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Executive Summary 
 
 

Under the completed AFOSR grant we 
investigated the light-matter coupling between 
plasmonic nano-antennas and near-surface 
quantum-confined structures. This included 
optimizing the molecular beam epitaxy 
growth conditions of a near-surface quantum 
well with emission around 1500 nm and 
fabrication of arrays of various resonant 
antenna structures. Pump-probe spectroscopy 
was used to investigate the coupling effects, 
and a toy model [1; 2] was used to extract the 
coupling parameters. Utilizing antennas with a 
higher dipole moment, such as square patch 
antennas, is counteracted by the decrease in 
packing efficiency and the increase in the local 
density of optical states of these antennas and 
thus reducing the effective coupling. 
 
To move towards observing coupling between 
plasmonic nano-antennas and high quality 
quantum dots we investigated self-assembled 
MBE grown indium plasmonic 
nanostructures, or indium islands. While 
quantum dots degrade more significantly as 
they are in closer proximity to the surface 
compared to quantum wells, the improved 
interface between the semiconductor and the 
plasmonic structure, due to the single process 
epitaxial growth, increases the interaction. 
Low densities of indium islands have been 
shown to increase the photoluminescence of 
InAs quantum dots capped by 7 nm of GaAs. 
At this separation the quantum dots are 
broadened significantly such that individual 
emitters can’t be distinguished from the 
ensemble of quantum dots. However, utilizing 
the superconductivity of indium can increase 
this interaction distance through the proximity 
effect allowing for the interaction of Cooper 
pairs with hole pairs in quantum-confined 
structures. Indium islands have been shown to 
be superconducting and are a promising 
candidate for superconductor/semiconductor 
hybrid source. 

 

 
 
 
 
 
 
 

 

Figure 1: (a) Diagram of an array of 
silver wire antennas fabricated on top of 
a near-surface quantum well. (Inset left) 
Typical transmission spectrum of a wire 
nano-antenna. (Inset right) Close-up of 
the quantum well structure. (b) An 
actual array of EBL fabricated staggered 
nano-antennas. (c) A scanning electron 
microscope (SEM) image of a large self-
assembled indium island. (d) The high 
quality growth of indium islands results 
in structures that are crystalline, 
demonstrated by the clear diffraction 
pattern. 

a b 

c d 



Introduction 

Motivated by our focus on enhancing light-matter coupling and our ability and experience of 
fabricating metallic structures on our epitaxially grown quantum-confined heterostructures, via 
molecular beam epitaxy (MBE) in the form of quantum wells (QWs) and quantum dots (QDs), we 
sought to continue our investigation of hybrid metal-semiconductor nanosystems where individual 
quanta play a decisive role.  

Subwavelength metallic nano-antennas are able to confine optical excitations as surface plasmons to 
a volume about 1000 times smaller than (λ/n)3 [3, 4]. This highly localized field can act on quantum 
emitters within the evanescent tail of the field, leading to modified spontaneous emission properties. 
This nanolocalized source was proposed in [5] and called a spaser (surface plasmon amplification by 
stimulated emission of radiation). Unlike the narrow (high Q) resonances of photonic crystals, 
metallic resonators have Q's of around 10. This allows the resonance to spectrally overlap with more 
than one quantum dot at a time. Since the Purcell enhancement goes as Q/V, we see the same 
enhancement as a photonic crystal cavity, which has a Q around 10,000. The metallic resonator acts 
as a short-lived storage device, somewhat like an optical cavity. Interestingly, the optical resonance 
frequency can be changed by the shape and size of the metallic resonator: the smaller it is, the 
shorter its resonance wavelength. When an array is fabricated with the distance between resonators 
about the same as their size, they couple with each other resulting in a collective mode. With the 
fabrication on top of quantum wells or quantum dots beneath but close to the surface, one could 
hope for coupling between the resonators and quantum-confined emitters. 

This led us to examine the potential of such metallic resonator arrays. Our group’s quest for and 
success in achieving single quantum dot vacuum Rabi splitting in 2004 (quantum strong coupling, 
currently 1,354 citations) [6, 7] was preceded by the study of normal mode coupling (NMC) between 
the excitonic resonance of QWs and a single mode of a planar microcavity [8]. We understood much 
of the physics by considering the NMC as simply two coupled oscillators. Similarly, it seemed logical 
to begin the study of metallic resonators by using an array of them on top of samples with QWs or 
QDs grown close to the surface using our MBE machine. The field of these cavities falls off 
exponentially on a length scale of ~10 nm, see figure 2 [9]. In order to couple to this field a quantum 
dot or quantum well must be positioned within this short distance from the surface of the 
semiconductor. The poor quality of a semiconductor surface can cause increased non-radiative 
recombination, leading to decreased photoluminescence and shorter carrier lifetimes, both 
undesirable qualities.  

 

 

 

 



 

 

 

 

 

 

 

 

When a quantum-confined gain material is pumped strongly, the near-field coupled system can be 
thought of as coupling between a metallic resonator oscillator and a second oscillator providing gain 
(roughly centered on the photoluminescence peak). We wanted to understand the dependence of the 
dipole moment on the size and shape of the metallic structure, as well as how the collective dipole 
moment of an array of metallic nano-antennas changes due to the coupling between the individual 
antennas. The interesting thing is that one can think of this array of metallic antennas as an array of 
meta-atoms whose spacing and interactions can be precisely controlled through fabrication. The 
nano-antenna patterns are written by electron-beam lithography into a PMMA mask, after which the 
sample is coated with silver. A chemical lift-off procedure is used to remove excess silver, leaving 
behind arrays of silver nano-antennas. To determine the quality of the samples, they are 
characterized by scanning electron microscopy (SEM) and Fourier transform infrared (FTIR) 
spectroscopy. 

Quantum Well-Antenna Coupled System 

From our previous grant, and in collaboration with the group of Prof. Martin Wegener, we 
investigated the coupling of nano-antennas in the form of split-ring resonators (SRRs) coupled to a 
near surface quantum well [10]. The SRRs sizes were varied, shifting the resonances, but the overall 
shape remained the same. Wegener’s group went on to determine, using extinction cross-section 

Figure 2: Example of numerically calculated 
near-field enhancement (V = |E|2/|E0|

2); the 
cut plane shown corresponds to the midplane of 
the QW in the sample with d = 5.5 nm. The 
dashed white outline marks the dimension of the 
SRR. (b) Dependence of normalized 
experimental and numerical coupling measures K 
and V versus distance d. The dotted lines show 
exponential fits to the data. [9] 



measurements of single metallic structures, that the ratio of radiative to non-radiative cross section 
contributions can be increased by changing the shape from a SRR to a straight nanorod, see figure 3 
[11]. While the metal used in that work was gold, the basic principle is the same. Based on this 
observation, and with the goal of increasing the radiative contribution and reducing ohmic losses, we 
began exploring different shapes and arrangements of nano-antennas. Our work, discussed below, 
resulted in a publication in the Journal of Optics [1]. 

 

 
 

In our work, we studied the properties of silver optical antennas fabricated in arrays displaced by 
approximately 5.4 nm from indium gallium arsenide (InGaAs) quantum well, grown by our group 
using molecular beam epitaxy, as pictured in figure 1 (a)(b) for an array of staggered wire-shaped 
antennas. We were concerned primarily with the effective coupling of the antenna array to the 
quantum well and used a simple toy-model [2] based on near-field coupling to explain the 
experimental observations. Using a transient frequency resolved pump-probe experiment, we 
measure the differential transmission of the system, revealing the expected signs of coupling. This 
experiment uses a femtosecond Ti:Sapphire laser at 810 nm to invert the quantum well, while an 
OPO tunable from 1360 nm to 1580 nm allows us to probe the changing transmission of the 
coupled system. We explore several areas of interest, including the effects of high pump power 
which causes the quantum well to act as a continuum of states rather than a single resonance. In this 
regime our simple toy model is no longer valid, and new features of the coupling are observed. 
Finally, we compare the optical properties and effective coupling of three distinct optical antenna 
shapes: wire, square and split-ring. 

Figure 4 demonstrates the differential transmission response when the quantum well is pumped with 
only 4 mW, which should be just enough power to invert the lowest energy resonance of the 

Figure 3: Transition from a straight dipole 
antenna (top) to a split-ring resonator (bottom). 
In the left column, the dots show the measured 
scattering Csca (green), absorption Cabs (red), and 
extinction cross-section spectra Cext (black). The 
solid curves result from Lorentzian fits. The 
insets show electron micrographs of the 35 nm 
thin gold nano-antennas. For all cases, the 
incident linear polarization is horizontal (see 
double arrow). The results of corresponding 
numerical calculations are depicted in the right 
column on the same scale and in the same format 
to allow for direct comparison with experiment. 



quantum well. The solid blue curves show the response of the quantum well by itself, and the 
dashed red curves show the response of the quantum well coupled to the wire antenna array. From 
this data we see a magnitude of the negative signal of about -3.8%. Also, for most wavelengths we 
see a nearly exponential decay, and the initial rise (fall) time is consistent, reaching a maximum or 
minimum signal at +20 ps delay.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In order to compare this to previous work, we can use the toy model explained previously. To do 
this we first look at a single delay time corresponding to the maximum signal, when hot carriers have 
relaxed to the lowest energy level of the quantum well and the system can be approximated as steady 
state, which occurs around +20 ps. When we plot this time slice as a function of probe wavelength 
we get the plot seen in figure 5. Here again the blue data are the response of the quantum well and 
the red data are the response of the coupled system. The open circles are the experimental data, 
while the curves are the best fit to the toy model. All but one parameter in this model can be set 
from independent measurements of the quantum well and wire antenna array, leaving one free 
parameter, representing the strength of the coupling (L), which is varied to obtain this fit. The 
parameters for the quantum well and three different nano-antenna shapes are in table 1. From our 
fits, we observe good qualitative agreement with this model, confirming that for low excitation 
power the quantum well does indeed behave like a two-level system. 

Figure 4: Transient pump-probe data collected from both the quantum well 
alone (solid blue) and from a resonant silver wire antenna array coupled to the 
quantum well (dashed red), for a pump power of 4 mW and probe wavelength 
ranging from 1380 nm to 1580 nm. 



 

Figure 5: Row 1 shows the different nano-antenna shapes that were fabricated and studied, with 
electric field distribution overlaid. The E-field distribution was calculated with a FDTD simulation 
written by another group in our College. The transmission of each nano-antenna array in row 2 was 
measured and fit to extract important experimental parameters for use within the toy model .For each 
array differential transmission data were collected on the array and also from a region directly next to it 
with no antennas with an average pump power of 4 mW. These data are plotted in row 3. The data 
collected from the quantum well alone are shown in blue while the data from the coupled system are 
shown in red. Since all three arrays were fabricated during the same process on the same quantum well, 
the behavior of the quantum well (solid blue) was very similar for all three and the average parameters 
for the quantum well are summarized in the table below. With these parameters fixed, we vary the 
effective coupling parameter (L) in order to best match the differential transmission signal of the 
coupled system, shown by the dashed red curves above. L is summarized in the table below. 



 
Table 1 – Summary of toy model parameters from fit to experimental data. 

 Quantum Well Wire Antennas Square Antennas Split-Ring Antennas 
ω 2π x 204 THz 2π x 197 THz 2π x 198 THz 2π x 198 THz 
γ 2π x 8.6 THz 2π x 9.4 THz 2π x 7.7 THz 2π x 9.7 THz 
d 8.7 x 10-29 Cm 7.8 x 10-26 Cm 17 x 10-26 Cm 5.8 x 10-26 Cm 
N 2.1 x 1024 m-3 5.33 x 1020 m-3 1.98 x 1020 m-3 5.33 x 1020 m-3 

L  0.38 x 1010 mF-1 0.18 x 1010 mF-1 0.56 x 1010 mF-1 
Veff  8.4 THz 5.0 THz 9.1 THz 

 
From these fits, we found that the split-ring antennas show the greatest coupling, both in terms of 
the coupling parameter (L) and the effective coupling frequency (Veff). Surprisingly, the square 
antennas which had the largest dipole moment show the smallest coupling. This can be explained by 
looking more closely at the toy model. Further discussion is contained within reference 1. 

A Move Toward Quantum Dots 

Naturally, following our in depth and systematic study of nano-antennas and quantum wells, we 
wanted to extend our investigation to the coupling of metallic resonators to quantum dots. From 
reference 9 and figure 2, we know that the field falls of exponentially from the surface, where the 
coupling is strongest at 5 nm or shallower, at 20 nm it’s already at 20%, and at 40 nm from the 
surface, the coupling is essentially zero. Figure 6 shows a series of QD growths where the QD layer 
depth was varied. This series of QD growths demonstrated that we would be unable to grow high 
quality QDs close enough to the surface to couple to the near-field of our EBL fabricated metallic 
nano-antennas. We then attempted to passivate the near-surface samples with 1-2 nm layers of AlN 
and TiN. While this increased the emission of the ensemble of quantum dots, it still didn’t result in 
high quality, distinct single QD emission lines. High quality quantum dots are grown in the 920 – 
950 nm. Fabricating nano-antennas with resonances centered at a wavelength below 1 µm is non-
trivial, even with state-of-the-art facilities. 

 

Table 1: ω is the resonance frequency, γ is the damping frequency, d is the dipole moment, N is 
the density, L is the coupling parameter, and Veff is the effective coupling frequency, which 
accounts for the dipole moment and density of the two systems. 



 

 
Self-Assembled Indium Islands and Superconductivity 
 
At around the same time, we successfully grew pure crystalline indium islands in situ on top of our 
semiconductor quantum-emitting heterostructures via MBE. This is a clean method of getting 
metallic structures near our quantum wells and dots without the need to remove our sample from 
the high vacuum chamber. This prevents the sample surface from being contaminated or oxidized 
while it is transported and prepared for lithography. The resulting indium islands are randomly-
positioned, but the sizes, general shape, and density can be tuned by adjusting the MBE growth 
parameters. 
 
Over 80 indium samples have been grown, and we have grown to understand their characteristics; 
i.e. which knobs to turn to alter the size, shape, and density. We showed that the photoluminescence 
can be enhanced if we grew QDs near a surface with indium islands, see figure 7 below. 

 
 
 

Figure 6: Here are two spectra demonstrating single quantum dot lines taken from samples where the 
quantum dot layers are at varying distances beneath the surface. The x-axis is wavelength in nanometers, 
and the y-axis arbitrary intensity units. It is thus clear that the deeper the quantum dots lie, the higher 
quality they are (i.e. narrower spectral lines). We also grew two samples where the quantum dots were 
7.5 and 5.0 nm below the surface, but we were unable to resolve single quantum dot peaks. 

Figure 7: At 10.8 K, a 4x PL 
enhancement is measured between 
samples where indium islands, with an 
average density of ~1/μm2, are grown 
on a GaAs/InAs QD sample with a 7 
nm GaAs cap and a sample grown 
using the same parameters without 
indium islands. 



 
An interesting property of bulk indium is its superconductivity just above 3 K. We wanted to verify 
that our mesoscale indium islands behaved in the same way, and we had the perfect tool to probe at 
such low temperatures, a Janis He3 cryostat with a minimum temperature in the hundreds of 
millikelvin. This achievement is demonstrated in figure 8 [12]. The hope is that this discovery will 
allow us to utilize our epitaxially grown indium materials with superconducting properties on top of 
III-V semiconductor heterostructures, providing the cleanest possible interface for transferring 
coherence from superconducting electrons to semiconductor photon emission via the proximity 
effect. The proximity effect allows for electrons in the conduction band of a semiconductor in 
contact with a superconductor to occupy a superconducting like state. This would allow for 
entangled electron pairs (Cooper pairs) from the superconductor to radiatively recombine with holes 
in the semiconductor, producing entangled photons containing quantum state information from the 
original electrons [23]. 

 

 

 

 

 

 

 

 

 

Figure 8: To verify superconductivity, we measured the resistance of a single indium 
island (left). Right Electron beam lithography is used to pattern gold contacts on the 
sample which precisely contact a single island (right). A drop in resistance was seen at 
a critical temperature of 3.325 K; a large resistance remains from the gold contacts 
(inset in left figure). Looking at differential resistance provides more detail, where 
peaks appear at the critical current. At higher currents, the island is no longer 
superconducting. The critical current is temperature dependent but is seen to be 
about 217 microamps at 0.44 K. A peak in resistance around zero bias current 
appears as the temperature is lowered. This is due to the native indium oxide layer 
that is between the indium island and gold contacts. This forms a tunnel barrier for 
electrons. As the temperature is decreased, electrons do not have enough thermal 
energy to tunnel through this barrier causing a rise in resistance. 



Conclusion 

The coupling of radiation emitted on semiconductor interband transitions to resonant optical-
antenna arrays allows for enhanced light-matter interaction via the Purcell effect. Semiconductor 
optical gain also potentially allows for loss reduction in metamaterials. Over the past decade research 
based on optical antennas has grown quickly, with applications covering high resolution microscopy, 
single-photon sources, photo-voltaics, optical switching, metamaterials and more [13-20]. These 
studies have also led to many interesting theoretical questions on the nature of electro-magnetic 
fields confined by metallic nano-structures [21-23]. Our work with quantum wells and nano-
antennas further elucidates the coupling behavior of these novel systems. While we weren’t able to 
complete a similar investigation with quantum dots, we developed a growth procedure for self-
assembled indium islands and investigated their optical, plasmonic, and superconducting properties. 
These exciting materials provide the platform for transfer of coherence between superconductors 
and semiconductors. 
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