDOS in the antenna's near-field. The resultant 

FOM is about 10 times larger than the best results achieved by 

modifying the cavity modes mechanically 55. More importantly, 

the volume of the moving part in our approach is about five 

orders of magnitude smaller.  10 

 
Fig. 5 a) Schematic and b) SEM image of a cross-polarized optical 

antenna operating at 1.55 μm and 6 μm Integrated on QCL laser. c) 

Schematic of the setup to measure the near-field and modulation field of 

the laser. d) Modulation of back-reflection 6-μm-wavelength power from 15 

QCL laser as a function of 1.55-μm-wavelength pumping power, e) as a 

function of 1.55-μm-wavelength polarization.    

 Another interesting feature of an optical antenna is its ability to 

confine electromagnetic fields into a hotspot almost independent 

of its wavelength. This property allows coinciding optical beams 20 

with very different wavelengths on nonlinear media. Such a 

feature can be utilized for ultra-fast and low-power switching, 

wavelength mixing and converting by means of a nonlinear 

element in the system. As an example, we reported dynamic 

control of the near-field using a cross-polarized optical antenna 25 

integrated on a QCL laser 56. The optical antenna is composed of 

two Bowtie antennas resonating at 1.55 μm and 6 μm as shown in 

Fig. 5a. A thin slab of germanium is fabricated at the antenna gap 

as the nonlinear element. The near-field of a 6-μm-wavelength 

QCL laser is controlled through free carrier absorption induced in 30 

germanium by a 1.55-μm-wavelength pumping light. The 

modulated, back-reflected signal from the laser is detected by an 

MCT detector before it is sent to a spectrum analyzer. Fig. 5e and 

f show the emitted power of the QCL laser at ~6 m modulated 

by a weak laser beam at 1.55 μm. The power dependency of the 35 

QCL emission to the polarization of the short wavelength beam  

clearly demonstrates the antenna's role. 

3.2. Semiconductor LEDs with Integrated Optical Antennas 

 One of the main limitations of light emitting diode (LED) is its 

low external quantum efficiency. This is partly due to the limited 40 

light extraction efficiency, which is the percentage of light that 

can leave the semiconductor and couple to the propagative optical 

modes. The second limiting factor is the small spontaneous 

radiation rate that allows other non-radiative mechanisms to 

consume a portion of the energy. Enhancing light extraction 45 

efficiency has been an intense field of research and different 

solutions have been developed. For example, using micro-lenses 

and micro-structuring the semiconductor it has been enhanced by 

about one order of magnitude 57. However, in order to reach the 

luminosity of fluorescent lamps or light bulbs, significant 50 

improvement is necessary for LEDs 58. The motivation for the 

integration of optical antennas with LEDs is the desire to increase 

light emission from LEDs beyond the limited enhancement of 

conventional photonic methods. In early 1990, A. Kock et al. 

reported the first strongly directional emission from an infrared 55 

AlGaAs/GaAs surface-emitting LED via coupling to the surface 

plasmons 59. They used a surface grating that acted like an 

antenna and provided efficient coupling of emitted photons from 

an electronic dipole to the far-field. It also enhanced the optical 

density of states, and subsequently, the spontaneous emission rate 60 

in the semiconductor 60. In 2004, K. Okamoto et al. reported 

considerable light emission improvement from InGaN/GaN 

quantum wells, which were coated with plain and perforated thin 

films of silver 58. Since then, a variety of antenna configurations 

are fabricated on the facets/surfaces of LEDs with different 65 

materials and emitting wavelengths 61-63. The most challenging 

issue in using metallic antenna in this application is the large 

metal loss in the visible spectrum64.  

3.3. Semiconductor Photodetectors with Integrated Optical 
Antennas 70 

 Fast photodetectors with high sensitivity and quantum 

efficiency are key elements in many modern applications, such as 

optical communication, optical interconnects, quantum key 

distribution and infrared imaging. It is therefore crucial to 

optimize the quantum efficiency-bandwidth product while 75 

maintaining a low noise. Traditional photon detectors are 

optimized based on planar device geometry, where the optical 

(collection) area and the electrical (sensing) area are equal. 

Although increasing the material volume can increase the 

absorption, and hence the QE, the detector’s overall performance 80 

is degraded by increases in power loss, latency, and noise 9. In 

many conventional photodetectors, the device speed is limited by 

the carrier transit time, and a shorter transit time requires a 

thinner active region. Moreover, a thinner active region has 

smaller volume and hence a smaller dark current (noise). 85 

Unfortunately, a thinner active region means a smaller QE. A 

common approach to shrink the device size while maintaining a 

high QE is to use resonant cavities 65, 66. However, this approach 

can severely limit the optical bandwidth of the detector.  

 The main motivation in integrating optical antenna with 90 

photodetector is the need to surpass the aforementioned 

limitations and produce a very small (deep sub-wavelength) 

absorber with high QE, high directivity, high sensitivity 

(detectivity), and a broad optical bandwidth. As we saw in section 

2, optical absorption (QE) can be significantly enhanced in the 95 

presence of an optical antenna, due to the elevated LDOS. Unlike 

micro-cavities, this enhancement can be very broadband. 

Fortunately, optical antennas are quite efficient at longer 

wavelengths (due to the lower metal loss), and this is in fact the 

region that the semiconductor optical absorption is weaker 67.  100 
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 While the above idea has recently been studied by many 

groups, the effect of LDOS enhancement on the detector noise is 

commonly ignored. In section 2.2, we saw that LDOS 

enhancement leads to an increased radiative recombination rate, 

which leads to an increased generation rate due to the detailed 5 

balance principle. The increased carrier generation rate produces 

higher noise in the detector. This effect could be particularly 

significant for interband detectors, where the carrier lifetime is 

quite long 68. In order to calculate the sensitivity, we need to 

calculate the noise and the signal of the detector. The noise 10 

current, in both interband and intersubband photodetectors, is 

     √  (   )  , where V=Aet is the electrical volume 

of the detector, Ae and t are the semiconductor area and thickness, 

g is the internal gain, and G and R are the generation and 

recombination rates. For a device operating near equilibrium we 15 

have     . The net recombination rate is the sum of the 

radiative and non-radiative recombination rates:        

        . The photodetector signal, or current responsivity, 

is          ⁄ , where  is the quantum efficiency (QE), and  

is the wavelength of the light. The device detectivity (sensitivity) 20 

is the signal to noise ratio, normalized for area and 

bandwidth:        ⁄ √    , where A0 is the optical 

(collecting) area of the device. Assuming equal optical and 

electrical areas (i.e. conventional photodetectors), the optimum 

detector thickness is found to be topt=1.26/, leading to the 25 

highest possible sensitivity of     
         ⁄ √  ⁄  , where 

is the semiconductor absorption coefficient.  

 This has been the sensitivity limit of conventional 

photodetectors for the past few decades.  Now we would like to 

see if optical antennas can help us exceed the above sensitivity 30 

limit. In this analysis, we assume that the beam is already focused 

to a diffraction-limited spot using conventional optics with an 

NA~1 (i.e. the practical focusing limit in the air). The optical area 

is then      
    ⁄  .  

 35 

Fig.6 a) LDOS enhancement, and QE of sub-wavelength interband and 

intersubband absorbers with volume V=3.1x10-53 , as a function of 

distance r from the center of a bowtie designed for =8 m.  

 First, we find the detectivity of a deep sub-wavelength detector 

with volume V<<3 without any antennas to 40 

be   
        ⁄ √   ⁄ . As expected, the detectivity degrades 

for smaller device volumes, since the signal decreases at a faster 

pace than the noise.  

 Now we would like to see whether we can increase the QE and 

detectivity of a deep sub-wavelength detector using antennas. 45 

Since LDOS enhancement is highly dependent on the geometry 

and configuration of the antennas, it is not possible to develop a 

general formalism. Therefore, we will quantify this effect by 

using two examples: a widely used Bowtie antenna, and a 

metallo-dielectric hybrid antenna we recently proposed12.  The 50 

bowtie antenna does not produce a large QE and is not 

directional, while the hybrid antenna can produce a much higher 

QE and directivity. However, we will see that the performance in 

each case strongly depends on whether an interband or an 

intersubband sub-wavelength detector is used.  55 

 Both antennas are optimized for detection at =8 μm. The 

detector dimension is 400 nm x 400 nm x 100 nm for the bowtie, 

and 1 m x 1.5 m x 2 m for the hybrid antenna. The real part 

of the semiconductor refractive index is assumed to be about 3, 

and the absorption coefficients are assumed to be 1000 cm-1 for 60 

the intersubband and 5000 cm-1 for the interband absorber 67. As 

mentioned in section 2.2, LDOS calculation in the presence of 

lossy medium is not a well-defined problem and is an open 

subject for researchers. In this paper, finite-difference time-

domain (FDTD) method was used to calculate the LDOS at the 65 

absorber site using 17: 

     (    )  
 

 
 (  )  (    ) (4) 

where,   (    ) is the radiative power from a dipole that is 

placed at x0 and has the polarization state l. Since the system is 

dissipative due to the optical absorption of the semiconductor, the 70 

radiative recombination can decay into a finite range of 

frequencies. Thus, the total LDOS is calculated by integration 

over all the frequencies weighted by a Lorentzian lineshape for 

their contribution17.  

    (  )  ∫
 

 (  )
     (    )

    

(    )
    

   (5) 75 

This approach ensures the non-radiative decay of dipole due to 

the dissipative host is taken into account by γ0. The value of the 

QE is calculated from the net power dissipated by the absorber, 

normalized to a Gaussian source with numerical aperture NA=1 

(corresponding to      
    ⁄ ). Fig. 6 shows QE and LDOS 80 

enhancement as a function of distance r between the detector and 

the Bowtie antenna gap. In this geometry, LDOS and QE 

monotonically increase as r approaches zero, signifying the 

optical antennas role in enhancing the spontaneous emission and 

far-field power absorption in the semiconductor absorber. 85 

Although the bowtie antenna enhances QE significantly, the 

maximum value is still around 1%. Also, the bowtie directivity is 

quite dismal (~2 dB). On the contrary, the hybrid antenna can 

produce a high QE of about 50% and a high directivity (~20 dB) 

simultaneously12.  90 

 Now we would like to compare the detectivity of interband and 

intersubband detectors integrated with each antenna, and compare 

them to the conventional values at =8 m. The main question is 

whether a high LDOS produced by the bowtie and hybrid 

antennas (~230 and 1100 times vacuum level respectively) can 95 

adversely affect their detectivity due to the reduced radiative 

lifetime.  

 Fig.7 shows the calculated detectivity for the above antennas 
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for the two cases of interband and intersubband absorbers. For 

interband, we used the parameters 68 of Hg1-xCdxTe (MCT) with a 

cutoff wavelength of around 8 m (x~0.22). For intersubband we 

used the parameters 67 of AlGaAs QWIP with a peak detection 

wavelength of 8 m. The background-limited performance 5 

(BLIP) detectivity is also shown in this figure. It is evident that 

the detectivity of hybrid antennas integrated with the QWIP is 

more than 30 times higher than the limit of conventional QWIP 

detectors at all temperatures. The value of QE~40% is also quite 

large. However, the optical antennas could not increase the 10 

detectivity of the interband detector beyond the limit of 

conventional devices. The reason is the comparable radiative 

lifetime rad and non-radiative lifetime non-rad in interband 

detectors. For example, the ratio of the radiative to non-radiative 

lifetime in the MCT is around 0.1 at T=77 K, and 25 at room 15 

temperature. However, LDOS enhancements of 230 for the 

bowtie antenna means that the new radiative recombination 

lifetime is about ten times smaller than the non-radiative lifetime 

even at room temperature. Therefore the noise of the detector 

integrated with the antenna is dominated by the enhanced 20 

radiative noise at any temperature. For the QWIP however, rad~ 

1 s and non-rad~ 200 ps at T=77 K 69, and hence the ratio is about 

5000. This large ratio means that the LDOS enhancement, even 

for the hybrid antenna, cannot enhance the detector noise at any 

temperature. This conclusion is valid for the mid and long 25 

wavelength infrared interband and intersubband detectors (3 m 

<<12 m). In the shorter wavelength bands, where intersubband 

detectors are not commonly used, their performance might be 

limited by the LDOS enhancement. In the very long wavelength 

infrared (VLWIR) and terahertz (THz) region, where interband 30 

devices are not commonly used, LDOS enhancement will not 

produce the aforementioned limit. Therefore, this analysis 

suggests that optical antennas integrated with interband devices in 

these spectral bands have a lot of unexplored potential. Let us 

now look at the state-of-the-art in each interband and 35 

intersubband category. 

 
Fig.7. Detectivity versus temperature for interband (top) and Intersubband 

(bottom) absorbers. The plots compare detectivity and QE for four cases: 

a deep sub-wavelength absorber, bowtie and hybrid antennas integrated 40 

with sub-wavelength absorbers, and a conventional detector with 

optimum thickness. Optical antennas dramatically enhance detectivity of 

the intersubband devices and surpass the limit of conventional device by 

~30 times, but their LDOS enhancement prevents detectivity 

improvement for the interband devices. 45 

3.3.1. Optical Antennas Integrated with Interband 

Photodetector 

 In a pioneering work, L. Tang et al. reported a metal-

semiconductor-metal (MSM) germanium (Ge) detector with a 

deep sub-wavelength dimension ~ λ3/10000 integrated with a 50 

half-wave Hertz dipole antenna 9. The extremely small volume 

suggests a high speed operation of ~100 GHz, as well as a very 

small capacitance. The latter is particularly important as a large 

load resistance can be used to generate a high output voltage and 

very low optical and electrical power consumption for on-chip 55 

optical interconnects. The performance enhancement of MSM 

photodetectors has been the subject of much research 70-77 due to 

their relative low cost of fabrication and compatibility with 

CMOS technology 70. The detector’s electrodes, used for 

extracting the current, can serve as optical antennas to capture 60 

and focus light efficiently at the detection site. For example, F. 

Ren et al. reported an integration of a split-ring bull’s eye antenna 

on a germanium detector 72. The bull’s eye antenna focuses light 

from a relatively large area (with a diameter of ~ 10λ) into a 

subwavelength germanium slab resulting in an enhancement of 65 

the LDOS and electric field. The measured photocurrent is 

improved by a factor of 7 with a responsivity of ~3.93 μA/W. P. 

Fan et al. have fabricated the electrodes of a germanium 
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nanowire to capture light from the far-field and concentrate it on 

the germanium nanowire 71. The nanowire has optical resonant 

modes that can coincide with the contact antenna’s resonance 

wavelength resulting in ~1.7 times enhancement of polarization-

dependent optical absorption in germanium at 660-nm-5 

wavelength. Combining a resonant micro-cavity with an optical 

antenna increases the photon interaction time at the detection site, 

in addition to the efficiency of the far to  near-field coupling. K. 

Balram et al. have reported a hybrid micro-cavity optical antenna 

that strongly enhances the optical absorption in a germanium 10 

detector below the bandgap with a measured responsivity of ~ 1.2 

A/W. The micro-cavity antenna consists of a planar metal-

dielectric resonant cavity 70. The electrodes adjacent to the 

germanium create a cavity in the germanium region. The cavity 

size (germanium width) is tailored in order to excite the highest Q 15 

mode (5th cavity mode) to increase the photon interaction time in 

the cavity. In addition, changing the germanium’s width will shift 

the wavelength of the cavity mode, which changes the detection 

wavelength adding a tuning feature to the detector. The same 

group has reported a similar structure with a MSM deep sub-20 

wavelength silicon photodetector operating at the near-IR region 
74. The demonstrated MSM silicon photodetector has the tuning 

feature due to the micro-cavity antenna, which is favourable for 

applications such as multispectral imaging sensors and short-

range optical interconnects. 25 

3.3.2. Optical Antennas Integrated with Intersubband 

Photodetector  

 Photodetectors based on the intersubband absorption of 

photons in quantum wells have two distinct features when 

compared with interband detectors: a high non-radiative 30 

recombination rate due to the fast LO phonon scattering between 

the subbands, and high polarization sensitivity due to the 

quantum well transition selection rule. Since quantum wells are 

usually separated by rather thick barriers, and a relatively small 

dipole matrix, the overall optical absorption coefficient of 35 

intersubband detectors is considerably smaller than interband 

detectors. The shorter carrier lifetime and smaller optical 

absorption coefficient means that the detectivity of intersubband 

detectors is fundamentally lower than that of interband detectors. 

However, the technological advantages of intersubband detectors 40 

have made them an attractive choice for many applications— 

particularly at the longer infrared wavelength range. As we 

discussed in section 3.3, the effect of optical antennas is more 

significant for intersubband mid- and long wavelength infrared 

photodetectors, where the weak optical absorption results in a QE 45 

of about 20% in conventional devices. In 2010, we reported 10 an 

ultra-thin (/16) QWIP integrated with a nanohole-array optical 

antenna to produce a high QE of ~ 40% (see Fig. 8a and b). The 

top view of the |Ez|
2 at the nanohole-array/detector interference 

and simulated with FDTD, as well as the side view of |Ez|
2 50 

through the quantum well’s growth direction are shown in Fig. 8c 

and d. The responsivity and detectivity of this device are shown 

in Fig. 8e. The optical antenna captures far-field light and 

enhances its concentration at the active region of the QWIP. In 

addition, the QWIP can only absorb light with a polarization 55 

perpendicular to the growth direction. The nanohole-array 

antenna converts the lateral polarization of light to a 

perpendicular polarization by exciting the surface plasmons on 

the surface of the perforated metal. Fig. 5b shows the simulated 

electric intensity with a polarization perpendicular to the QW 60 

growth direction. The peaks of responsivity and detectivity both 

occur at 8 μm, reaching ~ 7 A/W and ~ 7.4x1010 cmHz1/2/W 

respectively. A similar far-field to near-field coupling property of 

periodic hole-arrays has been reported without using surface 

plasmons. In this work, a QWIP operating at 7.6 μm was 65 

integrated with a hexagonal air-hole array. Although a similarly 

high enhancement could be produced with this micro-resonator 

photonic crystal QWIP, the high Q factor of about 135 led to an 

extremely narrow detection bandwidth 78.  

 Nanohole-array optical antennas have been used to enhance 70 

quantum dot infrared photodetectors (QDIPs) 79 as well, with 

about five times enhancement in the responsivity and the 

detectivity. In addition, a focal plane array (FPA) of nanohole 

optical antennas integrated on a QDIP has been reported with 15 

times greater detectivity at 8.3μm wavelength 80.  75 

 
Fig. 8 a) SEM images of nanohole array optical antenna integrated on a 

QWIP photodetector. b) Map of FDTD simulated |Ez|
2 at the bottom of 

nanohole array antenna, c) along the quantum well’s growth direction. d)  

The measured responsivity of the device at bias 0.7 V at 78 K and the 80 

spectrum of average |Ez|
2 in the active region. Reproduced with 

permission of the American Institute of Physics from ref. 10.  

 Although, nanohole array antenna enhances the photodetector 

performance, it only confines light in one dimension. Similar to 

the MSM Ge integration with micro-cavity antenna, incorporation 85 

of micro-cavity property with far-field-to-near-field coupling can 
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increase the light-matter interaction as well as allows reducing 

the detection volume in deep sub-wavelength scale. Recently, a 

double-metal nanoantenna as micro-cavity has been fabricated on 

a QWIP detector to confine light 3-dimensionally 81. Strong sub-

wavelength light confinement of this micro-cavity antenna leads 5 

to three times reduction in dark current, due to the reduced 

detection area.As described in the section 3.3, we recently 

proposed a novel hybrid optical antenna12 that can achieve a 

similarly higher QE, but at smaller volumes. In addition, it can 

produce a large directivity. The simulated QE is ~50% and 10 

directivity gain of ~16 dB has been achieved in a QWIP active 

region with a volume of ~0.006λ3. A recent simulation of another 

type of metallo-dielectric optical antenna82 suggests that large QE 

of over 85% with extremely large emission rate enhancements of 

LDOS~3000 is possible for single dipole emitter/absorber.  15 

4. Conclusion 

 In this paper, we reviewed the recent progress and 

developments in optical antennas integrated with active 

optoelectronic devices, such as lasers, LEDs, and photodetectors. 

Theoretical and experimental works suggest that such devices 20 

have the potential to address many of the inherent limitations of 

conventional optoelectronic devices. In particular, they have two 

significant capabilities: they can enhance both the local density of 

states and the coupling of the near-field modes to the far-field 

modes. Many devices utilizing these capabilities to achieve 25 

enhanced efficiency and sensitivity have successfully been 

demonstrated. However, the enhancement of the light-matter 

interaction does not necessarily lead to increased sensitivity. We 

showed that the sensitivity of detectors could even degrade with 

the addition of optical antennas, if their noise is already limited 30 

by the radiative generation of carriers.  

 Historically, the strong light-matter coupling produced by 

optical cavities in the field of cavity quantum electrodynamics 

(CQED), has led to significant fundamental and practical 

discoveries 83 as signified by the 2012 Nobel Prize in Physics. 35 

However, the required high quality factor of such cavities makes 

it difficult to achieve a fast interaction time. On the contrary, 

optical antennas have the ability to enhance the light-matter 

coupling at nano-scale dimensions, and at ultrafast time scales84. 

These unique abilities could potentially lead to significant 40 

fundamental and practical breakthroughs. Recent experimental 

demonstrations, such as ultrafast optical spectroscopy of 

nanoparticles 85 and nano-spectroscopic imaging 86, suggest that 

rapid progress in this field has already started. In parallel, the 

unique properties of optical antennas have excellent synergy with 45 

the properties new 1D and 2D active devices, such as carbon 

nanotube and graphene.  Early demonstrations in this area87-89 are 

indicative of a paradigm shift in the field of nano-optoelectronics. 

On a broader scale, we believe that the impact of integrated 

optical antennas on many technologies, including ultra-sensitive 50 

compact medical sensors and ultra-fast on-chip optical 

interconnects is imminent.  
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